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Abstract

:

In the absence of any abnormality (standard conditions), the gradient of any mechanical/thermodynamic stress would be intensified at the dissimilar joint due to an abrupt change in the chemical composition. This paper aims to investigate the effect of delocalizing this stress by imposing an optimum chemical gradient within the dissimilar joint. In this work, we computationally demonstrated that a homogenous distribution of magnesium atoms in the aluminum (100) structure with a specific chemical gradient could potentially reduce the susceptibility of the Mg/Al dissimilar joint towards micro-galvanic corrosion. This is achieved through the minimization of the work function gradient within the dissimilar joint.
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1. Introduction


Corrosion is a diffusion-controlled process that occurs on the material surface, especially that of metallic dissimilar joints [1,2,3]. Any mechanical or thermodynamic stress that forms a crack, or any other deficiency, on a system is subject to progressive corrosion, especially at high temperatures [4,5,6]. The thermal/chemical gradient could trigger this stress [7,8], which is more perceivable in stress corrosion cracking (SCC), where small amounts of reactive chemicals cause disastrous cracking [9]. One can predict the susceptibility of a system to SCC by taking various sources (internal/external) of mechanical and thermodynamic stress into account [9]. Down to the atomic level, the interactions between atoms are different at the interface of two substances A and B, i.e., A–A ≠ A–B ≠ B–B. Thermodynamically, a drastic drop in the rate of heat flow occurs at the interface of A and B if the difference between their heat capacities (Cp) is significant [10,11]. This causes an isotherm process of phase transition, where the heat is consumed to increase the entropy of the system at the boundary of A and B [12]. The exaggerated version of the first- and pseudo-second-order transition of Cp is shown in Figure 1B for abrupt and progressive chemical transitions. The change in Cp and the density of states (DOS) can be calculated within the phase transition region using the partition functions of the components, which could be an indicator for thermodynamic stress at the boundary of A and B [13,14]. Further, one should consider the geometrical effects to account for the order of degeneracy in the DOS and rate of heat flow. Symmetrical structures have higher degeneracy and thus a higher DOS to disperse the energy, i.e., they can expedite the heat flow and lower the thermodynamic stress [15]. Close-packed structures, e.g., magnesium and aluminum, have lower elasticity and thus less Rayleigh scattering and thermal confusion [16,17]. A and B are potentially able to form more symmetrical and/or packed structures if they have relatively small and similar atomic radii [18]. Having similar atomic radii, electronegativity, crystal structure, and heat capacity, alloys of aluminum and magnesium (e.g., Al 5000, 6000, and 7000 series) are highly resistant to different types of corrosion [19,20,21]. In Figure 1A, it is schematically illustrated that if chemical composition changes in a direction perpendicular to the dissimilar joint (y direction), the gradient of the force perpendicular to the plane of the dissimilar joint is maximum with respect to the y direction (∂fz∂yx). This becomes critical when the perpendicular force is the dominant one, such as in airplane wings and engine blades (Figure 1A) [22,23,24,25,26,27]. In all aforementioned parameters, the abrupt mechanical and thermodynamic changes at the interface of A and B are the origin of stress in the system. In this sense, similarity in the physicochemical properties of A and B, as well as the minimization of sudden changes in the chemical composition, enhance the durability of the system against corrosion. If two metals are finely manufactured at the dissimilar joint, as in 3D printing, the resulting alloy dissipates the stress of discontinuous force variation as the chemical composition alters from A to B (Figure 1A).



A rough estimate for the galvanic corrosion in a dissimilar joint between A and B can be made by taking the difference between the reduction potentials, E, or the anodic indices, ΔAi. In a dissimilar joint, the smaller the electrochemical potential difference between the components, the more compatible the components are to resist galvanic corrosion. For instance, the anodic index of Al (6000 series alloys) is similar to that of low alloy steels (ΔAi=0.05 V) and thus the combination of the two is potentially resistant to galvanic corrosion [28]. In a galvanic cell, electrons flow from the anode to the cathode and the cell potential (E) is:


Ecell=ECathode−Eanode



(1)







As an interfacial parameter, the cell potential is interconnected with the thermodynamic properties by the Nernst equation [29].


ΔG=−nfE



(2)







In Equation (2), n is the number of moles of transferred electrons, f is the Faraday constant, and ΔG is the maximum thermodynamic work that can be obtained from the partition functions of the system using quantum computational calculations [30,31,32,33,34,35].



