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Aluminum-magnesium alloy powders can potentially be used as hydrogen storage 

materials. In order to enhance the kinetics of hydrogenation it is desirable to have agglomerates 

of fine powders with very small grain size. In this study, nanocrystalline Al-Mg alloys in the 

form of powders were successfully fabricated by the electrodeposition technique using an 

organometallic based electrolyte. Mg was introduced into the electrolyte by a process called 

“pre-electrodeposition”. The mechanism for Mg accumulation can be explained considering the 

electrode reactions as well as the chemical changes in the electrolyte.  

Using a copper cathode, the effects of the electrolyte composition and current density on 

composition of the deposit, its constituent phases and morphology were investigated. The 

magnesium content of the deposits improved with increasing Mg concentration in the electrolyte, 

temperature and current density. Depending on the composition, the deposits consisted of FCC-

Al(Mg) and HCP-Mg(Al) phases and no intermetallic phase was found except for long 

deposition times. 

Generally, the deposits formed initially on the copper substrate with three dendritic 

morphologies namely, rod-like, feather-like and small globular, which eventually evolved into 



 

16 

the large globular morphology. This observation is attributed to the establishment of spherical 

diffusion conditions at the sharp dendrite tips. Potentiostatic studies suggested that the 

appearance of different morphologies is associated with differing rates of deposition. 

While the initial dendrites consisted of the FCC Al-rich phase, the large globular 

morphology manifested as both FCC Al-rich and HCP Mg-rich phases, with the latter always 

forming over the former. The observation of formation of only the FCC phase implies that the 

nucleation barrier for the HCP phase on the copper substrate is quite high. The investigation of 

the effect of substrate, namely, Cu, graphite and Mg, revealed that the HCP phase can directly 

nucleate on an oxide-free Mg surface. This finding can be explained in terms of 

surface/interfacial energies. 

Detailed TEM analysis revealed that the observed morphologies consist of randomly 

distributed nanocrystalline grains except for the feather-like dendrites, which exhibited a strong 

crystallographic texture.  
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CHAPTER 1 
INTRODUCTION 

With the rapid consumption of the conventional fossil fuels and increasing global warming 

the trend is shifting to the development of non-conventional sources of energy [1, 2]. Among the 

non-conventional sources of energy, fuel cells are one of the promising solutions for the mobile 

applications [3]. Of the available fuel cells Proton exchange membrane fuel cells (PEMFC) are 

ideally suited for on-board vehicular applications mainly due to their low operational 

temperatures (~100 oC). One of the fuels for these PEMFCs is hydrogen which is non-toxic and 

has high specific energy delivery capacity [4]. Various means of hydrogen storage such as 

gaseous state [5], liquid state [6], and solid state [7] have been considered for the transportation 

applications. Due to the low gravimetric and volumetric capacities, safety issues and the 

requirements of the high specific energies yielded way to solid state storage [7, 8].  

Metal hydrides with their large gravimetric hydrogen capacities are potential candidates for 

hydrogen storage [8]. Modifications have been carried out on these metal hydrides through 

alloying additions [9, 10] to improve their kinetics [11] and stability [9]. The added alloying 

elements are shown to assume two different roles namely metal-hydrogen bond destabilizers [9] 

or complex hydride formers (a hydride with combination of two or more metals) [12]. 

Among the various modified hydrides Mg-Al based hydrides are the considered to be one 

of the most promising candidates due to their light weight, high theoretical gravimetric and 

volumetric capacities [13]. Al, when added as an alloying element to Mg was mentioned to 

improve heat conduction during dehydrogenation [10]. Moreover, a complex hydride with Mg 

and Al called magnesium alanate (Mg(AlH4)2) is a potential candidate with its enthalpy of 

formation close to zero and stoichiometric hydrogen capacity of 9.3% which is the highest 

among the available complex metal hydrides.[14-16]. Magnesium alanate can give about 7.6 
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wt% of hydrogen at approximately 100 oC [12]. So far this compound is produced by various 

chemical routes, which were shown to suffer from high energy consumption, prolonged process 

times, and solvents needing tedious purification methods [16-18]. This can be avoided if suitable 

alternative methods of preparation of the hydrogen storage materials can be brought forth.  

One possibility is to first fabricate alloys of aluminum and magnesium and then subject 

them to hydrogenation. Since gas-solid reactions are surface area dependent, best results would 

be obtained if the alloy is in the form of powder. Moreover, diffusion is enhanced in the presence 

of nanocrystalline materials which have grain sizes typically less than 100 nm [19-21] For 

example, Mg-8%V with a grain size of 30 nm absorbed 7 % of hydrogen within 16 minutes [22]. 

Hence, it is advantageous for the aluminum magnesium alloys to be in the form of fine-grained 

powders for hydrogenation studies. 

There have been several processes in use to produce nanocrystalline materials in powder 

form. For example, ball milling can give high yields of materials with nanocrystalline and/or 

amorphous structure [23], and introduce mechanical alloying [24]. However, this process suffers 

from long milling times, presence of oxides, contamination from the milling environment, and 

powder size limitations. Electrodeposition is a well established technique for producing 

materials. Generally, electrodeposition can produce relatively pure nanocrystalline powders in 

shorter times compared to ball milling. In addition, it is a versatile technique and the 

characteristics of the powders may be tailored by varying different parameters like current 

density or applied potential, temperature, electrolyte composition, and agitation rate [25-37]. 

Limited attempts have been made to produce Al-Mg alloys using electrodeposition [38-

41]. Lehmkuhl et al. [40,41] and Mayer [39, 42] used organometallic-based electrolytes to 
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successfully fabricate Al-Mg alloys in the form of corrosion resistance films rather than powders 

but the production of Al-Mg alloy powders has not been previously attempted.  

The above mentioned requirements in terms of material and its structure serve as 

motivations to the present research leading to objectives. The objective of the present research is 

to develop a technique for fabricating nanocrystalline Al-Mg alloys in the form of powders using 

electrodeposition and to carry out the fundamental investigation of their characteristics such as 

morphology, microstructure, composition and phases present and their inter-relationships. The 

alloy powders were characterized using various characterization techniques including scanning 

electron microsopy (SEM), transmission electron microsopy (TEM), electron probe micro 

analyzer (EPMA), energy dispersive spectrometry (EDS), and X-ray diffraction (XRD). 

The research conducted for the present work is distributed into four chapters supplemented 

by background and literature review in Chapter 2. The experimental procedures that were carried 

out are presented in Chapter 3. A systematic investigation of the electrolyte system is discussed 

in Chapter 4. The effect of different parameters used in the electrodeposition of Al-Mg alloy 

powders on their characteristics is presented in Chapter 5. Chapter 6 is devoted to a detailed 

analysis of the morphology, microstructure, phases present, and compositional analysis of the 

electrodeposited Al-Mg alloy powders. The effect of substrate on the nucleation of different 

phases is discussed in Chapter 7. Finally, important conclusions pertaining to the present 

research are presented in Chapter 8. 
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CHAPTER 2 
BACKGROUND 

Magnesium hydride is one of the promising materials for hydrogen storage with 

stoichiometric capacity around 7.6 wt%. About 7-7.3 wt% of hydrogen can be released from 

MgH2 at about 1 bar pressure [43-45]. However, the reported desorption temperatures were 

around 300-350 oC. Hence there is a need to reduce desorption temperatures to make it suitable 

for transportation applications. The Mg-H bond was shown to be destabilized by addition of 

various alloying elements such as Al, Ti, Fe, Ni and Cu [9]. Among these alloying elements 

aluminum was shown to destabilize the Mg-H bond to the maximum extent. Moreover, 

improvements in heat conduction during dehydrogenation by addition of Al were mentioned in 

literature [10]. With many such advantages Mg-Al based hydrogen storage materials have been 

developed [13]. Also a complex hydride namely magnesium alanate (Mg(AlH4)2) is a potential 

candidate with its enthalpy of formation close to zero and stoichiometric hydrogen capacity of 

9.3 wt% which is the higher among the available complex metal hydrides [14-16]. Magnesium 

alanate can give about 7.6 wt% of hydrogen at around 100 oC along with MgH2 which needs to 

be heated to around 300 oC for further release of hydrogen [12].  

2.1 Preparation of Al-Mg Based Materials for Hydrogenation 

The Al-Mg alloys are prepared by various chemical, mechanical, electrochemical 

techniques. The present section introduces all these methods and discusses about their 

advantages and disadvantages. 

2.1.1 Earlier Methods of Preparation  

The complex hydrogen storage materials are usually prepared by three methods namely, 

direct synthesis, mechano-chemical synthesis and metathesis reaction. Direct synthesis is the 

process of melting the elements and allowing them to react with hydrogen to form the complex 
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hydrides at high pressures [17]. In mechano-chemical synthesis a chemical reaction is forced by 

applied mechanical treatment (e.g. ball-milling) to the reactants. For example, in the case of 

sodium alanate, NaH and Al are mixed in the form of powders along with TiCl3 catalyst and ball-

milled to obtain the alanate [18]. Generally, metathesis reactions are used to synthesize 

magnesium alanate by reacting sodium alanate with magnesium chloride [16]. The use of high 

energy (in case of mechano-chemical synthesis) for prolonged process times and solvents (in 

case of metathesis reaction), which need tedious purification methods, can be avoided if suitable 

alternative methods of preparation of the hydrogen storage materials can be brought forth.  

Preparation of the Al-Mg materials followed by their hydrogenation is one of the options. 

There are occasions in history where attempts were made on synthesizing Al-Mg alloys and 

subjecting them to hydrogenation for useful hydrogen capacity [46, 47]. In their investigation 

Gremaud et al. [46] prepared Al-Mg alloys by sputtering techniques and then subjected to 

hydrogenation. Among various compositions of Mg and Al studied for hydrogenation, 

magnesium alanate could be produced at an atomic ratio of Al:Mg of about 2:1. All other 

compositions yielded MgH2. The formation of magnesium alanate at about 33 at.% Mg is shown 

in Figure 2-1 with the equilibrium phase diagram of Al-Mg system. Figure 2-1(B) shows that the 

composition of 33 at.% Mg is in the two phase region with one phase being an intermetallic, 

Al3Mg2. As it is difficult to hydrogenate the stable phases such as Al3Mg2, production of 

materials in their supersaturated state is necessary.  

Ball milling is another technique that has been in use to produce materials for 

hydrogenation. Ball milling can yield materials with nanocrystalline and/or amorphous structure 

[23, 48] and introduce mechanical alloying [24] in the materials. However, this process suffers 

from disadvantages such as long milling times, presence of oxides, contamination from the 
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milling environment and powder size limitations. Hence, better methods of preparing the 

materials should be sought for.  

2.1.2 Electrodeposition of Powders  

Electrodeposition is one of the very well established techniques in producing materials. 

The success of the electrodeposition dates back to the middle of the nineteenth century when it 

was used mainly as an art to coat objects with copper or brass [49]. However, technical treatise 

on this subject only appeared at the beginning of twentieth century. Since then, electrodeposition 

has been gaining extensive attention in producing materials with nearly desired characteristics.  

The experimental setup for the electrodeposition consists of electrolyte, cathode, anode and 

sometimes reference electrode. The process of electrodeposition can be performed by using two 

different techniques in general namely, potentiostatic and galvanostatic. In potentiostatic 

electrodeposition, a constant potential difference is applied from external source between 

cathode (where reduction of cations takes place) and anode (anions form due to oxidation). In the 

case of galvanostatic electrodeposition, potential difference is generated between cathode and 

anode by application of constant current.  

When current density or potential difference is applied across the electrodes, the generated 

cations drift towards cathode and arrange against it forming an electrical double layer. Due to the 

fast arrangement of the cations at the surface of the cathode, there is a depletion of the cations in 

front of the double layer in the electrolyte side. Since the bulk concentration of the cations is 

higher than that at the double layer there is diffusion of the cations from the bulk towards the 

double layer through this depleted region. Hence, this depleted region is called the diffusion 

boundary layer. Beyond the diffusion boundary layer is the convection layer, where the 

movement of the cations depends on convection in the bulk of the electrolyte. The three layers in 

front of the cathode are shown in Figure 2-2. 
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Depending on the values of either applied potential difference or current, the morphology 

of the deposits can be varied significantly. In order to select appropriate current or potential 

difference to be applied, a technique known as cyclic voltammetry is performed. In cyclic 

voltammetry, potential is swept back and forth between two different values at a constant rate. 

Based on the values of the selected potential, a typical curve between current and applied 

potential during cyclic voltammetry may look like the one shown in Figure 2-3. The dendritic 

growth and powder formation can be realized when electrodeposition is performed under the 

conditions, where mass transfer becomes the controlling factor.  

Recently, both pure metals such as Ni [26, 27], Cu [28], Pd [25], Co [29] and alloys such 

as Ni-Cu [30], Ni-Fe[31, 32], Au-Pd [33], Zn-Co [34] have been produced successfully using 

this technique. Electrodeposition being a nonequilbrium process, allows the fabrication of 

metastable phases. For example, the stability of the FCC Ni-Fe alloy can be extended to high 

concentrations of iron [35]. Similarly, supersaturated solid solutions were obtained in Ag-Ni [36] 

and Cu-Co [37] systems which show limited solubility at equilibrium.  

2.1.2 Electrodeposition of Al-Mg Alloys 

Electrodeposition of either Al or Mg can not be achieved in aqueous solutions because 

their reduction potentials (-1.706V for Al and -2.375V for Mg) [50] are less than that of 

hydrolysis of water. Hence, the latter takes place when electrodeposition of either Al or Mg is 

attempted from aqueous solutions. Therefore, there has been search for alternative electrolyte to 

be used successfully in producing Al and Mg either in pure or in alloy form.  

Several non-aqueous solutions have been used in electrodeposition of Al. Zhao [51] and 

Great [52] summarized the characteristics of the electrolyte system for electrodeposition of Al. 

The electrolyte should consist of a solvent acting as Lewis base and a solute, the source of Al, 

should act as a Lewis acid. The solute should have high solubility in the solvent. The 
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coordination of the Al must not be strong in order for easy release of Al. There should be a 

reservoir of Al during electrodeposition for its continuous supply. Based on the above 

characteristics three organic solvent systems have been used for deposition of Al namely, 

ethereal solvents, dimethyl sulphoxide and aromatic hydrocarbons. The ethereal solutions 

consisted of either diethyl ether (Et2O) or tetrahydrofuran. AlCl3 has been used in combination 

with LiH or LiAlH4 as an electroactive component [53, 54]. Using Et2O as a solvent, a cathodic 

current efficiency of 90-100% was obtained at ambient temperatures. However, the Al anode 

used for deposition of Al had to be covered in a diaphragm in order to prevent formation of 

anodic reaction products on it. The formation of anodic reaction products was avoided by using 

tetrahydrofuran (THF) as a solvent in addition to benzene [55, 56]. However, the solutions of 

complexes of organoaluminum compounds are the most widely accepted electrolyte systems for 

deposition of Al. The electrolytes consist of trialkyaluminum and alkali halides dissolved in 

aromatic solvents such as benzene or toluene [57, 58]. The typical alkyl groups in the 

organoaluminum include methyl and ethyl, although various higher groups were also explored 

[50]. The alkali halides include NaF, KF in general. Due to the melting points of those 

electrolytes being higher than the room temperature, the depositions were carried out at 

temperature range typically 90-100 oC. The higher productivities obtained using these 

electrolytes have lead to development of an industrial scale process of electrodeposition of Al 

called SIGAL (Siemens Galvano Aluminum) [50]. The electrodeposition of Mg has been mainly 

done with two different electrolyte systems namely, Grignard reagents, which are basically 

organomagnesium halides [59] and dialkylmagnesiums [60]. The electrodeposited Mg found 

applications in batteries which required smooth finish of the deposit.  
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In the literature Grignard reagents [61] were demonstrated to be one of the potential 

candidates for electrodeposition of Al-Mg alloys [39]. Using different Grignard reagents in the 

presence of other trialkylaluminums, Mayer could deposit Al-Mg alloys with various 

compositions [39]. In Mayer’s study, the electrolytes consisted of alkali metal fluorides (NaF, 

KF and CsF), triethylaluminum (AlEt3, where Et = C2H5), triisobutylaluminum (iBu3Al, where 

Bu=C4H9), diethylmagnesium (MgEt2), and toluene as a solvent. Using various initial ratios of 

Mg/Al in the electrolyte deposits with different compositions could be obtained. Figure 2-4 

shows the composition of the deposit (at.% Mg) plotted as a function of different ratios of Mg/Al 

in the electrolyte at the beginning of electrodeposition. Figure 2-4 shows that with a proper 

selection of the initial ratio of the Mg/Al desired compositions in the deposits could be obtained 

[38]. Figure 2-4 also shows that with a very small change to the ratio of the Mg/Al in the 

electrolyte, very high concentrations of Mg in the deposit can be realized. Although the results 

are very interesting in production of broad spectrum of concentrations of Mg in the deposits, the 

chemical changes occurring in the electrolyte system were not clear at that time. For example, 

Mayer hinted about the formation of some complex compounds in the electrolyte during the 

electrodeposition of Al-Mg alloys, which, however ,was not known at his time [39]. Latter, 

Lehmkuhl et al. have shown that one of the complexes that is forming in such kind of electrolyte 

systems, which contain NaF or KF and AlEt3, is Na[Et3Al-F-Al-Et3] [41]. Also as the deposition 

progressed, an insoluble film was observed to be forming over the Mg anode which was 

unknown at that time. Moreover, in the present electrolyte system diethylmagnesium was used as 

one of the sources of Mg (the other source being Mg anode). Since the shipping of 

diethylmagnesium is banned in USA, the other way to obtain it is by chemical synthesis. The 

synthesis of diethyl magnesium is a very difficult process. Typically, diethyl magnesium is 
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produced by disturbing the chemical equilibrium known as Schlenk equilibrium [62-65] existing 

between Grignard reagents (R-Mg-X, where R=alkyl group and X=halide) and 

diethylmagnesium by adding 1,4 dioxane as shown in equation (2-1) [66, 67]. According to 

equation (2-1), the reaction is driven towards the products side and more of the R2Mg is 

produced as more of the MgX2 is precipitated and removed. 

2R-Mg-X + 1,4-dioxane ↔ R2Mg + MgX2·1,4dioxane↓    (2-1) 

Since dioxane is an ether, complexes such as Na[Et3Al-F-Al-Et3] are mentioned to be 

cleaved by these ether groups to yield ether-attached parts of these complex and Na[Et3Al-X]. 

These Na[Et3Al-X] were shown to hinder the deposition of Al-Mg alloys due to the co-

deposition of alkali metal [68]. Hence to prevent the deposition of alkali metal, and to alleviate 

the handling of the diethyl magnesium, the electrodeposition community has been in search of 

better alternative solutions for the continuous deposition Al-Mg alloys, one of which is by 

changing the chemistry of the electrodeposition bath. 

Recently, Lehmkuhl et al. [40, 41, 50] have developed a potential electrolyte system for the 

deposition of Al-Mg alloys. One of their electrolytes is Na[AlEt4] + 2 AlEt3 + 3.3 Toluene. 

When this electrolyte has been used for deposition of Al-Mg alloys using Mg anode, they could 

obtain only about a maximum of 24wt%Mg in the alloys. In order to obtain increased amounts of 

Mg in the deposits, they have modified this electrolyte by the addition of another complex 

component namely, Na[Et3Al-H-AlEt3], which was mentioned to have improved the conductivity 

of the electrolyte system. Although, the addition of Na[Et3Al-H-AlEt3] improved the 

conductivity of the electrolyte, this complex, by itself, failed to deposit any Mg. However, the 

reasons for its failure in depositing Mg were not reported in their work. Moreover, the Mg anode 

was shown to develop an unknown insoluble layers on it during the electrodeposition [41]. Also, 

when the above mentioned modified electrolyte was used for deposition, the concentration of Mg 
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in the electrolyte was mentioned to build up before reaching a steady state [41]. The reasons for 

this steady state were not clear from their work.  

