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Abstract 
Al-Mg alloys were potentiostatically electrodeposited from electrolyte with AlCl3, NaCl, KCl 
and MgCl2 at 180 °C for aircraft applications. The electrode setup includes a Cu cathode,  
Pt-mesh anode, and Al-rod pseudo-reference electrode. Cyclic voltammetry (CV) reveals the 
Al deposition sources as Al2Cl7-and AlCl4-. The Mg deposition source can be a reaction 
between Al2Cl7- and MgCl2, and MgCl2 dissociation (both releasing Mg2+). Depositions at 
overpotentials: -1.03, -1.05, -1.06, and -1.10 V show current density-time curves with almost 
steady-state j, indicating planar diffusional growth. This is confirmed by layer-like 
morphologies with near-globular growth features. The average feature size decreases to  
-1.06 V and increases slightly at -1.10 V due to further deposition over the existing features. 
The deposit composition (Mg content) increases from 0.36 to 5.68 at.% from -1.03 to  
-1.10 V. Such a wide range of Mg content is obtained through minimal compositional changes 
in spent electrolytes, indicating the ease of less-noble Mg deposition. Al-Mg deposition 
scheme is devised with Al and Mg deposition perceived as Al3+ + 3e- → Al and Mg2+ + 2e-→ Mg; 
and 2Cl- →  Cl2(↑)+ 2e- supplying electrons for deposition. 
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Introduction 

Aluminum (Al) - magnesium (Mg) alloys are very promising in aircraft applications due to their light 

weight and good corrosion resistance [1-5]. Al-Mg alloys have been conventionally produced through 

thermal processing, casting, conventional metal forming techniques, vapor phase deposition, 

etc. [6,7]. However, these methods of producing Al-Mg alloys incorporate defects such as internal, 

stresses, pores, and inhomogeneities in compositions and yield undesired morphologies, etc. [7].  
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Electrodeposition is a versatile technique for Al-Mg deposition due to its advantages, such as 

obtaining desired morphologies, uniform alloy composition, lower heat stress in the core alloy, and 

control over the thickness of the deposit [8]. Electrodeposition offers several parameters, such as 

potential/current, electrolyte composition, temperature, agitation, pH, etc, for achieving control 

over the deposit characteristics [9].  

Electrodeposition of Al-Mg alloys is a challenge and has been attempted by only a few groups [9-18]. 

Aqueous electrolytes cannot be used for the electrodeposition of Al and Mg as the reduction 

potentials of Al (-1.67 V vs. NHE) and Mg (-2.356 V vs. NHE) are lower than that for water electrolysis 

(Eo
H2OOH= -0.828 V vs. NHE) [18]. Hence, water electrolysis occurs preferentially when attempting to 

deposit Al and Mg from aqueous solutions. Also, it is noteworthy that Al is nobler than Mg and, hence, 

can deposit preferentially over Mg. This creates a problem of not being able to deposit Mg to a desired 

composition when depositing Al and Mg together using non-aqueous electrolytes.  

Electrodeposition Al and its alloys have been carried out using non-aqueous molten salts [13], ionic 

liquids [12,15-17,19], Grignard reagents [11], and organometallic electrolyte systems [9,10,18]. Due 

to their hygroscopic and/or moisture-sensitive nature, the non-aqueous electrolytes are handled in 

inert atmosphere conditions, which offers another challenge. In literature, deposition of a maximum 

of 13.3 at.% Mg in Al-Mg alloys was reported by using ionic liquids by adding AlCl3 to a 1,3-dialkyl- 

-imidazolium chloride or benzene in the presence of tetrahydrofuran/crotyl alcohol [17]. Also, 

deposition cannot occur if the ionic liquid is basic [15]. Further, a clear trend of deposit compositions 

versus overpotentials/current densities is absent from these electrolyte systems [12,15-17,19]. In a 

work by Mayer, electrolytes comprising of NaF, KF, Al(C2H5)3, Al(C2H5)3, tri-iso-butyl-aluminum (iBu3Al, 

where Bu = -C4H9) and Mg(C2H5)2 prepared from Grignard reagents deposited Al-Mg alloys only if 

aluminum alkyl/magnesium alkyl mole ratio is  3.5, else pure Mg was deposited [11,20]. 

