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Abstract

Physical properties on solidification process deal with the internal atomic arrangement, 
named generally microstructure. The microstructure characteristic is essential for the 
properties of metallic materials, including binary, ternary or eutectic alloys. Thus, despite 
significant progress on microstructural evolution, numerous challenges still exist for 
revealing the internal structure to act synergistically with matrix alloy chemical compo-
nents. It is well known that the internal microstructure of an alloy controls and modifies 
the nature, interaction type and properties of the existing defects and final applications. 
At this point, necessary understanding of the correlation between equilibrium and non-
equilibrium effects, surface energy and chemical potential for the time of the structures 
formation is probably the key to solidification that can help to predict the complex of 
microstructures. For the case of multi-phase solidification, AlMgSi alloy involves thou-
sands of atoms, at the atomic scale, that transit to microstructures while the solid-liquid 
phase transformation occurs. This chapter outlines the role of solidification physics, and 
the atomic arrangement is believed to have in influencing mechanical hardness proper-
ties and degradation resistance.

Keywords: molecular interaction, microstructure, mechanical properties, mass 
transport, cooling rate

1. Introduction

The purpose of this chapter is to underlie the atomistic theory of AlMg alloy solidifica-

tion, emphasizing the aspects that relate to microstructure arrangement with the addition 

of silicon as microalloying. The microstructure characteristic is essential for the properties 
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of metallic materials, including binary, ternary or eutectic alloys. This is a problem of pro-

nounced  real-world significance as structural materials and also touches on some of the 
deepest issues of physics like the atomic transport, expressed here in terms that are acces-

sible to a beginner with no background in quantum mechanics. Even though the microstruc-

ture considered as a different atomic combination, it reduces to a mass equation [1]. With 

this in mind, the chapter treaties with the solidification physics, that related the maturity 
of physically based models of the understanding of AlMg and AlMgSi microstructures. The 

effect of magnesium as microalloying element has a pronounced solid solubility in alumi-

num, which develops a high precipitation-hardening capability [2]. The outstanding attri-
butes to AlMg base alloy can increase the motivation to substitute some ferrous alloys with 
lightweight aluminum-magnesium alloys. Some delicately balanced between experimental 
and the atomistic theory resulting in an alternative to develop technologies more competi-
tive as production process in order to reduce manufacturing costs and improve material 
performance.

To understand the importance of aluminum and aluminum alloys, their valuable engineer-

ing purposes in automotive parts and aircraft components associated with their lightweight 
should be mentioned [3–6]. In addition, the aluminum and their alloys possess a good per-

formance, castability, high mechanical strength properties and attractive resistance to elec-

trochemical surface degradation [7–9]. Many investigators describe these advantages as 

primary kind of light alloys since structural design, architectural applications, to combus-

tion engines, until tribological functions [10–13]. Recently, AlMg alloys have been applied 
as matrix alloy to composite materials due to their low density and high wettability [14, 15]. 

Therefore, the development of AlMg alloys is an important task, and the differences between 
binary, ternary and quaternary alloy make them an important research topic. Interest in 

the addition of silicon, iron, manganese and silver to the aluminum magnesium matrix 
is motivated by the marked effect on their corrosion resistance, mechanical behavior and 
atomic structure arrangement [16, 17]. Thus, despite significant progress on microstructural 
evolution, numerous challenges still exist for revealing the internal structure to act syner-

gistically with matrix alloy chemical components. Moreover, the alloying elements, such 
as silicon, exhibited unique structural arrangement that elevated the mechanical behavior 
reached by precipitation development occurred after thermal treatment [18]. The precipita-

tion in these alloys indicates a several transformation sequences from the supersaturated 
solid solution that relies on the fine precipitation, which strained the crystallographic planes 
of the Al-matrix and improving the specific Young’s modulus, high specific strength, yield 
and creep strengths [19–22]. The silicon and iron microalloying can refine microstructure 
of AlMg alloys due to the formation of Mg

2
Si and Al

2
MgC

2
 phases during the solidifica-

tion process [23, 24]. Interest in the addition of silicon and Sc to the aluminum magnesium 
matrix is motivated by the marked effect on their corrosion resistance, mechanical behavior, 
and atomic structure arrangement [25, 26]. Moreover, various averaging procedures suggest 
that AlMgSi alloys reach up to 90% extruded volume owing to an attractive combination of 
mechanical and chemical properties and an excellent response to surface finishing opera-

tions [27–29]. A gradual increase of extruded pieces continued growth by the 6000 series like 
in automotive, marine and architectural applications [13, 21].
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Thus, despite significant progress on microstructural evolution, numerous challenges still exist 
for revealing the internal structure to act synergistically with matrix alloy chemical  components 
[3]. It is well known that the internal microstructure of an alloy controls and modifies the 
nature, interaction type and properties of the existing defects and final applications [4, 25].

