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Abstract: 

   In the present study, Al-Mg binary eutectic alloy nanoparticles were synthesized through 
the electrical wire explosion technique (EWET) in an inert ambience. High-speed imaging 
was carried out to visualize sublimation process of alloy wire and subsequent formation of 
nanoparticle through the condensation process. The fundamental gas-phase kinetics is 
investigated by the embedded atom method (EAM) and reactive hard-sphere model to 
elucidate the mechanisms governing the formation of finer particles of eutectic AlMg alloy. 
The condensed phase transformations are analysed through size-dependent thermodynamics 
and growth kinetics modelling, which has shown that the adsorption controlled growth is 
responsible for the generation of polydispersed particles. The formation of Al20Mg23 
nanoparticles and its morphological features were characterised through XRD and SEM/EDS 
analysis. High-resolution transmission electron microscopy (HRTEM) along with the selected 
area electron diffraction (SAED) confirmed the spherical morphology, crystallinity, 
lognormal particle size distribution and the multiphase microstructure of the eutectic AlMg 
nanoparticles. The formation of multiphase alloy nanoparticles is attributed to the 
insignificant difference in melting temperatures of Al and Mg and phase boundary 
modifications due to size-effect. Scanning transmission electron microscopy (STEM) 
revealed the spatial distribution of Al and Mg within the alloy nanoparticle. Differential 
scanning calorimetry (DSC) confirmed the reduction in melting temperature and fusion 
enthalpy of eutectic Al-Mg alloy nanoparticles.  It is proposed as a potential substitute for Al 
nanoparticles to reduce the ignition temperature, agglomeration and two-phase flow losses for 
realising improved combustion performance in solid rocket propellants.  
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1. Introduction: 

In recent years, applications of metal-alloy nanoparticles have gained substantial 
scientific and technological significance which consequently led to the development of varied 
synthesis routes and advancements. A myriad of nanopowders has been synthesized by 
various techniques involving gas-phase chemical reactions. These aerosol processes are 
proved to be advantageous over other conventional wet-chemistry synthesis routes. The wet 
chemical methods involve a bottom-up approach in which molecular precursors react to form 
various types of nanostructures. Some of the wet-chemistry techniques used for the synthesis 
of nanoparticles are the sol-gel method, chemical precipitation, micro-emulsion method, 
hydrothermal method, electrochemical reduction and thermal and photochemical 
decomposition. Although these wet chemical routes can synthesize unagglomerated and 
relatively monodispersed nanoparticles, their yield is less and reproducibility is generally less 
as the composition is very sensitive to the reaction conditions [1]. Additional limitations of 
monomer concentration gradients and temperature could affect the scalability of the wet 
processes. Despite the advantage of better control over particle dimensions in these 
techniques, the templates and surface-bound residues would significantly affect the surface 
chemistry of the nanoparticles, if not removed properly [2]. In the gas-phase synthesis routes, 
the metal vapours react to produce product-clusters that nucleate and grow further by 
molecular collisions, particle coalescence and coagulation [3]. The process-control 
parameters of the synthesis route greatly influence the nanoparticle purity, size-distribution 
and the yield. The dominance of the gas-phase synthesis processes can be ascribed to the 
following reasons: (i) rapid reactant mixing on a molecular scale (ii) high purity nanoparticle 
synthesis capabilities (iii) ease of separation of nanopowders from the gaseous medium (iv) 
easily tuneable process parameters for tailoring the properties and (v) energy efficient. Alloy 
nanoparticles are found to be quintessential in catalytic, magnetic, mechanical, optical, 
electronic and energetic applications because of their tunable compositions [4-6]. Metal-alloy 
nanopowders are advantageous as fuel additives in enhancing the performance of energetic 
formulations of solid-propellants, pyrotechnics and explosives [7-9]. Recent research is 
focused on reactivity enhanced Al-based alloy powders rather than pure aluminium powders 
in high energy applications [10]. Al-Mg alloy powders exhibit high combustion enthalpies 
with reduced ignition delays and high energy densities [11-15]. 

The energetic materials applications have relied upon Al-Mg alloys for a long time. 
One of their first applications was in the formulation of pyrotechnics [16-18] while more 
recently; they have been successfully used as additives in propellants [19] and the chemical 
gas generators [20]. As a result of alloying, the alloy nanoparticles exhibit very complex 
crystal structures and unique chemical and physical characteristics [21-24] that are not typical 
of their component metals. The bifunctional enhancement in the catalytic and the 
thermochemical properties have made them find varied applications in the field of rocket 
propellants and catalysis. By the virtue of high surface free energy and surface to volume 
ratio, the alloy nanoparticles possess a strong tendency to melt and coalesce at the 
temperatures much lower than their melting point. In addition to this, the binary eutectic 
composition i.e., the composition of the binary alloy system which is characterized by the 



 

 

lowest melting temperature of the system will further decrease the melting temperature. It has 
been reported that the Al-Mg alloys exhibit very low ignition temperatures in comparison to 
pure Al [25]. The closely collaborated interplay of compositional effect and the size-effect is 
expected to reduce the melting temperature further, which consequently brings down the 
ignition temperature, ignition delay and agglomeration in the propellants. 

Ultrafine metal particles and their compounds have been synthesized by high-energy 
electrical explosion of wires [26-27]. The electrical wire explosion causes a very high rate of 
changes in the thermodynamic parameters of the system which are attained by the flow of 
electric current through the metal wire with a current density of 106-109 A/cm2 [28]. This 
results in the explosive transition of metal wire to a state of plasma. Thus formed plasma 
expands at the rates of several miles per second, subsequently allowing the mixture to cool at 
the rate up to 1010 K/s [29]. It has been reported that various metal-based solid-solutions and 
intermetallic alloy nanopowders can be synthesized by using the wire explosion technique 
(WET) [30-32]. Also, an eclectic variety of metal, metal-oxide, metal-carbide and metal-
nitride nanopowders have been synthesized economically by the WET [33-40]. The literature 
on the size-dependent thermodynamic and diffusional analysis of bimetallic eutectic-alloy 
nanoparticle formation mechanism in the WET is scarce. Therefore, the present work is 
focused on synthesizing Al-Mg nanoparticles by exploding the eutectic Al-Mg alloy wire in 
an inert ambience of argon and helium gas and subsequently characterizing the ultrafine 
particles to confirm the formation of nanosize eutectic alloy nanoparticles through 
experiments. The alloy nanoparticle formation mechanism and its dependence of size-effect 
are explained through size-dependent thermodynamic, kinetic and diffusion modelling. 

