
i 
 

CONTAINERLESS MELTING AND CHARACTERIZATION OF CAST  

MAGNESIUM AZ31-B ALLOY AT LOW SUPERHEAT IN THE  

MAGNETIC SUSPENSION MELTING PROCESS 

 

 

by 

 

NATHAN WAYNE RIMKUS 

 

 

A THESIS 

 

 

Submitted in partial fulfillment of the requirements 
for the degree of Master of Science in the 

Department of Metallurgical and Materials Engineering  
in the Graduate School of  

The University of Alabama 
 

 

TUSCALOOSA, ALABAMA 

 

2011



i 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright Nathan Wayne Rimkus 2011 
ALL RIGHTS RESERVED 



ii 
 

ABSTRACT 

 This study deals with containerless induction melting and characterization of cast 

magnesium AZ31-B alloy at low superheat via the Magnetic Suspension Melting (MSM) 

process. The operating conditions for melting and confinement of a 63.5mm molten column of 

the alloy with respect to current and frequency were found to range from 770-830 Ampere and 

3552-3600 Hz, respectively. The macro/micro-structure, oxide entrapment, segregation of 

alloying elements, and the formation of intermetallic precipitates in MSM cast AZ31-B alloy in a 

unidirectional bottom chilled ceramic mold were investigated. For a baseline comparison, the 

alloy was also cast using conventional methods at a superheat of 60oC.  

 Analysis of cooling curves showed that the cooling rate during solidification is essentially 

constant at about 1oC/s. The growth velocity, V, for MSM casting produced at low superheat is 

almost constant during solidification, around 1 mm/s, while the thermal gradient, G, decreases 

with increasing solid fraction from 2.07 oC/mm at f=0, to 1.10 oC/mm at f=0.5. In contrast, V for 

castings produced at high superheat is four times smaller than that for low superheat castings--

the conditions that favor equiaxed dendritic solidification morphology. 

Metallographic examination of the MSM alloy cast at low superheat shows no evidence 

of oxide formation. It was also found that casting at this low superheat produced a fine globular 

grain structure compared to the equiaxed dendritic structure in conventionally cast alloys at high 

superheat. The average grain sizes for 5 and 8oC MSM produced castings were 83.96 and
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94.81μm, respectively. The 60oC superheat castings were found to have a much larger average 

grain size of 334.42μm. Elemental segregation analysis was performed and showed the presence 

of primary-α Mg and secondary-α Al rich Mg phases, along with γMg17Al12 and Al8Mn5 

intermetallic phases. For the globular structures, the intermetallic phases were found to form in 

the secondary-α phase along the grain boundaries. Comparatively, the dendritic entrapment of 

the secondary-α phase was found to lead to intermetallic phase formation in the matrix of the 

grains.  
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1. INTRODUCTION 

In recent years, there has been considerable interest in the use of cast magnesium 

automotive components in vehicles to reduce weight and improve fuel efficiency [1,2].  Cast AZ 

and AM series magnesium alloys are currently being used in low-strength applications such as 

steering wheels, instrument panels, air intake systems, and tank covers [1]. However, the use of 

magnesium castings for structural automotive applications such as cross car beams, seat frames, 

steering column brackets, vehicle front end structures, door closures, engine cradles, and power 

train components [3-7] has been rather limited due to contamination of the alloys with oxides 

during melting [1,8-10], macro/micro-segregation [1,8,9] and precipitation of intermetallic 

phases, such as γ-Mg17Al12,in the matrix and at the grain boundaries, all of which are known to 

be detrimental to the mechanical properties of these alloys [1,2,11,12].  

The problem of oxidation and contamination of the metal during melting in conventional 

melting systems is due to the high reactivity of magnesium. The current approach to overcome 

this problem is to use a cover flux and/or a protective gas atmosphere such as SF6 or CO2-SF6.  

While these practices prevent magnesium burning, they do not eliminate oxidation of the melt 

from the furnace atmosphere, only minimize it [13]. Moreover, melting in a steel crucible 

contaminates the melt with iron, which adversely affects grain size of the cast alloy resulting in 

diminished mechanical properties [14].   
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The problems of segregation and the formation of intermetallic phases during 

solidification at the typical cooling rates used in permanent mold and sand castings cannot be 

avoided. The grains are essentially dendritic, causing segregation and entrapment of the alloying 

elements, such as aluminum in AZ and AM series alloys, between secondary dendrite arms and 

along the grain boundaries which leads to the formation of intermetallic phases [11,15].  Efforts 

to minimize the effects of segregation and intermetallic precipitates on the mechanical properties 

have been focused on grain refinement of the alloys. The addition of various grain refiners such 

as carbon and zirconium on the final grain structure has been extensively investigated [12,14-

16]. These studies showed that the use of grain refiners can effectively reduce the grain size to 

about 25μm which is generally desirable to improve mechanical performance of the cast material 

[12,15]; however, solidification morphology and dendritic structure of the cast alloys are 

unchanged. 

Due to these difficulties, any effort to improve the mechanical properties should involve 

the development of a new melting technology that completely eliminates oxidation and 

contamination of the melt, and the control of microstructure of the castings. One approach is to 

change the solidification morphology from dendritic to a globular one, which can be achieved by 

casting at low superheat [17-21].  

The Magnetic Suspension Melting system (MSM) developed at the University of 

Alabama is an emerging technology for melting and casting reactive metals [22].  It is an 

integrated containerless induction melting and casting process.  Melt contamination is 

completely eliminated by confining and supporting the molten metal in space by electromagnetic 

forces associated with the induction field as shown in Figure 1. These forces also cause stirring 

of the molten pool, a key requirement in producing a homogeneous melt with uniform 
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temperature. Furthermore, it offers precise control of melt temperature and is capable of pouring 

metal at very low superheat, around 6oC, which was found for Al-Cu and Al-Li alloys to produce 

fine grained globular microstructures [19-21]. 

  

 

Figure 1  Schematic Sketch of the Magnetic Suspension Melting Chamber 

In the MSM system, the charge is melted from top to bottom in a carefully controlled 

manner through movement of the induction coil.  The coil movement is controlled via a laser 

tracking system which drives the coil such that the base is even with the liquid-solid interface 

throughout the melting process as shown in Figure 2.  Pouring occurs when the interface reaches 

the charge bottom, with the melt pouring through the hole in the chill block into the mold below. 
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Figure 2  Schematic Sketch of the Magnetic Suspension Melting Process 

With the goal of developing a new melting and casting process for structural magnesium 

castings, this study deals with the application of the MSM process to produce oxide free cast 

metal. The purpose of this study is to examine the effect of superheat on the grain structure and 

solidification morphology of cast magnesium alloys. In this study, AZ31-B alloy was used as the 

model magnesium alloy. The transition of solidification morphology was investigated at 5, and 

8oC superheats and compared with castings produced at the high superheat of 60oC used in sand 

and permanent mold casting processes. Through the course of this work, a procedure for 

successful confinement and melting of this magnesium alloy at low superheats in the modified 

MSM system will be presented.  Optical microscopy, scanning electron microscopy (SEM), and 

electron probe microanalysis (EPMA) were used to examine the grain structure (grain size and 

solidification morphology), as well as the microstructure of the cast magnesium alloys with 

emphasis on micro-segregation and formation and distribution of intermetallic phases at grain 

boundaries and within the matrix. 
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2. LITERATURE REVIEW 

 The mechanical properties and corrosion resistance of cast magnesium alloys depend on, 

the rate of solidification, casting practices, and the alloy composition. These factors influence 

nucleation and growth kinetics of the solid phase, which determine the grain size, solidification 

morphology, segregation of alloying elements, and precipitation of intermetallic phases in the 

matrix and along grain boundaries [18].  

2.1 Nucleation Mechanisms 

Grain structure is influenced primarily by the nucleation rate [17-19,23]. There are three 

mechanisms for nucleation; namely homogeneous, heterogeneous, and dynamic nucleation. 

Homogeneous nucleation is dependent on the extent of undercooling of the melt which is related 

to the rate of cooling during solidification, while heterogeneous nucleation is affected by the 

cleanliness of the molten metal and the addition of grain refiners. Dynamic nucleation is 

essentially caused by fragmentation of dendrite tips at the solidification front.  