In general, the physical properties on solidification process deal with the evolution of micro-

structures during the solid-liquid phase transformation. Additionally, materials science 

involves the solid-liquid transformation in the manufacturing of metallic alloys, quasicrys-

tal synthesis, composite materials and the new entropic alloy systems [16]. Furthermore, the 

solidification process has been a key factor in modern technologies for obtaining casting parts 
that have been based on physical and mechanical treatment applied to alloys in a molten con-

dition [27, 28]. Therefore, the velocity solidification, related with solute partition, influences 
the solid-liquid interface atomic diffusion [9]. The internal atomic arrangement, named gen-

erally microstructure, as retrieved from the mold, is significant for new materials design and 
new manufacturing process. It seems that with the appropriate chemical alloying, a relevant 
material properties could lead to microstructural influences in the various properties includ-

ing friction and wear, thermal, mechanical, electrical, electrochemical degradation, corrosion 

resistance, formability and welding characteristics. This chapter outlines the role of solidifica-

tion physics, and the atomic arrangement is believed to have in influencing mechanical hard-

ness properties and degradation resistance.

2. Atomistic view of solidification of AlMgSi alloy

One of its main supposed advantages is the conceptual framework, which underlies the atom-

istic or microscopic theory of matter that conveys of atoms building micro and nanostructures 
[14]. In keeping with the research, continues a few practical examples to design engineer 
materials and devices on an atomic scale as well as to predict the structure of new mate-

rials; the flow of current through a nanostructure; their electrical, physical and mechanical 
properties and the rates of chemical reactions [11–13]. Here, we would like to highlight the 

microstructural arrangement that makes major contributions in the condensed matter to the 
development of crystalline and electronic structures correlated with wear life, resistance to 
reactive degradation, novel electronic devices and nonequilibrium entropic alloys [4, 15]. At 

this point, necessary understanding of the correlation between equilibrium and non-equilib-

rium effects, surface energy and chemical potential for the time of the structures formation 
is probably the key to solidification that can help to predict the complex of microstructures.

The multi-phase solidification of AlMgSi alloy or melting this material for small-scale physi-
cal phenomena to incorporate in large-scale models implies a multi-physics nature of solidifi-

cation [26]. The solidification process involves hundreds of thousands of atoms, related with 

their melting point, when nucleation initiates from solid-like regions, of the new phase, on 

the atomic scale until nuclei growths until a crystal during a large fraction of microsecond. 

In the formation of the solid phase, the surface energy contributes to instability of the liquid/

solid interface [27]. At atomic scale, the conjunction of crystals proceeds in a complementary 
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network of grains with heterogeneities like voids, vacancies, dislocations and evidently grain 
boundaries.

2.1. AlMgSi phases

Taking into account our microstructural data material, firstly the AlMg alloy with the phase 
diagram from Figure 1, their essential phase corresponds to the α and β solid phases of Al and 
Mg, respectively, and the presence of intermetallic phases. One can observe regions where

only liquid phase l exists,

only solid phase α exists,

liquid l and solid phase α coexist,

liquid l and solid phase β coexist,

both solid phases α and β coexist.

Taking this last one consideration into account, the growth in that region is also known as 

eutectic solidification. As we can observe in Figure 2, for AlMgSi alloys phase diagram, inter-

metallics and grain boundary phases as consequence of thermal treatment process are identi-

fied. As one of the principal, intermetallic appears with iron-containing intermetallic and MgSi 

Figure 1. Phase diagram (PD) of binary AlMg alloy [30]. When magnesium in AlMg alloy exceeds its solubility in 
aluminum liquid, the excessive magnesium will present as intermetallic phases.
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precipitates, which possess an ambivalent behavior, by the corrosion process for instance. 
Alloys on the ternary system AlMgSi with addition of Cu, Fe, Mn and Cr, among others, pos-

sess a precipitation sequence where supersaturated solid solution is rich in non-equilibrium 

vacancies that enable a passage through a series of metastable precipitates towards the equi-
librium, described as SSSS → clusters → β″ → β´→ β [5, 6].