Although Lehmkuhl et al. [40, 41] were successful in producing Al-Mg alloys, alleviating 

the use of Grignard reagents, the deposits were mainly used as corrosion protective coatings for 

automobiles. For the present work, since Al-Mg alloys in the form of powders have to be 

produced, different electrodeposition parameters than the ones used by Lehmkuhl et al. have to 

be used. Using current densities of 10, 40-50 mA/cm2 they could obtain deposits having 

spherical or worm-like morphologies, the SEM images of which are shown in Figure 2-5. Figure 

2-5 shows that the structure is refined with increased current density values. Hence, the effect of 

different current density values and other parameters on the morphology of the deposits with a 

goal of producing dendritic structure should be investigated. Moreover, Lehmkuhl et al.’s work 

[40, 41] bears a minimal account of the phase analysis. They mentioned the presence of 

‘AlxMgy’ phase in the Al-Mg deposits and did not explore beyond it. Since the properties of the 

deposits depend very much on their phases, a thorough phase analysis of the Al-Mg alloy 

deposits is necessary for the present work. The presence of different phases in the Al-Mg alloy 

deposits depends on their composition. Since it is shown in Mayer’s work that the composition 

of the deposits depends on the concentration of Mg dissolved in the electrolyte, it is necessary to 

understand the compositional variations in the electrolyte system and the relationship between 

composition of deposits and that of electrolyte used by Lehmkuhl et al. Although they mentioned 

about the electrolyte reaching a steady state with Mg upon prolonged electrodeposition, the 

reasons were not explored or at least were not presented. The absence of analysis on the 

compositional changes in the electrolyte in their work necessitates a thorough study on the 

compositional analysis both in the electrolyte and in the deposits. Although the electrolyte 
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system developed by Lehmkuhl et al. [40, 41] is a promising one for the deposition of Al-Mg 

alloys (eliminating the use of Grignard reagents), there are various issues to be explored such as 

the ones mentioned above. Hence for our study, the electrolyte system developed by Lehmkuhl 

et al. [40, 41] is considered.  

2.2 Structure of Different Electrolyte Components  

In order to understand the chemical changes that might be occurring in the electrolyte 

during electrodeposition, knowledge about the structure of different components in the 

electrolyte is necessary. Most of the components in the present electrolyte system are electron 

deficient compounds [69]. Their structures are discussed in the following sections.  

2.2.1 AlEt3 

The structure of AlEt3 is similar to that of AlMe3 (where Me = CH3) [70] where Me is 

replaced by an Et (where Et = C2H5) group. When the three valence electrons in Al are shared by 

three alkyl groups there will be six valence electrons in the Al. However, for achieving a stable 

electronic configuration the AlR3 (where R = alkyl) has to acquire two more electrons. This is 

done by having these AlR3 in the form of dimers rather than as monomers. In the case of AlMe3, 

it was suggested by Lewis and Rundle [71] that an electron pair is shared by two aluminum 

atoms and one carbon atom from Me giving rise to an electron deficient Al-C-Al bridge. These 

kinds of bridge bonds are normally called 3-centered-2electron (3c2e) bonds. In these electron-

deficient compounds each Al is sp3 hybridized and is bonded to four carbon atoms. Figure 2-6 

shows the structure of AlMe3 as suggested by Lewis and Rundle [71]. As seen from Figure 2-6 

the bond length of the Al-C bond in the bridge (2.24 Å) is longer than that of the Al-C bond 

outside the bridge (1.99 Å). It is the longer Al-Me that makes the AlMe3 in particular and AlR3 

in general vulnerable to cleave at this position. Also, the Al-C-Al bond angle is about 70o. 

However, when alkyl groups heavier than Me, such as Et are present in the electron deficient 



 

29 

bonds these bond lengths and angles will be different to accommodate for the larger electronic 

repulsions created by these heavier alkyl groups. 

2.2.2 Na[Et3Al-H-AlEt3] 

The structure of Na[Et3Al-H-AlEt3] is similar to that which has its Et group replaced by 

Me. Similar to the above structure Na[Me3Al-H-AlMe3] also has an electron deficient bond 

shared by two aluminums and hydrogen [72]. Because of the symmetry of the complex ligand 

the Al-H-Al bond angle in this case is 180o. The Al is sp3 hybridized with the bonds shared by 

three Et groups and H. Due to the asymmetry the bonds of Al with the Et and H are not arranged 

tetrahedrally in space. Figure 2-7 shows the structure of [Me3Al-H-AlMe3]-. 

2.2.3 Na[AlEt4] 

Unlike the above two structures, Na[AlEt4] does not have any electron deficient bond in it. 

Na[AlEt4] is crystalline in nature with a monoclinic structure having a space group of P21/c [73] 

.The Al is again sp3 hybridized in this case. It is an ionic compound with the Na+ being closest to 

α carbons of Et group. Figure 2-8 shows the structure of the negatively charged complex ligand 

with Et groups arranged tetrahedrally around Al. 

2.3 Morphological and Microstructural Analysis of the Deposits 

In this section the morphology and microstructure of electrodeposited materials are 

discussed. So far, no work has been conducted on the characterization of electrodeposited Al-Mg 

powders prior to our research for their morphology or the microstructure. Hence, in this section 

morphological and microstructural features of other metallic systems are discussed. 

2.3.1 Morphological Analysis 

An extensive work has been done on the morphological characterization of 

electrodeposited materials. The morphology of the electrodeposits in metallic systems depends 

on various parameters such as current density or applied potential [74, 75], composition of the 
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powders in case of multi component systems [76], pH of the solution [75]. Although the 

electrodeposition of large crystals in not the main objective for our study, a brief literature 

review about the same is presented here to show the contrast from the electrodeposition of 

dendrites.  

When the conditions are such that the deposition rates are lower at current densities or 

applied potentials lower than limiting diffusion conditions, the depositing atoms have enough 

time to arrange themselves to minimize the surface or interfacial energy. The fastest growth of 

deposits is realized in a direction perpendicular to the plane with the highest surface or interfacial 

energy [74]. Since the growth rates depend on the interfacial energies of different 

crystallographic planes [77], it is possible to modify these interfacial energies and thereby 

change their growth rates. For example, in the case of the electrodeposition of the Cu2O the 

growth morphology showed increased tendency towards branching with rise in pH of the 

electrolyte [78]. The different growth rates of different crystallographic planes result in 

anisotropy in the electrodeposits. For example, in the case of the electrodeposition of Zn, when 

deposition was done at lower applied potentials (E =-1.4V to -1.63V vs Ag/AgCl reference 

electrode), isolated crystals or well-faceted hexagonal chunks were observed [79]. The reason 

was attributed to the lower reduction rates of Zn+2 at lower applied potentials. When the 

reduction rates of the Zn+2 are lower, the loss of the Zn+2 at the cathode can be compensated by 

the supply of more Zn+2 by diffusion. Under these conditions the deposit can assume a shape that 

minimizes the interfacial energy. The different anisotropic morphologies that were obtained at 

different applied potentials in the case of Zn can be seen in Figure 2-9.  

With further increase in the deposition rates either due to applied potential or the current 

density, branching can initiate. For example, in the electrodeposition of Zn from the same group 
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which conducted the above study [79], the increase in the applied potential to about E =-3V 

resulted in the formation of hexagonal shaped regular dendrites. One such dendrite, which is in 

the initial stages of formation is shown in Figure 2-9(C). As can be seen in Figure 2-9(C), the 

branching started from the corners of the hexagonal crystal. In another study made on the 

dendritic growth of Ag, it was shown that the branching always begins at the vertices or the 

corners of large crystals as there is an increased mass flux in those areas in comparison to that 

near the edges of the crystals [80]. The dendritic Ag and a schematic showing the mass flux near 

the corners of the large crystal are shown in Figure 2-11. These results are similar to the 

observations made by Pal and Chakravorty [81], who demonstrated that the electrodeposition of 

Zn in the mass transfer controlled condition can yield dendrites growing in specific 

crystallographic directions. The reasons of the anisotropic growth were attributed to the relative 

differences in the interfacial energies of different growing crystallographic planes. The dendrites 

of Zn growing in different crystallographic directions can be seen in Figure 2-10.  

Various types of morphologies can be realized in metallic systems when electrodeposition 

is performed at deposition rates higher than that of limiting current densities. For example, in the 

electrodeposition of Au a dense branched morphology (DBM) was observed [82]. In the 

electrodeposition of Co, spongy-like agglomerates were obtained at current densities much 

higher than limiting values [76, 83]. As seen in the above discussion, applied current density or 

deposition rates relative to the limiting values affects the morphology of deposits.  

In the case of multi-component systems, apart from the current density, the composition of 

the deposits or that of the electrolyte also affects the morphology of the deposits. For example, in 

the galvanostatic electrodeposition of Ni-Co alloys by Jovic et al. [76] various initial ratios of 

Ni+2/Co+2 in the electrolyte and in turn the compositions in the deposits were shown to affect the 
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morphologies of deposits. Some of the morphologies observed in the electrodeposition of Ni-Co 

alloys resembled those of the pure Ni or Co electrodeposits [83]. The reasons for appearance of 

different morphologies as function of different compositions in the deposits were not clear. It 

was stated that the possible answer could be found by comparing the limiting current density 

values in each case with that of applied current density. However, this kind of comparison could 

not be possible in the case of electrodeposition of Ni-Co alloys as hydrogen evolution also 

played a significant role in the deposition process. The different morphologies obtained for 

different ratios of Ni+2/Co+2 in the electrolyte is shown in Figure 2-12.  

Although, electrodeposition started by imposing certain values of current density or 

potential difference has shown to form certain morphologies to begin with, a morphological 

evolution has been observed as a function of time during the electrodeposition in the literature. 

For example, in the potentiostatic deposition of Au-Ag alloys, dendritic precursors were 

observed in the initial stages of deposition under mixed interfacial-diffusion controlled 

conditions (see Figure 2-13(A)). As they grow, the tips of these dendrites experience a greater 

flux of depositing ions than the rest of the deposit. Moreover, the dendrites experience flux of 

cations along the lateral sides of these growing dendrites. Due to these reasons spherical 

diffusion conditions are setup (radius of tip << diffusion boundary layer thickness) [84] (see 

Figure 2-13(C)). Due to the onset of the spherical diffusion condition in the later stages of 

deposition, poorly defined crystallites and globular morphologies were mentioned to be 

developed [85]. In the case of electrodeposition of Co powders, the morphological evolution 

from initially forming disperse deposits to compact ones is attributed to the onset of spherical 

diffusion condition [83] (see Figure 2-13(B)). 
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2.3.2 Microstructural Analysis 

Recently the microstructural analysis of the electrodeposited dendrites has received much 

attention. Electrodeposited Cu was investigated for its microstructure [82, 86]. The 

nanocrystalline nature of the Cu dendrites was explained with a concept of oscillating local 

overpotential [87]. A space charge field including the cations is developed near the cathode [88]. 

As the space charge is developed the local overpotential raises. When the value of the local 

overpotential is more than the critical local overpotential for nucleation of a grain then nucleation 

of a grain occurs. With the nucleation of the grain the local space charge collapses since all the 

cations are consumed in nucleation of the grain. During this period the local concentration of the 

cations gradually builds up due to which the local overptential value also rises. During the time 

when the local overpotential is rising, the growth of the nucleated grain occurs. Again, when the 

space charge is built up to and extent that the local overpotential value exceeds the critical 

overpotential for nucleation of a grain another nucleation event occurs. And this process 

continues during the macroscopic growth of the dendrites. The Cu dendrite with nanocrystalline 

grains is shown in Figure 2-14.  

Although, morphological and microstructural investigations of the dendrites have been 

reported in the literature, an inter-relationship between them is missing. Hence it is essential for 

our study to be able to correlate the observed morphology of the dendrites with their 

microstructure. 
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Figure 2-1.Appearance of different hydrides and other phases at different compositions of Al-Mg 

alloys. A) Different hydrides formed as a function of Al:Mg ratio [46, 47], and B) Al-
Mg equilibrium phase diagram with composition suitable for magnesium alanate 
formation indicated in it [89] 
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Figure 2-2. Schematic of the three layers (electric double, diffusion and convection layers) that 
form ahead of the cathode during electrodeposition (from Walsh [90]). 

 

Figure 2-3. Schematic of cyclic voltammetry curve depicting different regions for forming 
different morphologies (from Walsh [90]).  
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Figure 2-4. Composition of the deposits (Mg at%) as a function of initial Mg/Al ratio in the 
electrolyte [38].  

A BA B

 

Figure 2-5. The SEM images of the Al-Mg alloy deposit obtained using electrolyte Na[AlEt4] + 
2 AlEt3 + 3.3 Toluene showing A) spherical morphology at 10mA/cm2, and B) worm-
like morphology at 40-50 mA/cm2 [41]. 
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Figure 2-6. Structure of AlMe3 (where Me = methyl) dimer (from [71]). 
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Figure 2-7. Structure of [Me3Al-H-AlMe3]-1 (from [72]). 
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Figure 2-8. Structure of [AlEt4]-1 . 

  

Figure 2-9. The SEM images showing different morphologies of Zn electrodeposited at different 
applied potentials. A) Chunks, E =-1.4V, B) Disks, E =-1.55V, and C) Hexagonal 
shaped dendrite showing branching in its intial stages of growth E =-3V [79]. 
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Figure 2-10.Anisotropic growth of Zn dendrites A) SEM image of Zn dendrites growing in mass 
transfer condition, and B) Schematic showing the crystallographic directions along 
which different arms are growing [81]. 
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C
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C  

Figure 2-11. Anisotropic growth of Ag dendrites A) and B) TEM images of Ag dendrites 
growing in mass transfer condition, and C) Schematic showing the mass flux around 
hexagonal shaped dendrite tip [81]. 
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Figure 2-12. The SEM images of Ni-Co alloys for different starting ratios of Ni+2/Co+2 in the 
electrolyte. The morphologies are A) spongy, B) agglomerate + fern-like,                   
C) agglomerate + fern-like, and D)majorly agglomerates [76]. 

 

Figure 2-13.The SEM images showing morphological evolution A) Dendrites with sharp tips in 
Au-Ag deposit [85], B) Evolution from disperse to compact deposit in Co powders 
[83], and. C) Schematic showing the lateral flux on the dendrite leading to spherical 
diffusion around its tip [84]. 
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Figure 2-14. The SEM image of Cu dendrite showing nanocrystalline grains [86]. 
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CHAPTER 3 
EXPERIMENTAL PROCEDURES 

Preparation methods of various substrates, electrolytes, electrodeposition and 

characterization of the deposits are described in the present chapter. Since the chemicals 

used for preparing the electrolyte are highly moisture and oxygen sensitive the use of 

inert atmosphere was inevitable for the present research. All the procedures that deal with 

the moisture and oxygen sensitive chemicals were carried out in a glove box maintaining 

an argon atmosphere. Generally moisture and oxygen levels in the glove box were 

maintained at <5 ppm and <1 ppm, respectively. The samples were analyzed using 

various characterization techniques such as SEM, TEM, XRD, EPMA, and EDS. These 

techniques and the sample preparation methods used for this research are described in 

this chapter in a detailed manner.  

3.1 Substrate Preparation 

Three types of materials namely, polycrystalline Cu (99.99%), Mg (99.9%) and 

amorphous graphite were used as substrates for electrodeposition. Cu was selected for its 

good conductivity. The graphite was selected as a substrate because when added to the 

Mg, it was shown to improve the kinetics of Mg-based materials [91-93]. Mg was 

selected as a substrate to study the effect of substrate on the competition between 

nucleation of FCC Al-rich and HCP Mg-rich phases. The substrates were in the form of 

cylinders of length about 35 mm and a nominal diameter of 6 mm. A rotating cylinder 

electrode cell setup was used for electropolishing. The substrates were connected to a 

rotator using a steel shaft and rotated at 50 rpm. They were electropolished using a PAR 

273 Potentiostat/Galvanostat system. The graphite substrate was ultrasonicated in toluene 
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after machining and was applied without any other surface preparation. However, Cu and 

Mg anodes were electropolished prior to electrodeposition.  

Cu substrates were electropolished in an electrolyte made of 82.5 vol.% ortho-

phosphoric acid and 17.5 vol.% deionized water. An applied potential of 1.1 V relative to 

an aqueous KCl reference electrode was used for about 5 minutes to electropolish Cu 

substrates [94]. In the case of the Mg substrates the electropolishing solution consisted of 

37.5 vol% ortho-phosphoric acid and 62.5 vol% ethanol solution was used. For Mg 

substrates also an applied potential of 1.1 V relative to an aqueous KCl reference 

electrode was used for about 5 minutes for electropolishing. The quality of the 

electropolishing was judged based upon the generated current vs time curves. The quality 

of polishing deteriorated in the presence of wobbling of the substrate which was the 

anode in the present case. Wobbling was identified by the irregular spikes in the current 

vs time curve [95]. The wobbling was corrected for by readjusting the steel shaft and the 

anode . Examples of current vs time curves generated during electropolishing of Cu (in 

the absence and presence of wobbling) and Mg electrode are shown in Figure 3-1. 

Immediately after electropolishing the Cu substrate was removed from the cell and rinsed 

with deionized water. In the initial stages of research, after rinsing with deionized water 

the Cu substrate was wiped with a Kimwipe to dry it. However, this method was found to 

produce irregularities in the coverage of the substrate with the deposit. One such case 

where the coverage was not uniform is shown in Figure 3-2. Hence, the cleaning process 

was improved to eliminate these irregularities in the morphologies of the deposits. The 

Cu substrate was rinsed with ethyl alcohol immediately after rinsing with deionized water 

Mg substrate was rinsed with toluene immediately after the electropolishing. In the case 
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of the Mg substrate ethyl alcohol was not used for final rinsing as it oxidizes the surface 

of the Mg substrate. Although rinsed with toluene, the Mg substrate developed an oxide 

layer on it. Since it was difficult to obtain oxide free Mg substrate outside the glove box, 

no further attempts were made towards removal of oxide layer outside the glove box. The 

surface of selected Mg substrates was scratched with 800-grit SiC paper inside the glove 

box to remove the oxide layer and rinsed with toluene in order to investigate the effect of 

oxide-layer. The effect of oxidation of Mg cathode on the nucleation process during 

electrodeposition will be discussed in Chapter 7. 

The weights of the substrates were measured using a balance with an accuracy of 

±0.005 g. The diameters of the substrate were measured with a caliper with an accuracy 

of ±0.1 mm. After measuring the weights and diameters of these substrates, they were 

then transferred into a glove box. These substrates were used as cathodes during the 

electrodeposition.  

3.2 Anode and Reference Electrode Preparation 

For electrodeposition two different annular shaped anodes made of about 0.5 mm 

thick sheets of namely Mg (Goodfellow, 99.9%) and Al (Goodfellow, 99.99%) were 

used. The anodes were polished with 800 grit SiC paper and ultrasonicated in toluene for 

about 5 min prior to taking into the glove box. 

During the potentiostatic electrodeposition, a non-aqueous Ag/AgCl reference 

electrode filled with 1M LiCl in ethylene glycol monobutyl ether was used. The solution 

for the reference electrode was prepared by dissolving the required amount of LiCl in 

ethylene glycol monobutyl ether at around 80 oC. 
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3.3 Electrolyte Preparation 

The electrodeposition of pure Al and Al-Mg alloys is described in this section. As 

the reduction potentials of Al and Mg are less than that of electrolysis of water, they can 

not be deposited using aqueous solutions. Hence for deposition of Al and Al-Mg alloys 

non-aqueous solutions are used.  

3.3.1 Pure Al 

For electrodeposition of pure Al an organometallic-based electrolyte was used as 

suggested by Lehmkuhl et al. [50]. The electrolyte was composed of sodium fluoride 

(NaF), triethylaluminum AlEt3 and toluene. According to Lehmkuhl et al. [50] the 

following reaction takes place upon addition of NaF to AlEt3 

NaF + 2 AlEt3  Na[Et3Al-F-AlEt3]      (3-1) 

The existence of the Na[Et3Al-F-AlEt3] was suggested by Lehmkuhl [96]. Since the 

melting point of Na[Et3Al-F-AlEt3] is mentioned to be about 35 oC [50], a temperature of 

60 oC was chosen to make the above complex. In order to understand the function of the 

complex Na[Et3Al-F-AlEt3] in the electrolyte two different electrodeposition experiments 

were done by varying the amount of AlEt3 relative to NaF. In the first experiment, 3 mol 

of toluene (Fisher, laboratory grade) was added to an electrolytic cell. To this 

stoichiometric amount i.e. 2 mol of AlEt3 (93%, Strem, impurities include mixtures of tri-

n butylaluminum, diethylbutylaluminum and ethyldibutylaluminum)) was added and 

stirred using a glass spin bar. The solution was maintained at 60 oC using a heater. To the 

solution 1 mol of NaF (Fisher) in the form of powder was added. The stirring was 

continued at 60 oC until an opaque solution was obtained. In the second experiment, the 

amount of AlEt3 was increased to 4 mol. Also the amount of toluene was increased in this 

case to 6 mol in order to maintain homogeneity in the solution [41]. 
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3.3.2 Al-Mg Alloys 

The raw materials used for the electrodeposition of Al-Mg alloys were AlEt3 (same 

purity as mentioned in the above section), Na (ACROS), NaH (ACROS, 60% dispersion 

in mineral oil) and toluene (same quality as mentioned in the above section). The 

electrolyte for the deposition of Al-Mg alloys typically consisted of 1 mol Na[AlEt4], 2 

mol Na[Et3Al-H-AlEt3], 2.5 mol AlEt3 and 6 mol toluene based on previously reported 

studies [40, 41]. Preparation of the two complex compounds mentioned above was 

critical for the deposition of Al-Mg alloys. The preparation of Na[AlEt4] was suggested 

by Zakharkin and Gavrilenko [97].Their studies mentioned that Na[AlEt4] can be 

prepared with or without addition of any solvent. When Na in a finely divided form was 

added to AlEt3 and stirred in the temperature range of 60-80 oC the colourless Na[AlEt4] 

crystals should start forming according to following reaction.  