2.1.1 Homogeneous Nucleation  

Homogeneous nucleation is the formation of solids within the melt without the aid of 

foreign materials. The energy of this newly formed cluster is a combination of the energy 

decrease from formation of the solid phase and the energy increase from creating a new interface 

[24,25], and is given by: 

∆ ∆ 4   [1] 
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where ∆Gv is the free energy per unit volume, and σ is the surface tension, or interfacial energy 

per unit area. The first term corresponds to the energy change due to the formation of solid phase 

in the supercooled liquid, and the second term shows the surface energy of the newly formed 

nuclei. Since the ΔG must be negative for nucleation to occur, the critical radius of the nuclei is: 

∆
  [2] 

 The rate of homogeneous nucleation, which is a key parameter for determining the size of 

the grains in a solidified metal, is given by [24,26,27]: 

 ∆ ∆
  [3] 

where ω is related to the atomic oscillation frequency, 
∆

 represents the kinetics of 

atomic migration for the activation energy, ∆Gm, and 
∆

 is the volumetric energy of 

formation of stable nuclei. This balance between the kinetics of atomic migration and the 

thermodynamic driving force lead to a maximum nucleation rate at finite undercooling, see 

Figure 3 [26,28]. 

 

Figure 3  Nucleation rate at Temperature T with respect to ∆Gm and ∆G*[28] 
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2.1.2 Heterogeneous Nucleation 

Heterogeneous nucleation occurs more readily than homogeneous nucleation due to the 

lower energy requirement to form a nuclei on a solid surface [24,25], such as impurities in the 

bulk liquid like intermetallics or at the walls of the casting mold, see Figure 4. The number of 

heterogeneous nuclei is directly related to the number of foreign solid phases in the liquid. There 

are several approaches to increase the rate of heterogeneous nucleation during solidification to 

produce fine grain structures. These include inoculation of the liquid metal and fragmentation of 

dendrites by stirring [27]. 

 

Figure 4  Energy required for nucleation in a liquid [29] 

2.1.3 Dynamic Nucleation   

Dynamic nucleation refers to the formation of nuclei by the fragmentation of solidified 

grains. This is the basis for various grain refinement methods [30-36]. There are two proposed 

mechanisms: the big bang and convective crystal fragmentation mechanism [27]. The big bang 

mechanism explains the columnar to equiaxed transition during solidification. In this mechanism 

the columnar grains forming during the initial stages of solidification are fragmented by the 

ripening and local remelting of columnar dendrites. The principle behind this mechanism is that 
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as the solidifying material becomes more solute rich, the melting point is lowered causing the 

trunks of dendrite tips to melt and be carried away by the fluid flow eventually acting as a new 

heterogeneous nucleation site. Experiments by Herlach et al. [36] based on Ni-Cu alloys showing 

this mechanism. The fragmentation was indicated by sphere-like particles in the wake of 

dendritic microstructures. This finding suggested that the undercooled melts initially formed a 

coarse dendritic structure and subsequent supersaturation of the alloying element at the dendrite 

trunk during growth caused the structure to subsequently fragment and form small equiaxed 

grains [30-36].  

The second mechanism is caused by mechanical shear forces on the dendrite tips at the 

solidification front [37]. The shear forces are generated by the flow in the melt induced by 

mechanical or ultrasonic stirring. It was initially thought that fluid flow in the melt caused this 

mechanical fragmentation; however, studies by Paradies et al. [37] of the flow velocity on grain 

fragmentation revealed that the mechanism was actually due to the temperature and solute 

gradients generated by the fluid flow [37,38]. While the solute rich regions are the mechanism 

for dendrite fragmentation, Campanella et al. [38] showed that in solute rich alloys the 

fragmentation occurs more readily than in solute lean alloys resulting from the density of the 

mushy zone in the melt and the permeability of the liquid in the dendritic structure. Later, it was 

suggested by Li et al. [30] that while for middle range undercooling the fragmentation was a 

result of solute entrapment, for large undercooling fragmentation was attributed to internal 

stresses from shrinkage during rapid solidification. 

2.2 Growth Kinetics 

 Growth describes the evolution of the grain structure over the course of solidification 

[25]. The speed and stability of grain growth during solidification are major factors in the 
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resulting structure at the end of solidification [25,39]. The growth of a nucleus can happen in two 

manners depending on the solid liquid interface, continuous growth, and lateral growth [25,27]. 

If a diffuse interface is present then the growth is said to be continuous. This consists of random 

incorporation of atoms on the surface of the solid. The growth velocity, V, for continuous growth 

can be written as: 

Δ   [4] 

Δ
  [5] 

where ∆Tk is the kinetic undercooling required for atom attachment, μo is the growth constant 

with a correction factor for jump distance, λ,  in the liquid and frequency of jumps, vls, across the 

liquid solid interface [25,27].  

 Lateral growth results from a planar solid liquid interface. This growth has two proposed 

mechanisms, growth by screw dislocations and two-dimensional nucleation. Growth by screw 

dislocation is the attachment of atoms to the step formed by a screw dislocation [25,27]. The 

growth velocity is dependent on the kinetic undercooling squared as: 

Δ    [6] 

Δ

  [7] 

where g is a diffuseness parameter and vm
 is the molar volume.  
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Two-dimensional growth velocity is described as an exponential relationship to the kinetic 

undercooling as: 

    [8] 

where μ is related to the latent heat of fusion and the diffuseness parameter [25,27].  

2.3 Microstructure and Morphology 

The microstructure and segregation of cast alloys depends on the solidification 

morphology, which is primarily influenced by the growth velocity, V, and the temperature 

gradient, G, at the solidification front, as shown in Figure 5. As seen in this figure, there are three 

basic solidification morphologies; namely planar front, columnar, and dendritic solidification. 

Planar front solidification generally occurs at low solidification rates and at high thermal 

gradients while dendritic solidification occurs at much lower thermal gradients.  

Figure 5 also shows the various grain morphologies that can be obtained by varying G 

and V. It can be seen that with a 45o move from the lower left to the upper right (G/V is constant) 

finer grains can be produced without changing the dendritic morphology. For typical die and 

sand castings of magnesium alloys, the solidification rate is generally high producing an 

equiaxed dendritic structure. 
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Figure 5  Schematic summary of single-phase morphologies [40] 

A fourth solidification morphology, commonly referred to as globular solidification, has 

been recently observed in castings at high V and low thermal gradient G. These conditions 

correspond to the transition from plane front to dendritic solidification, and the grains under very 

low G/V are essentially equiaxed [17-19,23,41]. This morphology generally occurs in castings 

either produced at low superheat [17,19,20], or with intense stirring in the liquid [37,38]. 

Many models based on growth ratio expressions have been developed to estimate the 

grain size and shape during solidification [23,42]. For globular morphologies these models 

typically consider two dimensional solidification though expansions into three dimensions have 

been done [23]. The principle requirement in these models is a low thermal gradient in the solid 

region of the grains to achieve the low thermal gradient necessary for stable growth seen in 

globular structures [23,25,40,42] . Instability is caused as a result of regions of the solidifying 

interfaces undercooling approaching the melting point of the material and causing other regions, 
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typically corners, to advance further than the internal faces of the solidifying front. The 

instability in under cooling causes protuberances to form and continue growing forming dendrite 

arms [20,25,43,44]. 

2.4 Grain Refinement of Magnesium Alloys 

2.4.1 Grain Refinement by Inoculation 

Grain refiners are generally added to increase the number of heterogeneous nuclei and 

hence the nucleation potential of the melt [24]. For Mg alloys it has been found that the 

effectiveness of various inoculants is dependent on the alloy composition [24]. This can be seen 

with zirconium addition which has been demonstrated as a very effective grain refiner for 

magnesium alloys that do not contain aluminum, manganese, or silicone due to the formation of 

zirconium intermetallic phases with these alloying elements [16,45]. Initially it was thought that 

for effective grain refinement, zirconium addition had to approach the peritectic composition of 

0.6wt% [45], however, studies by Qian and Das [45] showed that refinement could occur at 

lower zirconium compositions of 0.2-0.3% about half the peritectic composition . In further 

studies by Saha et al. [16] it was found that optimal grain refinement occurred with zirconium 

content as low as 0.1wt%.  For Mg-Al-Zn (AZ series) alloys, the addition of manganese to the 

melt produces solid Al-Mn phases which could act as heterogeneous nucleation sites. However, 

works by Laser et al. [46] have shown the ineffectiveness of Mn as a grain refiner due to atomic 

structure mismatch to the hexagonal close-packed (HCP) structure of magnesium.  