In our earlier extensive work on Al-Mg deposition from organometallic-based electrolytes, we 

reported the deposition of a wide range of compositions and morphologies of Al-Mg alloys by 

employing Na[Al(C2H5)4] + 2Na[(C2H5)3Al-H-Al(C2H5)3] + 2.5Al(C2H5)3 + 6toluene [18,21]. For example, 

morphologies with crystallographically consistent facets/feather-like morphology always possess 

1 to 7 at.% Mg [22]. Smooth globular dendrites contain 20 at.% Mg [21]. Rough globular dendrites, 

which always form over the smooth ones, possess 65 to 80 at.% Mg [23]. Unfortunately, most of 

these electrolyte systems discussed here are very difficult to handle requiring extra precautions, are 

costly, and are banned in some countries.  

Molten salt-based electrolytes, e.g. chloride-based, etc., are relatively easier to handle, cheaper, 

and widely available in several countries. However, they are relatively less explored for the 

deposition of Al-Mg alloys, with systematic studies being scarce in the literature. For example, a 

stand-alone study by Li et al. [13] demonstrated Al-Mg composition in the range 2.41-9.14 at.% Mg 

using AlCl3-MgCl2-NaCl-KCl molten salt electrolytes. However, this system has yet to establish clear 

trends in Mg content with overpotential [13]. A trend of deposit compositions with overpo-

tentials/current densities, relations between the compositions of deposits and electrolytes, and Al-

Mg deposition schemes from molten salts are yet to be established. Most of the reported studies 

extensively deposited pure Al and its alloys (Al-Ti, Al-Sn, Al-Mn) on copper substrate. 

In the present study, Al-Mg alloy films were deposited using a chloride-based molten salt 

electrolyte containing AlCl3, NaCl, KCl, and MgCl2 at 180 °C. Here, a copper (Cu) strip was used as the 

working electrode to deposit Al-Mg alloys to facilitate the direct comparison of the obtained results 

with those reported in the literature. Potentiostatic techniques with overpotentials of -1.03, -1.05,  

-1.06 and -1.10 V with respect to open circuit potential were used for deposition. The current density-
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time (j-t) curves obtained from these depositions exhibit the typical characteristics and attain almost 

a steady-state current density, indicating planar diffusional growth (layer-like) of the deposits. This is 

confirmed by the morphologies of these deposits, which exhibit near-globular growth features in 

these Al-Mg layers. The average size of these features decreases up to -1.06 V. At -1.10 V, the size is 

slightly larger due to their growth by further deposition occurring over the already existing features. 

The composition (Mg content) of the deposits increases monotonously with the magnitude of 

overpotential. For example, 0.36 at.% Mg is obtained at -1.03 V and 5.68 at.% Mg is achieved at  

-1.10 V. This wide range of Mg content is achieved in the deposits through minimal changes in the 

spent electrolytes. This indicates that the present Al-Mg system has no obstacles to depositing less-

noble Mg under the employed conditions. Also, a possible Al-Mg deposition scheme is devised by 

considering the electrochemical (from cyclic voltammetry) and non-electrochemical reactions in this 

system. The Al and Mg deposition can be perceived as Al3+ + 3e- → Al and Mg2+ + 2e-→ Mg at the 

cathode. The electrons for these depositions are supplied by chlorine gas evolution (from CV) 

according to 2Cl- →  Cl2(↑) + 2e- at the anode. 

Experimental  

Electrodeposition of Al-Mg was conducted using a chloride-based molten salt electrolyte conta-

ining AlCl3, NaCl, KCl, MgCl2 (due to a non-disclosure agreement with the industry collaborators, the 

actual composition could not be revealed). Aluminium chloride (Reagent Plus®, 99 %) was procured 

from SIGMA; sodium chloride and potassium chloride (analysis grade) were purchased from EMPAR-

TA; and magnesium chloride (anhydrous, ≥98 %) was obtained from SIGMA. Since the chemicals are 

moisture and oxygen-sensitive, they were handled in a glovebox (MBRAUN EASYlabproi 4-port) under 

argon (Ar) atmosphere, which maintained O2 and moisture (H2O) at ˂ 0.1 ppm. These salts were 

melted together in the above-mentioned composition at 180 °C in a 10 ml beaker (electrochemical 

cell) to prepare the electrolyte. Several complexes can form in the electrolyte in its molten state. 