3 Na + 4 AlEt3  3 Na[AlEt4] + Al      (3-2) 

In our early attempts to prepare the Na[AlEt4] complex, liquid AlEt3 was taken in a 

beaker and stoichiometric amount of Na cut into small pieces were added to it in the 

absence of any solvent. As soon as the Na pieces were added to AlEt3 they turned to grey 

in colour. This mixture was heated while stirring to different temperatures ranging from 

60 oC to 150 oC. All these attempts were futile as no crystallization was observed. Hence, 

to improve the process, the addition of chemicals was conducted in the presence of small 

amounts of toluene. The mixture, with gray residue in it was heated to around 60 oC for 

about 45 minutes while stirring it. When this mixture was removed from heater and kept 

for cooling, a colourless crystalline front was observed in the liquid portion of this 

mixture which started to grow with time. When this mixture was left overnight at room 

temperature, the whole of the liquid turned crystalline. This crystalline portion was 
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separated carefully from the gray residue. Since this crystalline material was flammable it 

could not be taken out of glove box for further characterization. In order to check whether 

this crystalline material is Na[AlEt4] or not, a couple of its physical properties were taken 

as aid namely, physical appearance and melting point. According to Zakharkin and 

Gavrilenko [97] the melting point of Na[AlEt4] is around 122-124 oC.When this 

colourless crystalline material was heated to temperatures of around 120 oC it started 

melting. Hence, it was assumed that this crystalline material was Na[AlEt4]. Moreover, a 

close observation of the gray residue left by Na revealed that extremely fine shiny 

particles were struck on it. These fine shiny particles could be Al according to equation 

(3-2).This gray residue was washed with toluene and taken out of glove box for analysis 

of composition using EDS in SEM. The EDS analysis revealed that this gray residue 

contained Na and Al. Figure 3-3 shows the SEM images of this gray residue along with 

the EDS spectrum showing the presence of Na and Al.  

Na[Et3Al-H-AlEt3] was prepared by adding stoichiometric amount of NaH to AlEt3 

in presence of toluene at 60 oC according to Ziegler et al [98]. When this mixture was 

stirred for some time at 60 oC an opaque solution was obtained. The Na[Et3Al-H-AlEt3] 

was believed to have formed, as suggested by Ziegler et al. [98], according to the 

following equation 

NaH + 2 AlEt3  Na[Et3Al-H-AlEt3]      (3-3) 

After preparing the above complexes, the electrolyte for deposition of Al-Mg alloys 

was prepared by adding first AlEt3 to the Na[Et3Al-H-AlEt3] and toluene solution at 60 

oC and followed by the addition of Na[AlEt4]. This solution was opaque in appearance. 
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The solution was always maintained at 60 oC. Thus prepared electrolyte was used for 

electrodeposition of Al-Mg alloys.  

3.4 Electrodeposition 

The present section describes the experimental setup and the electrodeposition of 

pure Al and Al-Mg alloys.  

3.4.1 Experimental Setup 

Since the electrolytes for the deposition of pure Al and Al-Mg alloys were highly 

moisture and oxygen sensitive, all the experiments were done in Ar atmosphere in a 

glove box maintained at moisture and oxygen levels of <5 ppm and <1 ppm respectively. 

PAR 263/273 Potentiostat/Galvanostat systems interfaced with computer were used for 

all the experiments. Figure 3-4(A) shows the glove box with some of its accessories and 

PAR system. The electrolytic cell setup and its schematic are shown in Figure 3-4(B). 

Wherever reference electrode was used 100 mL electrolyte was used in a large cell to 

accommodate the reference electrode.In the cases where reference electrode was not 

used, smaller cell with 30 mL of electrolyte was used.  

3.4.2 Pure Al 

For pure metals the morphology of the deposits depends on the applied current 

density (applied potential) during the electrodeposition. When the applied current density 

exceeds its limiting value dendritic growth is realized [90]. Hence, in order to find this 

limiting current density cyclic voltammetry was done prior to the electrodeposition. 

In the case of pure Al cyclic voltammetry was conducted on Cu substrate at a 

temperature of 60 oC using pure Al as the anode. The applied potential was swept 

between 0 and -2 V (Ag/AgCl reference electrode) at a rate of 6.67 mV/s. A rotation 

speed of 400 rpm was chosen for our study. The maximum rotation speed was chosen at 
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which no vortex formation was observed. Figure 3-5(A) presents the relation between the 

applied potential and the current density values obtained during the cyclic voltammetry 

test. The spikes in the curve are due to the wobbling caused by high rotation speeds 

selected here. The limiting current density is a saturated value of current density, which 

does not change within a certain range of the applied potentials. For the present case the 

saturation in the current density was seen at a value of 0.2 mA/cm2 within -0.5 V to -1.2 

V. Hence, this value of the current density was taken as the limiting value. In order to be 

slightly above this limiting value of the current density, an applied potential of -1.5 V 

was taken for the deposition of pure Al in potentiostatic mode using a pure Al anode. 

3.4.3 Al-Mg Alloys 

The cyclic voltammetry for the case of Al-Mg alloys also was conducted on Cu 

substrate at a temperature of 60oC using pure Mg as anode. The applied potential was 

swept between 0 and -2 V (Ag/AgCl reference electrode) at a rate of 6.67 mV/s. A 

rotation speed of 200 rpm was chosen here to reduce the spikes in the voltammetry curve. 

Figure 3-5(B) shows the cyclic voltammetry curve for the present case. As can be seen in 

Figure 3-4(B) the spikes were reduced in magnitude significantly with the decrease in the 

rotation speed of the electrode. The limiting value of the current density in this case was 

found to be around 0.3 mA/cm2. In order to enhance the dendritic growth of the deposits 

current density values of 60, 100 and 150 mA/cm2, which are far greater than 0.3 mA/cm2 

were chosen for electrodeposition in galvanostatic mode. Similarly applied potentials of -

4 and above were chosen for electrodeposition using potentiostatic mode. For 

electrodeposition of Al-Mg alloys either pure Mg or Mg and Al anodes in combination 

were used. When both Mg and Al were used as anodes, they were connected in parallel in 
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the circuit. The ratio of their areas was kept constant at 80 area% Al to 20 area% Mg 

when they are used in combination.  

Since the electrolyte did not contain any Mg in it, it was necessary to dissolve some 

Mg into it prior to using it for electrodeposition of Al-Mg alloys. Mg was anodically 

dissolved by using a pure Mg as anode and cylindrical Cu substrate as cathode. A current 

density of 60 mA/cm2 was used at a temperature of 90 oC. During this process some Mg 

dissolved into the electrolyte, part of which was deposited on the cathode. The rest of the 

Mg remained in the electrolyte. Hence, there was an accumulation of Mg in the 

electrolyte during this process. The amount of Mg dissolved into the electrolyte depended 

on the duration of this process. Since this process of introduction of Mg into the 

electrolyte was conducted before every electrodeoposition experiment, it was termed 

“Pre-electrodeposition” process. Chapter 4 deals in detail about the pre-electrodeposition 

process. After pre-electrodeposition, the above mentioned current densities or applied 

potentials were used for different durations to produce Al-Mg alloys. 

3.5 Sample Preparation 

After electrodeposition the substrate with either pure Al or Al-Mg deposit on it was 

removed from the electrolytic cell. The substrate with the deposit on it was dipped in 

toluene maintained at a temperature of about 60 oC and rotated at 100 rpm for 10 minutes 

to clean the electrolyte off the deposit. This cleaning process was repeated for three times 

before taking the deposit for characterization.  

3.5.1. Electron Microprobe Samples 

For composition analysis using electron microprobe (EPMA) the Al-Mg powders 

were embedded in a two part epoxy resin system from Buehler consisting of epoxy cure 

resin (5 parts) and epoxy cure hardener (1 part). The resin mixture was allowed to set for 
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overnight at room temperature. After the resin was hardened, mechanical grinding was 

done on the hardened block with 400 grit SiC paper until the powders were exposed. 

When the powders were exposed the block was ground with 800 and 1200 grit SiC 

papers in that order for about 10 minutes on each paper. For grinding the block on a 

higher grade grit paper a direction which was perpendicular to the previous one was 

chosen to eliminate the scratches formed on the sample surface from the previous grit 

paper. After grinding with each paper the block was ultrasonicated in ethyl alcohol for 

about and 5 minutes. Following the grinding on grit papers, the block was polished with 

9, 6 and 1 micron diamond pastes in that order by using Leco microid diamond 

compound extender oil from Buehler as a lubricant. Each polishing was done for about 

15 to 20 minutes and at the end of each polishing step the block was ultrasonicated in 

ethyl alcohol for 5 minutes. All the ultrasonication steps were done keeping the block in a 

vertical position in the beaker containing ethyl alcohol so that the SiC powder or diamond 

paste that was jammed in the block was knocked off into the beaker containing ethyl 

alcohol. After the final cleaning with ethyl alcochol, the block was carbon painted over 

the areas where there was no sample. Finally the block was coated with carbon all over 

the surface and taken to composition analysis.  

3.5.2. Ultramicrotomy Samples 

Ultramicrotome samples were prepared by embedding the Al-Mg dendrites in a 

three part resin consisting of SPI-PON 812 (24 parts), NMA (20 parts) and DMP 30 (1 

part) from SPI supplies such that they were parallel to the cutting face on the mold. In 

order to avoid formation of any bubbles, the resin was poured gently from the face 

opposite to the cutting face. The resin was cured at a temperature of 50 oC for 24 hours to 
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obtain the samples in the form of capsules. Figure 3-6 shows the schematic of the 

embedded dendrites in a mold and the capsule obtained after curing.  

3.5.3. TEM Samples 

TEM samples were prepared using Leica Ultracut UCT ultramicrotome. The 

capsules were loaded into ultramicrotome such that the cutting face of the capsules was 

parallel to the edge of the knife. The slices were cut from the capsule at different speeds 

using a diamond blade with 45o wedge angle. Initially slow cutting speeds were chosen 

which resulted in pullout of the dendrites from the polymer slices. Hence, cutting speed 

was increased to about 100 mm/s which improved the sample preparation by minimizing 

pullout. As the slices were cut they floated in the boat attached to the diamond knife 

which contained deionized water with a few drops of ethyl alcohol. The purpose of 

adding ethyl alcohol was to reduce the surface tension of the water to minimize the 

wrapping up of slices as soon as they float on water. The slices were fished using a 3mm 

grid of 200 mesh size which was held by a tweezers. The grid with the slices is shown in 

Figure 3-7. 

3.5.4. Focused Ion Beam Samples  

For preparing the Focused ion beam (FIB) samples the dendrites were coated with 

carbon for three times. Prior to the ion milling with Ga ions a Pt layer of about 1 µm 

thickness was deposited onto the area of interest to prevent its damage. Two trenches 

were made along the sides of this Pt deposited area to prepare the sample’s lift off. After 

the trenches were made, an in-situ micromanipulator was attached to the sample by 

welding it onto it using Pt. The bottom of the sample was cut free from the rest of the 

dendrite and the sample was then lifted off the dendrite carefully. The lifted-off sample 

was welded onto an edge of a grid used to hold the sample. The micromanipulator was 
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then separated from sample using Ga ions. The sample, which was on the edge of the 

grid, was milled initially with a Ga ion current of 300 pA. As the thickness of the sample 

was reduced considerably, the Ga ion current was reduced to 100 pA to minimize the 

sample damage. The final thickness of the sample prepared thus was about 70 nm. Figure 

3-8 shows the SEM images of the sequence of FIB sample preparation. The sample 

prepared by FIB was analyzed for their porosity using the scanning electron microscope 

in the FIB instrument.  

3.6 Characterization Techniques 

For our study characterization for various features such as compositional, 

morphological, mictrostructural and phase analysis was conducted. The techniques used 

for these analyses are described in he following sections.  

3.6.1. Compositional Analysis 

The compositional analysis was done using a EPMA JEOL 733 Superprobe. The 

samples were prepared using a method described in Section 3.5.1 The composition of the 

dendrites was analyzed by selecting some random points on them. Whenever 

compositional variations in different phases of the dendrites were sought for, the 

dendrites were analyzed along their length in the interval range of 1 to 10 µm. 

Inductively coupled plasma- optical emission spectroscopy (ICP-OES) at Columbia 

Analytics Company was used to find the overall composition of the alloys. Nominal 

composition of the deposits was analyzed using energy dispersive spectroscopy (EDS) in 

a JEOL JSM 6400 scanning electron microscope.  

It was difficult to find the composition of the electrolyte after deposition as it could 

not be taken out of the glove box. Hence, the used electrolyte was quenched by using a 

mixture of 90 vol%toluene+10 vol% isopropyl alcohol inside the glove box. This 
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quenched product could be taken out of the glove box safely as it was insensitive to 

moisture and oxygen. When this oxidized electrolyte was taken out of the glove box, 

white slurry started to appear in the electrolyte. This slurry was dried at room temperature 

for almost 24 hours after which it changed into a colourless powder. The powder was 

washed with acetone and mixed with polyvinyl alcohol binder and green compacts of 

pellets were made out of this mixture. The pellets were sintered at 1200 oC for 3 hours 

and cooled in the furnace. The sintered pellets were broken into four quarters and 

composition was analyzed on each face and selected edges of the pellets using EPMA 

JEOL 733 Superprobe. One such broken pellet with the areas indicating where 

composition was analyzed is shown in Figure 3-9. The composition was found to be 

uniform throughout the pellets.  

3.6.2. Transmission Electron Microscopy  

The microstructure of dendrites was studied mainly using a JEOL 200CX TEM. 

For the microstructural analysis both the bright field and dark field imaging were 

performed along with selected area electron diffraction (SAED). In order to study certain 

crystallographic growth features of the dendrites, rotation calibration was performed on 

the images to make them superimposable on the SAED patterns. For high resolution 

analysis a JEOL 2010F was used.  

3.6.3. Scanning Electron Microscopy 

The morphology of the deposits was studied using JEOL JSM 6400 and JEOL JSM 

6335F scanning electron microscopes. The deposits were analyzed both in the as-

deposited condition when on the substrate, and also by scraping them and mounting on an 

aluminum or graphite stub. 
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3.6.4. X-Ray Diffraction  

The phases in the deposits were analyzed using Philips APD 3720 X-ray 

diffractometer (XRD) with Cu-Kα radiation. The deposits were scraped from the substrate 

and distributed randomly on a glass slide in order to eliminate any kind of preferentiality 

in sampling. Sometimes when the scraping was done hard to remove the deposit from the 

substrate some scrapings of the substrate also entered the deposits. This happened in the 

case of Cu substrate.  
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Figure 3-1. Current vs time curves generated during electropolishing of Cu electrode 
when in the absence and presence of wobbling. 
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Figure 3-2. Aluminum-Magnesium deposit showing the irregular coverage of substrate. 
This irregularity was found to be due to wiping the substrate with a kimwipe 
after electropolishing. 
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Figure 3-3. Grey residue from mixing Na and AlEt3 A) SEM image, B) SEM images of 
the grey residue at higher magnification, and C) EDS spectrum taken on the 
gray residue showing the presence of Na and Al 
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Figure 3-4. Experimental setup showing A) glove box with different accessories and PAR 
system with computer, and B) electrodeposition cell setup and its schematic. 
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Figure 3-5. Cyclic voltammetry curve in the case of A) pure Al, and B) Al-Mg alloys. 

The arrows indicate the direction of the sweep of the applied potential. 
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Figure 3-6. Schematic showing the embedding of Al-Mg dendrites parallel to the cutting 

face of the mold and the obtained capsule after curing. 
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Figure 3-7. The TEM grid with slices of polymer on it. 
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Figure 3-8.The FIB sample preparation showing A) trenches made on both sides of 

sample, B) attachment of in-situ micromanipulator to sample by welding it to 
the latter using Pt, C) sample lifted off the dendrite, D) sample welded onto an 
edge of a grid and micromanipulator was cut off from the sample, E) edge-on 
view of sample before milling, and F) edge-on view of sample after final 
milling (sample thickness was 70 nm) 
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Figure 3-9. Broken pellet made of used electrolyte. The circles and arrows indicate where 

the composition was analyzed. 
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CHAPTER 4 
PRE-ELECTRODEPOSITION: A PROCESS FOR ACCUMULATING MG IN THE 

ELECTROLYTE 

Since the electrolyte used for our study did not contain any Mg in it , Mg has to be 

introduced from external sources such as anode. This chapter describes the methodology of 

introduction of Mg into the electrolyte.  

4.1 Selection of Electrolyte  

Most of the electrolytes that were used to deposit pure Mg or Al-Mg alloys were made 

from Grignard reagents (alkylmagnesiumhalides) [42, 59, 96, 99-101]. However, certain 

drawbacks exist when Grignard reagents are used for electrodeposition. During the 

electrodeposition using electrolytes containing Na[Et3Al-X-AlEt3] (where X = halide) it was 

mentioned that a continuous addition of Mg in the form of Grignard reagents was necessary in 

order to replenish the concentration of Mg in the electrolyte [41]. Also, since most of the 

Grignard reagents are available in the form of their ethereal solutions, complexes like Na[Et3Al-

X-AlEt3] were shown to be cleaved by ether to form Et3Al·O Et2 and Na[Et3Al-X]. These 

Na[Et3Al-X] were shown to hinder the deposition of Al-Mg alloys due to the co-deposition of 

alkali metal [68]. One possible solution for avoiding the Na[Et3Al-X] thereby avoiding co-

deposition of alkali metal was by using another means of incorporating Mg into the electrolyte. 

This was done by typically using a Mg anode [41]. Although, using of Mg anode obviated the 

use of Grignard reagents, this Mg anode was mentioned to develop insoluble layers of 

magnesium halides on it during the electrodeposition. Hence, electrodeposition community has 

been in search of better alternative solutions for the continuous deposition of Al-Mg alloys, one 

of which is by changing the chemistry of electrodeposition bath.  

Recently, Lehmkuhl et al. [40, 41, 50] have developed a potential electrolyte system for the 

deposition of Al-Mg alloys. One of their electrolytes is Na[AlEt4] + 2 AlEt3 + 3.3 Toluene. 
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When this electrolyte has been used for deposition of Al-Mg alloys using Mg anode, they could 

obtain only about a maximum of 24 wt%Mg in the alloys. Hence, they have modified this 

electrolyte by addition of another complex component namely, Na[Et3Al-H-AlEt3] which was 

mentioned to have improved the conductivity of the electrolyte system. Although, the addition of 

Na[Et3Al-H-AlEt3] improved the conductivity of the electrolyte, this complex by itself failed to 

deposit any Mg. However the reasons for its failure in depositing Mg were not reported in their 

work. Moreover, when the above mentioned, modified electrolyte was used for deposition, the 

concentration of Mg in the electrolyte was shown to build up before reaching a steady state [41]. 

The reasons for this steady state were not clear from their work. 

For our study a modified electrolyte suggested by Lehmkuhl et al. [41] was used which has 

a composition of Na[AlEt4] + 2.5 AlEt3 + 3.3 Toluene. A pre-electrodeposition process was 

carried out to introduce Mg into the electrolyte. Current density of 60 mA/cm2, at temperature of 

90 oC throughout this research for introducing Mg into the electrolyte. Since the electrolytes 

similar to the present one have melting point of about 40 oC, a temperature of 90 oC was used so 

that the electrolyte remains in liquid state. When the using such a high temperature the use of 

current densities higher than 60 mA/cm2 was found to cause evaporation of the electrolyte. 

Hence. to minimize the evaporation of the electrolyte a current density value of 60 mA/cm2 was 

used for our study. In order to understand the process of Mg accumulation in the electrolyte a 

systematic study on the changes in the electrolyte composition with pre-electrodeposition time is 

necessary. For our study the pre-electrodeposition time was varied from 20 to 120 minutes. 

4.2 Phase Analysis  

Figure 4-1 shows the XRD profiles of the powders produced after different pre-

electrodeposition times. It can be observed from Figure 4-1 that when pre-electrodeposition was 

done for 20 minutes, peaks corresponding to only FCC Al-rich solid solution are obtained. In the 
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case of powder produced after 80 minutes of pre-electrodeposition time peaks corresponding to 

HCP Mg-rich solid solution and an intermetallic phase (Al12Mg17) just started to appear. Here 

still FCC Al-rich solid solution phase is in majority. After pre-electrodeposition for 120 minutes 

HCP Mg-rich solid solution is found in majority. The relative amount of intermetallic phase also 

increased. The peaks corresponding to copper are due to a small amount of copper entered into 

the alloy powders while scraping these powders from the copper electrode to prepare samples for 

XRD analysis. 