In the present work, an endeavour has been made to synthesize Al-Mg binary eutectic 
nanoparticles by wire explosion technique and the following significant aspects are 
deliberated: (i) Light microscopy to observe the microstructure of the homogenized Al-Mg 
eutectic wire. (ii) Energy dispersive analysis of X-rays (EDAX) through scanning electron 
microscopy (SEM) to identify the phase compositions of the wire material. (iii) X-ray 
diffraction study to understand the existence of various phases and their transition upon the 
eutectic nanoparticle formation. (iv) Analysis of particle morphology and size-distribution 
through high-resolution transmission electron microscopy (HRTEM). (v) Line-EDAX to 
analyse the compositional variation of Al and Mg across the nanoparticles, aided by HRTEM. 
(vi) Selected area electron diffraction (SAED) analysis to envisage the configuration of 
phases in the nanoparticles and their crystallinity. (vii) Differential scanning calorimetry 
(DSC) to understand the thermal behaviour, melting temperature and the enthalpy of fusion 
of the synthesized alloy nanoparticles. (viii) Size-dependent thermodynamic and diffusional 
modelling studies to understand the nucleation energetics and effect of diffusion on alloy-
nanoparticle growth and (ix) Corresponding effect of Al-Mg eutectic alloy nanoparticles on 
the ignition temperature and agglomeration in the propellants. 

 

 



 

 

2. Experimental Studies 

The eutectic Al-Mg alloy nanoparticles were synthesized by electrically exploding the 
Al-Mg eutectic alloy wire in an explosion chamber with an inert ambience. The eutectic alloy 
block was cast mixing 34.45 wt% of Mg and 65.55 wt% of Al in a marginally eutectic 
proportion, with argon purging. The wires of diameter 1 mm required for the wire explosion 
process were cut from the cast alloy blocks using electrical discharge machining (EDM). The 
alloy wires were cleaned with acetone to remove any surface contaminants, before usage in 
the explosion process. The basic electrical circuit of the wire explosion setup is shown in Fig. 

1a. which is used to synthesize the eutectic Al-Mg alloy nanoparticles upon the explosion of 
the alloy wire as shown in Fig. 1b. The electrical WET is a physical vapour deposition route 
in which a thin conducting wire is sublimated by discharging a bank of high voltage 
capacitors through it. The vapour so formed is allowed to expand adiabatically and eventually 
cools down as a consequence of collisions with the ambient gas molecules forming a 
supersaturated vapour which solidifies as nanoparticles by homogeneous nucleation [41]. 

The experimental setup comprises of a cylindrical sapphire explosion chamber 
connected with a vacuuming system to maintain the inertness of the system, and electrical 
terminals to allow for the capacitors to discharge through the conducting alloy wire. The 
capacitor bank is charged to the required voltage using a voltage-doubler circuit so that the 
stored energy (W) is ½CV2, where C is the capacitance and V is the charging voltage. The 
circuit used in the present work functions as an underdamped RLC circuit, satisfying the 
condition 
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and thereby delivering the energy of W=V× I× t in a time period t. The nanoparticle size can 
be controlled by varying the energy deposited on the wire by appropriately changing the 
electrical parameters and controlling the explosion chamber pressure. The electrical 
parameters used for synthesizing the alloy nanoparticles are provided in Table 1. 

Table 1. Circuit parameters used in the eutectic alloy-wire explosion. 

Parameter Values 

Material Al-Mg alloy 
Length of the wire 60 mm 
Diameter of the wire 1 mm 
Charging voltage 30 kV 
Capacitance 3 µF 
Chamber pressure 25 kPa 

 

 

 



 

 

 

 

 

 

 

 

 

 

A current probe (Pearson Electronics, Model No-101) and a voltage probe (PEEC. A, 
EP-50k) were used to measure the current flow through the alloy wire (R) and the voltage 
across its ends respectively, during the explosion. The characteristic current and voltage 
waveform of the wire explosion process is shown in Fig. 2. In the present work, X-ray 
diffraction study was done by using Bruker D8 diffractometer with Cu-Kα radiation of 
wavelength 1.5425 Å, at the scan rate of 100 per minute. Transmission electron microscopy 
was used to determine the particle morphology and the size-distribution using Oxford 
Instruments and Jeol JEM 3200FS TEMs. Scanning electron microscopy was performed 
using FEI Quanta FEG 200 with an additional attachment of energy dispersive analysis of X-
rays (EDAX) to investigate the elemental composition of the alloy nanoparticles. Differential 
scanning calorimetry was carried out to understand the thermal characteristics of the alloy 
nanoparticles using Netzsch STA 449F3 calorimeter with a heating rate of 10 K/min in an 
ambience of ultra-high pure argon gas. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. (a) Circuit diagram of the wire explosion setup and (b) the wire explosion process. 

 

Fig. 2. Current and voltage waveforms during the alloy-wire explosion. 



 

 

3. Mechanisms of Alloy-nanoparticle Formation 

The design of alloy nanoparticles with tunable shapes, sizes, structures and 
compositions is a significant pathway towards active, robust and efficient utilization of their 
size-dependent properties in diverse applications. Alloy nanoparticles differ from their bulk 
counterparts in various significant aspects in terms of mixing, microstructure and their 
geometric shapes [42]. Currently, there is no generic formation mechanism available to 
explain the binary alloy nanoparticle formation through wire explosion process. Hence, it is 
very essential to understand the gas-phase formation mechanism of alloy nanoparticles, 
critical parameters of the wire explosion process that govern their properties and the 
thermodynamics and kinetics involved in the evolution of their microstructure. In the present 
work, we propose an alloy nanoparticle formation formalism that considers the molecular 
regime kinetics involved in the gas phase reactions, size-dependent alloying and diffusion 
assisted growth that eventually lead to the formation of lognormally distributed alloy 
nanoparticles with compositional variations. This formalism explains the effect of the mean 
free path and collision flux on the size distribution of the alloy nanoparticle and predicts their 
formation zones inside the explosion chamber. Also, the configurationally driven reasons for 
the deviation of alloy nanoparticle composition from the stoichiometry are elucidated and the 
steps involved in the formation of Al-Mg eutectic alloy nanoparticle formation, the 
microstructure evolution and the limitations on the substitutional alloying ability are 
discussed in detail. 