The complexes of Al, such as Al2Cl7-and AlCl4- are well established in the literature [24-28]. However, 

the complexes of Mg are not established in the literature. Nevertheless, there are suggestions for 

forming complexes such as Mg(AlCl4)2 in the literature [24]. Also, MgCl2 can combine with Al2Cl7- to 

form AlCl4- and Mg2+, according to Eqation (1) [15,16].  

2Al2Cl7- + MgCl2* ⇌ 4AlCl4-+ Mg2+ (1) 
*Mg2+ can exist as complex 

All the electrochemical experiments were conducted using a fresh stationary electrolyte at 180 °C 

in this cell and a CHI660E electrochemical workstation. A commercial Copper (Cu, 98 % pure, Patel) 

strip was used as the working electrode (WE). Prior to the experiments, this Cu strip was polished 

manually using sand papers (120C, 200C, 400C, 800C, 1000C, 2000C) followed by diamond paste (6 to 

12 µm and 3 to 5 µm), alumina powder (1 µm) and finally by diamond paste (0.5 to 1 µm). Platinum 

mesh (Pt, 99.9 % pure, CH Instruments) was used as the counter electrode (CE), and an Aluminum (Al, 

99.99 % pure, PureSynth) strip was employed as the pseudo-reference electrode (RE). The Al RE was 

polished using sandpapers (80C, 120C, 200C, 800C, 1000C) before employing it. Prior to the 

electrochemical experiments, open circuit potential (OCP) was measured. In order to identify various 

anodic activities such as Al-Mg dissolution, Cu dissolution and Cl2 evolution, linear sweep voltammetry 

(LSV) was performed from OCP on (i) Cu strip with Al-Mg deposit on it, (ii) Pt rod with Al-Mg deposit 

on it and (iii) bare Pt rod. The results from these LSVs are shown in Figure 1(a). From Figure 1(a), the 

bare Pt rod substrate exhibits a signature of only Cl2 evolution [29]. The Pt rod with an Al-Mg deposit 

on it, however, exhibits a wide anodic peak and plateau for Al-Mg dissolution [25,30] and for Cl2 
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evolution [29], as indicated in Figure 1(a). From these results, the peaks for Al-Mg dissolution, 

Cu dissolution and Cl2 evolution can be clearly distinguished in the LSV curve from the Cu strip with an 

Al-Mg deposit on it, as seen in Figure 1(a). Moreover, it must be noted that though Cu dissolution 

exhibits the highest activity (in terms of the current density), this anodic reaction would not happen 

during Al-Mg deposition on Cu. Cyclic voltammetry (CV) was performed by starting from OCP and 

between the switching potentials of -2.00 and +2.00 V vs. Al at a scan rate of 10 mV s-1. The results of 

the potentiostatic electrodeposition experiments are reported here in terms of the overpotentials. 

The overpotentials were calculated as the difference between the applied potentials and OCP. The 

potentiostatic electrodeposition experiments were performed for 120 s at the applied potentials of  

-0.52, -0.55, -0.57 and -0.60 V vs. Al. These applied potentials correspond to the overpotentials of  

-1.03, -1.05, -1.06 and -1.10 V, respectively. Following the electrodeposition experiments, the WE 

were cleaned to remove any adhered solidified molten salt by ultrasonicating it in distilled water for 

15 minutes. After every electrodeposition experiment, the spent electrolyte was transferred to an 

alumina crucible within the glove box. After the spent electrolyte in the crucible was solidified, it was 

brought outside the glovebox. The solidified spent electrolyte was handled in a fume hood by adding 

a few drops of water for neutralizing. The electrolyte was not disturbed until the end of fuming. Once 

the fuming ended, the spent electrolyte turned transparent and dried in a hot air oven at 120 °C. 

Eventually, this spent electrolyte was sent for compositional analysis. 