Carbon inoculation is the most effective grain refinement method for Mg-Al alloys 

[12,47]. It is performed by adding carbon containing compounds to the melt such as SiC, C2Cl6, 

CCl4, CaC2, and Al-Ti-C to produce solid carbides as heterogeneous nuclei [15,47-49]. Studies 
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on SiC additions by Easton et al. [48] showed that while the reaction of SiC with Al to form 

Al4C3 nuclei improved grain refinement, a secondary reaction to AlCMn3 in the presence of 

manganese hindered the grain refinement due to structural mismatch. The formation of Al4C3 in 

the melt was thought to be the refining mechanism until recent study by Huang et al. [47] 

revealed that the formation of ternary carbide Al2MgC2, which has a closer crystal structure to 

magnesium, acts as the heterogeneous nucleation site. 

2.4.2 Solidification at Low Superheat 

Casting at low superheat is another approach for grain refinement of metallic alloys. It 

provides effective control of the thermal gradient in the melt, which affect the grain structure 

[17-21,43,44]. Low thermal gradient enhance the stability of planar front solidification resulting 

in globular structures [17,18]. This globular structure results from the grains being under a 

certain critical radius, causing the solidification front to remain stable. The critical radius that a 

sphere becomes unstable to mode m is modeled as: 

1   [8] 

where 
Γ

Δ
 is the radius of the critical nucleus [24]. Assuming m=4 A. Badillo et al 

[50,51] showed that R*can be represented in terms of solidification rate  and undercooling ∆T 

as: 

96
∆

  [9] 

In addition to the low thermal gradient the whole melt is essentially undercooled at the 

same time causing copious heterogeneous nucleation within the entire melt [18]. This increase in 
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nucleation rate allows for grain refinement without the addition of grain refiners [18,43,44]. This 

transition in structure and grain refinement has been seen by Liu et al. [52] with low superheat 

castings of super alloy K1469, where it was shown that a reduction in pouring temperature of 

40oC resulted in a 95% reduction in grain size, along with a structural change transitioning to a 

globular structure.  This finding was also shown by El-Kaddah and co workers [19-21,43] in 

solidification of Al alloys cast at superheats of 8 and 4oC where castings showed a uniform 

globular structure with grain size reduction of 85%. 

2.5 Microstructure of Cast AZ Magnesium Alloys 

 The microstructure and performance of cast materials depend on the alloy composition. 

The most common magnesium alloys are AZ91 and AZ31. The main alloying elements in AZ 

magnesium alloys, which are the subject of this study are Al and Zn. These elements have 

specific effects on the performance of the alloys. The numbers in the series denote how much 

aluminum and zinc are in the alloy, for example AZ31 has 3 wt% aluminum and 1 wt% zinc. 

Zinc was added to the AZ series alloys for its solution strengthening properties as it can 

substitute readily for aluminum [4,53]. It has been shown experimentally by Celotto et al. [54] 

that zinc stays in solid solution for magnesium castings, and also substitutes some aluminum in 

the γ-Mg17Al12 intermetallic phase forming Mg17.1Al11.4Zn0.5. Manganese was added to AZ91 

alloys to improve corrosion resistance [55-57]. However, aside from corrosion resistance, studies 

by Wang et al. have shown that the Al-Mn intermetallics do not have a significant influence on 

mechanical properties [55,57].  

 The ternary phase diagram of Mg-Al-Zn shows that up to 4% zinc can be present without 

deviating from the binary Mg-Al binary diagram [18]. Figure 6 shows the binary phase diagram 

for aluminum and magnesium. This figure shows that solid solution solidification takes place at a 
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composition of 3wt% Al in AZ31-B. During solidification the enrichment of aluminum will enter 

into a secondary γ-Mg17Al12 +α-Mg phase composition when the aluminum content exceeds 

12.9wt% at 437oC and 2.9wt% at 200oC, the solubility limit of aluminum in magnesium [53].  

 

Figure 6  Phase diagram for Al-Mg [58] 

2.5.1 Segregation of Alloying Elements 

 Segregation of alloying elements is dictated by solidification morphology. At high 

cooling rates, where the structure is dendritic, solidification of solid solution magnesium alloys 

starts with nucleation of the primary α-Mg phase. Subsequent dendritic growth causes 

enrichment of the inter-dendritic regions with alloying elements, such as Al in AZ-Mg alloys, 
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resulting in divorced, or partially divorced, eutectic (Mg17Al12) between dendrite arms 

[17,18,25,40,53]. 

 At very low solidification rates the solidification is planar front, where the solute rich 

regions are pushed continually to the grain boundaries where grains impinge each other. The 

solute rich liquid between the grains then forms the intermetallic phases. The result is that 

intermetallic phases are only found along the grain boundaries [25,26,40]. This is also the solute 

ejection behavior found in globular morphologies [17,18,25,40]. 

2.5.2 Precipitation of Intermetallics and Secondary Phases 

It has been shown that the final mechanical properties in magnesium alloys are largely 

determined by the distribution of intermetallic precipitates [18,39,59,60]. Two types of 

precipitation occur in aluminum-magnesium alloys, discontinuous precipitation (DP) and 

continuous precipitation (CP). DP is the cellular growth of alternating plates of secondary phase 

and near equilibrium phases at high angle boundaries, leading to the formation of a lamellar 

structure along the grain boundary. CP forms in all remaining regions of the supersaturated 

matrix [53].  

Typical microstructures in AZ series magnesium alloys have been shown to consist of α-

Mg solid solution and divorced eutectic lamella around a massive Mg17Al12 phase along the grain 

boundaries [18,53,61]. In dendritic structures it has been shown that between the α-Mg dendrite 

arms the darker regions previously thought to be the eutectic are actually a secondary-α 

aluminum solute rich regions amounting up to 3wt% aluminum the maximum solubility of 

aluminum in magnesium at low temperatures [53,60]. Due to the dendritic entrapment of this 
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secondary-α phase, formation of the intermetallic phases happens between the dendrite arms 

causing dendritic entrapment of the intermetallic phases in the matrix [4,11,17,18,40]. 

Problems associated with the Mg17Al12 phase are low creep resistance at elevated 

temperature 120oC caused by the low melting point intermetallic Mg17Al12 phase [57,61,62]. 

Continuous cooling after solidification leads to the formation of laminar precipitates from the 

supersaturated eutectic α-solid solution [53,61]. The laminar precipitates are formed by grain 

boundary movement in a transformation known as cellular precipitation where the grain 

boundary containing an aluminum rich secondary-α phase goes to an α-Mg + γ- Mg17Al12 

lamellar structure [26,53]. In addition to the creep failure associated with the Mg17Al12 phase it 

has been shown that crack propagation in superheated alloys occurs between the coarse dendrite 

arms typically along the Mg17Al12 interface [18,41]. 
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3. EXPERIMENTAL TECHNIQUE 

 

3.1 Experimental Setup and Apparatus 

 The Magnetic Suspension Melting System (MSM) was developed at the University of 

Alabama, and has previously been applied in the processing of non-reactive alloys.  However, in 

order to successfully melt and cast magnesium alloys, some modifications to the existing system 

were required.  The resulting apparatus, shown in Figure 7, is comprised of an induction coil and 

power supply, a melting compartment, a casting chamber, a laser tracking system, a combined 

vacuum and inert gas flow system, and a data acquisition system.   

 

Figure 7  Sketch of the MSM experimental setup 
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3.1.1 Induction Coil and Power Supply 

 A properly designed induction coil is the most critical component of the MSM system.  In 

fact, a combination of two opposing coils is used to produce opposing magnetic fields that heat, 

stir and support the melt.  Exact coil configuration and operating conditions are dependent upon 

the alloy to be melted.  For this experiment, a coil with 10 turns in the configuration shown in the 

Figure 8 was used in conjunction with an Inductotherm 125 VIP Powertrak power supply. 

 

Figure 8  Sketch of the MSM induction coil design 

 The operational principles of the MSM system require the coil to closely track with the 

advancing liquid / solid interface.  Therefore, the coil inner diameter was made large enough to 

surround the melting compartment, allowing free motion during melting.  The coil is supported 

by a cross bar whose height is precisely altered through motorized control of threaded shafts.  