3. Experimental details

The 6000 series aluminum alloys containing AlMgSi and AlMgSiCu alloys for such a system 
are assumed as potential lightweight and high-performance materials to be used in aero-

space-craft, aircraft and engine parts in automobiles industry [20]. It has to be accounted for 

these kinds of systems that the excess of Si in the simplest case induces a major precipitation 
of MgSi mainly to obtain higher mechanical strength. With this knowledge in mind, and not 

forgetting that the most important microstructures of solidifying castings underlies on crys-

tallographic arrangement interconnected with physical, chemical, and nature of the atomic 

alloying. In the face of these facts, the parameters developed for the solidification sequence 
of AlMgSi alloy have been the cooling rate, chemical nature and concentrations of microal-
loying elements. Fundamental considerations were taken throughout the molten AlMg liquid 
solution in order to vary the contact time between the silicon powder added to the aluminum-
magnesium molten alloy.

Figure 2. Schematic ternary phase diagram of AlMgSi alloy [31].
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3.1. Melting and solidification process details

Either way, the binary and ternary matrix alloys were processed by stoichiometric ratio of 
commercially accessible elemental aluminum and magnesium blocks with 99.8 ± 0.1% purity 
and 10.0 ± 0.02 mm3 size. The heating and melting elements occur inside of alumina cru-

cible kept in a resistance electrical furnace at 720 ± 5.0°C. This temperature was associated at 

overheated of the molten AlMg alloy where an interesting and basic oxidation reaction may 
appear as well as hydrogen dissolution.

With the purpose that compensates certain oxidation losses, two experimental arrangements 
were considered. The first one was taken in excess 3 wt.% Al and 1.5 wt.% Mg to the required 
quantity of these constituents. The second consideration was a flux mixture of ionic liquid 
highly concentrated over the crucible to avoid the contact between metallic melt with the 
environmental atmosphere and the chemical oxidation. Whiskers of silicon carbide with 

small diameter of  5.0 ± 0.01 mm were preheated at 300°C and integrated at melt AlMg binary 
alloy at 1200 rmp via refractory feeder tip directly into the alumina crucible and then was 
stirring 5–7 minutes for an improved homogenization. In order to have a major role in con-

trol of solidification process, the AlMg alloy, firstly, and the ternary AlMgSi melt, secondly, 
have been poured into a cylinder-shaped iron mold at 100 ± 10°C and superheated above the 
aluminum liquidus temperature. Stringent conditions, such as high pressures, high vacuum, 
well-controlled atmospheres or long fabrication times, are not required. Contrary to previ-
ous work, the alloys are manufactured under pressure in a squeeze casting [9] to incorporate 

ceramic particles into aluminum melt generating a homogenate material. From these data, 

we can draw that our method resolve difficulties like silicon wetting, sinking or floating and 
viscosity of molten AlMg alloy added with silicon. In addition, our procedure is low cost and 
relatively readily available [12]. As a consequence, better mechanical properties, microhard-

ness Vickers (MV) particularly, can be achieved by a wider range of silicon addition [13]. This 

lead on behalf of different solubility limit, associated at each alloying element that is present 
in the local distribution.

The nominal chemical composition of tested AlMg and AlMgSi alloys obtained by atomic 
emission spectrometry with a Spectrolab Lax M8-Windows is given in Table 1. Here, we 

would like to highlight certain delicately stoichiometric alloy compositions related to this 

study with regard to the trace or residual levels of certain chemical elements to achieve a 
desired set of properties in high-performance AlMg and AlMgSi alloys. The most important 
recent studies deal with the affinity to certain chemical elements like traces of Fe and P to act 

Material alloy Chemical elements

Magnesium Silicon Aluminum Trace elements

AlMg binary 9.58 ± 0.13 0.11 ± 0.01 Bal. 0.79 ± 0.020

AlMgSi ternary 9.71 ± 0.16 2.3 ± 0.017 Bal. 0.81 ± 0.011

Table 1. Chemical composition in wt.% of AlMg and AlMgSi alloys determined by coupled plasma atomic emission 
spectroscopy.
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synergistically to the base alloying elements enhancing the effects of basic alloy constituents. 
For AlMg alloys, β-Mg

17
Al

12
 is an essential phase that plays an important role in strengthening 

crystal boundary. More recent work [28], however, suggests that structural stability mecha-

nism is also explained through the electronic structures. Additional parameter to the trace 

elements on the alloy phases relates with surface energy in nucleation of the new phase; it is 

well known that it exerts influence on solubility of components in the binary solutions and 
contributes to segregation.