Morphological and compositional analyses were performed on the deposits in as-deposited 

conditions on the Cu strip. For morphological analysis of the deposits, a JEOL FEG-SEM (JSM-7600F) 

scanning electron microscope (SEM) was employed in gentle beam-low (GB-L) mode. Compositional 

analysis was performed on both deposits and the spent electrolytes using an energy dispersive 

spectrometer (EDS) as an accessory to the SEM. The phase analysis was performed using Rigaku  

X-ray diffractometer (XRD, SmarLab 9 kW, Cu, K,  = 0.15406 nm, 160 mA, 45 kV). The phases were 

indexed using ICSD code 44321.  

Results and discussion 

Cyclic voltammetry 

Figure 1(b) shows the cyclic voltammogram for the electrodeposition of Al-Mg alloys from the 

employed molten salt. The scan begins from OCP (+0.48 V vs. Al) and eventually progresses into the 

cathodic segment towards -2.00 V vs. Al. The scan direction is shown by the arrows in Figure 1(b). 

While progressing in the cathodic segment, the scan exhibits a slight cathodic hump with a subtle peak 

at around -0.41 V vs. Al due to the Al deposition from Al2Cl7- according to Equation (2) [25-28]. 

4Al2Cl7- ⇌ 7AlCl4- + Al3+    (2) 

Further progress of the scan results in another cathodic hump in the cathodic segment around a 

peak value of around -1.04 V vs. Al. This cathodic peak arises from the Al deposition from AlCl4
- 

according to Equation (3) [25-28]. 

AlCl4- ⇌ Al3+ + 4Cl- (3) 

A careful observation suggests that the peak of Al deposition from AlCl4
- is relatively more 

pronounced than Al deposition from Al2Cl7-. This suggests that the concentration of Al2Cl7- is possibly 

smaller (than that of AlCl4-) at the beginning of the CV. With the progress of CV, more AlCl4- is 

produced according to Equations (1) and (2). This additionally produced AlCl4
-, apart from its 

originally present concentration in the electrolyte, could lead to the pronounced peak for Al 
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deposition from AlCl4-. It should be noted that both Al2Cl7- and AlCl4- can indulge in a non-

electrochemical reaction according to Equation (4) to produce Cl- [29,30]. 

2AlCl4- ⇌ Al2Cl7- + Cl- (4) 

The progress of CV towards negative potential beyond the Al deposition from AlCl4- (Equation (3)) 

results in a steep increase in the current density to a very high value (Figure 1(b)), rendering an 

appearance of developing towards a large cathodic peak. However, such a cathodic peak is not 

attained by the time the scan reaches the negative switching potential of -2.00 V vs. Al. Hence, a 

trivial and partial reason for this large cathodic peak to be still in its developmental stage is that the 

scan was retracted towards a potential positive to the switching potential of -2.00 V vs. Al. The other 

reason this peak is still in its developmental stage is the deposition of Mg2+ from the electrolyte 

within these potentials. Mg can deposit from the employed chloride-based molten salt system 

according to Equation (1). Moreover, the possibility of Mg2+ deposition from un-complexed MgCl2 

according to Equation (5) [11,31-34] cannot be ruled out. From Figure 1(b), it is evident that the 

system did not reach diffusion limitation with respect to the concentration of Mg2+, leading to this 

cathodic peak still being in its developmental stage.  

MgCl2 ⇌ Mg2+ + 2Cl- (5) 

Upon retracting the CV scan in the anodic segment, the first prominent anodic peak was obtained 

at +0.45 V vs. Al (Figure 1).  

 
Figure 1. (a) Anodic linear sweep voltammetry curves from Pt substrates with and without  

Al-Mg deposit and Cu substrate with Al-Mg deposit on them. (b) Cyclic voltammogram on Cu using the 
present electrolyte system employing Pt CE 

This peak is asymmetric and arises due to the anodic dissolution of Al and Mg that were deposited 

in the cathodic segment. Further progress of the scan towards the potentials more positive this 

anodic dissolution of Al and Mg lead to the appearance of another anodic peak due to the 

dissolution of Cu from WE. At the potentials immediately adjacent to the Cu-dissolution peak, the 

CV flutters in a wavy form mainly due to the chlorine gas evolution according to Equation (6). The 

source of this chlorine gas are Equations (3) to (5) [29].  