4.3 Compositional Analysis  

This section describes the compositional analysis conducted in both the electrolyte and the 

deposits. Various techniques such as mass balance calculation and direct measurement of 

weights were carried on which are described in the following sections.  

4.3.1 Deposits  

The compositions of the deposits at each pre-electrodeposition time were measured using 

EPMA. The validity of some of these results was confirmed by ICP-OES analysis. The 

composition of the deposits as a function of pre-electrodeposition time is plotted in Figure 4-2. 

These results reveal that at low pre-electrodeposition times the concetrations of Mg and Al stay 

constant and the level of Mg in the deposits is relatively low. This stage is denoted as stage I. 

However, at longer pre-electrodeposition times the concentration of Mg increases rapidly. This 

stage is denoted as stage II. 

4.3.2 Electrolyte 

To estimate the amounts of Mg and Al contained in the electrolyte two different mass 

balance schemes were used for each. In the case of Mg the anode weight loss was assumed to be 

equal to sum of the weight of Mg in the deposit and that left in the electrolyte. For aluminum, the 

weight difference between the initially added Al (in the form of different chemical components) 
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and that in the deposit is considered to be left in the electrolyte. The calculated weights of Mg 

and Al in the electrolyte using these mass balance schemes are given in Table 4-1. 

The relative ratio of the Mg and Al contents in the electrolyte was estimated by using 

EPMA technique. Since the electrolyte is moisture and oxygen sensitive, it was oxidized after 

conducting deposition using isopropyl alcohol + toluene mixture before taking it out of the glove 

box. The electrolyte after quenching was rendered moisture and oxygen-safe and was in the form 

of powder. This powder was cleaned and pellets were made out of them for compositional 

analysis. The details of electrolyte treatment after pre-electrodeposition for composition analysis 

are discussed in Chapter 3. The measured Mg/Al ratio in the electrolyte is plotted as a function of 

pre-electrodeposition time in Figure 4-3(A). The dashed line should only be taken as a visual aid 

as it does not represent any curve fitting among the data points. The calculated Mg/Al ratios in 

the electrolyte (from the mass balance schemes) are also plotted in Figure 4-3(A) for 

comparison. As shown in Figure 4-3(A) the calculated Mg/Al ratios are in a reasonable 

agreement with the measured values. Figure 4-3(A) demonstrates that the Mg/Al ratio increases 

sharply in the beginning, during stage I, and reaches almost a saturation level with the progress 

of pre-electrodeposition during stage II. It should be noted here that this behavior contains two 

effects namely, one from both the dissolution and removal (for deposition) of Mg from the 

electrolyte and the other from the removal of Al from the electrolyte. The concentrations of Mg 

and Al that are present in the electrolyte as a function of pre-electrodeposition time are plotted in 

Figure 4-3(b). These results reveal that not only the ratio but the concentration of Mg and Al also 

increase and decrease, respectively, with the pre-electrodeposition time during stage I, before 

reaching nearly a saturation level in stage II.  
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Figures 4-2 and 4-3 show that the process of pre-electrodeposition is divided into two 

stages in terms of the composition of either electrolyte or that of deposits. During the stage I   of 

the pre-electrodeposition there is a rapid increase in the amount of Mg in the electrolyte (see 

Figure 4-3(A) and (B)). During this stage the concentration of Mg in the deposits is only very 

slightly increasing and maintained at very low value (see Figure 4-2). The concentration of Mg 

in the deposits at, for example, pre-electrodeposition times 20 and 80 minutes is very low 

although there is a gradual increase in Mg in the electrolyte from low to high values. This means 

that although more Mg is dissolving in the electrolyte with the increase in the pre-

electrodeposition time, only a small amount of Mg enters the deposits. In other words there is an 

accumulation of Mg in the electrolyte during stage I. Moreover, during this stage the Al content 

in the electrolyte is reducing as shown from Figure 4-2(B). Consistent with the low values of Mg 

in the deposits, the deposit at 20 minutes of pre-electrodeposition time showed only FCC Al-rich 

solid solution (see Figure 4-1). The Al lost in the electrolyte must be entering the deposits in the 

form of FCC Al-rich phase. The slight increase in Mg in the deposits from pre-electrodeposition 

time of 20 minutes to 80 minutes is started to manifest as a small fraction of HCP Mg-rich solid 

solution in the deposit made at pre-electrodeposition time of 80 minutes (see Figure 4-1). 

However, the FCC Al-rich phase is in majority in this deposit. Apart from the Mg-rich phase the 

deposit made at 80 minutes pre-electrodeposition time consisted of some Al12Mg17 intermetallic 

phase also. So it can be said that the stage I   of pre-electrodeposition is realized when there is an 

accumulation of Mg and depletion of Al in the electrolyte at which time the concentration of Mg 

in the deposits would be low and that of Al would be high, both of which are changed only very 

slowly with the pre-electrodeposition time. 
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In the stage II of the pre-electrodeposition the amount of Mg in the electrolyte is 

maintained almost constant (see Figure 4-3), whereas in the deposit the concentration of Mg is 

increased rapidly (see Figure 4-2). This indicates that almost all the Mg that dissolved in the 

electrolyte during this stage is deposited on the cathode maintaining a steady state of Mg 

concentration in the electrolyte. The increased Mg in the deposits during this stage appeared in 

the form of increased fraction of HCP-Mg-rich phase and intermetallic phase. Figure 4-2 shows 

that HCP Mg-rich phase is in majority although there is some FCC Al rich phase in the deposit 

made at pre-electrodeposition time of 120 minutes. The slight change in the amount of Al in the 

electrolyte during this stage can be explained with only a small concentration of Al that is 

entering HCP Mg-rich phase in the deposits. When the HCP Mg-rich phase is populating in the 

deposits the relative concentration of Al in the deposits is becoming low. This is the reason that 

there is drop in the concentration of Al observed in the deposits during this stage (Figure 4-2). So 

the stage II of the pre-electrodeposition is identified with an establishment of steady state in 

terms of concentration of Mg and slight decrease in the concentration of Al in the electrolyte at 

which time there is a rapid increase (or decrease) in the composition of the deposits in terms of 

Mg (or Al).  

Thus there seems to be a critical time for pre-electrodeposition for given experimental 

conditions prior to which, called the stage I, there is an accumulation of Mg in the electrolyte. 

After this critical time of pre-electrodeposition, a steady state in terms of concentration of the Mg 

in the electrolyte is reached similar to the results of Lehmkuhl et al. [41]. This is called the stage 

II. Since this critical pre-electrodeposition time may depend on the experimental conditions such 

as current density, temperature etc. a more precise way of identifying this critical situation is by 

considering the concentration of Mg in the electrolyte. The composition (in terms of Mg) of 
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deposits is plotted as a function of the Mg/Al ratio in the electrolyte in Figure 4-4.From Figure 4-

4 it is seen that a critical Mg/Al ratio in the electrolyte can be identified prior to which the 

concentration of Mg in the deposits is very low. This is the stage I   during which only FCC Al-

rich solid solution forms in the deposits. When the Mg/Al ratio in the electrolyte exceeds this 

critical Mg/Al ratio the concentration of Mg in the deposits increases rapidly even for a small 

change in the Mg/Al ratio in the electrolyte. This is the stage II during which HCP Mg-rich phase 

forms and populates in the deposits. This critical Mg/Al ratio in the electrolyte depends on when 

a second phase (HCP Mg-rich) is forming in the deposits.  

4.4 Anodic and Cathodic Reactions 

The anodic and cathodic reactions were assumed to be oxidation of Mg and reduction of Al 

and Mg ions respectively according to the following: These assumptions are based on 100% 

efficiency. As will be shown later, there may be other side reactions that result in a reduction in 

the observed efficiency.  

Anodic reaction: 

Mg  Mg+n + ne-         (4-1) 

Cathodic:reactions: 

Mg+n + ne- Mg         (4-2) 

Al+3 + 3e-  Al          (4-3) 

As shown in equations (4-2) and (4-3), the valence state of the dissolving or depositing Mg 

is taken as unknown (n). The valence of the dissolving Mg was considered as both univalent 

and/or divalent Mg in either aqueous [102] or non-aqueous [103] electrolyte systems. 

Irrespective of whether the electrolyte system is aqueous or non-aqueous, the studies suggested 

that the presence of molecules which act as electron acceptors in the electrolyte system increase 

the stability of the univalent Mg+, which eventually gives up its valence electron to those 
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electron acceptors before forming Mg+2. For our study the Al cations are assumed to have a 

constant valence of 3. Since the electrochemical changes taking place during the 

electrodeposition are not yet known, the valence of the depositing as well as dissolving Mg is 

treated as unknown but equal to each other (n). Charge balance calculations were performed, 

which were coupled with values of weight loss of anode and weights of Al and Mg in the deposit 

formed at cathode. An estimate of the valence of both the dissolving and depositing Mg was 

found. While calculating the valence of the Mg ions the errors involved from the equipment 

(EPMA and balance) were considered. The values of these valences are listed in Table 4-2 for 

different pre-electrodeposition times. Table 4-2 shows that the values of the valence for all the 

pre-electrodeposition times are nearly close to 2 which is a reasonable number. Hence for our 

study the valence of both dissolving and depositing ions is taken as 2, (i.e. n=2). Rausch et al. 

[103] mentioned that the molecules which act as electron acceptors (better known as Lewis 

acids) stabilize the Mg+. According to Rausch et al. [103], Mg dissolves anodically to yield a 

mixture of both Mg+ and Mg+2. In the absence of electron acceptor molecules the Mg+ is 

relatively less stable than Mg+2 hence only the latter forms. The value of n=2 in our study 

suggests that during the electrodeposition also no electron acceptors would be forming.  

Figure 4-5 shows the efficiency values as a function of different Mg/Al ratios in the 

electrolyte. The efficiency values are plotted both by assuming a valence of 2 for Mg and by 

considering the calculated values for the same. As shown in Figure 4-5 both sets of the values of 

efficiencies are very close to each other indicating that the variation in the efficiency values are 

not resulted from change in the valence of the Mg. Hence the other possibility of the variation of 

the efficiencies and their values typically far from 100 may be due to side reactions taking place 
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in the system (if any).At this moment it is not known about the side reactions that might be 

present during electrodeposition.  

4.5 Roles of Electrolyte Components 

In order to understand the roles of different components in the electrolyte used, three 

component-electrolyte systems were considered in our study. They are electrolyte (I): AlEt3 + 

3.3 Toluene; electrolyte (II): Na[AlEt4] + 2 AlEt3 + 3.3 Toluene; electrolyte (III): Na[Et3Al-H-

AlEt3]+3 Toluene. These component electrolytes were chosen such that the results from 

electrolyte (I) and (II) would yield an understanding of the purpose of Na[AlEt4]. Also, the 

results from electrolyte (III) would yield an understanding of the purpose and possible effects 

that the complex may have on the deposition. Electrodeposition was performed with each of 

these component electrolytes at current density of 60 mA/cm2 and temperature of 90 oC for 15 

minutes. 

4.5.1 Component Electrolyte (I) 

The component electrolyte (I) has the composition AlEt3 + 3.3 Toluene. When 

electrodeposition was attempted with electrolyte (I) no deposit was obtained at the cathode. This 

suggests that since toluene is not strongly polar AlEt3 could not be dissociated into ionic species.  

4.5.2 Component Electrolyte (II) 

The component electrolyte (II) has the following composition Na[AlEt4] + 2 AlEt3 + 3.3 

Toluene. The main differences between this electrolyte and electrolyte (I) are the presence of 

Na[AlEt4] and increased ratio of AlEt3 to toluene in electrolyte (II). The reason for increased 

ratio of AlEt3 to toluene is that Lehmkuhl et al. [40, 41] suggested that an additional AlEt3 is 

required to prevent the deposition of alkali metal in preference to either Al or Mg. When 

deposition was conducted with electrolyte (II) both Al and Mg were deposited and the Mg anode 

did not develop any black film on it. Figure 4-6 shows SEM images of the Al-Mg alloy deposit 
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in the as-deposited condition obtained in this case. The deposit showed a composition range from 

about 4-25 at%Mg.  

Sodium tetraethylaluminate (Na[AlEt4]) was mentioned to be ionic in nature maintaining 

equilibrium with its dissociation products Na+ and [AlEt4]- [58]. Hence in the case of electrolyte 

(II), Na[AlEt4] should be imparting polarity to electrolyte (II) by dissociating into ions and 

reforming Na[AlE4]. However, since the toluene is not strongly polar, these dissociation products 

exist as ionic pair Na+//[AlEt4]-. At present the effect of the Na[AlEt4] on electrolyte (II) is not 

understood. 

4.5.3 Component Electrolyte (III) 

The composition of electrolyte (III) is Na[Et3Al-H-AlEt3] + 3Toluene. When 

electrodeposition was done with this electrolyte using Mg anode, an Al-Mg alloy was deposited. 

Figure 4-7 shows the SEM images of the deposit obtained in this case. Interestingly, this result is 

in contradiction to that of Lehmkuhl et al. [40, 41]. Their studies suggest that when deposition 

was attempted with only Na[Et3Al-H-AlEt3] complex in the presence of toluene with Al and Mg 

anodes connected in parallel the deposit contained only Al. There was a weight loss in the Al 

anode. However, the weight of the Mg anode remained the same. One possibility for the absence 

of Mg in their results could be that the current density values used by Lehmkuhl et al. [40, 41] 

were very low (about 30 mA/cm2 in comparison to 60 mA/cm2 in our study). The low current 

densities mean that the reaction rates during the electrodeposition process are low. Hence the 

amount of Mg dissolved into the electrolyte and that deposited on the cathode was probably low. 

It will be shown in the Chapter 5 that the amount of Mg in the deposits is directly proportional to 

the applied current density value. It should be noted that if the amount of Mg deposited is below 

the detectable limits of the characterization techniques used for compositional analysis then it 

could not have been detected at all. In the present work although an Al-Mg alloy was obtained 
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using electrolyte (III), it is important to note that the composition in terms of Mg in this case is 

less than that observed in the deposit obtained using electrolyte (II). This could be probably due 

to the differences in the chemical changes occurring in both these electrolyte systems during the 

electrodeposition process. 

Another interesting observation during the deposition of Al-Mg alloys using electrolyte 

(III) is that a black film was formed on the anode. This film was reasonably adherent on the Mg 

surface. This observation is similar to the studies of Lehmkuhl et al [41] which reported the 

appearance of insoluble films of magnesium halide on Mg anode during the electrodeposition 

using Na[Et3Al-X-AlEt3] (where X = halide). Figure 4-8(A) shows the picture of Mg anode with 

the black film on it. XRD was done on a sample of this black film by scraping it from the anode. 

Figure 4-8(B) shows the XRD profile and this black film was identified as MgH2. The peaks 

corresponding to Mg are due to some Mg that entered the XRD sample while scraping the black 

film from the anode. This kind of black film was also observed by others during anodic 

dissolution of Mg into aqueous electrolytes. In the case of the aqueous electrolytes the black film 

was identified as MgO [104]. The formation of a black film during anodic dissolution of Mg into 

either aqueous or non-aqueous electrolytes suggests that an anionic species reacts with the 

positively charged Mg anode. As the results suggest, in the present case this cationic species is 

H-.  

Unlike in the studies of Lehmkuhl et al. [40, 41], Al-Mg alloy was deposited from 

electrolyte (III) in our study. Since, the Na[Et3Al-H-AlEt3] is conductive enough [40, 41], during 

the electrodeposition Na[Et3Al-H-AlEt3] must be dissociating into Na+ and [Et3Al-H-AlEt3]-. 

The formation of MgH2 black film during electrodeposition with electrolyte (III) indicates that 

the source of hydrogen is from the breakage of Al-H-Al bond in the [Et3Al-H-AlEt3]- liberating 
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H-.This liberated H- must be absorbed into Mg anode forming MgH2 black film. When the Al-H-

Al bond is broken the AlEt3 is released from the complex group and this must be dissociating 

further to give Al+3 which will be deposited at cathode. Now in the present case the AlEt3 can not 

dissociate in the same way it does in the case of electrolyte (II). This is because of the decreased 

stability of [AlEt2]+due to the presence of Na+. The [AlEt2]+ was shown to be stable only in the 

presence of electron donors (better known as Lewis bases) such as THF, pyridine and NEt3 [105-

107]. Hence, in the presence of Na+ the AlEt3 may dissociate into [AlEt4]- and Al+3 according to 

the following way as suggested by Ziegler et al. [58],  

4AlEt3 ↔ 3[AlEt4]- +Al+3         (4-4) 

Because of the low conductivity of the solvent (toluene) the ions can not exist by 

themselves. One possibility is to exist as ion pairs consisting of cation and anion per pair. At 

present it is not known about the existence of ion pairs in the present electrolyte systems.  

4.6 Al-Mg Alloy Deposition Scheme 

Considering the above mentioned observations and dissociation scheme of AlEt3 in 

presence of component electrolyte (III) a scheme of deposition of Al-Mg alloy is proposed for 

from the electrolyte (III) as shown in Figure 4-9.  

During the electrodeposition from electrolyte (III), as shown in Figure 4-9, Al+3 which is 

liberated according to the above mentioned equation (4-4) gets deposited on the cathode. In order 

to maintain the charge neutrality in the electrolyte again equi-coulombic amount of Mg+2 

dissolves from the anode and enters electrolyte (III). This Mg+2 in the electrolyte combines with 

[AlEt4]- to yield Mg[AlEt4]2 and is accumulated in electrolyte (III). This Mg in the form of 

Mg[AlEt4]2 accounts for the rest of the Mg accumulated in the actual electrolyte that is observed 

in the stage I   of pre-eletrodeposition (see Figure 4-3).  



 

75 

As the deposition progresses with electrolyte (III), more Mg is removed from the 

accumulated Mg in the electrolyte and deposited the cathode. Hence again an equi-coulombic 

amount of Mg is dissolved from anode to maintain the charge neutrality of the electrolyte at any 

time. Thus at any instance, the concentration of Mg in the electrolyte remains constant. This 

explains the steady state observed in terms of the Mg in the electrolyte during the stage II of pre-

electrodeposition (see Figure 4-3).It should be noted here that the concentration of Mg 

accumulated in the case of electrolyte (II) is more (1.5 mole) than that during deposition from 

electrolyte (III) (0.5 mole). This difference in the concentration of accumulated Mg in the case of 

electrolyte (II) in comparison to electrolyte (III) is the reason for observing higher compositions 

(in terms of Mg) in the deposit obtained from electrolyte (II) than those from electrolyte (III) (see 

Figures 4-6 and 4-7). The amount of Mg that is entering the deposits at any time depends on the 

accumulated Mg in the electrolyte and thus depend on the pre-electrodeposition time. Moreover, 

the concentration of Mg in the deposits might also depend on the other experimental conditions 

such current density, temperature etc.  

4.7 Summary 

Mg can be incorporated into the electrolyte during the electrodeposition using the modified 

electrolyte suggested by Lehmkuhl et al. [40, 41]. The process of incorporation of Mg in the 

electrolyte is termed “pre-electrodeposition”. Pre-electrodeposition process can be divided into 

two stages. In the stage I, the rate of accumulation of Mg in the electrolyte is higher than the rate 

at which Mg enters the deposits. The low concentrations of Mg in the deposit during the stage I   

are due to the presence of FCC Al-rich phase in majority in the deposits. During the stage II of 

the pre-electrodeposition, the accumulated Mg in the electrolyte almost reached saturation level. 

At the same time the concentration of Mg in the deposits shoots up. This rapid increase in the 

concentration of Mg in the deposits during stage II is due to the presence of HCP Mg-rich phase 
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in the deposits. As the deposition progresses, the deposit is populated more with HCP Mg-rich 

phase and hence the concentration of Mg in it goes up. Due to the saturation reached in the 

electrolyte during the stage II, a steady state is reached in the electrolyte in terms of Mg 

concentration. This means that the rate of dissolution of Mg in the electrolyte is almost same as 

that for deposition. The critical Mg/Al ratio which differentiates the two stages of pre-

electrodeposition depends on the onset of nucleation of HCP Mg-rich phase in the deposits.  

The valence of the dissolving Mg was estimated to be about 2 which is common for Mg. 

Therefore, the assumptions of dissolution of Mg as the anodic reaction and deposition of Al and 

Mg as cathodic reaction are reasonable The valence of 2 for dissolving Mg suggests that there 

are no electron acceptor molecules in the electrolyte. 