Motion may be controlled manually, or automatically, as discussed later.  
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3.1.2 Melting Compartment 

 Figure 9 shows a photograph of the melting chamber and a sketch of the chill plate in the 

MSM, which consists of a 2 mm wall silica tube with an inner diameter of 80 mm mounted on a 

water-cooled stainless steel plate.  The top of the tube is sealed using an O-ring combined with a 

brass flange fitted with ports for gas input, gas output and a thermocouple.  The specimen rests 

on a water-cooled stainless steel chill block inside the silica tube. The chill block has a hole in 

the center that is smaller than the diameter of the specimen.  

 

Figure 9  Melting chamber and sketch of stainless steel chill block 

3.1.3 Casting Chamber and Mold 

 The casting chamber is made of 305mm diameter stainless steel tubing and is mounted to 

the table surface below the chill plate.  The casting chamber houses the mold, which is inserted 

and removed from below.  A stainless steel base plate mounted on a hydraulic jack carries the 

mold.  The plate contains thermocouple inputs and vacuum / gas input and output connections.  

This arrangement enables precise placement of the mold below the specimen, and allows easy 

insertion and removal of the mold assembly.  Cylindrical alumina-silica insulating tubing made 

by Zircar Refractory were used as the primary mold material.  These tubes have a 76mm inside 

diameter and 19mm wall thickness, and are cut into 152mm lengths.  These tube segments slide 
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down around 76mm diameter stainless steel chill block, which form the mold bottom and 

establish directional solidification.  In all cases, the mold interior was coated with boron-nitride 

spray and allowed to dry, in order to prevent reaction between the melt and the mold wall.  A 

stainless steel sleeve, placed on the top of the mold tube, has an arrangement for holding 

thermocouples in place to measure the temperature of the melt during solidification along the 

center and the edge of the mold, Figure 10. The thermocouples are placed at three different 

positions along the height of the casting. Thermocouples are connected to an Omega TC-08 data 

acquisition system. 

 

Figure 10  Sketch of the casting mold assembly 
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3.1.4 Vacuum / Inert Gas Flow System 

 In this study melting and casting of the magnesium slug was carried out in an argon 

controlled inert atmosphere maintained throughout the system where melted metal was present. 

Air was removed after specimen loading by evacuating the system, followed by purging with 

argon. A vacuum pump capable of drawing a system vacuum to 0.5 torr is used so that vacuum 

pulls on both the melting and casting chambers.  A pressurized commercial argon tank with flow 

rate regulator was added via a ball valve so that after evacuating the system with vacuum, argon 

could be flowed throughout the system at a desired rate without introducing air back into the 

system.  Plastic 1/4” tubing with appropriate connectors is used to connect all argon components, 

while copper 1/4" tubing is used for the vacuum system. Figure 11 shows a schematic of the 

vacuum and argon flow controls. 

 

Figure 11  Schematic of vacuum and argon flow controls 
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3.1.5 Data Acquisition System 

 An Omega TC-08 data acquisition system connected to a PC is used to monitor 

temperature within the charge during melting, and within the mold during solidification.  A 

single 1/4” diameter x 16” length thermocouple is inserted through the brass flange in the top of 

the melting chamber. An airtight seal is accomplished by using a compression ring based 

adjustable plumbing connector. Six thermocouples are normally utilized within the mold in the 

casting chamber.  The stainless steel sleeve that is placed on top of the mold allows precise 

placement of thermocouples in the mold. All thermocouples used are standard K-type.  Acquired 

data is used to observe alloy melting point, and melt and solidification rates. 

3.2 MSM Experimental Procedure  

 All experiments were carried out using a magnesium AZ31-B alloy with a composition of 

Mg-95.44%, Al-3.14%, Si-0.051%, Zn-0.66 %, Ni-0.001%, Cu-0.001%, Fe-0.005%, Ca-0.02%, 

and Mn-0.377%. These samples were in the form of cast 75mm diameter bar stock.  The 

specimens used in the MSM system were cut into various length slugs and the bottom of each 

specimen was machined flat. Due to the coil design, the system required different final coil 

positions to obtain different superheats. For the 8oC superheat, the coil was stopped at 1/4" above 

the chill plate allowing full heating from the coil to impact the melt. For 5oC superheat, the coil 

was allowed to go to the level of the chill plate causing a portion of the electromagnetic field to 

be blocked leading to a lower superheat. In this work, the melt was poured into a cylindrical 

insulating Zircar mold with a stainless steel bottom chill to establish directional solidification.  

The mold interior was coated with boron nitride spray to prevent reaction with the melt.  Three 

thermocouples were placed at the center of the mold at a distance of 10 mm, 20mm, 30 mm from 

the chill plate, respectively, and three other thermocouples with the same distances from the chill 
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plate were placed 25 mm from the centerline. With this provision it would be possible to map the 

solidification rate over the entire cross-section of the casting and thereby establishing a 

correlation between the directional solidification and the evolution of the microstructure. 

 Experimental runs involved placing a specimen on the chill block, followed by 

evacuation and flushing of the system with argon to establish an inert atmosphere. Several 

experimental runs were carried out with the objective of obtaining different degrees of superheat 

in the melt. The runs were carried out with the chill block coated with boron nitride to reduce the 

rate of heat extraction through the chill block. The thickness of the coating was varied to help 

control the effect the chill plate had on the superheat. Experiments with thick boron nitride 

coated chill block produced higher superheats than the ones with a thin coating. The melting 

experiment began by energizing the coil.  At the beginning of the experiment the coil current was 

set to 880 Amps for 80C superheat and 788 Amps for 50C superheat. During the melting the 

temperature of the melt was observed using the thermocouple inserted in the top of the ingot. 

The current used in the experiment was adjusted to maintain and control the superheat at the 

desired levels. The power was turned off after pouring, which occurred when the liquid front 

reached the bottom of the charge.  When the temperature of the casting reached 400C, data 

acquisition and gas flow were stopped. 

3.3 Differential Thermal Analyzer (DTA) 

 In this study, the solidus and liquidus temperatures of magnesium alloy AZ31-B were 

determined using the Differential Thermal Analysis (DTA) technique, carried out on a Perkin-

Elmer DTA-7 machine, using the Pyris Series thermal analysis system.  This technique measures 

the temperature difference between the sample and a known reference which is exposed to the 

same heating schedule and has symmetric placement within the furnace. The reference material 
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used was alumina (Al2O3) because it does not undergo any transformation in the temperature 

range of the experiment and has approximately the same thermal mass as the sample. To measure 

the temperature difference between the reference and the sample thermocouples are placed in 

contact with the underside of the crucibles. The heating and cooling rates for the furnace are 

controlled and measured by a separate thermocouple. During a phase transformation two 

possible reactions occur endothermic (heat absorption) or an exothermic (heat evolution). 

LeChatelier’s principle, which states, “All heat added to a system during a phase change 

contributes to phase change rather than a change in temperature as long as both phases exist” 

explains the endothermic and exothermic reactions during the heat cycle. The DTA plots heat 

flow vs. time. In the case of AZ31-B the only reaction is melting. During melting, the onset of a 

peak represents the melting temperature for the sample material. The location of the peak for the 

endothermic reaction represents the temperature at which melting is complete. 

3.3.1 DTA Experimental Procedure for AZ31-B Alloy 

 The DTA system was first calibrated using the standard calibration procedure for pure 

aluminum supplied by the equipment manufacturer. Small pieces of magnesium AZ31-B alloy 

weighing in the range of 5 –10 mg were placed in the sample crucible and then covered with 

Al2O3 powder. The system is outfitted with an argon supply, however, Al2O3 powder is also used 

to prevent reaction between the metal and any oxygen that may be present in the system. The 

reference crucible was then filled with the same amount of Al2O3 and the furnace was covered. 

The equipment was then turned on and the Pyris Manager software activated. The software was 

programmed for three steps: 

  

 



26 
  

 1) Heating from 25 to 700oC at a rate of 10oC/min. 

 2) Holding at 700oC for 10 min. 

 3) Cooling from 700 to 25oC at a rate of 10oC/min. 

 The curves obtained after the experiment were used to calculate the onset of the peaks. 

Intersection of the straight lines extending from the baseline and the linear portion of the upward 

slope was used for the measurement of the onset of the peak. Slow heating was done to get sharp 

and accurate values for the onset of peaks of the endothermic and the exothermic reactions. A set 

of 8 experiments were performed using the same procedure and an average of the calculations 

was adopted to obtain the best possible measurement for the solidus and liquidus of the AZ31-B 

alloy.  