3.2. Metallographic analysis

Surface metallographic preparation of the casting AlMg and AlMgSi ingots, cooled at conven-

tional solidification velocity, was obtained for revealing the internal structure arrangement of 
AlMg and AlMgSi alloys. The physical sectioning at small cylinder specimens was cut with a 
diamond wheel cutter to gain valuable data about alloys characteristics. Nevertheless, because 
of the limitation of experimentally detailed solid-liquid interface conditions, the geometry of 
precision parts close to wall mold produce an accurate model of reality. Due to the surface 

energy in melts or liquids not varying with direction on the interface, however when the sur-

face of a liquid increased, some atoms come to the surface from the bulk in order to maintain 

the surface characteristics. For the case of solids, the surface energy differs when the surface is 
increased, like as the alloys are rolled, as at normal temperatures the atoms mobility is limited 

[30]. Although the published studies lack data on metallographic and energy surface, this rela-

tionship is feasible to resolve the comparative surface energies among crystalline solid phases. 
From this perspective, the as-cast specimen was carefully encapsulated in epoxy resin, and a 
basic technique was performed by grinding the samples with SiC from # 400 to # 2000 emery 
papers and mechanically polished with 1 μm Al

2
O

3
 power suspension solution in distilled 

water, followed by etching in Keller’s reagent. To prepare the chemical reagent solution, 5 ml 
of HNO

3
 was mixed with 3 ml of HCl, 2 ml of HF and 190 ml of distilled water; the etched was 

done at room temperature for 30–50 s. Chemical reagent acts on surface sample with remark-

able morphology definition due to the energy relative to the surface energy. Taking to account 

what precedes, the relationship energy fluctuates with temperature. For that case, the tempera-

ture coefficient of surface energy is associated to the surface entropy, which varies from entropy 
in the bulk of the metallic material. The surface entropy is commonly positive. This produces 
the temperature coefficient of surface energy typically negative. Quantitative and qualitative 
metallography has significant contributions for the physical surface energy variable.

3.3. Microstructural observations

The morphologies and arrangement of crystalline phases of the as-cast binary AlMg alloy and 
ternary AlMgSi alloy samples were examined using scanning electron microscopy (SEM) Jeol 
5900 with an accelerating voltage of 25 keV. From Leica line-scanning, results of cross section 
were inspected by electron dispersive spectroscopy (EDS) in order to get the chemical micro-

analysis and X-ray chemical mapping. A specimen was sectioned at superior, average and 
inferior part for its chemical and microstructural analyses. These results represent the average 
of five different analyses in different regions of the surface samples.
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In order to know the crystal structural investigation of AlMg and their alloying, a short wave, 
monochromatic and collimated beam using copper tube of Kα line radiation: λ = 0.15406 nm 
of X-rays directed on the carefully polished and cleaned surface of the alloys by a Siemens 
5000 X-ray diffractometer. The angle of incidence, θ, is observed, as Ι is the intensity of the 

reflected beam graphite monochromator. The crude results are usually presented as a plot of I 
vs. (sinθ)/λ, where λ is the wavelength of the incident beam recorded from 5 to 120° with step 
size 0.02 and 0.6 s time per step.

4. Results and discussions

In order to understand the microstructure evolution of AlMg and AlMgSi alloys, we need to 
analyze their internal structure throughout the growth of complex dendrite. The dendritic 
structure is an arrangement of primary and secondary arms, where the cavities between the 
dendrite branches were occupied by eutectic-type phase. As well as simulations, microstruc-

ture [32] reveals that the side branches are created by the development of instabilities induced 
on the tip of the primary branches. Consequently, the morphology of each phase formed 
has significant effects on the mechanical and material properties of cast alloys. In addition, 

provide support for a wide range of structural parameters, we may know the phases and 

transformations to figure out a new emerging uses that provide the AlMg and AlMgSi alloys, 
which outperform the competition in demanding automotive applications.

Figure 3 shows the chemical composition by EDS of aluminum, magnesium and silicon in 
the grain boundary regions, which could be related with the diffusion solutes into the matrix 
alloy. Hence, the chemical distribution of solute magnesium and silicon is vital for develop-

ment and verification of atomic solidification process. The most important effect of nature 
and quantity of alloy elements influences the morphology of a solidification reaction that 
took place under cooling of a solid transformation; moreover, based on chemical composition, 
impurities and their influence in the melt nucleation state are very complicated with signifi-

cantly crystallization conditions.