The failure of electrolyte (I) in deposition of either Al or Mg suggests that AlEt3 does not 

have good conductivity and needs addition of a better conducting compound. The Na[AlEt4] 

must have imparted conductivity to electrolyte (II) as its addition to electrolyte (I) rendered 

deposition of both Al and Mg. The breakage of the Al-H-Al is the reason for the formation of a 

black film on the Mg anode. The composition (in terms of Mg) of deposit depends on the 

concentration of accumulated Mg in the electrolyte. The higher concentration of Mg in the 

deposit obtained from electrolyte (II) than in the case of deposit from electrolyte (III) may be due 

to higher concentration of accumulated Mg in the former electrolyte. A scheme for deposition of 

Al-Mg alloys is proposed which is consistent with the above observations.  
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Figure 4-1. The XRD profiles of Al-Mg alloy powders produced after pre-electrodeposition for 
different times with major peaks of all the phases indexed.  
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Figure 4-2. Magnesium and Aluminum in the deposits plotted as function of pre-
electrodeposition time. 
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Figure 4-3. Concentration of Mg in the electrolyte showing A) measured and calculated Mg/Al 
ratio values in electrolyte, and B) weights of Mg andAl in the electrolyte plotted as 
function of pre-electrodeposition time. 
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Figure 4-4. Magnesium (at.%) in the deposit plotted as function of Mg/Al ratio in electrolyte 
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Figure 4-5. Efficiency of the pre-electrodeposition process as a function of Mg/Al ratio in the 

electrolyte. 
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Figure 4-6. The SEM images of the deposit obtained using electrolyte (II) 
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Figure 4-7. The SEM images of the deposit obtained using electrolyte (III) 
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Figure 4-8. Analysis of black film on anode showing A) picture of Mg anode with black film on 

it, and B) the XRD profile of black film shows the presence of MgH2 in the black 
film. 
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Figure 4-9. Scheme of Al-Mg alloy deposition using electrolyte (III) 
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Table 4-1. Calculations from Mg and Al mass balance schemes in electrolyte (30 mL) and 
deposits 

Mg mass balance scheme (all weights are in milligrams) 
Pre-

Electrodeposition 
time (min) 

Anode weight loss Weight of Mg in the 
deposit 

Weight of Mg in 
electrolyte 

20 26 2 24 

80 122 32 90 

120 185 95 90 

Al mass balance scheme (all weights are in milligrams) 
Pre-

Electrodeposition 
time (min) 

Initial weight of Al Weight of Al in the 
deposit 

Weight of Al in 
electrolyte 

20 3164 17 3147 

80 3164 72 3092 

120 3164 73 3091 

 
For the Mg mass balance scheme the anode weight loss is assumed to be distributed in both 
deposit and electrolyte after each pre-electrodeposition step. For the Al mass balance scheme the 
initial weight of Al is assumed to be distributed in both deposit and electrolyte after each pre-
electrodeposition step.  
 
Table 4-2. Estimate for the valence of dissolving or depositing Mg  

Pre-
Electrodeposition 

time (min) 
20 80 120 

Valence of Mg 
(n) 1.9±0.1 1.7±0.1 2.08±0.02 
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CHAPTER 5 
ELECTRODEPOSITION OF PURE AL AND AL-MG ALLOYS 

As seen in Chapter 4 the concentration of the Mg in the electrolyte depended on the pre-

electrodeposition time. The effect the concentration of Mg in the electrolyte, and that of various 

parameters such as current density and temperature and anode composition on the morphology 

and composition of the Al-Mg alloys is presented in this chapter. In order to establish the general 

techniques and feasibility of the process of electrodeposition with organometallic-based 

solutions, the electrodeposition of pure Al was attempted as a preliminary work prior to that of 

Al-Mg alloys. With the gained experience the electrodeposition of Al-Mg alloys was carried out.  

5.1 Electrodeposition of Pure Al 

As explained in Section 3.31 the electrolyte used for the deposition of pure Al consisted of 

NaF, AlEt3 and toluene as suggested by Lehmkuhl et al. [50]. Electrodeposition was conducted 

potentiostatically using an applied potential of E =-1.5 V based on the cyclic voltammetry result 

presented in Figure 3-5(A). In order to understand the role of the complex Na[Et3Al-F-AlEt3] 

that was expected to form, two different mole ratios, namely, 2:1 (stoichiometric) and 4:1 of 

AlEt3/NaF were chosen. The electrodeposition was conducted at 60 oC. For detailed description 

of electrolyte preparation and the procedure of electrodeposition refer to Chapter 3.  

5.1.1 Current Density Vs Time Results 

The current density vs time curves generated during the electrodeposition for both 

compositions are shown in Figure 5-1. When a stoichiometric amount of NaF and AlEt3 were 

used higher current density values were recorded in comparison to the case when there is an 

excess of AlEt3. Since, there are no side reactions taking place when a potential of -1.5 V is 

applied according to the cyclic voltammetry result presented in Figure 3-4(A), all the current that 

is being recorded is a representative of the number of Al+3 ions reaching the cathode. Hence 
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assuming that the complex Na[Et3Al-F-AlEt3] was formed in the solution, the concentration of 

this complex would be low in the case where there is an excess of AlEt3. Since the current 

density values reported in the second case (excess of AlEt3) are lower than those in the first case 

(stoichiometric ratio of NaF to AlEt3) it can be assumed that the Al that is deposited on the 

cathode is from the Na[Et3Al-F-AlEt3] complex. Hence the complex Na[Et3Al-F-AlEt3] is the  

one that is electrochemically active entity during the electrodeposition.  

5.1.2 Morphological Analysis of Pure Al 

Figure 5-2 shows the SEM images of the deposits obtained with the two electrolyte 

compositions. The deposits grew by nucleation and growth of many particles, each consisting of 

multiple crystals. It can be observed that at higher current densities with 2:1 ratio of AlEt3:NaF 

the deposit exhibits a fine structure (see Figure 5-2(A)). Increasing the AlEt3:NaF ratio, which 

yielded a lower current density resulted in coarser structure as shown in Figure 5-2(B). This is 

because when the current density values are higher larger number of sites can be activated and 

more number of nucleation sites can be realized, consequently a fine structure is 

anticipated.[108] A detailed analysis of morphology revealed that the aluminum crystals exhibit 

a 5-fold symmetry (see Figure 5-2(C)). This 5-fold symmetry has been observed by several 

investigators [109-111] and in the electrodeposition of pure FCC metals such as Au its presence 

has been attributed to multiple twinning [112]. There has been a significant amount of work on 

the mechanism of formation of these twins. In the case of FCC metals it was suggested that the 

twinning takes place in the early stages of the deposition. A twin was suggested to be forming 

over a two dimensional nucleation step or a twin plane, (111) in the case of FCC metals [113]. It 

was also shown that twin nuclei can form only above a critical overvoltage or applied potential 

[114]. Since, the characterization of electrodeposited pure Al is not the focus of the present work, 

further analysis on the twinning of pure Al was not pursued.  
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With a preliminary understanding of the role of the complexes in the electrolyte and with 

some gained experience on handling highly moisture and oxygen sensitive organometallic 

chemicals, electrodeposition of Al-Mg alloys was pursued for the present work.  

5.2 Electrodeposition of Al-Mg Alloys 

Electrodeposition of Al-Mg alloys was conducted using an organometallic electrolyte 

based on the work by Lehmkuhl et al. [40, 41]. The electrolyte has the following composition 1 

mol Na[AlEt4], 2 mol Na[Et3Al-H-AlEt3], 2.5 mol AlEt3 and 6 mol toluene. Detailed description 

of the method of preparing the electrolyte for Al-Mg alloys deposition is given in Section 3.3.2 

of Chapter 3. A rotation speed of 200 rpm was selected for our study. This rotation speed was the 

maximum value at which no wobbling was observed. The maximum value of the rotation speed 

was chosen to drive as much Mg in the bulk of the electrolyte as possible towards the diffusion 

layer. 

The effect of various deposition parameters such as concentration of Mg in the electrolyte, 

deposition time, current density, temperature and anodic composition on the characteristics of the 

deposits was studied. The experimental conditions are listed in Table 5-1. Temperatures for our 

study were selected based on the melting point of the electrolyte system. Since this electrolyte 

starts to become more viscous at about 45 oC in comparison to 60 oC two temperatures namely, 

90 and 60 oC were selected. The current density values were selected to be in the mass transfer 

regime so that dendritic growth could be obtained. Different pre-electrodeposition times were 

selected, some of which were same the values studied in the Chapter 4.  

In general, the values of the potential during the deposition varied as shown in Figure 5-3. 

The effect of Mg concentration in the electrolyte on the morphology and composition of the 

deposits was studied by making deposits at a temperature of 90 oC with different pre-

electrodeposition times from 20 min to 180 min (deposit #1-4). The effect of deposition time was 
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studied by fabricating deposits with two different electrodeposition times (deposit #4 and 5). For 

the studying of the effect of current density on the characteristics of the deposits, they were 

fabricated at 60 oC with different current density values of 60, 100 and 150 mA/cm2 (deposit #6-

8). In order to control the composition of the deposits electrodeposition was done at 60 oC using 

two anode compositions. The anode compositions were pure Mg and 80 area%Al + 20 area%Mg 

(deposit #8 and 9).  

5.3 Growth and Morphology of the Deposits 

In general, three stages of growth were identified in the deposits made in this study. 

Initially a dense and fine structure developed on the substrate which, hereforth will be termed 

“ground”. The morphology of the ground in general consisted of hemispherical units. Upon this 

ground two types of growth were realized. In some deposits an intermediate growth pattern was 

found, which was coarser than the ground and hence, its morphology can be best defined as 

“nodular”. The third type of growth was dendritic in nature. Figure 5-4 shows the three stages of 

growth for two different deposits. In deposit #1 the intermediate growth was limited and the 

smooth ground surface can easily be recognized (a in Figure 5-4). However, deposit #3 exhibited 

extensive nodule formation (b in Figure 5-4) with limited dendritic growth (b in Figure 5-4).  

Several dendritic growth morphologies were observed in the deposits studied here. 

Depending on the deposition condition more than one dendrite morphology was found in each 

deposit. However, usually one type of dendrite was dominant for a given deposition condition. 

Figure 5-5 shows higher magnification images of nodule and dendrite from deposit #4. As 

suggested by Figure 5-5 the morphology of the dendrites did not always match that of nodules. 

Hence, the growth of dendrites can not be considered only as an extension of the intermediate 

growth. Figure 5-6 shows two different types of dendrites forming on the ground. The first type 

of dendrites is anistropic in their morphology exhibiting feather-like structure (see Figure 5-
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6(A)). These feather-like structures are beginning to grow from fine anisotropic precursors. 

Figure 5-6(B) shows the globular units forming over the finer globular units.  

In all deposits the dendrites could be scraped easily indicating that they were loosely held 

on the ground. However, the ground was strongly adherent to the copper substrate. Similar 

observation was made in the studies of Jovic et al. who prepared Ni-Co alloy powders via 

electrodeposition [76]. 

5.4 Effect of Electrodeposition Parameters on Morphology and Composition Phases of the 
Deposits 

Electrodeposition parameters are found to affect the characteristics of the deposits such as 

morphology, composition etc. This section is devoted to investigate the effect of different 

parameters such as concentration of Mg in the electrolyte, current density and electrodeposition 

time on various characteristics of the deposits.  

5.4.1 Effect of Pre-Electrodeposition Time 

The effect of Mg ion concentration on the characteristics of the deposits was evaluated by 

investigating deposits prepared with four different pre-electrodeposition times (deposit #1#4) 

keeping all other deposition parameters constant. The initial electrolyte temperature was at 90 

°C. The dominant dendrite morphology in these deposits was “globular” (because of its shape) as 

shown in Figure 5-7. These dendrites were found to have two distinct surface roughness levels as 

shown in Figure 5-7(A). Raising the pre-electrodeposition time increased the volume fraction of 

the “rough globular” morphology. Deposit #1 showed mostly smooth globules while the 

dendrites in deposits with 2 and 3 hours pre-electrodeposition time consisted mainly of the rough 

globules as shown in Figure 5-7(B). EDS compositional analysis, which renders semi-

quantitative values, revealed that there exists a large difference in the composition of rough and 
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smooth globules. The smooth ones showed 20 to 25at% Mg, however the rough globules had 55 

to 85 at% Mg.  

In addition to a change in the coverage of the rough globules the tendency to dendrite 

formation was decreased with increasing concentration of the Mg ions in electrolyte. Figure 5-8 

shows low magnification SEM pictures from deposits #1 and #4. As suggested by Figure 5-8, 

while dendritic growth is very prevalent in the deposit with 20 min pre-electrodeposition time 

(see Figure 5-8(A)), deposit #4 with 180 min pre-electrodeposition time exhibited mainly 

intermediate growth with limited dendrite formation (see Figure 5-8(B)). 

The XRD profiles for powders fabricated at various pre-electrodeposition times are shown 

in Figure 5-9. The powder made of the electrolyte prepared with 20 min pre-electrodeposition 

time exhibited only FCC aluminum phase. With an increase in the concentration of Mg in the 

electrolyte, peaks corresponding to the HCP magnesium phase were found in the XRD profiles. 

The majority phase at 180 min pre-electrodeposition time, deposit#4, was the HCP-Mg phase. 

From Chapter 4 it is known that at 20 min of pre-electrodeposition the Mg in the 

electrolyte is still in the accumulation stage. When this electrolyte was used for the deposition 

only FCC Al-rich phase was observed (deposit #1) indicating that the amount of Mg in the 

deposit is low. When an electrolyte, which was used for pre-electrodeposition time of 80 min 

was used for deposition the HCP-Mg rich phase started to appear. From Chapter 4, 80 min is 

where the Mg in the electrolyte began to reach steady state in the electrolyte (see, Figure 4-2(B)). 

When this electrolyte was used for deposition the HCP Mg-rich phase started to appear (deposit 

#2) indicating that whatever Mg dissolved in the electrolyte got eventually deposited on the 

cathode giving rise to appearance of HCP Mg-rich phase. When the electrolyte on which pre-

electrodeposition was done for 180 min was used for deposition HCP-Mg rich phase was in 



 

90 

majority. This indicates that while a steady state was maintained in the electrolyte in terms of Mg 

The amount of Mg in the deposits was built up with time giving rise to HCP Mg-rich phase as a 

major one.  

5.4.2 Effect of Deposition Time 

The electrodeposition time for deposits#1 to #4 was 10 min. In order to investigate the 

effect of deposition thickness on morphology and composition of the dendrites, deposit #5 was 

prepared under similar conditions as deposit #4, except that the deposition time was increased to 

30 min. Figure 5-10 shows that the dendrites became larger but their morphology and roughness 

remained the same. The magnesium concentration range measured by EDS was found to be 58-

84 at% Mg and 75-80 at% Mg in deposits #4 and #5, respectively. This observation suggests 

that, due to the anodic dissolution of magnesium during the deposition process there may be an 

increase in the Mg content of the deposits.  

5.4.3 Effect of Current Density 

The effect of current density was evaluated by making deposits at 60 °C and at 60, 100 and 

150 mA/cm2, respectively (see Table 5-1). The applied current density as well as test temperature 

affected the morphology of these deposits significantly. While the deposits made at 90 °C 

showed predominantly globular dendrite morphology, several other varieties were observed in 

the deposits made at 60 °C. At 60 mA/cm2 (deposit #6) faceted large aluminum crystals with low 

concentrations of Mg (1-4 at.%) were found (see Figure 5-11(A)). Usually these faceted crystals 

were octahedral in shape as shown in Figure 5-11(A). The XRD analysis confirmed the presence 

of only FCC Al-rich solid solution in the deposit containing this morphology as can be seen in 

Figure 5-15 (60 mA/cm2) [115]. The octahedral nature of these facets suggests that the crystals 

grew with {111} type habit planes. This observation is consistent with the reported results for the 

other FCC metals electrodeposited at low deposition rates, such as Ag and Au [116, 117]. The 
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shape of these faceted crystals suggests that there is a marked anisotropy in the growth rates of 

different crystallographic planes. The growth of these crystals occurred in such a way that the 

planes with highest interfacial energies disappeared giving rise to the ones with low interfacial 

energy. These growth rates depend on the conditions in which these crystals (planes) are growing 

such as current density (overpotential), concentration of the electrolyte, temperature [36, 74, 

118]. Here the conditions were probably favourable for the appearance of <111> planes.  

With increasing the current density, dendritic growth became more prominent, partially 

because of the increase in the deposition rate. Both “rod-like” (see Figure 5-11(B)) and globular 

(see Figure 5-11(C)) morphologies were observed in deposits #7 and #8. Rod-like dendrites with 

nominal composition range of 13 to 20 at% Mg were in majority in the sample produced at 100 

mA/cm2 (see Figure 5-11(B)). At 150 mA/cm2 the dendrite morphology was predominantly 

globular. As demonstrated in Figure 5-12(A), the dendrites that appeared globular from top view, 

in some cases started with a rod-like shape that evolved into globular morphology. This 

morphological evolution will be dealt in detail in Chapter 6. The nominal composition range of 

the globular dendrites varied from 32 at% Mg to 82 at% Mg. Both rough and smooth globules 

were found as shown in Figure 5-12(B). Similar to the deposits made at 90 °C, the high Mg 

content correlated with the rough morphology. The cross-sectional images suggested that the 

globular morphology made at 60 oC and a current density of 150 mA/cm2 was porous as shown 

in Figure 5-13. In addition to a change in the dominant dendrite morphology, the deposit 

structure was refined significantly with increasing the current density from 100 mA/cm2 to 150 

mA/cm2 as depicted in Figure 5-14. Both the dendrites and the intermediate growths were 

decreased in size and increased in density at the higher current density. A detailed analysis of the 

morphology and microstructure of the dendrites will be discussed in Chapter 6. 
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The XRD profiles of deposits #6 to #8 are shown in Figure 5-15. When the current 

densities were 60 and 100 mA/cm2 only FCC Al-rich phase was observed. As the current density 

was increased to 150 mA/cm2 in addition to the FCC phase, HCP Mg-rich phase was recognized.  

5.4.4 Effect of Anode Composition 

In order to investigate the effect of anode composition on the deposits a deposit was made 

(deposit #9) at similar parameters as that of deposit #8 but with a different pre-electrodeposition 

time and anode composition during the deposition. The pre-electrodeposition time in this context 

was 75 min (longer than that in deposit #8). However, both these durations of pre-

electrodeposition times fall in stage I   of the process during which accumulation of Mg ions in 

the electrolyte occurs (see, Figure 4-2 of Chapter 4). The anode used for the deposit #9 had a 

composition of 80 area% Al + 20 area% Mg. The low magnification SEM image of the deposit 

#9 with that of deposit #10 is shown in Figure 5-16. Figure 5-16 shows that morphologies similar 

to those of feather-like and globules were observed in deposit #9. The nominal composition of 

feather-like morphology is around 7 at.% Mg. XRD profile of the deposit #9 indicates no HCP 

Mg-rich phase in contrast to that of deposit #8. The XRD profiles of both these deposits are 

shown in Figure 5-17. The absence of HCP Mg-rich phase with decreased relative composition 

of anode suggests that, during the deposition process, only lesser amount of Mg is dissolving into 

the electrolyte in the case of deposit #9 in comparison to deposit #8. In spite of having higher 

concentration of Mg in the electrolyte at the beginning of the deposition, the Mg that was 

dissolving during the deposition was not sufficient to reach a saturation level in the electrolyte. 

Hence, this lesser concentration of Mg in the electrolyte, in the case of deposit #9, is not able to 

form HCP Mg-rich phase.  
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5.5 Consistency of the Electrodeposition Process 

In order to check the consistency within a same deposit and among different deposits 

conducted under same conditions a set of experimental parameters same as that of deposit #8 

was chosen. Three depositions were conducted with these parameters. Although the starting 

temperature for the depositions was 60 oC, the actual temperature of the electrolyte seemed to 

rise during the electrodeposition at 150 mA/cm2. The temperature variation during the three 

depositions conducted here is shown in Figure 5-18. The electrochemical changes taking place in 

the electrolytic bath must be responsible for the rise in the temperature during the deposition. 

Figure 5-19 shows the SEM images of three deposits at different levels of cathode namely top, 

middle and bottom. Figure 5-19 shows that the deposits are uniform throughout the length of 

each deposit and also among different deposits. The globular morphology was the one in 

majority in all these deposits. The XRD profiles of these deposits are shown in Figure 5-20. All 

the deposits contained peaks corresponding to both FCC Al-rich and HCP Mg-rich solid 

solutions and are almost similar. It can be said from the above results that the depositions 

conducted here and the electrodeposition process used for the present work in general is 

consistent nature.  