3.4 Macro/Microstructure Characterization of AZ31-B Castings  

 Macro/microstructure analysis was performed on the MSM produced castings. This 

analysis included: grain size; grain morphology; intermetallic size, shape, and distribution; oxide 

film identification; and alloying element segregation. Optical microscopy was used to identify 

the grain size and morphology. SEM analysis using EDS was performed for the identification of 

intermetallic phases and distribution. Segregation of alloying elements was analyzed using 

EPMA consisting of EDS mapping and WDS line profiles. The following sections discuss 

sample preparation and analysis techniques used in this characterization study. 

3.4.1 Metallographic Preparation 

 The MSM cast ingots were sectioned along the locations of the thermocouples using a 

Struers Discotom-5 diamond wheel cutter. It was made sure to precisely take samples from the 

thermocouple location to be used to correlate other solidification parameters in the study. For 
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optical and EPMA these samples were then mounted on a Struers LaboPress-3 specimen 

mounting press, using conductive Black Epoxy Powder. The molding temperature used was 

200oF-300oF with a molding pressure of 1200 psi, and a cure time of 7-10 minutes.  For 

SEM/EDS analysis the sectioned samples were affixed to SEM stubs using conductive double 

sided carbon tape. 

 The mounted samples were then ground uniform on a Struers Rotoforce-4/Rotopol-22 

automatic polisher with 320 grit SiC paper at 5N of pressure and a speed of 150 RPM rotated in 

the direction of the paper as needed (approximately 2-3 min). The sample was then polished 

using Struers MD Largo pad at 10N of pressure and a speed of 150 RPM rotated in the direction 

of the pad using a 9μm diamond suspension with Blue DP lubricant for 5 minutes. The sample 

was then polished using Struers MD Dac pad at 15N of pressure and a speed of 150 RPM rotated 

in the direction of the pad using a 3μm diamond suspension with Blue DP lubricant for 10 

minutes. The sample was then polished using Struers MD Chem pad at 5N of pressure and a 

speed of 300 RPM rotated against the direction of the pad using a OP-S polishing solution for 30 

seconds.  

3.4.2 Etching Technique 

 Samples were etched with three different solutions. The most commonly used solution in 

industry was acetic-picral consisting of 10mL acetic acid, 4.2g picric acid, 10mL H2O, and 70mL  

ethanol (200 proof). The specimen was submerged face-down for 1 second then turned face up 

and rocked back and forth for 5-15 seconds. The sample was then rinsed with cold water 

followed by rinsing with ethanol, then air dried. This etchant was used for optical analysis 

showing the morphology of the grains by etching aluminum rich regions. 
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 The second solution was 5 grams citric acid in 95mL H2O. The specimen was submerged 

for 15-20 seconds then rinsed with cold water followed by rinsing with ethanol, then air dried. 

The citric acid solution was used to show clear grain boundaries in the sample. 

The third solution was a universal etchant consisting of 30mL HCl, 0.7 g K2S2O5, and 70 

mL H2O. The specimen was submerged face-down for 1 second then rinsed with cold water 

followed by rinsing with ethanol, then air dried. The universal etchant worked very well as a 

general etchant showing grain boundaries and intermetallic shapes. 

3.4.3 Optical Microscopy 

 The optical analysis was conducted on a Nikon Epiphot 200 Microscope with a SPOT 

Insight 2 camera attachment. Images of the sample were taken at a magnification ranging from 

50X to 1000X. Initial analysis was done to determine the morphology of the grains. This was 

carried out by etching the polished samples with the acetic-picric etchant for around 45 seconds. 

Secondary analysis was conducted using the citric acid etchant to obtain micrographs of grains 

for size analysis. The micrographs were used to measure the size of grains in the middle section 

of the sample, (19mm from the chill). Final analysis was conducted to look at the distribution of 

intermetallic phases in the sample. The samples were etched using the universal etchant.  

3.4.4 Scanning Electron Microscopy (SEM) 

 SEM spectroscopy was conducted on a JEOL 7000 FE SEM equipped with an Oxford 

EDS and WDS system. Two samples were taken from each run at each location mentioned in the 

Metallographic Preparation section of this paper. One sample was left polished while the other 

sample was etched using the universal K2S2O5 etching solution.  
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 Micrographs were used to analyze the grain structure and morphology. The polished 

samples show contrast from compositional changes within the material, while the etched samples 

show the grain boundaries as well as the size, shape, and distribution of intermetallic phases in 

the sample. EDS point analysis was performed using the equipped Oxford EDS system. The 

focus of the EDS analysis was rough determination of the elemental makeup of intermetallic 

phases present in the castings. 

3.4.5 Electron Probe Micro Analysis (EPMA)  

 EPMA analysis was done using a JEOL 8600 FE SEM EPMA with 5 WDS detectors and 

EDS mapping. In EPMA analysis it is very important that the samples have a perfectly smooth 

surface, as texture will affect the WDS detectors readings. The samples were plasma coated with 

gold to provide good conduction. EDS maps of the samples were generated to look at the 

segregation of alloying elements within the grains. After the maps were made and cross 

referenced with an SEM image of the same location, the grain boundaries were identified and 

used as reference points for WDS line profiles. The WDS detectors were calibrated using 

standards for each element in the search. The five WDS detectors are equipped with different 

crystals for various elemental detections. The scans were set up to look for the elements known 

to exist in the material individually. Each line scan was set to go from just before a grain 

boundary, across the center of the grain, and finish just past the grain boundary on the opposite 

side. Elemental percent counts were taken along the lie profile, then graphed against one another 

to show segregation within the grain. 
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4. RESULTS AND DISCUSSION  

This section reports the experimental results and findings on containerless processing of 

magnesium alloys in the MSM process. These include the operating conditions for induction 

melting and confinement of 75mm diameter by 63.5mm tall billets of AZ31-B alloy, 

measurement of solidus and liquidus temperatures for the alloy, and macro/microstructure 

characterization of the cast metal in a bottom chilled mold at low superheats of 5 and 8°C. The 

structures of MSM cast AZ31-B at low superheats are compared with those of the cast alloy at 

high superheat of 60oC typical in conventional sand and die casting processes.  

4.1 Physical Properties of AZ31-B Alloy      

Table 1 shows the published physical properties for AZ31-B magnesium alloy. It is 

important to note that these are average values for this alloy, and the exact values depend on 

alloy composition. While these values are acceptable for order of magnitude calculations to 

determine of processing parameters for the MSM system, the melting point must be accurately 

measured to determine the exact superheat of the melt prior to pouring. 

Table 1  Physical Properties of AZ31-B Alloy 
Density  1780 kg/m3

 

Magnetic Permeability 4 π 10-7 H/m
Electrical Conductivity (liquid) 1.1*106 /Ωm
Electrical Conductivity (solid) 22.6 106/ Ωm
Coefficient of Thermal Expansion (linear)  26.0 µm/m-°C 

Specific Heat Capacity  1.05 J/g-°C 

Thermal Conductivity  84.0 W/m-K 

Melting Point  605 - 630 °C
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4.1.1 Measurement of Liquidus and Solidus Temperatures      

To determine the exact value of the melt superheat of AZ31-B of composition shown in 

Table 2, measurements were carried out to identify the solidus and liquidus temperatures of the 

AZ31-B alloy using the DTA.  Figure 12 shows a typical plot of the temperature vs. time for 

DTA experiments using the heating and cooling cycle described in Chapter 3.  The dark solid 

line indicates the furnace temperature while the difference between the sample and furnace 

temperatures (∆T) is shown by the lighter line.  During heating, the first peak in the ∆T curve 

corresponds to the solidus temperature while the subsequent dip in the ∆T curve corresponds to 

the liquidus temperature.   

Table 2  Chemical Composition of AZ31-B Ingot (wt%) 
Magnesium Aluminum Silicon Zinc Nickel Copper Iron Calcium Manganese OET 

95.444 3.140 0.051 0.661 0.001 0.001 0.005 0.020 0.377 0.300 

 

 

Figure 12  Plot of typical DTA heating and cooling curve for AZ31-B alloy 
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Table 3 summarizes the results of measured solidus and liquidus temperatures in 8 

samples.  From this data, the average solidus and liquidus temperatures for AZ31-B were found 

to be 578 and 627oC, respectively, with a standard deviation of less than 3%. It is important to 

see that the liquidus temperature of this alloy falls within the expected range for this alloy series, 

shown in Table 1.  