In this alloy nanoparticle formation formalism, the preliminary chemical reactions are 
assumed to take place in the gaseous phase forming the gas-phase products, which eventually 
condense as alloy nanoparticles with non-equilibrium microstructures. When the capacitor 
bank (C) charged to the required voltage (V) is discharged through the alloy-wire, the energy 
(W) deposited on the wire sublimates it and a binary reactive gaseous mixture is produced in 
the inert argon ambience. The electrical energy (W) deposited on the wire and the sublimation 
energy (Ws) required to sublimate the wire is given by the expressions 
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where Cs is the heat capacity of the solid alloy wire, Cl is the heat capacity of the molten 
alloy, hm and hg are the latent heat of melting and heat of evaporation of the alloy, 
respectively, ΔTm=Tm-T0 and ΔT=T-Tm. When the Al-Mg eutectic alloy wire is sublimated, it 
forms a cloud of partially or completely ionized plasma depending on the magnitude of the 
energy deposited on the wire. We have shown in our previous work that, various sequential 
phase transformations, dissociations, ionization and recombination mechanisms could be 
understood by Born-Haber cycle [43]. In this reactive cloud, only the Al and Mg atoms are 
reactively contributing to spontaneous alloying whereas the background argon gas remains 
inert and unreactive at all operating temperatures and pressures. Argon gas, being inert, only 



 

 

offers collision surfaces in altering the kinetic energy of the reactive Al and Mg atoms 
thereby contributing to the reduction in the mean temperature of the reactive mixture. 

The dynamics of the reacting species is explained with the help of the kinetic theory 
of reactive gases treating the atoms as reactive hard-spheres with their kinetic energy alone 
contributing to the activation energy (ΔG*) required for the productive reactions. These gas-
phase products are the result of the successful reactive gaseous collisions which eventually 
form the final condensed phase microstructures in the alloy-nanoparticles. Embedded atom 
method (EAM) is adopted here to explain the atomistic pairing-up of the Al and Mg atoms 
and formation of their eutectic alloy clusters. The reactive species that have failed to cross the 
free energy barrier and collide with a threshold kinetic energy fail to pair-up reactively and 
remain in their gaseous reactant state. Excess energy deposition on the alloy wire during the 
explosion makes the individual reactants cross the free energy threshold and collide 
reactively. Supersaturation upon explosion and the non-equilibrium quenching of the gaseous 
products pertaining to a huge temperature difference between them and the ambient gas leads 
to the formation of ultrafine particles directly from the gas phase. If the gaseous products 
undergo equilibrium cooling due to insufficient energy absorption and localized temperature 
and pressure perturbations, then the gas-liquid-solid transformation results, leading to the 
formation of coarse particles. The alloy nano-droplets formed during gas-to-liquid 
transformation upon equilibrium cooling may coalesce with the neighbouring droplets to 
form bigger alloy droplets, contributing to the broadening in the size-distribution (detailed in 
section 3.4). 

The composition change within these droplets can only be brought in by the long-
range diffusion in the liquid phase, which also manifests in their solid particulate 
microstructure. Irrespective of whether the condensate is a product of equilibrium or non-
equilibrium cooling, the fast-moving condensates tend to coalesce to reduce their surface free 
energy. In the condensed forms, the diffusion complemented by the size-effect plays a major 
role in deciding the compositions of the nano-droplets and nanoparticles for a very short 
duration as the particle formation takes place almost instantaneously. However, it is very 
pragmatic to infer that the composition deciding size-dependent diffusion is of long-range in 
the droplets whereas it is of short-range in the nanoparticles cooling down to the room 
temperature. Upon solidification, the alloy nanoparticles tend to coagulate and densify, the 
extent of which depends on their kinetic energy. The nucleation rate here in this formalism is 
assumed to be homogeneous and the growth rate is assumed to be comparatively prevailing 
more in gaseous and liquid phases whereas it is infinitesimal in the solid phase as the 
solidified nanoparticles only tend to coagulate and densify. The sequence of phase 
transformations, energetics, kinetics and size-dependent thermodynamics involved are 
elaborated in this section and the Fig. 3. schematically describes the alloy nanoparticle 
formation mechanism according to the proposed formalism. The driving force for the 
nanoparticle formation is derived from the tendency of the gaseous mixture to reduce its 
Gibbs free energy. When the alloy wire is exploded, the binary gaseous mixture of Al and Mg 
metallic vapours is formed due to Brownian motion. The repeated collisions among the 
constituent species produce the product molecules which nucleate upon supersaturation, grow 



 

 

and form surfaces to reduce the free energy of the system, eventually resulting in the 
formation of alloy nanoparticles. 

 

 

 

 

 

 

 

 

 

 

3.1 Hume-Rothery Conditions for Alloy Nanoparticles 

An alloy is a mixture of two or more metallic elements, which can either exhibit 
single-phase characteristics existing as a complete solid solution or exhibit two or more 
phases existing as a phase-segregated or partial solid solution. Hume-Rothery rules describe 
the conditions that govern the dissolution of an element in a bulk metal forming an alloy. The 
rules suggest the alloy can be formed if the atomic radius, valency and electronegativity of 
the constituent elements are closely similar and they share a common crystal structure [44]. 
Extensive substitutional solid solubility occurs when the relative difference between the 
atomic radii of the constituent species is less than 15%. Intermetallic compounds are likely to 
result instead of a binary substitutional solid solution if one element is more electropositive 
and the other one is more electronegative. But these rules are valid for the bulk materials and 
have been widely used since their proposal in the 1930s. The geometrical shape of the alloy 
nanoparticles is normally very different from their bulk crystal structure, and similar 
differences can be observed in the electronic structure of ultra-fine particles relative to their 
bulk. Fig. 4. shows the comparison of Al and Mg in terms of their atomic size (r), 
electronegativity (χ) and bond dissociation energy (Φ). The two dimensional projected graph 
of electronegativity versus atomic radius within the figure is called the Darken-Gurry plot 
[45] which shows the Darken-Gurry ellipses of Al and Mg in this domain. A variation of 
±15% in terms of atomic radius and a variation of ±5% in terms of electronegativity, centred 
on the absolute values, are considered in drawing these ellipses. The ellipses coincide with 
each other for an isomorphous alloy system whereas they tend to move apart as the solid 
solubility of the alloy system decreases. Ken Miyajima et al. reported that the Hume-Rothery 
rules do not apply to the sub-nanometer alloy clusters [46]. In the WET method, when the 
alloy wire is exploded, the constituent elements sublimate and form a chaotic gaseous 

 

Fig. 3. Formation mechanism of alloy nanoparticles in wire explosion. 