5.6 Discussion 

The observation of the general ground of the deposits suggests the presence of several 

nuclei (see Figure 5-6). A schematic of the growth mechanism of the deposits in galvanostatic 

technique is shown in Figure 5-21. Generally, the process of deposition starts with formation of a 

hemispherical nucleus on an atomically rough substrate (see Figure 5-21(A)) [119]. Since the 

substrate is atomically rough, those nuclei which are at a higher level than the others start 

growing at faster rates due to larger availability of ions and higher local overpotential values (see 

Figure 5-21(B)). As these nuclei grow with the deposition time, hemispherical shaped diffusion 
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fields develop around them [120]. With the further growth of these nuclei the diffusion fields 

increase in size and start to overlap with diffusion fields of neighbouring nuclei. When the 

overlapping occurs, the hemispherical diffusion fields start vanishing giving rise to planar fronts 

of overlapped nuclei. Although, the planar fronts of nuclei are present, the original roughness 

levels among the individual nuclei persist (see Figure 5-21(C)). Due to the presence of roughness 

on the growing front, the local overpotentials are going be different. These differences in the 

local overpotentials lead to development of different morphologies as shown in Figure 5-21(D). 

More detailed analysis of formation of different morphologies as a function deposition rate is 

discussed in Chapter 6.  

Aluminum-magnesium phase diagram indicates that under equilibrium conditions the 

solubility of Al in Mg and vice versa is very limited and there exist two intermetallic 

compounds, namely Al3Mg2 and Al12Mg17. Electrodeposition is a non-equilibrium processing 

technique and the XRD results revealed that no intermetallics formed under the deposition 

conditions investigated here. 

The dominant morphology of the dendrites was found to depend on composition. When the 

concentration of Mg in the deposit was very low (approximately <5 at%) large crystals 

developed (Figure 5-11(A)). An increase in the Mg content resulted in the formation of the “rod-

like” morphology, which was observed in deposits #7 and #8 (Figure 5-11(B)). When the Mg 

content was above approximately 15 at% the “rod-like” morphology transitioned to a “globular” 

morphology. This evolution can be seen in Figure 5-11(B), Such a transition along a large 

dendrite can be seen in Figure 5-12(A). The dendrites that contained higher Mg showed 

“globular” morphology. Among these dendrites, two types of globules – smooth and rough – 

were found. The rough globules always formed over the smooth ones. EDS analysis revealed that 
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the rough globules usually had Mg content over 50at%. Since the deposits with strongest HCP-

Mg XRD peaks also showed higher percents of the “rough globular” morphology it can be 

concluded that they are HCP magnesium supersaturated solid solution phase and the smooth 

globules are FCC aluminum super saturated solid solution phase. 

The Mg content of the deposits was found to depend on the pre-electrodeposition time, 

electrolyte temperature and current density. The raise in the deposit Mg content with pre-

electrodeposition time, which manifested as an increase in the amount of rough globules (see 

Figure 5-7), can be attributed to the increase in the amount of Mg ions in the electrolyte. The 

enrichment of the electrolyte with Mg ions also reduced dendritic growth tendencies (see Figure 

5-8). Results of Lehmkuhl et al.[40, 41] demonstrate that in electrolytes similar to the one used 

here, Mg deposits much faster than Al does and consequently a small concentration of Mg in the 

electrolyte renders a high Mg content deposit. This information with the observed reduction of 

the dendritic growth suggests that Mg deposition was mass-transfer limited. A comparison of 

deposits #2 and #6, which were deposited at the same current density, reveals that a decrease in 

the electrolyte temperature significantly reduces the amount of Mg in the deposit. An increase in 

the electrolyte temperature is anticipated to increase the diffusivity of the Mg containing ions and 

hence its co-deposition rate. 

Increasing the current density resulted in deposits with higher Mg content. Assuming that 

the deposition of Mg under the conditions used in this study is mass-transfer limited, one would 

have expected the Mg content of the deposit to be lowered at higher deposition rates. For 

example,in Ni-Fe system, which also shows anomalous co-deposition behavior, increasing 

agitation or increasing the current density causes less co-deposition of the faster depositing 

element, i.e. iron.[121, 122] The contradictory response observed in the Al-Mg system implies 
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that the increase in the overpotential at higher current densities encourages the deposition of Mg 

more significantly than does the reduction of Al ions. This behavior may be partially attributed to 

the charge differences in Ni-Fe versus Al-Mg systems. In the former system, the faster 

depositing ion has the same charge (Fe+2) or possibly higher charge (Fe+3) than the slower 

depositing ion (Ni+2). However, in the latter system the slower depositing ion (i.e. Al+3) has a 

higher charge in comparison to the Mg+2 ion. It should be noted that the efficiency values in the 

present deposition process are not 100% (see Figure 4-5), Hence, it is possible that the 

oxidation/reduction rates of other species as a function of current density indirectly affect the 

relative deposition rate of Al and Mg. As the current density is increased the nucleation rate is 

expected to improve and hence result in a finer structure. This is probably the reason for the 

observed refinement in the size of nodules as well as dendrites with increasing the current 

density from 100 mA/cm2 to 150 mA/cm2 as shown in Figure 5-14. 

5.7 Summary 

The electrodeposition parameters were chosen such that the deposition took place under 

mass-transfer limited condition which resulted in dendritic growth in case of Al-Mg alloys. The 

morphology of the dendrites was dependent on the Mg content of the deposit. Increasing current 

density, Mg/Al ratio in the electrolyte or temperature resulted in a higher concentration of Mg in 

the deposit. All deposits contained FCC supersaturated Al solid solution. The amount of HCP 

supersaturated Mg solid solution increased with increasing the Mg content of the deposit. No 

intermetallic phase was found in the electrodeposited Al-Mg powders. 
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Figure 5-1. Current vs time curves for electrodeposition of pure Al using two different 
compositions of electrolyte.  

50 µm 200 µm

20 µm

A B

C

50 µm 200 µm

20 µm

A B

C

 

Figure 5-2. The SEM images of pure Al deposit from electrolyte with composition A) NaF+ 2 
AlEt3+3 Toluene, B) NaF+ 4 AlEt3+6 Toluene, and C) same as B at higher 
magnification showing five-fold symmetry suggesting twin formation.  
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Figure 5-3. Values of potential during a galvanostatic deposition conducted at 60 oC.  

 

 
Figure 5-4. The SEM images showing  three stages of deposit growth: A) ground, B) nodules and 

dendrites in deposits #1 and #3, and C) schematic showing ground, nodules and 
dendrites in a deposit. 
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Figure 5-5. The SEM images showing nodules and dendrites from deposit #4 shown in A) low 
magnification SEM image B) nodule, and C) dendrite.  
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Figure 5-6. The SEM images of the ground obtained at A) 60 mA/cm2 and 60 oC (deposit #6), B) 
60 mA/cm2 and 90 oC (deposit #1). 
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Figure 5-7. The SEM images showing A) smooth and rough globules in deposit #1, and B) very 
rough globules in deposit #3. 
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Figure 5-8. Low magnification SEM images showing A) extensive dendritic growth in deposit 
#1, and B) fine nodular growth in deposit #4. 
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Figure 5-9. The XRD profiles of deposits #1-4 (see Tale 5-1) showing the effect of pre-

electrodeposition time on the phases present.  
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Figure 5-10. The SEM images showing the growth of dendrites when deposition time is 

increased from A) 10 min (deposit #4) and B) 30 min (deposit #5).  
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Figure 5-11. The SEM images showing different morphologies of the deposits made at A) 60 

mA/cm2, B) 100 mA/cm2, and C) 150 mA/cm2.  
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Figure 5-12. The SEM images showing A) rod-like morphology at the root of a globular 
dendrites, and B) the presence of rough globules over the smooth ones in deposit #8.  
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Figure 5-13.The SEM images of the cross section of a dendrite revealing the porosity.  
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Figure 5-14. Low magnification SEM images demonstrating the refinement of the dendrites A) 
and C) as well as the intermediate growth B) and D) with increase in the current 
density A) and B) 100 mA/cm2 (deposit #7) C) and D) 150 mA/cm2 (deposit #8) 
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Figure 5-15. The XRD profiles of deposits #6-8 (see Table 5-1) showing the effect of current 
density on the phases present.  
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Figure 5-16. The SEM images showing a general representative morphologies in deposits made 
using anodes having composition of A) pure Mg (deposit #8), B) 80 area%Al + 20 
area% Mg (d,eposit#9) (the rest of the parameters were the same in both the cases) 
(see Table 5-1).  
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Figure 5-17. The XRD profiles of deposits made using anode composition of A) pure Mg 
(deposit #8), and B) 80 area% Al + 20 area% Mg (deposit #9) (see Table 5-1).  
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Figure 5-18. Temperature variation during deposition at 150 mA/cm2 and starting temperature of 

60 oC. (other conditions for deposition are similar to that of deposit #8, see Table 5-
1).  
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Figure 5-19. The SEM images at different level of cathode for three depositions done for 
checking consistency (the deposition conditions are same as those of deposit #8, see 
Table 5-1).  
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Figure 5-20. The XRD profiles of three depositions done for checking consistency (the 
deposition conditions are same as those of deposit #8, see Table 5-1).  

 

Figure 5-21. General growth mechanism of deposits under galvanostatic technique.  
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Table 5-1. Experimental parameters in the electrodeposition of Al-Mg alloys 

Electrodeposition conditions Deposit 
# 

Pre-Ed 
time 
(min) i 

(mA/cm2) 
T 

(oC) t (min) Substrate Anode 
composition 

1 20 60 90 10 Cu Mg 

2 80 60 90 10 Cu Mg 

3 120 60 90 10 Cu Mg 

4 180 60 90 10 Cu Mg 

5 180 60 90 30 Cu Mg 

6 60 60 60 15 Cu Mg 

7 60 100 60 15 Cu Mg 

8 60 150 60 15 Cu Mg 

9 75 150 60 30 Cu 80 area%Al 
+20area%Mg 

 
Pre-Ed: Pre-electrodeposition, i current density, T: temperature, t:electrodeposition time 
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CHAPTER 6 
MORPHOLOGICAL AND MICROSTRUCTURAL EVOLUTION OF AL-MG DENDRITES 

Chapter 5 introduced several morphologies of the dendrites that were observed in the 

deposits produced in our work. It was shown that the morphology of the dendrites in the 

electrodeposited Al-Mg alloys depends on their Mg content which in turn depends on the 

different deposition parameters used; such as current density (or applied potential) and 

temperature. It has been reported in the literature that at low overpotentials (or current densities) 

faceted crystals [74, 78, 123] as well as epitaxial growth [124] takes place. When the deposition 

rates are low charge transfer mechanisms dominate the kinetics of deposit growth. Because of 

the availability of ample time for surface diffusion, the atoms find the lowest energy state and 

specific crystallographic facets evolve owing to the anisotropy in interfacial energy. In the case 

of the electrodeposition of Zn at low overpotentials it was found that deposits formed with 

faceted large crystals under activation-controlled mechanisms [79].The development of such 

structure was attributed to the differences in the growth rates of different crystallographic planes. 

On the other hand, at high deposition rates, the kinetics becomes diffusion controlled [10], which 

usually results in dendritic growth [76, 83, 125, 126]. For example, during the galvanostatic 

deposition of Au-Ag alloys, dendritic precursors [85] were observed in the initial stages of 

deposition under interfacial energy controlled conditions (see Figure 2-13(A)). However, at 

higher deposition rates, where growth is diffusion controlled, cauliflower-like structures were 

found in Ni-Co system [127]. The globular shape of these cauliflower-like structures was 

attributed to the spherical shape of the diffusion layer near the interface. Recently, Jovic et al. 

[76] investigated the morphology of dendrites in the multicomponent polycrystalline Ni-Co 

system. Different morphologies, such as cauliflower-like and fern-like, were observed in their 
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studies. They have reported that the morphologies of the deposits in their studies depend on the 

composition of the powders. 

Although the morphology of the electrodeposited materials has been studied extensively, 

the microstructural studies have received much less attention. Furthermore, there were no studies 

on the microstructure and morphologies of the electrodeposited Al-Mg alloys have been reported 

in the literature. In this chapter the microstructure of the various dendrite morphologies in Al-Mg 

alloys, produced under the conditions of this study, and their evolution are reported as functions 

of their composition, and current density.  

6.1 Morphological Analysis of Dendrites 

The various morphologies reported in Chapter 5 were shown to depend mainly on the Mg 

concentration of the electrolyte, current density and temperature. These parameters were shown 

to directly affect the amount of Mg in the deposits. It was found that disregard of pre-

electrodeposition time and current density all dendrites formed at 90 oC had a globular 

morphology. However, deposits made at 60 oC, exhibited a variety of dendritic growth 

morphologies such as rod-like, feather-like and globular. In this section the conditions for the 

appearance of of these morphologies will be discussed.  

6.1.1 Rod-Like Morphology  

The SEM image of the rod-like morphology is shown in Figure 6-1. It can be observed that 

a bunch of the rod-like entities are growing together.The rod-like morphology was observed in 

deposits fabricated at 60 oC as a minority morphology, except in the deposit made at the current 

density of 100 mA/cm2 and temperature of 60 oC with the pre-electrodeposition time of 60 min. 

This morphology possesses a nominal composition of about 13-20 at.% Mg, which suggest that 

the rod-like morphology is composed of only FCC Al-rich solid solution. As will be shown later 

this conclusion is confirmed by TEM results.  
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6.1.3 Feather-Like Morphology 

The feather-like morphology appeared in almost all deposits made at 60 oC and at current 

densities higher than 60 mA/cm2. Figure 6-2(A) shows a dendrite containing feather-like 

morphology. A closer view of the feather-like morphology is presented in Figure 6-2(B), which 

shows that this morphology has the appearance of a feather. When a dendrite consisted only of 

this morphology, the tip of the dendrite arms were found to be sharp. Detailed observation 

revealed that this morphology can be viewed as an assembly of small “arrow-shaped” structural 

units as shown in Figure 6-2(C). These structural units are assembled in such a way that the 

higher order arms are attached to the lower order ones in a hierarchical manner. The shape of the 

feather-like morphology dendrite and its  primary arms are clearly defined in Figures 6-2(B) and 

6-2(C), respectively.. However, the secondary arms, which are attached to the primary arms (see 

Figure 6-2(C)), are very small in size and difficult to be recognized. Figure 6-3 shows SEM 

images of the feather-like dendrites taken in head-on position to the dendrite axis and primary 

arms, respectively. Three sets of primary arms in which each set contains two arms growing 

away from each other were identified. Each arm has a shape close to a cone. Based on the 

geometry of these arms, three planes, each comprising of the dendrite and the arm axes, can be 

defined. The average angular relationships among these planes are shown in Figure 6-3. In the 

case of the image taken head-on to the dendrite axis these angular relationships suggest that the 

arrangement of these planes exhibits a two-fold symmetry about the dendrite axis (see Figure 6-

3(A)). However, it should be noted that while taking SEM images head-on to the dendrites, a  

perfect head-on position could not be achieved due to the instrument limitations involved in the 

rotation of the sample stage. Hence, the angles measured on the stems are not the true angles but 

are only approximate values.  
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Figure 6-4 presents the SEM images of the feather-like morphology with the beam 

direction normal to planes defined by dendrite axis and the direction along which the primary 

arms are oriented. The dendrite axis is marked by an arrow. The average angles that the primary 

arms make with the dendrite axis are also denoted. It can be observed that one set of primary 

arms is making an angle of about 47o and other set of primary arms is making an angle of about 

58o  with the dendrite axis. Figure 6-5 summarizes these angular relationships among different 

primary arms and the dendrite axis. These angular relationships suggest that the growth of 

dendrites and the primary arms are taking place in specific crystallographic directions. Hence 

Figure 6-5 suggests the crystallographic directions along which the dendrites and the primary 

arms are growing.  

6.1.4 Globular Morphology 

The globular morphology was in majority in the deposits made at 60 oC and at current 

densities of 100 and 150 mA/cm2. As mentioned previously, the deposits made at 90 oC 

contained only this kind of morphology. 

In order to investigate the evolution of dendrites with the globular morphology, deposits 

were made for 1s, 1 min, 15 min and 30 min at the current density of 150 mA/cm2. Figure 6-6 

presents SEM pictures of these dendrites. After 1 s of deposition the dendrites appeared on the 

ground of the deposit (Figure 6-6(A)). Each dendrite was found to be a cluster of several 

globules formed upon each other as shown in the inset of Figure 6-6(A). This observation 

demonstrates that the globules tend to nucleate and grow on the existing globules rather than on 

the ground that is formed in the initial stage of the deposition. Also the globules that are forming 

in the latter stages tend to nucleate over the cusps that are formed by the adjacent globules which 

were formed in the early stages of dendritic growth.  
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At slightly longer deposition time, i.e. 1 min, the globules stack over each other as shown 

in Figure 6-6(B). When the deposition was conducted for 15 minutes, the clusters exhibited 

branching as can be seen in Figure 6-6(C). Each of these branches exhibited higher order arms, 

formed by clusters of globular morphology. These higher order arms can be seen to be grown 

only to a limited extent in comparison to the branches to which they are attached. The tip of the 

branches with coarser globules assumed an approximate paraboloid shape as shown in Figure 6-

6(D).  

When the amount of the Mg in the electrolyte increases, nucleation of the HCP Mg-rich 

phase occurs over these globular dendrites. This nucleation of the HCP Mg-rich phase 

manifested itself as globules with rougher texture. Figure 6-7(A) shows the dendrites containing 

globular morphology at two different roughness levels namely “smooth” and “rough”. The 

approximately paraboloid shaped tips on the dendrites containing globular morphology can be 

observed in Figure 6-7(B). As the growth continued further, the tips of these dendrites coarsen 

eventually giving rise to the large globules. 

Similar to the feather-like morphology, the globular morphology also consisted of fine 

structural units. Figure 6-8 shows that both smooth (Figure 6-8(A), (B)) and rough (Figure 6-

8(C), (D)) globules exhibit hierarchical growth with nanometer sized globules as structural units. 

The smallest detectable unit had a size of about 100 nm. The fine size of these structural units 

suggests that the grains in the smooth and rough globules can be in nanometer range.  

6.1.5 Morphological Evolution in Dendrites 

With the increase in the deposition time the  rod-like and feather-like morphologies 

eventually evolved into globular morphology as shown in Figure 6-9. With the progress of the 

deposition rough globules can be observed to be forming over the large smooth globules, as 

presented in previous section, in all these types of dendrites. The dendrites which started from 
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feather-like and globular morphology were found in all deposits except in those deposits with the 

lowest Mg content. The dendrites which started from rod-like morphology were found only in 

the deposits made at a current density of 100 mA/cm2 and temperature of 60 oC and they were in 

minority in those deposits.  

6.2 Growth Mechanisms of Morphologies 

In the preceding sections it was demonstrated that feather-like and globular dendrite 

morphologies are constructed by assembly of building units, which are very different in nature. 

The faceted arrow-shaped units of the feather-like morphology and its geometrical structure 

suggest that interfacial energy may have a role in its formation. On the other hand the spherical 

shape of the globules implies diffusion-controlled growth mechanism. In order to investigate the 

growth mechanisms of these dendrites, short time potentiostatic experiments were conducted at 

potentials within the range encountered in the galvanostatic depositions (see Figure 5-3). The 

current density versus time curves recorded during the experiments performed at applied 

potentials E =-4 V,-6 V, and -8 V for 1 min are shown in Figure 6-10(A). As expected, these 

current density versus time curves indicated that the deposition rate (current density) increases 

with the applied potential. Figures 6-10(B)-(D) present the morphologies of the deposits made at 

E =-4 V, -6 V, and -8 V respectively. At lower applied potential, E =-4 V, only feather-like 

morphology appeared as can be seen in Figure 6-10(B). As the applied potential was increased to 

higher values, the globular morphology was found to be in majority as is demonstrated in Figures 

6-10(C) and (D). Since the duration of the deposition was the same in this set of experiments the 

amount of the deposits observed increased with increasing the potential in proportion to the total 

charge  

In order to compare the deposits at equal total charge another set of potentiostatic 

experiments was conducted at two different applied potential values namely, E =-4 V and -8 V. 
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In these experiments the deposition time was varied such that the total charge deposited was kept 

constant. Deposition at applied potential of E =-4 V was done for 3 minutes and that at E =-8 V 

was done for 39 s. The recorded current density values matched with those in Figure 6-10(A) and 

for the present set of experiments are shown in Figure 6-11(A). The examination of deposits 

revealed that at applied potential of -4 V majority of the dendrites were feather-like as shown in 

Figures 6-11(B). Increasing applied potential to -8 V rendered only globular morphology of 

dendrites as shown in Figure 6-11(C). Here, although the durations were chosen with the 

expectation to obtain equal amount of deposit, interestingly the deposit made at E =-4 V yielded 

lesser amount of the dendrites in comparison to the one at E =-8 V. This observation suggests 

different thickness to the grounds of these two deposits, the ground thickness being more in the 

case of deposit at E = -4 V. However, the ground was not characterized in the our study. The 

observation of less amount of dendritic growth suggests that the formation of dendrites is more 

difficult at lower applied potentials. The enhanced coverage with the dendrites observed in the 

case of deposit made at E =-8 V (see Figure 6-11(C)) in comparison to that in deposit made at E 

=-4 V (see Figure 6-11(B)) also indicates that at higher current densities recorded in the former 

case, the number of sites triggering the dendritic growth is more as opposed to that in the latter 

case. 