Table 3  DTA Experimental data for AZ31-B 

Experiment # Solidus  (oC) Liquidus (oC) 

1 574.25 629.27 

2 588.11 638.82 

3 574.31 627.85 

4 576.82 627.64 

5 573.81 627.64 

6 568.26 622.77 

7 570.78 625.02 

8 597.78 620.02 

Average 578.01 627.37 

Standard Deviation 9.90 5.55 

4.2 Processing of Magnesium AZ31-B Alloy in the MSM Process 

4.2.1 The Melting Operation     

As mentioned in the Introduction section, successful remelting of the solid billet in the 

MSM process requires confinement of the molten metal at all stages of melting. The key 

variables that determine the electromagnetic containment force and the heating and melting rate 

are the dimensions of the billet, coil current and frequency, and the rate of heat extraction from 

the chill plate. To develop the operating conditions for melting and confinement of 63.5mm 

magnesium billet, order of magnitude calculations, developed by N. El-Kaddah [63] for the 

prototype MSM system, were carried out. For the MSM process described in the experimental 

technique the coil current needed should be around 200Amp. For medium frequency power 
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supplies (in the range of 5-10 KHz) the characteristic velocity of the melt and the melting time at 

4 kHz of the Inductotherm VIP Power-Trak 125 power supply used in this study are 2.3m/s and 

15min, respectively.   

Table 4 summarizes the experimental operating conditions for successful melting, 

containment, and pouring of AZ31-B alloy at superheat of 5 and 8°C in the prototype MSM 

system. Inspection of this table shows that the coil current is between 770 and 823Amps which is 

the correct order of magnitude from the previously calculated values.  It is also seen that the 

melting time is about 17.5min which is similar to the estimated time of 15min from the order of 

magnitude analysis [63]. Closer inspection of this table shows that the coil current for AZ31-B at 

superheat of 8oC is higher than that for 5oC superheat.  

Table 4  Processing parameters for MSM experiments 
5oC Superheat 

Run  Time (s) Current (A)  Frequency (Hz) 

#1  815 780 3552

#2  1180 770 3552

8oC Superheat 

Run  Time (s) Current (A)  Frequency (Hz) 

#1  1032 820 3660

#2  800 823 3600

Figures 13 and 14 show the heating curves of 5oC and 8oC superheats, respectively. 

These curves show a fairly linear increase of temperature during heating, followed by a steep 

jump of temperature upon melting.  This is due to the formation of molten dome on the top 

surface of the charge where the thermocouple is located.   It is also seen that the melt 

temperature is fairly constant during melting at the desired superheat.  It interesting to see that 

the melting time for 5oC superheat (Figure 13) is shorter than that for 8oC superheat (Figure 14). 

This is expected due to decrease of the rate of heat extraction at 8oC by increasing the thickness 
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of the insulating BN layer on the chill plate -- the approach used for controlling the superheat of 

the melt described in chapter 3. 

 

Figure 13  Plot of typical heating curve for 5oC superheat 

 

Figure 14  Plot of typical heating curve for 8oC superheat 
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4.2.2 Solidification Rate in the Unidirectional Casting Mold     

  Figures 15 (a)-(c) show typical cooling curves across the mold at 3 axial positions in the 

mold at locations specified in the Experimental section. These figures show that, for any given 

axial position, there is no significant difference of measured temperature of the metal during 

cooling between the inner and outer thermocouples.  The maximum difference in temperature for 

these three locations is less than 5oC. This difference may be attributed to experimental error in 

placing the thermocouples at the same axial position. These results suggest the solidification in 

the mold is essentially unidirectional, as planned in the design of the experiments. 

 

Figure 15  Plot of cooling curves at 3 heights along 2 lateral positions in mold 

Figures 16 and 17 show a more detailed cooling curve in the solidification region at the 

middle section of MSM cast ingots (19mm from chill plate) for superheat of 5 and 8°C, 

respectively. These figures show that solidification of the melt starts immediately upon pouring 
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and the rate of solidification in the mushy region at low superheat is essentially constant. The 

time for complete solidification of the metal at 5°C superheat is about 41 seconds, while it is a 35 

seconds for 8°C superheat. The difference in the solidification time at 5 and 8°C superheat is 

very small and falls within the experimental errors especially in placing thermocouples at the 

same locations.   

The cooling curve for high superheat of 60oC is shown in Figure 18. This figure shows 

that the time for complete solidification of the metal at 60oC superheat is 42 seconds. This time is 

essentially the same as the one for low superheat, as would be expected for the same heat 

extraction by the mold. The high superheat rate of solidification in the mushy region is not 

constant. At the onset of solidification the rate is 0.44oC/s, and increases progressively during 

solidification to about 2.03oC/s at the end of solidification.  

 

Figure 16  Cooling curve for 5°C superheat MSM casting 
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Figure 17  Cooling curve for 8°C superheat MSM casting 

 

Figure 18  Cooling curve for 60oC superheat conventionally cast ingot 
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a function of time at high and low superheat at the beginning (f=0) and middle (f=0.5) of 

solidification, to determine the growth velocity V (mm/s), at these two solid fractions. Inspection 

of these figures show that for MSM cast metal at low superheat the growth velocity V is 

essentially constant at all stages of solidification, varying from 0.96-1.11 mm/s. In contrast, the 

growth velocity V of the cast metal at high superheat varies during solidification from 0.23mm/s 

at f=0 to 0.34mm/s at f=0.5, which is typical in dendritic solidification of metallic alloys due to 

an increase in constitutional undercooling [27].  

 

Figure 19  Position of the solidification front (f=0) as a function of time and distance. 
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Figure 20  Position of the solidification front (f=0.5) as a function of time and distance. 

 In order to calculate the temperature gradient G in the solidifying metal, the cooling rate 

as a function of time is needed. Figure 21 shows a typical plot of the variation of the cooling rate 

in the mushy region during solidification at high and low superheats. This figure also shows that 

the cooling rate decreases with time at low superheat, while it increases at high superheat. At the 

beginning of solidification (f=0) the cooling rate at high superheat is about 0.48 oC/s and 

quadrupled to 1.91 oC/s at low superheat. This condition is reversed at the end of solidification 

with a cooling rate of 1.91 oC/s at high superheat and 0.87 oC/s at low superheat. It is interesting 

to see that at the middle of solidification the cooling rate of high and low superheat are almost 

identical at 1.10 and 1.22 oC/s, respectively. The same average cooling rate during solidification 

for these two superheats is expected for the same rate of heat extraction in the mold.  
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Figure 21  dT/dt for 8 and 60oC superheats as a function of time t* 

 From the growth velocity V and cooling rates the temperature gradient G during 

solidification were calculated. Table 5 shows the measured cooling rate, growth velocity V, and 

calculated temperature gradients G for high and low superheats at solid fractions f =0 and 0.5. 

For high superheat the mean growth velocity V, and temperature gradient G are about 0.29mm/s 

and 2.66oC/mm, respectively. It is important to note that these values fall in the equiaxed 

dendritic solidification morphology shown in Figure 5.  

Table 5  V, dT/dt, and G for low and high superheat castings 
Solid Fraction   f=0 

Superheat (oC)  V (mm/s)  dT/dt (oC/s)  G (oC/mm) 

5  0.96 1.99 2.07 

60  0.23 0.48 2.09 

Solid Fraction   f=0.5 

Superheat (oC)  V (mm/s)  dT/dt (oC/s)  G (oC/mm) 

5  1.11 1.22 1.10 

60  0.34 1.1 3.24 
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4.3 Characterization of As-Cast AZ31-B Mg Alloy 

This section presents the results for the grain structure/morphology, and elemental 

segregation as well as the formation of intermetallic precipitates in as cast AZ31-B Mg alloy. 

These results correspond to the center of the casting mold, approximately 20mm above the chill 

plate. The grain structure was identified using optical microscopy, with a variety of etchants as 

described in chapter 3, as well as SEM imaging of un-etched specimens. Elemental segregation 

analysis was performed to verify the validity of determined morphologies and further explain the 

presence as well as the nature of the intermetallic precipitates discussed in the subsequent 

section.   