2Cl- → Cl2(↑) + 2e- (6) 

Cyclic voltammetry was used in the present study to identify various electrochemical reactions 

that can take place in this system and to choose potentials for electrodeposition. 

Potentiostatic electrodeposition of Al-Mg 

The current density-time curves from the potentiostatic deposition experiments are shown in 

Figure 2(a). The obtained curves are typical of electrodeposition and exhibit the following 
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characteristic stages (i) a steeply rising feature in the current density values corresponding to  

(Al-Mg) nucleation events (ii) a decreasing current density after the peak corresponding to the 

overlapping of diffusion zones of these nuclei; (iii) an almost steady-state current density due to the 

planar diffusional growth of the deposits [35]. The j-t curve of the deposit at -1.10 V is not as flat as 

that of the rest of the deposits (Figure 2(a)). As expected, the peak and the steady-state current 

density values are generally higher at the higher overpotentials. The steady-state current density 

values are plotted against overpotential in Figure 2(b). The steady-state current density from the 

deposit at -1.10 V is way higher than that from -1.06 V. Those from deposits at -1.05 and -1.06 V are 

similar and higher than that from the deposit at -1.03 V. Figure 2(b) also shows a guideline delineating 

the expected morphologies for the chosen overpotentials in this study. The shape of the guideline and 

the expected morphologies are almost universal (irrespective of the system)[36]. However, the values 

of the overpotentials and the steady-state current densities spanning this guideline can depend on 

the alloy system being deposited [36]. From Figure 2(b), all the obtained steady-state current densities 

fall in the regime where layer-like or film morphology is expected.  

 
Figure 2. (a) Current density - time curves of Al-Mg electrodeposition on Cu; (b) Steady-state current 

densities versus overpotential with guidelines delineating expected morphologies 

Morphologies, composition and phases of the Al-Mg deposits 

The morphologies of all the deposits are shown in Figures 3(a)-(d) and possess near-globular 

features. The morphology within any given deposit is uniform as a consequence of potentiostatic 

deposition [37]. These morphologies represent the scenarios in the steady-state current density 

regimes since they are characterized at the end of the deposition. During the steady-state regime 

of the current density, the diffusion zones around the individual nuclei that were growing in the 

initial stages overlap, resulting in a blanket-like effect and ultimately yielding planar diffusion zones 

and growth. Such planar diffusional growth of morphologies offers good coverage on the substrate 

(i.e., WE). For instance, the range of thickness obtained in the deposits is approximately between 

350-500 nm. At such an advanced stage of the deposition (where planar, i.e., film-like, growth is 

prevalent), the variation of morphology with thickness is expected to be very minimal, as seen here. 

However, the size of the near-globular features can change with the magnitude of the overpotential. 

For example, the obtained near-globular features are the coarsest in the deposit at -1.03 V and 

refine with the increase in the overpotential. The average size of these features (encircled in 

Figures 3(a) to 3(d)) is plotted as a function of overpotential in Figure 3(e). From Figure 3(e), it can 

be seen that the extent of the refinement of the features is the highest in the deposit at -1.06 V. 

From Figures 2(b) and 3(e), a significant increase in the steady-state current density from -1.03 to  
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-1.05 V leads to significant refinement in the feature size in the morphologies. Similarly, a small 

increase in the steady-state current density corresponding to the overpotentials from -1.05 to  

-1.06 V (Figures 2(b)) results in only a smaller extent of refinement in the average size of the features 

from these deposits. Interestingly, the average feature sizes are only slightly different in the deposits 

from -1.06 and -1.10 V, despite the very large difference in the steady-state current density between  

-1.06 and -1.10 V. This clearly shows that the average feature size is more sensitive to overpotentials 

up to -1.06 V, beyond which it becomes less sensitive. The reason for such a refinement up to -1.06 V 

is due to the increased charge transfer rate from -1.03 to -1.06 V. In addition, the number densities 

of the nuclei increase from -1.03 to -1.06 V, as more sites can get activated with an increase in the 

overpotential. The larger number density leads to the smaller feature size, as seen in Figure 3(e). In 

the deposit at -1.06 V, the density of the depositing nuclei is so high that no further nuclei can be 

accommodated beyond this overpotential. This leads to saturation in the number of nuclei 

depositing from -1.06 to -1.10 V. At -1.10 V, the additional energy supplied (i.e., charge transfer) by 

the overpotential contributes to the growth of the near-globular features by further deposition over 

the already existing features.  