A comparison of Figure 6-10(B) and Figure 6-11(B) demonstrate that an increase in the 

deposition time from 1 min to 3 min at E =-4V did not change the morphology of the dendrites. 

This observation suggests that the applied potential of E =-4 V is below that needed for 

nucleation and growth of the globular morphology. Similarly an increase in the time of 

deposition from 39 s (see Figure 6-11(C)) to 1 min (see Figure 6-11(C)) did not change the 
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morphology of the dendrites. In other words the rate of deposition plays considerable role in 

deciding the morphologies of the deposits.  

6.3 Microstructural Analysis of Dendrites 

In this section the microstructural analysis of the dendrites with feather-like and globular 

morphologies, which were the most observed morphologies, using TEM techniques is discussed. 

The microstructure of the dendrites with rod-like morphology, which is in minority in the 

deposits, is also presented here but not discussed in detail.  

6.3.1 Rod-Like Morphology 

Figure 6-12 shows the microstructure of the rod-like morphology. Figure 6-12(D) is the 

dark field (DF) image of the rod-like morphology shown in Figure 6-12(B) (Bright Field, BF). 

The SAED pattern shown in Figure 6-12(C) was taken from the area represented in the DF 

image. It can be observed from Figures 6-12(B), (C) and (D) that the rod-like morphology 

consists of nanocrystalline grains. The SAED pattern confirms that the rod like morphology has 

a FCC crystal structure. This result is consistent with the nominal composition of the rod-like 

morphology measured using EDS (13-20 at.% Al) (see Section 6.1.2) suggesting that the rod-like 

morphology is made of Al-rich solid solution. The ring SAED pattern with consistent spot 

intensities indicates that there is no preferential orientation of the grains in the rod-like 

morphology.  

6.3.2 Feather-Like Morphology 

Figure 6-13 shows the microstructure of the feather-like morphology. The SAED shows a 

ring pattern indicating that the feather-like morphology consists of nanocrystalline grains. 

Similar to the rod-like morphology the SAED pattern of the feather-like morphology suggests 

that it consists of FCC-Al phase. As mentioned in Chapter 5, this morphology contains about 7 

at.% Mg confirming the TEM observations. However, unlike the rod-like dendrites, this 
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morphology exhibited some crystallographic texture as suggested by the SAED pattern presented 

in Figure 6-13(C), where clustering of the spots on the {111} ring are distinguishable. Rotation 

calibration was carried out on the SAED patterns corresponding to the magnification of the 

corresponding image. Upon rotation calibration the approximate growth direction of the dendrite 

and one set of the primary arms are seen to be along the direction of these cluster of diffraction 

spots as seen in Figures 6-12(B) and (C). This observation suggests that the {111} planes of the 

nanocrystals are parallel to each other along these orientations, which signify the growth axes in 

this morphology. Further work is needed to understand the crystallographic nature of the dendrite 

growth in the feather-like morphologies. 

The grain size of the feather-like morphology was measured from dark field (DF) images 

using about 150 grains. The grain size was evaluated by taking measurements in two 

perpendicular directions on a grain and averaging both the values. Figure 6-14 shows the grain 

size distribution in the feather-like morphology. The average grain size of this morphology is 

around 42 nm.  

6.3.3 Globular Morphology 

Figure 6-15 presents the TEM analysis of the microstructure of the fine globules. As 

shown in Figure 6-15(B) each spherical unit of this morphology consists of many nanocrystalline 

grains. The SAED pattern presented in Figure 6-15(C) shows that the fine globules have FCC 

crystal structure suggesting that they are made of FCC Al solid solution. The diffraction pattern 

exhibited no preferential orientation of the grains in these fine globules. Figure 6-16 presents the 

grain size distribution in this morphology. The average grain size of the fine globules was 

measured to be around 32 nm. 

The microstructural features of the large globular morphology are shown in Figure 6-17. 

The TEM sample shown in Figure 6-17 was prepared from a deposit made with following 
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conditions: pre-electrodeposition time 60 min, current density during electrodeposition of 150 

mA/cm2, temperature of 60 oC and duration of 15 min. A close observation indicates that within 

the smooth globular morphology there are two grain size regions namely, a coarse-grained core 

(a in Figure 6-17(B) and (C)) enveloped by a fine-grained shell (b in Figure 6-17(B) and (D)). 

The SAED patterns indicate that both the fine-grained shell and the coarse-grained core also 

possess FCC crystal structure suggesting that they are made of Al solid solutions (see Figures 6-

17(C) and (D)). The rough globules were found to have HCP crystal structure indicating that 

they consist of Mg solid solution (inset in Figure 6-17(E)). The HCP phase also exhibited 

nanocrystalline micstructure. As seen from the SAED patterns, similar to the fine globular 

morphology, the large globular morphology does not show any preferred crystallographic 

orientation of the grains. 

The microstructures of the coarse-grained region and the fine-grained shell are shown in 

Figure 6-18.and Figure 6-19, respectively. The coarse-grained region exhibited SAED pattern 

close to that of a single crystal indicating that the area in Figure 6-18(A) consists of only a few 

grains. The grain size distribution in the fine-grained shell is presented in Figure 6-19(D). The 

average grain size of the fine-grained shell is around 16 nm. Figure 6-20 shows the 

microstructure of the HCP phase. The grain size distribution is shown in Figure 6-20(D). The 

average grain size of the HCP phase is around 36 nm. 

Figure 6-21 shows the boundary region between FCC and HCP regions (see Figure 6-

21(B)) and that between fine and coarse-grained regions (see Figure 6-21(C)). It can be observed 

from Figure 6-21 that there is a sharp variation in the grain size between fine-grained FCC and 

HCP regions, as well as across fine-grained FCC and coarse-grained FCC boundary.  
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6.4 Compositional Analysis 

The compositional analysis of the dendrites was carried out using Electron Probe Micro 

Analyzer (EPMA). For compositional analysis the dendrites were embedded in a polymer along 

their length and polished as explained in Section 3.5.1. 

6.4.1 Feather-like Morphology 

The composition of the feather-like morphology was observed to be almost constant at 

about 7 at.% Mg throughout its length as shown in Figure 6-22. The high amount of Al in this 

morphology is consistent with the presence of FCC phase (see Figure 6-13). This indicates that 

the FCC phase is a Al-rich solid solution with about 7 at.% Mg in it.  

6.4.2 Globular Morphology 

The compositional analysis was done on the dendrites containing globular morphology 

with the electron probe at random locations as shown in Figure 6-23. For the compositional 

analysis a deposit, made at a pre-electrodeposition time of 180 min, was chosen, the conditions 

of which are shown in Table 6-1. The analysis showed that the composition stayed almost 

constant from the root of the dendrite to somewhere in the middle of the dendrite and is around 

20 at.% Mg. Beyond this region, the Mg content was much higher and near 70 at.% Mg. These 

compositions are shown in Figure 6-23(A) and (B). In order to understand the compositional 

variation along the dendrites from deposit made at 180 min pre-electrodeposition time, scanning 

for the composition along a line throughout their length was performed. The composition of 

these dendrites remained constant at about 20 at.% Mg for most of their length. It can be 

observed from Figure 6-24 that there are contours on these dendrites giving rise to variations in 

the contrast. In the vicinity of these contours the composition was observed to be between 40-60 

at.% Mg. Proceeding further along the line, there was an increase in the composition to about 70 

at.% Mg where it almost remained constant as seen in Figure 6-24. This increase in the amount 
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of Mg was consistent with the nucleation of HCP solid solution (rough globules) over the FCC 

solid solution (smooth globules) as observed from the TEM analysis (see Figure 6-17). Hence 

the combined results of SAED and composition analyses indicate that FCC and HCP phases 

correspond to Al-rich and Mg-rich solid solutions respectively. The observation of the 

intermediate values of composition of  about 40-60 at. % Mg may be due to the overlap of these 

two phases in the interaction volume of the electron beam.  

The compositional variation in another deposit made at a current density of 150 mA/cm2 

and temperature of 60oC and a pre-electrodeposition time of 60 min is shown in Figure 6-25(A) 

and (B). It can be observed from these figures that the composition of these dendrites was 

initially around 20 at.% Mg. However with the duration of the deposition the composition 

dropped to about 5 at.% Mg unlike in the dendrites from the deposit made at pre-

electrodeposition time of 180 min. The compositional analysis was also done across the 

boundary of coarse-grained core and fine-grained shell as shown in Figure 6-25(C). Figure 6-25 

shows that the composition of the coarse-grained core is about 5 at.% Mg which matches the 

results in Figure 6-25(A), (B). However the composition increased from coarse-grained core to 

the fine-grained-shell which is FCC Al-rich phase. However, this region could not be observed in 

the EPMA results of Figure 6-25 (A) and (B). This may be due to the reason that when the 

composition was analyzed in the vicinity of the FCC Al-rich and HCP Mg-rich phase region, 

while still being in the FCC Al-rich region, some of the HCP Mg-rich region might have got 

sampled in the interaction volume of the beam. Hence, it is difficult to observe such variations in 

the EPMA. Although using of 150 mA/cm2 should increase the amount of Mg which gets 

deposited along the dendrites, a reverse trend is observed here. This may be due to the some 

irregular convections that might have occured in the electrolyte system.  
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The compositional analysis across the fine-grained Al-rich shell and Mg-rich phase 

boundary suggested an increase in the amount of Mg (Figure 6-26(C)) which is in accordance 

with the observations from microprobe results (see Figure 6-24).  

6.5 Discussion 

Three different morphologies were observed in the dendritic growth of the deposits namely 

rod-like, feather-like, and globular. The rod-like and feather-like morphologies consisted FCC 

Al-rich solid solution with nanocrystalline structure. The latter showed preferential orientation of 

the grains in specific crystallographic directions. The globular morphology consisted of FCC Al-

rich phase over which HCP Mg-rich phase nucleated. Unlike the feather-like morphology this 

one did not show any preferential orientation.  

In our study it was observed that in majority of deposits fabricated, the dendrites form 

initially as feather-like or small globular morphologies. The investigation of the competition 

between these two morphologies revealed that the feather-like morphology appeared only at low 

values of applied potential and the globular morphology was observed at higher applied potential 

levels (see Figures 6-10 and 6-11). The change in the morphology with applied pontential 

indicates that to some extent morphology depends on the deposition rates also apart from the 

composition. For example, at low applied potentials the deposition rates are low as indicated by 

current density values (see Figures 6-10 and 6-11). This suggests that the depositing ions have 

more time to diffuse and arrange themselves in a lower energy configuration.  

Increase in the applied potential from -4 V to -6 V or -8 V corresponded to parallel 

increase in the deposition rate (see Figure 6-10). The increased deposition rate implies that the 

depositing ions do not have enough time to arrange themselves so as to lower their interfacial 

energy. Hence, in the case when E =-6 V or -8 V the deposits assumed a globular morphology 

showing no anisotropy. During galvanostatic electrodeposition, because of the substrate 
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condition and local hydrodynamic state, the required overpotential for nucleation may vary on 

the substrate surface. This variation will result in the observation of both feather-like and 

globular morphologies in deposits.  

The feather-like and the globular morphologies exhibited a hierarchical growth, i.e. the 

dendrites developed by formation of structural units. TEM results (see Figure 6-13 and 15) 

revealed that the structural units for both morphologies consist grain size in the nanoregime. The 

main difference between these two morphologies was the presence of strong texture in feather-

like dendrites. The formation of nanocrystalline dendrites have been reported in the literature 

[82, 86]. The overall growth of the dendrite in relation with the microstructure was explained 

using a concept of oscillating local overpotential values in relation with the space charges around 

the growing morphology [87, 128, 129]..A critical potential is needed for any nucleation event. 

Nucleation of a new grain occurs when the local overpotential is above a certain critical value. In 

the present case, because of the high current density values, large number of nuclei form due to 

which, there is a momentary depletion of cations in the vicinity of cathode. As a result of this 

depletion, the electric field near the cathode collapses momentarily. During this time, diffusion 

field is set up around these nuclei making the process diffusion controlled [130]. Eventually the 

local concentration of cations build up, during which time only growth of the existing nuclei 

takes place as the local overpotential is less than the critical value for nucleation. When the 

concentration of the cations is built up to such an extent, that the values of the local overpotential 

are greater than the critical value for nucleation, new nucleation events trigger. When the new 

nucleation events trigger depletion of cations takes place and this process continues.  

The shape of the structural units to form feather-like dendrites differs from that for 

globular morphology. In the latter case the spherical shape is controlled by the shape of local 
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diffusion layers while in the former it is a result of crystallographic anisotropy. The formation of 

the arms and their further branching in the feather-like dendrites can be attributed to the local 

perturbations similar to dendritic growth during solidification [131]. In the case of the globular 

dendrites, the assembly of the spherical units requires the formation of new nucleation sites 

outside the semi-spherical domain established by a growing globule. It is well known that the 

process of nucleation is biased towards the areas possessing higher values of local overpotential 

which can contribute to at least part of the critical overpotential barrier. The cusps formed by the 

adjacent globules are one such site for nucleation. Upon further nucleation and growth processes 

new globules can be evolved at these locations. One such globule formed from the cusp formed 

by the existing globules can be observed in the inset of Figure 6-6(A). With the progress of 

deposition, the globules stack and grow away from the cathode as shown in Figure 6-6(B) due to 

the higher overpotentials existing in that direction. Upon further deposition these dendrites 

containing only globular morphology evolve into a shape somewhat similar to dense branch 

morphology (DBM) [82, 132-135] as can be seen in Figure 6-6(C). However, each of the 

branches has arms grown only to a limited extent (see Figure 6-6(D)).  

It was demonstrated that all dendrites eventually evolve into large globular morphology. 

As the dendrites containing both the globular and feather-like morphology grow their tips are 

sharpened which can be seen in Figures 6-2 and 6-6. The general paraboloid shape of the tips of 

dendrites containing globular morphology (see Figure 6-6) and the sharp tips of the dendrites 

containing feather-like morphology (Figure 6-2) suggest that these tips are experiencing 

increased flux of available metal ions in the lateral positions apart from their head-on positions, 

thus resulting in spherical diffusion condition (radius of the tip of dendrites << boundary layer 

thickness) [136]. The onset of spherical diffusion leads to blunting followed by coarsening of the 



 

123 

tips of dendrites and eventual formation of smooth large globular morphology over these tips 

(see Figure 6-7). It can be observed from Figures 6-17 and 25 that the core of the large globular 

morphology contained about 5 at.% Mg. This low composition of resulted in the large grain size 

in the core region of the Al-rich phase.  

Covering this coarse-grained region, there is a fine-grained shell with increased amount of 

Mg. From the Chapter 4 it is known that the concentration Mg in the electrolyte gradually 

increases and reaches a saturation at which point HCP Mg-rich phase starts to appear in the 

deposits. Since, prior to the formation of the HCP Mg-rich phase the composition of the 

electrolyte increases in Mg, the amount of Mg in the deposit also should increase. However, this 

is not the case here. With the application of a current density of 150 mA/cm2 the amount of Mg 

observed in the FCC Al-rich phase is decreasing. Thus some factors must be hindering the Mg 

ions from reaching the cathode and their eventual deposition. The reason for this was attributed 

to the irregularities in convection resulting in low Mg and there by large grain size in large FCC 

Al-rich globules.  

6.6 Summary and Conclusions 

Dendrites of the Al-Mg alloys exhibited various morphologies namely, rod-like, feather-

like and globular. The rod-like morphology, which was observed at a current density of 100 

mA/cm2 and temperature of 60 oC contained a nominal composition of about 13-20 at.% Mg. 

The feather-like and globular morphologies appeared in almost all the deposits which were made 

at a current density of 150 mA/cm2 and a temperature of 60 oC. This morpholoy contained about 

7 at.% Mg. The composition of the globular morphologywas found to vary along its main growth 

axis. While the rod-like and feather-like morphologies consisted of only FCC Al-rich solid 

solution, the HCP Mg-rich solid solution was found in the globular morphology. The maximum 

solubilities of Mg in Al  and Al in Mg were found to be approximately 20 at.% and 40 at.%, 
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respectively. The transition from the FCC phase to the HCP phase was found to be abrupt as 

evidenced by sharp changes in composition and crystal structure. All dendrites studied here were 

composed of nanocrystalline grains. 

An investigation of the competition between feather-like and globular morphologies 

revealed that that the former develops at lower applied potential than the latter. Combined 

morphological and microstructural analysis suggests that the feather-like morphology grows in 

specific crystallographic directions. This is consistent with the appearance of feather-like 

morphology at lower deposition rates, suggesting that the depositing ions have enough time to 

rearrange themselves in orderto reduce the interfacial energy.  
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Figure 6-1. The SEM images of the rod-like morphology formed at current density of 100 
mA/cm2 and temperature of 60 oC.  
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Figure 6-2. The SEM images showing A) general feather-like morphology, B), and                               
C) hierarchical behaviour exhibited by feather-like morphology. 
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Figure 6-3. The SEM images of feather-like morphology showing A) primary dendrite and                         
B) secondary dendrite from head-on position. 

 

Figure 6-4. The SEM images of feather-like morphology showing the angles made by primary 
arms with the dendrite axis. 
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Figure -6-5.Schematic showing the angular relationships and crystallographic directions along 

which the dendrite and primary arms of the feather-like morphology are growing.  
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Figure 6-6. The SEM images showing the formation of dendrite containing globular morphology 

(images taken from different deposits) after A) 1 s (inset shows the globular 
morphology forming from the cusp formed by two adjacent globules), B) 1 min, C) 
15min, and D) 30 min.(sharp tips of these dendrites can be observed here). 
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Figure 6-7. The SEM images showing A) the HCP Mg-rich rough globules forming over the 
FCC Al-rich smooth ones, and B) coarsening of the smooth globules and eventual 
formation of HCP Mg-rich rough globules 
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Figure 6-8. The SEM images showing the hierarchy exhibited by A) smooth globules, and B) 
rough globules. 

 

Figure 6-9. The SEM images showing morphological evolution from A) rod-like and B) feather-
like to large globules. Insets show the magnified versions of these evolutions.  
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Figure 6-10. Morphologies as a function of current density A) Current vs time values from the 
potentiostatic experiments. SEM images of deposits showing B) feather-like 
morphology at E =-4 V, C) fine globules at E =-6 V, and D) fine globules at E =-8 V  
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Figure 6-11. Morphologies as a function of currnt density A) Current vs time values from the 
potentiostatic experiments conducted to obtain same amount of charge. SEM images 
of deposits showing B) feather-like morphology at E =-4V, 3min, and C) fine 
globules at E =-8V, 39s  
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Figure 6-12. Description of rod-like morphology showing A) SEM image of rod-like 
morphology, B) the BF image of rod-like morphology, C) the SAED pattern showing 
FCC crystalline structure, and D) the DF image of rod-like morphology.  
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Figure 6-13. Feather-like morphology showing A) the SEM image of feather-like morphology,       
B) the BF image of rod-like morphology, C) the SAED pattern (calibrated for 
rotation) showing FCC crystalline structure and approximate growth direction of 
primary and one set of secondary arms of feather-like morphology and D) the DF 
image of rod-like morphology.  
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Figure 6-14. Grain size analysis of the feather-like morphology showing A) the BF, B) the DF 
image of feather-like morphology, C) the SAED pattern showing presence of FCC 
phase, and D) grain size distribution in feather-like morphology. 
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Figure 6-15. Fine globular morphology: with A) the SEM image of fine globules, B) the BF 
image, C) the SAED pattern showing the presence of FCC phase, and D) the DF 
image. 
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Figure 6-16. Grain size of the fine globular morphology:showing A) the BF, B) the DF image of 
fine globule, C) the SAED pattern showing the presence of FCC phase, and D) grain 
size distribution in fine globular morphology  
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Figure 6-17. Details of large globules.showing A) the SEM image of globular morphology 
showing rough globules (c) over smooth ones (b); B) the TEM image of a section of 
globular dendrite showing rough and smooth globules; C) coarse grained FCC Al-rich 
solid solution with diffraction pattern. D) fine-grained FCC Al-rich solid solution 
with diffraction pattern, and E) the HCP Mg-rich solid solution with diffraction 
pattern.  