 

 

mixture wherein the alloying reactive collisions are probabilistic which leads to the formation 
of the product phases that deviate from the absolute stoichiometry and the equilibrium phases 
predicted by conventional phase diagrams. Al has a face-centred cubic (FCC) crystal 
structure and Mg has a hexagonal close-packed crystal structure which violates the first 
Hume-Rothery condition of common crystal structure and hence fails to exhibit extensive 
solid solubility of Mg in Al. Mg is an s-block, group-2 alkaline earth metal which has a 
valence number 2 and Al is a p-block, group-13 post-transition metal which has a valence 
number 3 [47]. This difference in valence numbers violates the valency rule, reducing the 
substitutional solid solubility further. Also, the Al-Mg alloy system violates the rule of 
electronegativity as Mg and Al possess the electronegativity values 1.31 and 1.61, 
respectively. On the contrary, there exists only an 11.8% difference between the atomic radii 
of Al and Mg which is within the limit of 15% difference. The partially overlapping ranges of 
atomic radii in the Darken-Gurry ellipses of Al and Mg as shown in Fig. 4. indicate the 
possible range of substitutional solid solubility. In addition to this favourable atomic size 
difference, the gas-phase reactions and the size effects enhance the solid solubility of the 
alloy system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Gas-phase Kinetics 

 

Fig. 4. Comparison of Al and Mg using Darken-Gurry plot and their bond dissociation 
                 energies. 



 

 

The gas-phase reactions begin as soon as the alloy wire sublimates into its constituent 
gaseous species and the extent of binary product gas formation depends on the kinetic energy 
of the reactive atoms in the binary gas. Fig. 5. shows the high-speed imaging of the eutectic 
Al-Mg alloy wire-explosion phenomenon inside the sapphire explosion chamber from the 
instant of triggering for a few microseconds. The melting temperatures of Al and Mg are 933 
and 923K respectively and their vapour pressures are 3.06x10-13 and 21.5x10-3 kPa 
correspondingly, at 800K [48]. The expression for the evaporation rate is described by Eq. 

(4) [49]:  
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where P is the vapour pressure, θ is the condensation constant of the metal, M is the 
molecular mass of the gas and T is the temperature. It is evident from the Eq. (4) that the 
vapour pressure of the metal dominantly affects the evaporation rate at a constant 
temperature. At any temperature, the vapour pressure of Mg is around 107 times higher than 
that of Al [50] as a consequence of which the evaporation rate of Mg is much higher than that 
of Al. It implies that the cloud of Mg is formed before the gaseous Al cloud is formed inside 
the explosion chamber. 

All the constituent gases inside the explosion chamber are assumed to be perfect gases 
consisting of molecules in the form of solid spheres with ceaseless random motion. It follows 

that the gas molecules at a temperature T move with a mean speed of v  which is given as 
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where R=8.3145 J/(mol-K) and the individual molecular speeds (v) span a wide range 
following the Maxwell distribution which is given as 
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When the alloy wire is sublimated, a binary mixture of Al and Mg gases is formed within the 
inert Ar gas. The molecular masses of Mg (MMg= 24.31 g/mol), Al (MAl= 26.98 g/mol) and Ar 
(MAr= 39.95 g/mol) are such that MMg < MAl < MAr. As depicted by Eq. (5). the lighter 
molecules travel faster than the heavier molecules and hence in the ternary gaseous mixture 
Ar molecules travel at the slowest speed and Mg molecules travel at the highest speed. In 
addition to being the heaviest molecule in the system, Ar being an inert gas does not involve 
in any reactive collisions and just acts as a background gas. Hence, it is judicious to infer that 
the activation energy for the reactive collisions with Ar is infinitely high and the collisions of 
Al and Mg molecules with Ar will only alter their momenta and not the chemical state. More 
details on the reactive gas-phase kinetics are provided in the Supplementary Material and 
collectively from Eq. (A.2) and Eq. (A.5) it can be computationally inferred that the lower 
explosion pressures favour very fine particle-size owing to the reduced collision flux and 



 

 

increased mean free-path at low pressures and the correlation among them is a shown in Fig. 

6. Extending this equivalence to the wire explosion deduces that the particles formed away 
from the central dense plasma are comparatively finer compared to those formed in the core 
of the plasma. If the plasma is allowed to expand to larger volumes, even finer particles can 
be produced as the cooling rate increases towards the periphery of the explosion chamber. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. High-speed imaging of the Al-Mg alloy-wire explosion process inside the sapphire 
                 explosion chamber in the sequence of a-j. 

 

Fig. 6. Effect of explosion pressure, mean free-path and collision flux on Al-Mg alloy 
                 nanoparticle size. 



 

 

3.3 Embedded Atom Method Analysis of Alloy Nanoparticles: 

When two reactive species in the gaseous phase collide with sufficient energy at 
appropriate steric angles, they pair-up forming bonds positioning themselves at the 
equilibrium distance. When observed atomistically, the positioning and pairing up are the 
consequence of potential energy minimization and hence this process of atom embedding in 
the resultant product molecules needs an atomistic explanation. Here in this work, we employ 
the embedded atom method (EAM) for explaining the equilibrium placement of binary alloy 
pairs. In this methodology, each solute atom is viewed as an impurity in the electron cloud of 
the host solvent. The embedding energy required to embed a solute atom (Mg) in a solvent 
(Al) is used to determine the cohesive energy of the solid alloy as the energy of the solute 
impurity atom is a function of the electron density of the host solvent. The Lennard-Jones (L-
J) pair-potential function is adopted here for the minimization of potential energy. To account 
for the large surface area of the nanoparticles, the cohesive energy is made size-dependent 
[51] as shown in Eq. (19). The term d/D accounts for the size-reduction and hence the surface 
area increased upon introducing new dangling bonds in the nanoparticle.  The EAM 
framework is graphically demonstrated in Fig. 7. along with the L-J potential for the Al-Al, 
Mg-Mg and Al-Mg pairs. The cohesive energy of a binary alloy nanoparticle according to 
EAM is the sum of embedding energy and the pair-potential and is written as [52] 
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where Fi is the embedding energy of the individual atom, iρ  is the electron density of the 

solvent at the position Ri, ij
R  is the distance between the atoms i and j and ij

φ  is the short-

range pair potential between them. The L-J pair potential of interatomic interaction is 
described by the following expression 

12 2

0 0( ) 4
ij ij

ij ij

r r
r

r r
φ ε

    = −    
     

 

 

 
(8) 

where the potential parameters are Al Alε − =0.50722eV, Mg Mg
ε − =0.0958eV, Al Mg

ε − =0.2204eV 

and rij is the distance between the atomic centres [53]. The equilibrium distances for Al, Mg 
and Al-Mg binary alloy are found to be (r0)Al-Al=2.57366Å, (r0)Mg-Mg=2.88Å and (r0)Al-