Analyzing the solidification structure using charge materials, melting process and cooling 
conditions near to practical foundry situation held a certain time that included the rela-

tionship in the liquid-solid transition region, distribution of chemical compositions, iden-

tification of metastable system or description for forming temperature and composition 
solidification microstructures. Throughout the atomic content in each region of phases, the 
alloy provides the chemical influence on corrosion and mechanical properties. In addition, 
inoculation and even addition of trace elements are associated at thermodynamics reactions 
on solid and liquid region, which is reason why the EDS analysis is required. The exact 
significance of nature and content of magnesium and silicon is reveled in the α-Al solid 
solution with atomic magnesium and silicon dissolved on the gray dark zone. Therefore, 
this type of alloy obtains solutes like magnesium and silicon distributions associated with 

the experimental alloy designed and the limit of solubility based on the equilibrium AlMg 
phase diagram.
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The characteristic structural features under the same basic parameters, such as casting tem-

perature and conventional solidification rate, that microstructure features show an equiaxed 
dendritic morphology observed in a SEM field of back-scattered electrons (BSE) for materials 
like AlMg and AlMgSi alloys. The microstructure of crystal growth morphology demonstrates 
the absence of segregation or impurities, and the images of sample surface by secondary elec-

tron image (SEI) shown in Figure 4 did not show internal fissuring, associated with abnor-

mal microsegregation. The electron interactions with the AlMg and AlMgSi atoms produce 
information about and interdendritic region that can be seen in Figure 4. In past years, many 

studies have reported that microstructure is strongly related with parameters of solidification 
route, especially by the solidification rate and chemical nature of alloying. In addition, less 
distance between the walls of mold increase the cooling rate and modified the structure until 
fine microstructure and less segregation phases. In addition, Figure 5 shows the crystal struc-

ture of AlMg and AlMgSi alloys, which are in agreement with phases reported in equilibrium 
phase diagram.

In this context, as shown in Figure 3, the images by electron microscopy revealed that magne-

sium and silicon precipitate to a higher extent of interdendritic region. Generally, a uniform 
distribution of magnesium in the aluminum matrix is observed in the atomic X-ray mapping. 

Figure 3. Chemical composition from the AlMg matrix (a) associated with upper graphic bar and interdendritic region 

(b) that corresponding to lower graphic bar.
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Figure 4. Microstructure of binary AlMg alloy, which was formed by AlMg solid solution (SS) rich in aluminum with 
dendritic microstructure and revealing the interdendritic morphology.

Figure 5. XRD patterns of the AlMg and AlMgSi alloys.
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In contrast, silicon is commonly identified in interdendritic regions as shown in Figure 3. The 

structure of crystalline solid, from the phase diagram of AlMgSi ternary alloy [21], shows 

the content of magnesium and silicon as solid solute alloying in the aluminum-rich corner. 

It seems, therefore, that solutes comprise a solid solution in aluminum solvent matrix at a 
specific extent. In this respect, the high concentration of magnesium and silicon could made 

that the diffusion as interchange of atoms in limit of solid solubility produced precipitation 
of Mg

2
Si phase together with a lower concentration of silicon. However, despite all these met-

allurgical characterizations, few works concerning the mechanical behavior of these alloys 
can be found like the research carried out previously [15], where the motion dislocations 

generated slip in a solid by the motion of dislocations possessing internal strains. However, 
it should be born in mind that adequate incorporation of grain refinement into the alumi-
num matrix rise in precipitation due to two physical phenomenal suggestions. The first one 
deal with rapid heterogeneous nucleation of precipitates, whereas the second one relates an 

increased rate of dislocation generated near particles added. Characteristically, alloys with 
precipitates on matrix and refine microstructure age hardening increase the main internal 
strain and hardness is improved. A further discussion of this fascinating phenomenon of pre-

cipitation will be addressed to the corrosion performance, given the fact that the presence of 
phases along the AlMg matrix may expect a galvanic couple decreasing the corrosion resis-

tance in contact with electrolyte.

5. Conclusions

Summarizing the chapter, it may be stated that numerous phenomena assist solidification 
process.

A brief mention of microstructure influence has been described in relationship with AlMg 
and AlMgSi alloys.

The chemical and microstructural details concerning the concentration and distribution of 

solutes in the unmodified aluminum base alloy were exposed.

Microstructural evidence showed the distribution of phases based on low-cost solidification 
and basic casting route.

The AlMg and AlMgSi alloys presented Al-rich solid solution matrix with interdendritic 

regions rich in magnesium and silicon for AlMgSi.
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Acronyms and Abbreviations

PD Phase diagram

SEM Scanning electron microscopy

EDS Electron dispersive spectroscopy

MV Microhardness Vickers

SS Solid solution

XRD X-ray diffraction

BSE Back-scattered electrons

SEI Secondary electron image
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