 
  / V 2 / ° 

Figure 3. Morphologies of deposits at overpotentials (a) -1.03 V, (b) -1.05 V, (c) -1.06 V,  
(d) -1.10 V (representative near-globular features encircled), (e) average feature size versus overpotential, 

(f) representative X-ray diffraction pattern of Al-Mg deposits 
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This is probably because of the lower density of sites available for nucleation on the WE in this 

deposit for further nucleation events. This is why the j-t curve of the deposit is not as flat as that of 

the rest (Figure 2(a)). In fact, such a growth on the already existing features yields slightly coarsened 

near-globular features in the deposit at -1.10 V than that at -1.06 V (Figure 3(e)).  

The compositions were analyzed from EDS spectra, which are embedded in the SEM images for 

the respective deposits. All the spectra show strong signals of Cu arising from the Cu substrate. The 

signals for Al and Mg can also be seen in these spectra. While estimating the composition in terms 

of Al and Mg, the contribution from Cu was neglected. Moreover, the absorption and fluorescence 

effects were also taken into consideration while estimating the compositions. As seen from 

Figures 3(a) to 3(d), the Mg content in the deposit increases with overpotential.  

The XRD patterns of all the deposits are almost identical, with peaks corresponding to the face-

centred cubic (fcc) phase. A representative XRD pattern from these deposits is shown in Figure 3(f). 

Hence, all the morphologies shown in Figure 3(a) to 3(d), containing compositions in the range of 

0.36-5.68 at.% Mg, are supersaturated fcc-Al-rich solid solutions according to the equilibrium phase 

diagram of Al-Mg system [38]. This is expected as these deposits were obtained under highly non-

equilibrium conditions, as evidenced by the high magnitudes of the current densities (Figure 2(a)).  

Composition analysis 

The Mg contents in the deposits and those in the spent electrolytes are plotted versus 

overpotential in Figure 4(a). From Figure 4(a), higher Mg is obtained in the deposits at the higher 

overpotentials. For example, the Mg content in the deposit at -1.03 V is 0.36 at.% and increases 

monotonously to 5.68 at.% in the deposit at -1.10 V. The standard reduction potentials of deposition 

(Eo
M+M, M =metal) of Al and Mg are -1.676 and -2.356 V vs. NHE, rendering Al nobler [39]. Hence, 

the deposition of the less-noble Mg is expected to be encouraged by overpotential, as is the case 

here (Figure 4(a)). Besides, the Mg content in the spent electrolyte does not significantly change 

with overpotential, as seen in Figure 4(a). In other words, a wide range of deposit compositions (i.e. 

Mg contents) can be obtained through minimal changes in the spent electrolyte compositions, as 

seen from the plot between the Mg content in the deposit versus that in the spent electrolyte in 

Figure 4(b).  

 
Figure 4. (a) Mg in the deposit and spent electrolyte versus overpotential; (b) Mg in the deposit versus Mg in 

the spent electrolyte 

For clarity, the overpotentials at which the depositions were performed are also indicated in 

parentheses in Figure 4(b) adjacent to every point. This is a crucial result as it indicates that the 

present Al-Mg system does not encounter any obstacles to incorporating Mg in the deposits under 
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the employed conditions. Such ease in obtaining deposits with a wide range of Mg contents suggests 

that the deposition scheme can be simple.  

Scheme of Al-Mg deposition 

A possible scheme of Al-Mg deposition is devised by considering the initial composition of the 

electrolyte prior to the deposition, various electrochemical (deciphered from CV), and non-

electrochemical reactions presented in Equations (1) to (5), and is shown in Figure 5. From the 

previous section, the deposition of Mg is envisaged as easy. The deposition of Al is, anyway, easy as 

it is a nobler metal, and its content in the deposits is much higher (Figures 4(a) and 4(b)).  