.  

Figure 6-18. Large-grained region of large globules shown by A) the BF, B) the DF image of 
coarse-grained Al region, and C) the SAED pattern showing the presence of FCC 
phase.  
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Figure 6-19. Grain size of fine-grained region of large globular morphology:A) the BF, B) the 

DF image of fine-grained Al region, and C) SAED pattern showing the presence of 
FCC phase, and D) grain size distribution. 
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Figure 6-20.The HCP region of globules.: A) the BF, B) the DF image of HCP Mg-rich phase,           
C) the SAED pattern showing the presence of HCP phase, and D) grain size 
distribution in Mg rich phase. 
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Figure 6-21. Large globular morphology showing boundaries between different regions:              
A) the TEM image of dendrite formed by globular morphology, B) boundary between 
fine-grained FCC and HCP regions, and C) boundary between fine and coarse-
grained regions  
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Figure 6-22. Compositional analysis along the length of the feather-like morphology  
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Figure 6-23. Composition along dendrites containing globular morphology from deposit made 
under conditions: A), and B) pre-electrodeposition time 180 min, current density of 
60 mA/cm2, and temperature of 90 oC  
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Figure 6-24. Composition along a line in the dendrites containing globular morphology from the 
deposit made under conditions: pre-electrodeposition time 180 min, current density of 
60 mA/cm2, and temperature of 90 oC. 
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Figure 6-25. Compositional analysis in large globular morphology: A), composition along 
dendrites B) compositions along a dendrite containing globular morphology made at 
pre-electrodeposition time of 60 min, current density of 150 mA/cm2, and 
temperature of 60 oC, and C) the TEM image of boundary between coarse-grained 
FCC Al-rich phase (a) and fine-grained FCC Al-rich phase (b). D) High 
magnification image of C. and E) Composition variation across a and b.  
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Figure 6-26 Compositional analysis between FCC and HCP regions A) boundary between fine-

grained FCC Al-rich phase (b) and HCP Mg-rich phase,(c), B) high magnification 
image of A, and C) composition (Mg at.%) across b and c.  
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Table 6-1. Experimental conditions of the samples used for compositional analysis 

Reference 
Pre-

electrodeposition 
time (min) 

Current density 
during 

electrodeposition 
(mA/cm2) 

Temperature 
(oC) 

Time 
(min) 

Figures 6-
22(A),(B) 180 60 90 30 

Figures 6-
22(A),(B) 60 150 60 15 
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CHAPTER 7 
EFFECT OF SUBSTRATE ON NUCLEATION OF HCP MG PHASE 

It was shown in Chapters 5 and 6 that the Al-Mg alloys always nucleate as the FCC 

Al-rich phase either in ground or dendrites on the copper substrate. Eventually, HCP Mg-

rich phase is formed over this FCC Al-rich phase. The amount of the FCC-phase 

preceding the HCP-phase depends on the concentration of Mg in the electrolyte.  

However, even at high concentrations of Mg in the electrolyte the nucleating phase was 

observed to be only FCC-phase. These observations suggest that perhaps the energy 

barrier for nucleation of the HCP-phase on the FCC-copper is quite high. Therefore, 

experiments were designed to investigate whether an HCP substrate such as pure Mg 

would reduce this energy barrier and allow the nucleation of the HCP-Mg rich phase. 

Understanding the effect of substrate can have significant impact where it is desirable to 

coat a surface with the HCP-Mg phase. Also, for hydrogen storage applications, where 

the aim is to fabricate the HCP-Mg rich phase for producing magnesium hydride, the 

presence of the FCC-Al rich may not be desirable. Therefore, the present chapter is 

dedicated to the understanding the effect of substrate on the nucleation of the HCP-Mg 

phase. 

7.1 Effect of Electrolyte Composition on the Nucleation of the HCP Phase 

As shown in Chapter 4, during pre-electrodeposition, the electrolyte becomes richer 

in Mg in stage I   before reaching a steady state in stage II (see Figure 4-3). At the same 

time the concentration of Mg in the electrodeposit during the stage I   was maintained low 

during stage I   before increasing rapidly in stage II (see Figure 4-2). The rapid increase 

in the Mg composition during stage II was accompanied with an increase in the HCP Mg-

rich phase in the deposits. These observations suggest that the HCP Mg-rich phase can 
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nucleate on the FCC-Al rich phase when the concentration of Mg in the electrolyte is 

high enough. Figure 7-1 shows a dendrite from a deposit made for 30 minutes on a fresh 

Cu cathode after pre-electrodeposition for 3 hours. The EPMA compositional map 

revealed the presence of an initial Al-rich region (<25% Mg) at the root of the dendrite 

followed by the Mg-rich dendrite (>70%Mg). This behavior was typical of all dendrites 

investigated. This observation reveals that, when a new copper cathode is used the FCC 

Al-rich phase nucleates, suggesting that the concentration of the Mg in the electrolyte is 

not the only requirement for the nucleation of the HCP-Mg rich phase.  

7.2 Effect of Substrate on Nucleation of HCP Phase 

In order to investigate the effect of substrate on the nucleation of the HCP-Mg rich 

phase short term deposits were made on three different substrates namely, Cu, Mg, and 

amorphous graphite, using an electrolyte with a composition in stage II, where it was 

shown that the HCP-Mg rich phase can nucleate and grow on the FCC-Al rich phase. As 

far as the effect of substrate is concerned, many factors including crystal structure, lattice 

parameter, surface and interfacial energies, elastic modulus, presence of oxides and 

surface preparation are expected to influence the nucleation energy barrier.  

The Cu and Mg substrates were electropolished and graphite substrate was 

machined before using them for deposition, as mentioned in Section 3.1. For all the 

deposition experiments reported in this chapter the pre-electrodeposition was done for 3 

hrs using Cu substrate at a temperature of 90 oC and current density of 60 mA/cm2. Under 

these conditions, the HCP-Mg phase nucleated and grew on the FCC-Al rich phase in the 

steady-state regime (stage II). After the pre-electrodeposition, the Cu cathode was 

removed and a fresh cathode of either Cu, Mg or graphite was used for electrodeposition. 

The electrodeposition was performed at a current density of 150 mA/cm2 and temperature 
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of 90 oC for 1 min. After deposition the deposits were cleaned using the same procedure 

as explained in Section 3.5.1. 

Figure 7-2 presents the SEM images of the deposits produced on different 

substrates with their nominal composition after pre-electrodeposition as evaluated by 

EDS. The nominal compositions suggest that the ground on all three substrates is rich in 

Al, which indicates the formation of FCC Al-rich solid solution (see Figures 7-2(A)-(C)). 

It can be observed from Figure 7-2(B) that there are some large portions of the Mg 

substrate where no deposit was formed. In the case of graphite substrate (see Figure 7-

2(C)) the grinding marks left by the SiC paper can be detected. The preferential 

formation of the dendrites along these marks is apparent from Figure 7-2(C). 

It was anticipated that using a Mg substrate with an HCP crystal structure would 

aid in nucleation of HCP Mg-rich phase. On the contrary to the expectation, the nominal 

composition of the ground from the deposit made using Mg substrate showed Al to be in 

majority. One possible reason for this could be that since Mg is very active, as soon as it 

is polished and rinsed with toluene an oxide film might have formed on the surface 

before its transfer to the glove box. Hence, in the case of the Mg substrate the substrate 

preparation had to be improved to eliminate or avoid the formation of the oxide film.  

In order to remove the oxide film on the Mg substrate, it was ground with 800 grit 

paper in the glove box before using it for electrodeposition. The grinding of the substrate 

with the grit paper was believed to remove the oxide layer and reveal the oxide-free 

surface. To compare the results of deposit on the oxide-free Mg substrate, another deposit 

was made on a Cu substrate which was also ground as mentioned above. The SEM 

images of these two deposits with their nominal composition are presented in Figure 7-3. 
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As can be seen from Figure 7-3 the nominal composition of the deposit made using 

oxide-free Cu substrate is less than 20 at.% Mg. These results suggest that using the 

oxide-free Cu substrate still resulted in the formation of only FCC Al-rich solid solution 

(see Figure 7-3(A)). The nominal composition of the deposit made on the oxide-free Mg 

substrate however was much higher (>50 at.% Mg) as shown in Figure 7-3(B). However, 

in the case of the Mg substrate it was difficult to conclude whether HCP Mg-rich phase is 

formed based on the nominal compositions reported here. The reason for this uncertainty 

is that when the electron beam in EDS scanned an area of interest for composition, it 

might have sampled the substrate also. In other words the interaction volume of the 

electron beam used in EDS might have had contributions from both the Mg substrate and 

the Mg in the deposit. This double source of Mg might have resulted in the higher values 

for compositions of Mg than the actual values in the deposit made on the Mg substrate.  

To avoid this ambiguity in measuring the composition of the deposit made on the 

Mg substrate, the deposit was scraped carefully from the substrate and mounted on a 

graphite stub. Composition was measured on the deposit that was mounted on the 

graphite stub, the results of which are shown in Figure 7-4. As shown in Figure 7-4 the 

ground from the deposit made on the Mg substrate showed a nominal composition of 

more than 50 at. % Mg suggesting the nucleation of HCP Mg-rich phase. The presence of 

HCP Mg-rich phase was confirmed by XRD. The XRD profile of this deposit is shown in 

Figure 7-5. Since the deposition was done for 1 min, only a small amount of powder was 

produced. This is the reason for the relative peak heights in the XRD profile to be only 

slightly higher than that of the background. The combined results of nominal composition 
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and XRD analysis confirm the formation of the HCP Mg-rich phase on the oxide free Mg 

substrate under present conditions.  

7.3 Discussion 

The results indicate that the nucleation of the HCP-Mg rich phase depends on the 

substrate. FCC Al-rich solid solution nucleated on Cu, graphite and on oxide-containing 

Mg substrate. The nucleation of Mg was possible only on the oxide free Mg substrate. 

The selectivity of nucleation of different phases towards different substrates indicates that 

the nucleation barrier has a role to play. Nucleation barrier can be related to the classical 

capillarity effect of the nucleating phase on the substrate [137]. According to this theory, 

the nucleating phase is assumed to have the shape of a spherical cap as shown in Figure 

7-6, where γ is the interfacial energy, M is the nucleating phase, ‘sub’ is the substrate. 

The contact angle θ depends on the mechanical balance of the interfacial energies of 

substrate-electrolyte, substrate-nucleating phase and electrolyte-nucleating phases as 

shown in equation (7-1).  

cossub elec M elec M subγ γ θ γ− − −= +        (7-1) 

The energy barrier for nucleation is given by,  

( )
3

*
2

16
3

M elec

V

G f
G

πγ θ−Δ =
Δ

        (7-2) 

where 

( )
32 3cos cos

4
f θ θθ − +

=        (7-3) 

here ΔGV is the chemical free energy change per unit volume of nuclei formation 

and f(θ) is the wetting factor which varies from 0-1 for θ = 0-180o. θ = 0 indicates that 

there is no barrier for nucleation. The ΔGV depends on the adsorption of depositing 
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material on the substrate. Different substrates offer different number of adsorption sites. 

For example, metallic substrates offer more number of adsorption sites than covalent 

substrates due to the absence of the directionality and covalent nature of the bonds [138]. 

This is the reason for finding large areas on the Mg substrate covered with oxide where 

no deposit was formed (see Figure 7-2(B)). Also in the case of the graphite substrate (see 

Figure 7-2(C)) the grinding marks caused defects such as kinks, steps etc. on the surface 

of the substrate. Since these defects are high energy regions, they provided for part of the 

energy needed for nucleation. Hence, larger fraction of dendrites formed along side of 

these defects in the case of deposit on the graphite substrate.  

According to equation (7-1) the wetting factor depends on different interfacial 

energies. The contact angle and thus the nucleation barrier would be lowered when the 

interfacial energy between substrate and electrolyte (γsub-elec) is increased or that between 

depositing metal and substrate (γM-sub) is lowered.  

One of the factors that affects the interfacial energy between the substrate and the 

depositing metal is the interatomic distance mismatch. The lower this interatomic 

distance mismatch, the lower is the interfacial energy between substrate and the 

depositing metal and higher is its probability of nucleation on the substrate. Since the 

close packed planes are low energy planes in crystals, they offer maximum nucleation 

barriers for the depositing phases. Hence, for our study the mismatch between the close 

packed atomic positions is considered as an estimate for the nucleation barrier. For the 

FCC and HCP systems mismatch between {111}<110> and {0001}<11 2 0> directions 

were considered.  
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Lattice parameter for the case of FCC Al-rich phase was calculated using 

“Maximum Likelihood Estimate” (MLE) method. assuming the peaks are Pearson VII 

functions [139]. The value was found to be 4.075±0.002 Å. In the case of HCP Mg-rich 

phase the lattice parameter could not be calculated from MLE method as this method is 

not applicable to HCP systems. There have been many instances in the literature where 

the molar volume [140] and lattice parameters for the Mg-Al system have been calculated 

[141-143]. For our study the data by Hardie and Perkins [141] is used. Hardie and 

Perkins prepared the Mg-Al alloys in different compositions ranging from 0.96 to 6.89 

at.% Al. Since the solubility of Al in Mg is very less the alloys were quenched to retain 

these compositions thereby avoiding formation of any stable phases. The variation of 

lattice parameter (a) as a function of concentration of Al (taken from Hardie and Perkins 

[141]) is plotted in Figure 7-7. As can be seen from Figure 7-7 the lattice parameter 

follows a linear trend with the concentration of Al. Hence, this lattice parameter was 

extrapolated to find its value at 30 at.% Al which is about the typical concentration found 

in our study. The extrapolated value of the lattice parameter is 3.092 Å. This value is 

used for the HCP Mg-rich phase to calculate the lattice mismatch with different 

substrates. For Cu and Mg substrates the lattice parameter (‘a’ in the case of Mg) values 

were taken from the JCPDS files. The lattice parameter of Cu is 3.615 Å [144] and that of 

Mg is 3.209 Å [145] respectively. In case of oxide-containing Mg substrate the oxide was 

assumed to be MgO. The lattice parameter of MgO was taken from Smith et al. [146] and 

it is 4.212 Å. Using the above mentioned lattice parameter values mismatch was 

calculated between depositing phases and different substrates considered. Figure 7-8 

shows these mismatch values. Figure 7-8 shows that the FCC Al-rich phase has lower 
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mismatch in the case of Cu and oxide-containing Mg substrates. However, in the case of 

the Mg substrate the HCP Mg-rich phase has the lower mismatch. These mismatches 

indicate that there is higher probability of nucleation of HCP Mg-rich phase only on the 

Mg substrate. In all other cases there is higher probability of nucleation of FCC Al-rich 

phase. As can be seen from the present analysis the nucleation of different phases is in 

accordance with the observed trends in the lattice mismatch.  

7.4 Summary 

The interfacial energies play role in deciding the nucleating phase on any given 

substrate. The lower the interfacial energy between a given substrate and nucleating 

phase, the higher is the probability of that phase nucleating on that given substrate. One 

of the main factors that decide the nucleation of phases is crystal structure. HCP Mg-rich 

phase nucleated on preferably on the oxide-free mg substrate as their crystal structures 

are same. In all other cases nucleation of FCC Al-rich phase was preferred due to 

matching crystal structures. One other factor that can decide the nucleation barriers is the 

interatomic distance mismatch. An estimate was given in our study for the interatomic 

distance mismatch between nucleating phases and various substrates. According to this 

estimate the nucleation of HCP Mg-rich phase is favoured only on the oxide free Mg. 
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Figure 7-1. Composition along a dendrite from a deposit made at 180 min of pre-
electrodeposition containing FCC Al-rich phase at the root and HCP Mg-rich 
phase on Al-rich phase.  

 

Figure 7-2. The SEM images of deposits on different substrates: A) deposit on Cu 
substrate showing Al in majority, B) deposit on oxide-containing Mg substrate 
showing Al in majority. Large areas where no deposit formed can be seen, and                   
C) deposit on amorphous graphite substrate showing Al in majority large 
number of dendrites formed along the grind marks can be seen (all 
compositions are measured as at. % Mg) 
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Figure 7-3. The SEM images of A) deposit on Cu substrate (ground with 800 SiC paper) 
showing Al in majority, and B) deposit on Mg substrate (ground with 800 SiC 
paper) showing Mg in majority. 

 

Figure 7-4. The SEM images of deposit made on oxide-free Mg substrate mounted on 
graphite stub. The composition values suggest that HCP Mg-rich phase is 
nucleated on this substrate.  
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Figure 7-5. The XRD profile from deposit made on oxide-free substrate confirming the 
formation of HCP Mg-rich phase.  

 

 

Figure 7-6. Schematic showing different interfacial energies at a hemispherical nucleus.  
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Figure 7-7. Lattice parameter of HCP Mg-rich phase as a function of at.% Al. From 0.96 
at.% Al to 6.89 at.% Al data taken from Hardie and Perkins [142]. From 6.89 
at.% Al to 40 at.%, the lattice parameter values are extrapolated ones.  
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Figure 7-8.Interatomic distance mismatch between nucleating materials (FCC Al-rich and 
HCP Mg-rich phases) and different substrates. Only oxide-free Mg substrate 
is favourable for nucleation of HCP Mg-rich phase. On all other substrates the 
feasibility of nucleation of FCC Al-rich phase is higher due to lower lattice 
mismatch values.  
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CHAPTER 8 
CONCLUSIONS 

Nanocrystalline Al-Mg alloys were fabricated in the form of powders using 

electrodeposition technique in a galvanostatic mode. The electrolyte used for our study had the 

following composition Na[AlEt4] + 2 Na[Et3Al-H-AlEt3] + 2.5 AlEt3 + 3.3 Toluene (where 

Et=C2H5). Pure Mg (99.99%) was used as anode. Magnesium was introduced into the electrolyte 

using a process which was termed “pre-electrodeposition”. Pre-electrodeposition was conducted 

at a current density of 60 mA/cm2 and at a temperature of 90 oC for different times. The effect of 

pre-electrodeposition time was studied using 60 mA/cm2 at the electrolyte temperature of 90 oC. 

The Al-Mg alloy powders were fabricated at 60, 100 and 150 mA/cm2 current densities at 

constant pre-electrodeposition time and electrolyte temperature of 60 oC. Nucleation of different 

phases was investigated by conducting electrodeposition on various substrates, namely, Cu, Mg 

and graphite. The results of this study led to the following conclusions. 

A small concentration of Mg in the electrolyte is sufficient for obtaining large amount of 

Mg in the deposits. The amount of Mg in the deposit increases rapidly when the Mg/Al ratio in 

the electrolyte reaches a critical value. The formation of HCP Mg-rich solid solution in the 

deposits was found to be associated with the rapid increase in the amount of Mg in the deposits 

at this critical value of Mg/Al ratio.  

The presence of Na+ ions in the electrolyte is necessary for the dissociation of the AlEt3 

and consequent deposition of Al. When the electrolyte contains Na[Et3Al-H-AlEt3] complex, the 

breakage of the Al-H-Al bonds results in the formation of MgH2 on the anode surface. Increasing 

the current density, concentration of Mg in the electrolyte or the temperature resulted in a higher 

concentration of Mg in the deposits. Since electrodeposition was conducted at conditions far 
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from equilibrium, only supersaturated FCC Al-rich and HCP Mg-rich phases were found in the 

deposits studied here.  

The deposits made under the conditions used in this study consist of a ground, upon which 

dendritic growth took place. The dendritic morphologies observed can be devided into three 

categories namely rod-like, feather-like, and globular. Short time potentiostatic depositions 

indicated that the feather-like morphology formed at lower deposition rates whereas, the globular 

morphology was observed at higher deposition rates. 

All dendrite morphologies observed initially consist of nanocrystalline FCC Al-rich solid 

solution. The feather-like morphology, which exhibited heavily testured grains showed 

pronounced crystallographic orientation of arms. These arms form along the <110> and <100> 

directions because of higher growth velocities along these directions. 

In a galvanostatic deposition there is a morphological evolution from feather-like or fine 

globules to large globular morphology. This morphological evolution is attributed to the 

enhanced lateral flux of the depositing ions near the sharp tips of the dendrites. This enhanced 

lateral flux of the depositing ions is believed to have triggered a spherical diffusion condition.  

The large globular morphology exhibited two roughness levels, where the rough globules 

always grew over the smooth ones. The combined TEM and compositional analysis revealed that 

the smooth globules consisted of FCC Al-rich solid solution and the rough ones consisted of 

HCP Mg-rich solution.  

The nucleation of the phases was found to be substrate dependent. The HCP Mg-rich phase 

was found to have a high nucleation barrier on copper, graphite of passivated Mg surfaces and it 

nucleates only on the oxide-free Mg substrate.  
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