Mg=2.7268Å, respectively, as shown in Fig. 7. It is evident from the figure that the 
equilibrium separation for the Al-Mg binary eutectic alloy is intermediate between that of Al-
Al and Mg-Mg pairs satisfying the Vegard’s law [54] which states that the effective lattice 
parameter of a solid solution varies directly and almost linearly with the solute concentration, 
as a weighted average of the lattice spacing of the solvent and solute.  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4 Equilibrium and Non-Equilibrium Phase Transformations: 

A majority of the product forming reactions take place in the gaseous phase in the 
binary alloy nanoparticle synthesis through the WET. As aforementioned, the products of the 
reactive collisions will undergo phase transformation upon supersaturation. Now that the 
gaseous mixture senses a temperature gradient between itself and the external ambient 
temperature, it tends to reduce its free energy by undergoing phase change either through 
equilibrium or non-equilibrium cooling. In both the cases of cooling, the formation of a new 
phase begins via formation of embryos which are transient tiny clusters with constantly 
fluctuating size by attachment and desorption of molecules [55]. This process of attachment 
and detachment makes the embryos eventually attain a stable size above which there is no 
size shrinkage, and result in the nucleation of the respective condensed phases (droplets and 
nanoparticles). Various studies confirm the presence of a small proportion of molten droplets 
along with the metal vapour in the dispersion products, during wire explosion [56, 57]. In 
case of a brass alloy, the wire does not sublimate completely into gaseous phase even with 
excess energy deposition [58]. Hence, it can be judiciously inferred that the possible presence 
of molten droplets in the explosion products can not be ruled out and in turn, these droplets 
can solidify either through equilibrium or non-equilibrium cooling. The nuclei formed during 
the solidification can grow by various mechanisms such as diffusion, oriented attachment, 
coagulation and coalescence. The process of nucleation is detailed in the Supplementary 
Material. 

 

Fig. 7. (a) Schematic of EAM model and (b) Lennard-Jones interatomic interaction 
                  potential for Al-Al, Mg-Mg and Al-Mg pairs.  



 

 

A sequence of processes occurs in the liquid to solid transformation with a 
characteristic difference of phase boundary formation between the parent liquid and the new 
solid phase to reduce the surface energy. Owing to the high-temperature state of alloy 
droplets, the diffusion plays a major role in the growth of droplets as it is size-dependent in 
addition to being temperature-dependent. For a compositionally homogeneous alloy 

nanoparticle, the expression for the size-dependent heat of formation ( ,
Al Mg

f dE
− ) as a function 

of cohesive energy of constituent elements can be written as 
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−  are the corresponding size-dependent cohesive energies of Al, 

Mg and Al-Mg. The size-dependent cohesive energy ( ,
i

c dE ) is written as [59] 
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where ,
i

c bE  is the bulk cohesive energy of the ith constituent element, d is the atomic size, D is 

the nanoparticle size and d/D=(1/N)1/3 in which N is the total number of atoms in the 
nanoparticle. Based on Eq. (9) and Eq. (10) the expression for size-dependent, shape-
dependent and composition-dependent formation enthalpy of a homogeneous disordered solid 
solution of Al-Mg alloy system can be written as 
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(11) 
 

where is αi the shape factor and is equal to unity for spherical nanoparticles. The cohesive 
energy of the Al-Mg eutectic alloy with disorder solid solution can be computed using the 
EAM potential as 

1 1
(1 ) ( ) ( ) ( ) ( )

, 2 2
Al Al Mg MgAl Mg

E x r F x r F
c b

φ ρ φ ρ   − = − + + +      
 

 

 
(12) 

 

where ϕi is the pair-potential and Fi is the embedding energy. It is evident from the 
computational analysis of Eq. (11) that the formation enthalpy decreases with the alloy 
nanoparticle size as shown in Fig. 8. In addition to this, the Al-Mg alloy system did not 
exhibit any positive formation enthalpies throughout the entire composition range which 
indicates that there is no miscibility gap or spinodal-decomposition zones. 

The Al-Mg alloy system is a dual binary-eutectic exhibiting two eutectic points one of 
which is Al-rich and the other is Mg-rich. The chosen eutectic alloy in the present work is Al-



 

 

rich as it is more ductile in comparison with the Mg-rich brittle-eutectic and this makes the 
fabrication of thin alloy wires through EDM easy. An earlier work of our group demonstrated 
that addition of nano-aluminium to the solid rocket propellants increases the burning rate and 
hence the specific impulse of the rocket motor by around 15% [60] and Mg powders burn 
faster than the Al powders of similar size [10]. Hence, the addition of Mg to Al in eutectic 
proportion is likely to enhance the burning rate further and reduce the ignition temperature 
and delay. Fig. 9a. shows the equilibrium phase diagram of the Al-rich eutectic is in which 
the Al-rich eutectic temperature (TE) is 4500C and the green lines within the phase-boundaries 
are tie-lines connecting the compositions of the phases in equilibrium at respective 
temperatures. The phase diagram calculation is performed using the commercially available 
ThermoCalc software and according to the experimentally calculated phase diagram [61] the 
eutectic reaction for the alloy system can be written as 

 
L (34.45 wt% Mg)                           α (17.07 wt% Mg) + Mg28Al45 (35.57 wt% Mg) 

 
(13) 

 
The α-phase is a solid solution rich in Al with Mg as the solute and has an FCC crystal 
structure. The Mg28Al45 phase is rich in Mg compared to the α-phase and the region below 
the tie-line at TE =4500C is a dual-phase solid region where both α and the Mg28Al45 phases 
coexist together in the microstructure. The significance of the eutectic reaction is that, similar 
to the solidification of pure substances, the reaction proceeds to completion isothermally 
upon cooling. 

 

 

 

 

 

 

 

 

 

 

 

 

The phases depicted by the phase diagram are the equilibrium phases whereas the 
solid phases that form upon wire explosion follow non-equilibrium cooling due to excess 

4500C 

 

Fig. 8. Size-dependent formation enthalpy of the Al-Mg alloy nanoparticles.  



 

 

energy deposition and hence tend to deviate from the equilibrium phases. As shown in Fig. 
9(a) by the equilibrium cooling curve, the first condensed phase that forms is a liquid phase 
containing both Al and Mg, above the liquidus. These minuscule droplets of the liquid phase 
grow with the adsorption and diffusion of gaseous molecules at higher temperatures whereas 
they grow with the coalescence of droplets and adsorption of diffusing gaseous molecules at 
lower temperatures. Hence, the nanoparticle growth occurs predominantly in the liquid phase 
in equilibrium cooling as opposed to the non-equilibrium quenching wherein the 
nanoparticles grow by sintering, coagulation and oriented attachment of the solidified 
nanoparticles. The ephemeral liquid phase growth continues until the droplet temperature 
reaches the eutectic temperature and seizes to grow by adsorption and diffusion below TE. 