 
Electrolyte 

a1(2Al2Cl7- + MgCl2* ⇌ 4AlCl4- + Mg2+) 

a2(4Al2Cl7- ⇌ 7AlCl4- + Al3+) 
a3(AlCl4- ⇌ Al3+ + 4Cl-) 

a4(2AlCl4- ⇌ Al2Cl7 + Cl-) 
a5(MgCl2* ⇌ Mg2+ + 2Cl-) 

*Mg2+ can exist as complex 

Figure 5. Proposed scheme of Al-Mg electrodeposition using chloride-based molten salt electrolyte system 
employing Pt CE 

Hence, the electrochemical equations for the deposition of Al and Mg can be perceived as  

Al3+ + 3e- → Al and Mg2+ + 2e-→ Mg, both occurring at the cathode (Figure 5). Among all the electro-

chemical reactions perceived here, chlorine evolution (Figure 1) is the only anodic reaction (Figure 5). 

Hence, this is the reaction that supplies electrons for Al-Mg deposition. All the Equations (1) to (5) 

discussed above are shown in Figure 5. As mentioned earlier, it is assumed that MgCl2 can combine 

with Al2Cl7- to form AlCl4- and Mg2+, according to Equation (1) [15,16]. Combined with Equation (5), 

this equation can serve as the source of Mg for its eventual deposition. The sources of Al for its 

deposition are Equations (2) and (3); and those for chlorine evolution are Equations (3) to (5), all 

occurring within the electrolyte (Figure 5). These reactions can happen to various extents in respective 

regions (i.e., the electrodes and the electrolyte). The extents of reactions within the electrolyte are 

denoted with variables ai (i = 1 to 5) in Figure 5. Those for Al and Mg deposition at the cathode are 

denoted as yAl and yMg. Collectively, they are used to denote the extent of anodic reaction as y 

(Figure 5). Thus, Figure 5 represents the deposition scheme of Al-Mg alloys from the present chloride-

based electrolyte system. 

Conclusions 

Al-Mg alloys with desired morphology and composition were potentiostatically electro-

deposited from a chloride-based molten salt electrolyte containing AlCl3, NaCl, KCl, and MgCl2 at 

180 °C for aircraft applications. The alloys were deposited on a Cu cathode (working electrode) 
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employing a Pt-mesh anode (counter electrode) and an Al rod as the pseudo-reference electrode. 

Prior to conducting the deposition experiments, cyclic voltammetry (CV) was performed to 

identify various electrochemical reactions in this system and to facilitate the choice of potentials 

for deposition. CV reveals that Al2Cl7- and AlCl4- are the sources for depositing Al. Mg can deposit 

due to the reaction between Al2Cl7- and AlCl4- (releasing Mg2+) and the dissociation of MgCl2 to 

Mg2+ and Cl-. Eventually, potentiostatic deposition was performed for 120 s at overpotentials of  

-1.03, -1.05, -1.06 and -1.10 V with respect to open circuit potential. The current density-time 

curves exhibit the typical characteristics such as an initially rising j-t portion due to nucleation 

events, followed by a steeply dropping portion suggesting the overlapping of diffusion zones of 

these nuclei, and finally, an almost steady-state current density portion indicating the prevalence 

of planar diffusional growth of the deposits. The steady-state current densities fall in the regime 

of obtaining layer-like morphology. This is confirmed by the morphologies of the deposits, all of 

which exhibit near-globular growth features in the layers of Al-Mg alloys. The average size of these 

features decreases up to -1.06 V. At -1.10 V. However, the size increases slightly due to the growth 

of these features as further deposition occurs over the already existing features. The composition 

(Mg content) of the deposits increases monotonously with the magnitude of overpotential 

(i.e. 0.36 at.% at -1.03 V; 5.68 at.% at -1.10 V). Such a wide range of Mg content in the deposits is 

obtained through minimal changes in the spent electrolytes. This indicates that the present Al-Mg 

system does not encounter obstacles to incorporating less-noble Mg in the deposits under the 

employed conditions. A possible Al-Mg deposition scheme is devised by considering the 

electrochemical (from CV) and non-electrochemical reactions in this system. The Al and Mg 

deposition can be perceived as Al3+ + 3e- → Al and Mg2+ + 2e- → Mg, both occurring at the cathode. 

The electrons for these depositions are supplied by chlorine gas evolution (from CV) according to 

2Cl- → Cl2(↑) + 2e-, occurring at the anode.  
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