The electrochemical potential between A and B (Equation (2)) is due to a difference between their Fermi levels before coming into contact (Figure 1C) [36,37]. After A and B are connected and the thermodynamic equilibrium is reached (ΔG=0), the Fermi levels degenerate and the electrochemical potential vanishes. At this point, corrosion is controlled by the contact potential difference (Volta) that is in turn the difference between the work functions of A and B (Figure 1B) [38]. The micro-galvanic corrosion potential between A and B is the driving force of microscopic corrosion and a trigger for macroscopic corrosion—that is:


ΔEAB=1e((ΦB−ΦA)+(ΦB−ΦS)+(ΦA−ΦS))



(3)




where e is the charge of an electron, and ΦA, ΦB, and ΦS are the work functions of A, B, and the standard hydrogen electrode (SHE), respectively [39]. The micro-galvanic corrosion is highly sensitive to the surface state of the system rather than its bulk properties, i.e., any surficial defect or deformation can enhance the corrosion process. The micro-galvanic corrosion can also be measured by a Kelvin probe force microscope (KPFM) [39,40] in order to draw a comparison with the calculated values. The results of the theoretical model are benchmarked with a similar well-known system to obtain the scaling factor. A discrepancy between the theoretical and experimental results (including the scaling factor) can be taken as a criterion of surface roughness.



The fabrication and modeling of the dissimilar joints pose some major challenges: (1) common joining techniques are often inapplicable or more laborious to apply to light metals, such as Al and Mg metals; (2) once joined, the metal pair is very susceptible to different types of corrosion; (3) a detailed knowledge of chemical composition is needed for the precise modeling of corrosion and geometrical effects at the dissimilar joint; and (4) the common approach for modeling the dissimilar joint is the repetition of the unit cell in 3D, which is challenging for varying chemical compositions.



In this paper, density functional theory (DFT) methods were employed to obtain the work functions by calculating the electron density at different regions of the Mg/Al dissimilar joint with different chemical compositions. The results were compared to find the optimum composition of the Mg/Al dissimilar joint that is potentially more resistant to micro-galvanic corrosion. This can be potentially used to fabricate a less corrosive dissimilar joint, assuming that modern fabrication methods, such as 3D printing, are capable of the delicate fabrication of dissimilar joints with defect-free surfaces.




2. Computational Details


DFT methods, using projector-augmented waves (PAWs), have been successfully used in predicting the physical properties of solid materials [41,42,43,44,45]. Herein, a periodic slab model of 2 × 5 surface unit cells of Al (100) with five layers of 10 atoms, for a total of 50 atoms, was considered, and the vacuum was set to 30 Å. To make the defective surfaces, Al atoms were substituted by Mg atoms in vertical (parallel to the joint axis) and horizontal layers, as well as homogeneous substitution. All calculations were performed using the Fritz Haber Institute ab initio molecular simulations (FHI-aims) computer program package, which is an all-electron, full potential electronic structure code package [46]. In addition, generalized gradient approximation (GGA), correlation exchange function, and the revised form of the Perdew, Burke, and Ernzerh of method (rPBE) were employed [47,48]. The Monkhorst–Pack grids of 10 × 10 × 10, 3 × 3 × 1, and 20 × 20 × 1 were used for the geometry optimization of the bulk and surface, and the calculation of the work function, respectively. For the surface modeling, two of the layers were frozen while the positions of the remaining atoms were relaxed. On the other hand, nanolayer modeling was performed by the relaxation of all the atoms. In general, the accuracy parameters for the self-consistency cycle were chosen as follows: the convergence criterion for the self-consistency cycle based on the charge density, the sum of eigen values, and the total energy were set to SC_accuracy_rho 10−5, SC_accuracy_eev 10−3, and SC_accuracy_etot 10−6, respectively. The Vienna ab initio simulation package (VASP) was used in all simulations [49].




3. Results and Discussion


Table 1 compares the calculated work functions of pure aluminum and magnesium metals, using the aforementioned optimization methods, with the experimental values. As shown, there is a close agreement between the experimental and calculated values. Table 2 exhibits the simulation results of the work functions for the heterogenous replacement of magnesium atoms parallel to the joint axis (vertical cuts). The results indicate that for the surface optimization, an optimum change in chemical composition is a gradual increment of magnesium atoms from 20 to 40% and thereafter up to 80%. The structure with a lower percentage of magnesium atoms (20%) was more energetically favorable. Twenty percent is the experimental limit for Mg/Al solution. There was no difference between the work functions of top and bottom nanolayers and a slight difference between the work functions of surfaces, which stems from the optimization criteria. This similarity was expected as the chemical composition is the same for top and bottom layers in vertical replacements. According to Table 2, as the percentage of magnesium atom increased, the work function gradually decreased. This trend was followed by all calculated values. However, in horizontal replacements, an oscillation of the work function was obtained as the chemical composition was altered (Table 3). Further, the chemical composition of the top and bottom layers was different, as were the work functions. According to Table 3, this arrangement of atoms and gradient of chemical composition is unlikely to remove the electrochemical stress within the Mg/Al dissimilar joint.



Table 4 represents the homogenous distribution of Mg atoms in the Al (100) structure. According to this table, if the chemical composition of the Mg/Al dissimilar joint changes from 10 to 40% with respect to Mg atoms, the work function would have a smooth transition from its Al value down to its Mg value. This transition had an almost linear trend with 0.2 decrement of the work function per 10% increment of Mg atoms. This minimizes the electrochemical stress and thus the susceptibility to micro-galvanic corrosion. Comparing the energetics of 10 and 20% compositions, the homogenous dissimilar joints were more energetically favorable and thus more stable. For all optimizations, a geometry with 20% of Mg was energetically favorable.