The eutectic point in the Al-rich portion of the phase diagram is a triple point where 
three phases liquid (L), Al-rich solid solution (α) and Mg28Al45 coexist and their equilibrium 
coexistence is predicted with the thermodynamically computed Gibbs free energy curves at 
TE as shown in Fig. 9(b). The common tangent drawn in the Gibbs free energy plot connects 
all the three coexisting equilibrium phases at TE with all the three equilibrium composition 
points collinear on the common tangent. However, as the quenching of nanoparticles is a 
transient and non-equilibrium process, the synthesized nanoparticles are likely to deviate 
from the equilibrium dual-phase microstructure and composition. As indicated in Fig. 9(a), 
the rapid quenching (non-equilibrium) process bypasses the intermediate liquid phase as 
opposed to the slow (equilibrium) cooling due to extreme temperature gradients. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. (a) Computed Al-rich eutectic portion of the Al-Mg alloy phase diagram  
                 (b) corresponding Gibbs free energy of various phases present in the Al-Mg 
                 equilibrium phase diagram at the eutectic temperature TE. 



 

 

 

3.4.1 Size-dependent Thermodynamic Description of Eutectic Al-Mg Alloy 

Nanoparticles 

The physicochemical properties of small systems such as alloy nanoparticles, greatly 
differ from their bulk counterparts due to their high surface area and hence excess surface 
free energy. The solidus and liquidus temperatures of the alloy system drop as a result of 
size-effect which consequently decreases the area of two-phase zones in the phase diagram 
[62]. This necessitates the need for understanding the nanoscopic alloy systems and examine 
the size-induced changes in their physicochemical characteristics. At constant T and P, 
incorporating the surface energy, the expression for Gibbs free energy of a small system can 
be written in the differential form as 

i i

i

dG VdP SdT dn dAµ γ= − + +∑  (14) 
 

where S is the entropy, V is the volume, µ i is the chemical potential of component i, ni is the 
number of species i, A is the surface area and γ is the surface energy. For a small spherical 
system of surface area A and volume V, 

2
i i

i

dA V dn
r

= ∑  (15) 
 

A detailed description of the size-dependent thermodynamics of Al-Mg binary eutectic 
system can be found in the Supplementary Material. The size-effect influences the free 
energy of the equilibrium phases in such a way that it decreases their liquidus and solidus 
temperatures consequently reducing the dual-phase region. These alterations in the phase 
boundaries will eventually change the eutectic composition and the resulting equilibrium 
phases. Hence, it is very practical to anticipate deviated stoichiometry in the alloy 
nanoparticles produced by the explosion of Al-Mg alloy wire. 

 

3.4.2 Growth, Coalescence and Coagulation 

Along with the phase transformations, starting from the gas phase until the alloy 
nanoparticle formation, the diffusion process proceeds in parallel accounting for the 
nucleation and growth of the resultant gas and condensed phase products. In addition to the 
diffusion process, the diffusing species react with the solvent products and thereby contribute 
to the evolution of that phase. Hence during all the stages of phase transformations, diffusion 
and reaction inherently contribute to the formation and growth of the products though being 
transient. The Damköhler number (Da) which is the ratio of reaction rate and diffusion rate, 
determines whether the transformation is diffusion-limited or reaction-limited. If Da >>1, 
then the reaction rate dominates the diffusion rate making the transformation diffusion-
limited. If Da <<1, the reactive species diffuse much faster than the rate at which the reaction 



 

 

proceeds, in which case the transformation becomes reaction-limited. For the alloy 
nanoparticle growth, the Damköhler number can be written as [63] 

, ,2
Al Mg

a

np Al Mg m Al Mg f

DRT
D

V kγ
−

− −

=  
(16) 

 

where γAl-Mg is the surface energy of the growing alloy nanoparticle, Vm,Al-Mg is the molar 
volume of the AlxMgy alloy nanoparticle, DAl-Mg is the diffusivity of the alloy nanoparticle 
and kf is the apparent reaction rate constant. The surface energy of the alloy nanoparticle can 
be calculated using the expression [64] 

( ) 1/3
, 2/3

3
1

4np Al Mg Al Mg tSV
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ηγ γ
ρ

−
− −

 = − 
 

 
(17) 

 

where η and ρ are the packing fraction parameters whose values are 0.74 and 0.9 respectively, 

nt is the total numbers of atoms in the alloy nanoparticle and ( )Al Mg SV
γ −  is the surface energy 

of the Al-Mg binary alloy, which is described in the Supplementary Material. 

For the diffusion-limited growth, the growth rate (dr/dt)Diffusion of the alloy nanoparticle is 
given as 

( )
2

, ,

*

2 1 1 1Al Mg m Al Mg Al Mg Al Mg m Al Mg bulk
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Diffusion B

D V D V Cdr
C C

dt r k T r r r
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(18) 

 

where Cbulk is the bulk concentration of the alloy monomer within the parent phase and Cr is 

the solubility of the Al-Mg nanoparticle. The diffusivity Al Mg
D −  of alloy nanoparticles can be 

determined by using Darken’s equation: DAl-Mg=xAlDMg+xMgDAl. 

Apart from the limitations imposed by diffusion, the growth could also be limited by 
the interface adsorption in which case the growth rate is [65] 
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(19) 

 

When the particle size (r) is less than the critical size (r*), the growth rate according to the 
Eq. (18) and Eq. (19), the diffusional and adsorptive growth rates respectively become 
negative which in the physical sense the alloy cluster dissolves as it is not stabilized its size to 
grow further. In the diffusion-controlled growth, the cluster with a size more than r* will 
continue to grow and culminates with a maximum growth rate when the cluster size is 2r*. 
Until the size of 2r*, the larger particles grow faster than the smaller particles as a 
consequence of which the size distribution broadens. Beyond the size 2r*, the growth of the 
particles decreases with smaller particles growing faster than the larger particles eventually 
resulting in the nanoparticles of uniform size and growth rate. Hence, diffusion-controlled 
growth results in the formation of nearly monodispersed nanoparticles. In the adsorption-
controlled growth, the larger nanoparticles always grow faster than the smaller particles 
resulting in the polydispersed nanoparticles. The computational results of diffusional and 



 