4.3.1 Grain Structure and Solidification Morphology 

In Figure 22, the overall grain structure of the MSM produced 5oC superheat castings can 

be seen.  A fine grain structure was found throughout the ingot with an average grain size of 

84μm, and range from 13 to 200μm. The grain size at 8oC superheat is slightly larger grain size 

than that at 5oC superheat with an average grain size of 95μm, minimum grain size of 20μm, and 

maximum grain size of 220μm, Figure 23. Figure 24 shows the grains size at 60oC superheat 

typically used in sand and die casting processes. The high superheat castings were found to have 

a much larger equiaxed grain structure with an average grain size around 335μm, moreover, it 

exhibits a wide range of grain size with a minimum grain size of 33μm, and maximum grain size 

of 833μm, Appendix I.    

The significant difference in the grain size of high and low heat castings can be attributed 

to the combination of the high nucleation potential of the melt in the MSM process due to 

dendrite fragmentation during remelting of the alloy, and grain refinement effect of low 

superheat, as has been shown in previous studies by J. Adams [21] on MSM processing of high 
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purity Al alloys. These two factors not only reduce the grain size in the casting, but also act to 

enhance the grain-growth rate and reduce the temperature gradient at solidification front, which 

favors the transition from dendritic to globular solidification [27]. 

 
Figure 22  MSM 5oC etched using citric acid solution. 200X Magnification 

 
Figure 23  MSM 8oC etched using citric acid solution. 200X Magnification 
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Figure 24  Conventional 60oC etched using citric acid solution. 200X Magnification 

Moreover, there is very little variation in the grain size along and across the MSM cast 

ingots, despite the decrease in the solidification rate along the mold away from the chill plate. 

Figures 22 and 23 also show that the grain boundaries of the MSM casting at low superheat are 

characterized by a sharp faceted interface, in contrast to the irregular grain boundaries at high 

superheat, Figure 24. The observed faceted interface for casting AZ31-B at low superheat further 

suggests plane front solidification morphology, which has also been observed by El-Kaddah and 

co workers [19-21,43] in cast Al alloys at low superheat. 

In addition to the reduction in the average grain size it can be seen that the secondary 

intermetallic phases (black dots) are pushed much more clearly to the grain boundary in the 

MSM low superheat specimens rather than throughout the matrix as seen in the high superheat 

castings. These results suggest morphological difference of cast AZ31-B Mg alloy at high and 

low superheat.  The formation of intermetallic phases within the matrix and at grain boundaries 

will be discussed later in this chapter. 
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Figure 25 and 26 show the microstructure of as cast alloy at high and low superheats, 

respectively. It is interesting to see that the microstructure of castings at high superheat, Figure 

25, is equiaxed dendritic as would be expected from the measured V and G. In contrast, the 

microstructure of the cast alloy at low superheats exhibit globular solidification morphology. 

This finding is consistent with studies on low superheat casing which have been shown by Liu et 

al. [52] and El-Kaddah and co workers [19-21,43] to result in a globular morphology. This 

transition has been shown by Stefanescu and Dantzig [24,27] to be favored by: high growth 

velocity V, low temperature gradient G, and small grain size. 

 
Figure 25  60oC casting etched with picric acid solution showing dendritic grain structure. 
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Figure 26 MSM low superheat casting etched with picric acid showing globular structure. 

4.3.2 Segregation of Alloying Elements in AZ31-B Castings 

Figures 27 and 28 show SEM images of the microstructure of the grains produced at 5 

and 8oC superheat, respectively. The bright area corresponds to the primary α-Mg phase while 

the aluminum rich secondary α-Mg phase appears dark. These figures show that the grains are 

essentially primary-α phase with the secondary-α in the interstices between the grains, providing 

further evidence of a globular solidification morphology. It is interesting to note that the grain 

structure at 8oC superheat casting show a transition from globular morphology to a hybrid 

globular-dendritic morphology denoted by the minor entrapment of the secondary-α phase within 

the matrix, Figure 28. In contrast, Figure 29 shows that the microstructure at 60oC superheat is 

fully dendritic with substantial entrapment of the secondary α-Mg as has been shown by 

Braszczynska-Malik and D.H. Kang et al [53,60]. The pronounced segregation of Al and other 

alloying elements within the equiaxed dendritic grains is the main source of the formation of 

intermetallic phases in the matrix shown previously in Figure 26 [4,11,17,18,40]. 



46 
  

 
Figure 27  5oC superheat casting un-etched showing globular morphology 90X on SEM 

 
Figure 28  8oC superheat casting un-etched showing semi-globular morphology 110X on SEM 
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Figure 29  Un-etched 60oC cast showing dendritic morphology 90X magnification on SEM 

4.3.2.1 EDS Elemental Mapping  

 Microsegregation of as-cast AZ31-B ingots were examined using the JEOL 8600 EPMA 

to characterize the segregation of alloying elements within the grains and at the grain boundaries. 

EDS maps were first produced showing the aluminum segregation in the castings; Figures 30, 

31, and 32 show these maps for 5, 8, and 60oC castings respectively. These figures confirm the 

presence of the aluminum rich secondary-α phase mentioned previously. This aluminum rich 

phase was found to be exclusively along the grain boundaries in the 5oC superheat castings, 

Figure 30. The 8oC castings showed that there was minor entrapment of the secondary-α phase 

within the matrix as well as along the grain boundaries, Figure 31. This minor entrapment further 

supports that 8oC is the transition temperature from a globular to dendritic structure. In the 60oC 

superheat casting the dendritic entrapment of the secondary-α phase is apparent, Figure 32.  
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Figure 30 EDS map of Al segregration in 5oC casting. Grain boundaries highlighted in white. 

 
Figure 31 EDS map of Al segregration in 8oC casting. Grain boundaries highlighted in white. 
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Figure 32 EDS map of Al segregration in 60oC cast. Grain boundaries highlighted in white. 

Analysis of the segregration of zinc was performed to confirm that it remains in solid 

solution during solidification. Figure 33(a-c) shows the EDS maps of zinc (blue) for the three 

castings confirming that zinc stays in solid solution. These maps also shows the partial 

replacement of aluminum by zinc in the Mg17Al12 phase making it Mg17(Al,Zn)12 or 

Mg17Al11.5Zn0.5. This finding agrees with previous research Celotto et al. [54], and further 

supports the use of the binary phase diagram [18]. 

 
Figure 33  EDS maps of Zn (Blue) in 5oC (a), 8oC (b), and 60oC (c) castings.  

 To confirm that there was no segregration of manganese beyond the formation of the 

Al8Mn5 phase EDS maps of manganese (purple) were produced, Figure 34. As with zinc, the 
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manganese stayed in solid solution, and formed the expected Al8Mn5 intermetallic particles. 

These intermetallic particles were found with the same respective locations as the Mg17Al12 

phase. In the MSM low superheat castings the intermetallics were found exclusively along the 

grain boundaries further evidence of planar front solidification; comparitively the conventionally 

high superheat casting presented the Al8Mn5 phase along the grain boundaries as well as within 

the matrix. 

 
Figure 34  EDS maps of Mn (Pink) in 5oC (a), 8oC (b), and conventional (c) castings. 

4.3.2.2 WDS Elemental Percent Line Profiles 

Once the segregration of the aluminum into the secondary-α phase was verified for the 

castings using EDS mapping, the dendritic entrapment and partial dendritic entrapment of this 

phase for 8 and 60oC superheat castings needed verification. This verification was done by using 

the 5 WDS detectors on the JEOL 8600 EPMA to create line profiles of each element in the 

castings across an individual grain. The line profiles for aluminum and magnesium percentages 

are presented in Figures 35 and 36 for 5 and 8oC, respectively. These line profiles are plotted as 

deviation from the average elemental percent content of each element, respectively, versus 

position along the grain. The measurements were taken from just before the grain boundary, 

across the center of the grain, to just after the next grain boundary.  
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As can be seen in Figure 35 the 5oC superheat casting produced by the MSM has an 

aluminum rich secondary-α phase along the grain boundary represented by the first and last 

peaks of aluminum content around 3 elemental percent, along with a gradient to almost pure 

magnesium in the center of the grain. This is in agreement with the solid solubility limits of Al in 

the binary phase diagram, Figure 6. This coring is indicitive of the globular structure at low 

superheat casting previously shown. The line profile for the 8oC superheat casting produced by 

the MSM, Figure 36, shows the transition from globular to dendritic taking place. This figure 

shows entrapment in the grain of aluminum rich regions towards the center which is magnesium 

rich. These hybrid transition grains were observed in the SEM as shown in Figure 28 where 

some dendritic type entrapment of the intermetallic Mg17Al12 phase can be seen. The 60oC 

superheat casting exhibits the fully dendritic segregration of aluminum in a very even interval 

expected from the spacing of the secondary dendrite arms, Figure 37. These results also all show 

an identical decrease in magnesium in conjunction with the increases in aluminum further 

pointing to the presence of the secondary-α phase which is in agreement with work done by D.G. 