Figure 2 shows the suggested heterogenous and homogenous chemical compositions of Mg/Al dissimilar joints, according to the work function gradient. The suggested chemical compositions had the lowest work function gradient within the dissimilar joint. This chemical composition changed from 100% down to 40, 20, and 0% Mg in the heterogenous case, and to 20, 10, and 0% in the homogenous case. Overall, the latter case had a smoother work function gradient.




4. Conclusions


In this research, the effect of chemical gradient in the corrosivity of a Mg/Al dissimilar joint was computationally investigated. This was obtained by comparing the work function gradient within the dissimilar joint as a criterion for micro-galvanic corrosion across three models: (1) the vertical heterogenous distribution of Mg atoms in Al (100), (2) the horizontal heterogenous distribution of Mg atoms in Al (100), and (3) the homogenous distribution of Mg atoms in Al (100). Horizontal distribution resulted in an oscillation of the work function with the change of chemical composition, which was not electrochemically favorable. However, vertical distribution resulted in a rather smoother change in the work function, while the top and bottom layers had the same structures. For the latter model, the work function decreased from its value for pure Al down to that of Mg with the increase of the percentage of Mg atoms. This trend was even smoother for homogenous structures, with an almost linear decrement of work function values. Further, homogenous structures were easier to fabricate and more stable energetically.
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Figure 1. Gradient of force with respect to abrupt (welding) and gradual (3D printing) change of chemical compositions (A). Heat flow at a dissimilar joint with two components with different heat capacities (B). Electron energy plots against position for two atoms before and at thermodynamic equilibrium (C). 
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Figure 2. Suggested chemical compositions for the heterogenous (top) and homogenous (bottom) Mg/Al dissimilar joints. 
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Table 1. Calculated work functions of pure Al and Mg.
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	Work Function
	Mg
	Al





	Work function (surface)
	3.69
	3.94



	Work function (nanolayer)
	3.66
	3.94



	Work function (experiment)
	3.68
	4.08
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Table 2. Calculated work functions of Mg/Al dissimilar joints with heterogenous and vertical distributions of Mg atoms.
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	Vertical Cuts
	 [image: Chemengineering 03 00070 i001]
	 [image: Chemengineering 03 00070 i002]
	 [image: Chemengineering 03 00070 i003]
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	Structure
	 [image: Chemengineering 03 00070 i005]
	 [image: Chemengineering 03 00070 i006]
	 [image: Chemengineering 03 00070 i007]
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	Percentage of Mg atoms (red balls)
	20
	40
	60
	80



	Work function of the top layer (surface)
	3.85
	3.70
	3.68
	3.62



	Work function of the bottom layer (surface, eV)
	3.84
	3.72
	3.71
	3.65



	Energy (eV)
	−319,262.69
	−307,680.11
	−296,098.15
	−284,516.63



	Work function of the top layer (nanolayer, eV)
	3.83
	3.69
	3.68
	3.60



	Work function of the bottom layer (nanolayer, eV)
	3.83
	3.69
	3.68
	3.60



	Energy (eV)
	−325,054.31
	−319,263.12
	−313,472.16
	−307,681.56
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Table 3. Calculated work functions of Mg/Al dissimilar joints with heterogenous and horizontal distributions of Mg atoms.
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	Horizontal Cuts
	 [image: Chemengineering 03 00070 i009]
	 [image: Chemengineering 03 00070 i010]
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	Percentage
	20
	40
	60
	80



	Work function of the top layer (surface)
	3.69
	3.50
	3.65
	3.68



	Work function of the bottom layer (surface, eV)
	3.99
	3.97
	4.09
	4.07



	Energy (eV)
	−319,262.63
	−307,679.54
	−296,096.01
	−284,513.94



	Work function of the top layer (nanolayer, eV)
	3.69
	3.47
	3.57
	3.61



	Work function of the bottom layer (nanolayer, eV)
	3.99
	3.95
	4.06
	4.02



	Energy (eV)
	−319,262.63
	307,679.66
	296,097.09
	284,514.93
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Table 4. Calculated work functions of Mg/Al dissimilar joints with homogenous distributions of Mg atoms.
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	Homogenous
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	Percentage
	10
	20
	30
	40



	Work function of the top layer (surface)
	3.85
	3.75
	3.65
	3.66



	Work function of the bottom layer (surface, eV)
	3.85
	3.75
	3.65
	3.67



	Energy (eV)
	−325,054.22
	−319,262.96
	−313,471.94
	−307,681.31



	Work function of the top layer (nanolayer, eV)
	3.84
	3.75
	3.65
	3.68



	Work function of the bottom layer (nanolayer, eV)
	3.85
	3.75
	3.65
	3.68



	Energy (eV)
	−325,054.31
	−319,263.12
	−313,472.16
	−307,681.56
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