 

adsorption growth rates of a hypothetical 5 nm Al-Mg alloy nanoparticle and the respective 
mechanisms are shown in Fig. 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In addition to the kinetic parameters of formation and growth, the post-formation and 
growth parameters such as coalescence and coagulation also influence the mean particle size 
and the distribution of the nanopowders. The rate at which the collisions and coalescences 
take place dictates the formation of spherical and non-spherical particles and their size in the 
gas-phase synthesis of nanoparticles. According to the solid-state diffusion model, the 
characteristic coalescence time (τcoalsescence) is written as [66] 

3

64
B p
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k T N

D
τ

πγ
=  

 
(20) 

 
where D is the coefficient of diffusion, γ is the surface tension, N is the total number of atoms 
in the particle and Tp is the particle temperature. The collision time (τcollision) according to the 
kinetic theory of gases is written as  

 

Fig. 10. Size-dependent (a) diffusional growth and (b) adsorption growth of Al-Mg alloy 
                   nanoparticles. 
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where σ is the collision cross-section of the alloy particle. At higher temperature, the rate of 
coalescence is more than the rate of collision i.e., τcoalsescence < τcollision which results in the 
spherical nanoparticles. However, at a lower temperature, particle coalescence kinetics is 
very sluggish i.e., τcoalsescence > τcollision which produces non-spherical agglomerates.  

 

4. Results and Discussion 

4.1 Structural Characterisation 

The process of synthesizing eutectic alloy nanoparticles began with the Al-Mg 
eutectic alloy wire cut using the EDM technique. The eutectic composition of the alloy wire 
was confirmed by inductively coupled plasma optical emission spectrometry (ICP-OES). The 
EDM cut alloy wire was homogenized for 50 hours at 0.5Tm=2250C in the furnace before the 
X-ray diffraction studies and microstructural analysis. Fig. 11. shows the X-ray diffractogram 
of the homogenized alloy wire from which it is clear that the eutectic material contained a 
crystalline dual-phase. Al-Mg equilibrium phase diagram as shown in Fig. 9. depicted that 
the eutectic alloy of 34.55 wt% Mg consists of an Al-rich solid solution and an intermediate 
solid-phase Mg28Al45. The diffractograms are indexed by using X’pert HighScore Plus 
software. The X-ray diffractogram confirms the presence of an Al-rich solid solution 
Al3.7Mg0.3 FCC phase which exhibited the most intense peak at 2θ=38.1550. The other 
crystalline phase predicted is Al3.11Mg2 with its most intense peak at 2θ=35.9510 whose 
Al/Mg atomic ratio is 1.555 which is marginally deviated from the ratio 1.607 as predicted by 
the equilibrium phase diagram. 

The alloy wire sample was polished and etched with Keller’s reagent to observe the 
microstructure under the light and scanning electron microscopes. The alloy exhibited the 
typical dendritic microstructure when observed under the light microscope as shown in Fig. 

12(a). which is a characteristic eutectic microstructure. The scanning electron microscopy 
(SEM) of the same sample revealed the clear dendritic two-phase microstructure as shown in 
Fig. 12(b). The EDX analysis confirmed the presence of two distinct Al-rich phases with 
different Al and Mg concentrations as shown in Fig. 12(c) and (d). The dendritic structures 
are found to contain 81.08 at% Al whereas the matrix is found to have 62.81 at% Al. Traces 
of oxygen is also observed as Al and Mg are very reactive and oxidize upon their exposure to 
the atmosphere. 

The homogenized eutectic alloy wires were exploded using the wire explosion 
technique in presence of Ar and He ambience inside the explosion chamber at a pressure of 
25 kPa to synthesize the alloy nanoparticles. The synthesized nanoparticles were analysed by 
X-ray diffraction studies to predict the various phases present and found three distinct 
crystalline phases. The X-ray diffractogram as shown in Fig. 13. illustrates the presence of (i) 
Al-rich FCC solid solution phase Al3.7Mg0.3 (ii) an intermediate Al3.11Mg2 phase and (iii) a 



 

 

new Al30Mg23 phase with an Al/Mg atomic ratio of 1.304. The reason for the formation of the 
new phase and its departure from the equilibrium stoichiometry can be attributed to the non-
equilibrium quenching process and the probabilistic pair-up of the components during the 
gas-phase reactions and subsequent phase transformations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The scanning electron microscopy revealed that the synthesized nanoparticles have a 
spherical morphology and are in the nano-size range, as shown in Fig. 14(a) and the EDX 
analysis done predicted the percentage of Al, Mg and O as shown in Fig. 14(b). The presence 

 

Fig. 12. (a) Microstructure of Al-Mg eutectic alloy wire (b) SEM of the dual-phase eutectic 
                    microstructure (c) EDAX result of the Mg-rich phase and (d) EDAX result of the 
                    Al-rich phase 

 

Fig. 11. X-ray diffractogram of the homogenized eutectic alloy wire 



 

 

of oxygen is because of the reaction of Al and Mg with ambient oxygen owing to their 
reactive nature and increased surface area. The nanopowder area scanned for EDAX is 
mapped for the spatial distribution of Al and Mg in the sample as shown in Fig. 14(c) and 
confirmed the  
presence of Al and Mg on the surface of all the alloy nanoparticles but with a varied 
concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The high-resolution transmission electron microscopic (HRTEM) study carried out 
confirmed that the alloy nanoparticles are multiphase and spherical as shown in Fig. 15(a) 
and (c) and the ring patterns observed in the selected area electron diffraction (SAED) images 
as shown in Fig. 15(b) and (d) substantiated that the nanoparticles are crystalline. The 
indexed rings revealed the presence of various atomic planes corresponding to the three 
distinct crystalline phases of the alloy nanopowder synthesized in both Ar and He ambiences. 
Also, the TEM study confirmed that the particle size distribution followed the log-normal 
distribution as shown in Fig. 16. which is written as 
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Fig. 13. X-ray diffractogram of the eutectic Al-Mg alloy nanoparticles. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. (a) SEM micrograph of the spherical eutectic nanoparticles (b) EDAX result of the 
                     inset scanned area and (c) SEM elemental mapping of the mapped area in (b). 

 

Fig. 15. (a) and (b) TEM micrograph and the indexed SAED pattern of the alloy nanoparticles 
                    synthesized in Ar and (c) and (d) TEM micrograph and the indexed SAED pattern of  
                    the alloy nanoparticles synthesized in He. 



 

 

where d is the particle diameter, σg is the geometric standard deviation and d50 is the 
geometric mean diameter. Then mean particle diameter is found to be around 12 nm for the 
nanoparticles synthesized in both Ar and He. The HRTEM elemental mapping is done to 
predict the spatial distribution of Al and Mg inside the alloy nanoparticles as shown in Fig. 