Leo Prakash [11].  
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Figure 35  WDS line profile of Mg and Al in 5oC superheat MSM produced casting.  

 
Figure 36  WDS line profile of Mg and Al in 8oC superheat MSM produced casting. 
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Figure 37  WDS line profile of Mg and Al in 60oC superheat conventionally cast ingot. 

4.3.3 Entrapment of Oxides from the Melt in the Cast Metal  

EDS analysis of the cast ingot at 60oC superheat, Figure 38, reveals the presence of 

magnesium oxides along the grain boundaries, which is most likely to occur during melting in 

conventional melting furnaces. SEM/EDS analysis of cast AZ31-B alloy, revealed two different 

magnesium oxide phases: zinc rich Mg-Al oxide, and Mg-Al oxides, Figure 38. Table 6 shows 

an approximate composition of these two oxide films. The Zn rich Mg-Al oxide is the main 

contaminant in the form of film, while the Mg-Al oxide, which has a high melting point, is 

present as small particles, around 10µm. Inspection of the MSM castings did not show oxides at 

the grain boundary which is expected for this containerless melting process as the metal is 

suspended in an argon atmosphere. 

Table 6 EDS Approximate Chemical Composition of AZ31-B Ingot Oxide Precipitates 

 

‐15

‐10

‐5

0

5

10

1 11 21 31

D
e
vi
at
io
n
 f
ro
m
 A
ve
ra
ge

 %

Point Number in Line

600C Superheat

Mg

Al



54 
  

 
Figure 38  Conventionally cast oxide regions and EDS peaks for associated spectrums  

4.3.4 Intermetallic Distribution in the Casting  

The distribution of the intermetallic precipitates depends on the solidification 

morphology. For globular solidification morphology, corresponding to casting at 5oC superheat 

in the MSM process, the intermetallic precipitates are found exclusively along the grain 

boundaries, Figure 39. In the 8oC castings, there has been some minor entrapment of 

intermetallic precipitates as shown in Figure 40. This results from the hybrid morphology that 

has been shown to exist.  For dendritic solidification, as seen in the 60oC superheat castings, the 

precipitates are formed both in the grain as well as along the grain boundaries, Figure 41.  
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Figure 39  5oC superheat showing no entrapment of intermetallic phases magnification 500X 

 
Figure 40  8oC superheat showing minor entrapment of intermetallics magnification 500X 
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Figure 41  60oC casting showing dendritic entrapment of intermetallics magnification 20X 

SEM images of the overall grain structure and intermetallic distribution differences of 5, 

8, and 60oC castings shown in Figures 42, 43, and 44, further illustrate the intermetallic 

distribution differences between globular and dendritic structures. In these SEM images the 

white dots are intermetallic precipitates. This difference in distribution is attributed to the 

difference in microsegregration of aluminum during solidification, as was discussed earlier in 

this chapter.  

 
Figure 42 5oC casting intermetallic grain boundary distribution magnification 200X on SEM 
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Figure 43 8oC casting intermetallic grain boundary distribution magnification 200X on SEM  

 
Figure 44  600C casting showing dendritic entrapment, magnification 160X on SEM 

Figure 46 shows EDS maps of aluminum (a,c) and manganese (b,d) for high and low 

superheats. These maps show overlapping Mn and Al dots where Al8Mn5 intermetallics are 

located. The EDS maps for the high superheat casting, Figures 46 (a,b), show that the Al8Mn5 

intermetallic is found both in the matrix as well as along the grain boundaries. The EDS maps for 

the low superheat casting, Figures 46 (c,d), show that these intermetallics are only located along 
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the grain boundaries. The EDS maps further support the occurrence of plane front solidification 

in the low superheat MSM castings 

 
Figure 45  EDS (a,b) 60oC and (c,d) 5oC superheat casting showing Al(green) and Mn(pink) 

The two main intermetallic phases known to form in cast AZ31-B alloys are γ- Mg17Al12 

and Al8Mn5.  The γ- Mg17Al12 phase is the most predominant precipitate in the castings 

[4,11,17,18,40]. For MSM cast alloy at low superheat, the γ precipitates are mainly a lamellar-

type surrounding a massive Mg17Al12 particle, Figure 46. This lamellar structure is expected, 

resulting from the segregation of Al to the grain boundary in planar front solidification. The 

resulting Al rich regions form a lamellar structure through grain boundary movement during the 

final stages of solidification, which is in agreement with studies by Braszczynska-Malik [53].  
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Figure 46  MSM low superheat casting Mg17Al12 phase found along the grain  

For castings produced at 60oC superheat the γ-Mg17Al12 precipitates are found in two 

forms. Within the grain this γ phase is formed as divorced or partially divorced particles, Figure 

47. The second form of this precipitate is found along the grain boundaries where γ-Mg17Al12 

forms a laminar-type network  surrounding the massive Mg17Al12 particle, Figure 48.  
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Figure 47  60oC casting Mg17Al12 intermetallic phase appearing in the matrix 

 
Figure 48   60oC casting Mg17Al12 intermetallic phase appearing along the grain boundary 
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5. CONCLUSIONS AND RECOMMENDATIONS  

5.1 Conclusions 

In this study, processing parameters for containerless casting of magnesium AZ31-B 

alloy using the Magnetic Suspension Melting (MSM) process were developed, along with 

characterization of the cast alloy produced at low superheats. The operating conditions 

developed allowed for effective low superheat processing of this reactive alloy eliminating 

contamination of the molten metal with oxides that result from melt crucible reactions during 

melting and casting. Low superheat castings of 5oC and 8oC were produced and the 

macro/microstructure of these castings was compared to those of 60oC castings. 

The growth velocity V and thermal gradient G were calculated for the castings explaining 

the transition from globular to dendritic structures for low and high superheats, respectively. The 

5oC superheat castings were found to have a fine equiaxed globular structure in agreement with 

the low thermal gradient G and high velocity V values obtained. The transition between globular 

and dendritic morphology was shown in the 8oC superheat castings which had a refined hybrid 

globular-dendritic structure. Comparatively the 60oC superheat castings were found to have a 

fully equiaxed dendritic structure typical of these processing conditions.  

Analysis of alloying element segregation was conducted showing that for globular 

morphologies aluminum was segregated to the grain boundaries resulting from the planar front 

type solidification found in these structures. This specific segregation profile was shown to result 
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in the formation of intermetallic phases exclusively along the grain boundary, compared to the 

typical inter-dendritic entrapment shown in 60oC superheat castings. 

5.2 Recommendations 

1. Retrofit the MSM casting chamber with more thermocouple inputs for detailed 

measurements of the cooling rate in the mold during solidification. 

2. Application of the MSM system for melting and casting other structural magnesium 

alloys such as AZ63, AZ91, and AM50. 

3. Microstructure characterization of other MSM cast structural magnesium alloys 

4. Study the effect of cooling rate on the microstructure evolution during solidification by 

using alternative chill plate materials such as copper. 

5. Study of the effect of superheat on the transition from globular to dendritic morphologies 

by conducting experiments at superheats below 5oC and above 8oC.
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APPENDIX I 

Grain Size Analysis 

 The measured grain size distributions for each 5, 8, and 60oC superheat are shown in 

Figures A1, A2, and A3, respectively. 

 

Figure A 1  Histogram of grain sizes for MSM produced 5oC superheat 

 

Figure A 2  Histogram of grain sizes for MSM produced 8oC superheat
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Figure A 3  Histogram of grain sizes for Conventional Casting at 60oC superheat 

A test for equal variances was performed. Figure A4 shows that the standard deviation of 

MSM grain size with respect to distance from the chill (overlap of error bars shows that with 

95% confidence level there is no statistical variation of grain size with respect to distance from 

chill). 
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