17. which confirmed the distribution of Al and Mg inside the particles of the alloy 
nanopowder. Traces of O detected corresponds to the surface reaction of Al and Mg with O 
and the C mapping corresponds to the carbon layer on the TEM sample grid. 

 

 

 

 

 

 

 

 

 

 

The scanning transmission electron microscopic (STEM) study done through the line-energy 
dispersive X-ray spectroscopy (line-EDS) as shown in Fig. 18. demonstrates the distribution 
of Al, Mg and O across the eutectic alloy nanoparticle that justifies the SEM and TEM 
elemental mapping. It is evident from Fig. 18(b) that the Al concentration is more than that of 

 

 

 

 

 

 

 

 

 

 

Fig. 17. HR-TEM elemental mapping of the synthesized Al-Mg eutectic nanoparticles 

 

Fig. 16. Particle size distribution of the alloy nanoparticles synthesized in Ar and He 



 

 

Mg across the nanoparticle which is in tandem with the phase composition predictions by the 
equilibrium phase diagram. Further, the HRTEM study was extended to predict the different 
phases present in the individual nanoparticles and the results are as shown in Fig. (19) and 
(20) and the alloy nanoparticles are distinctly coloured to bifurcate individual particles and to 
measure the interplanar distances of various phases. Two overlapping planes (266) and (177) 
of the same Al3.11Mg2 phase at an angle can be observed within a single nanoparticle from 
Fig. 19(a). The Moire pattern is observed as a consequence of the overlapping of different 
atomic planes [67]. Fig. 19(b). shows three different nanoparticles with different phases 
present at inclinations within them indicating that the composition varies from one particle to 
another in the same nanopowder sample and the alloy particles synthesized possess 
multiphase microstructure. Fig. 20. shows the HRTEM image four nanoparticles with clearly 
visible atomic planes of various phases present in them confirming their crystallinity and the 
enlarged inset images distinct atomic planar spacing and their alignment within the 
nanoparticle. 

4.2 Thermal Analysis of the Alloy Nanoparticles 

The thermal analysis of the alloy nanopowder is done through the thermogravimetry-
differential scanning calorimetry (TG-DSC) as shown in Fig. 21. This thermal signature of 
the Al-Mg eutectic nanopowder indicates that the melting temperature is 447.10C as opposed 
to 4500C that is predicted by the phase diagram and this reduction in melting point can be 
attributed to the size-effect. The enthalpy of fusion is 160.2 J/g which is very low compared 
to that of Al (397.0 J/g) and Mg (348.9 J/g) and it can be inferred that this will tremendously 
reduce the ignition temperature and enhance the burning rate of the propellants embedded 
with Al-Mg eutectic nanoparticles. The reduction in the melting point of the metallic 
additives reduces the unburnt fraction in the rocket plume and leads to the formation of 
relatively small filigrees and agglomerates in the exhaust gases [68] which will consequently 
reduce the two-phase flow losses and traceability of the rocket. Also, the addition of Al-Mg 
alloy nanoparticles to the liquid fuels will improve the burning efficiency through nano-
explosions enhancing engine performance and thereby reduces the formation of the 
pollutants. 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18. (a) STEM micrograph and (b) line-EDS concentration profiles of Al, Mg and O in the eutectic 
                   alloy nanoparticle 

 

Fig. 19. (a) Al-Mg alloy nanoparticles with Moire patterns and (b) HR-TEM of the multi-phase alloy 
                    nanoparticles with various phases within. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Conclusion 

Binary eutectic Al-Mg alloy nanoparticles are successfully synthesized by exploding the 
EDM cut eutectic alloy wires at a pressure of 25 kPa in the ambience of Ar and He. Various 
process control parameters are analysed computationally to determine the optimal conditions 

 

Fig. 20. HR-TEM showing spherical nanoparticles with various eutectic phases and the  
                    corresponding atomic planes and interplanar distances. 

 

Fig. 21. TG-DSC of the Al-Mg eutectic alloy nanopowder synthesized by WET 



 

 

to synthesize ultrafine alloy nanoparticles. The size-dependent thermodynamic and kinetic 
description is formulated to explain the formation mechanism, nucleation and growth rates, 
coalescence and coagulation of alloy nanoparticles. Also, electron microscopic studies are 
carried out to characterize the microstructural features of the synthesized alloy nanoparticles. 
The following key conclusions are made based on the present study: 

•  The gas-phase kinetic modelling has shown that higher the mean free path and lower 
the collision flux, lower is the resulting nanoparticle size which could be achieved by 
low-pressure electric explosions. 

•  The coalescence rate higher than the coagulation rate resulted in spherical 
nanoparticles and the adsorption controlled growth mechanism resulted in their 
polydispersion. 

•  A new Al30Mg23 phase with an Al to Mg atomic ratio of 1.304 is formed upon 
explosion because of the non-equilibrium quenching process and the probabilistic 
pair-up of the components during the gas-phase reactions and subsequent non-
equilibrium phase transformations. The deviation from the equilibrium composition 
could also be attributed to the size-effect which alters the phase boundaries of the 
resulting coexisting phases. 

•  The SEM study confirmed the spherical morphology of the eutectic alloy 
nanoparticles and the EDAX mapping performed confirmed a varied concentration of 
Al and Mg. The HRTEM study justified that the spherical alloy nanoparticles size is 
lognormally distributed and the SAED ring patterns confirmed their crystalline nature 
and the presence of various phases. 

•  The STEM study through the line-EDS has shown that the Al concentration is more 
than that of Mg across the alloy nanoparticle which is in tandem with the phase 
composition predictions by the equilibrium phase diagram. 

•  The TG-DSC thermal signature of the Al-Mg eutectic nanopowder indicated a 
melting temperature of 447.10C, which is a combined result of eutectic alloying and 
size-effect. The enthalpy of fusion is 160.2 J/g which is very low compared to that of 
Al and Mg and it could be inferred that this will tremendously reduce the ignition 
temperature and enhance the burning rate of the propellants embedded with Al-Mg 
eutectic nanoparticles. 

•  The combination of reduced melting temperature and fusion enthalpy of the Al-rich 
Al-Mg eutectic alloy nanopowder is expected to reduce the two-phase flow losses and 
the aluminium agglomeration in the rocket plume which further reduces its 
traceability. In the light of this, the Al-Mg eutectic nanoparticles are proposed as a 
viable substitute for the pure nano-Al powders in solid rocket propellants and other 
high energy applications. 
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