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Abstract

There is intense research effort into the development of high pressure die cast-able creep resistant magnesium alloys.  One of the difficulties encountered in magnesium alloy development for creep resistance is that many additions made to improve the creep properties have reportedly resulted in alloys that are difficult to cast. It is therefore important to have an understanding of the effect of alloying elements on the castability. This paper gives a review of the state of the knowledge of the castability of magnesium alloys.
Introduction

The issue of castability is important in an industrial situation; castability is an ill-defined term, but in general it gives the ability to determine if an alloy is suitable to cast into a certain end-product with satisfactory quality. The ease of casting an alloy (the castability) will depend significantly on the die design, pouring system (shot velocity or pouring velocity, metallostatic head and gating system) and the mould/die materials as well as the metallurgical aspects, and this should be borne in mind when devising experiments and interpreting data.  
Approximately 90% of magnesium alloys are based on the Mg-Al system; these alloys have good room temperature mechanical properties, corrosion resistance (in high purity forms) and excellent castability in a wide range of processes.  The major disadvantage of this alloy system is the poor high temperature strength and creep properties.  It has been recognized that the presence of aluminium in these alloys plays a major role in the poor creep behavior as a result of the dynamic precipitation of grain boundary discontinuous ( phase, Mg17Al12 [1, 2].
The use of magnesium alloys in high temperature applications (up to ~175(C) is envisaged for the very near-future, and as a result, much effort has 
been placed on the development of creep resistant magnesium alloys. Indeed, a number of commercial and experimental alloys have been developed. The development of creep resistant magnesium alloys has essentially followed two paths: either the elimination of aluminium or the addition of elements to Mg-Al alloys to preferentially form Al-containing phases, thereby reducing the level of aluminium in solution. One of the difficulties encountered in alloy development is that many additions made to improve the creep properties have reportedly resulted in alloys that are difficult to cast [3-5]; especially when this is combined with the reduction or removal of aluminium which is known to impart excellent castability. 
It is recognized that the issue of castability must be addressed for successful alloy development. There is evidence that suggests aluminum, zinc, silicon and rare earths (RE) increase the castability
 [6-14], while calcium decreases it (incidentally it is also reported that RE additions decrease the castability [11, 15]). It is therefore important to have some understanding of the effect of alloying additions on the castability of magnesium alloys. 
In contrast to magnesium alloys, much information exists on the castability of aluminium alloys, and a number of excellent review papers have been published (see for example refs. [16, 17]). With this paper we attempt to highlight the state of knowledge on the castability of magnesium alloys; specifically the metallurgical aspects, and direct attention towards areas that require further investigation.

Castability

When casting an alloy, the metal charge is first raised to the casting temperature (some temperature above the liquidus temperature; superheated). During the melting and casting operation the molten alloy is contained in some material (crucible, furnace, mould or die); exposed to the atmosphere, in contact with a flux or cover gas and racked or stirred, poured or siphoned into a die or mould with a coated tool – all these interactions with other materials (atmospheres) may cause reactions resulting in the formation of unwanted precipitates, inclusions and oxides, and the pick up of certain elements. During the actual casting operation, the metal feeds into the mould or die cavity and immediately begins to solidify. In the first stage of filling there is the bulk flow of liquid; the solid fraction is low, and any particles are essentially free to move about in a liquid of high viscosity; large particles (inclusions/oxides) may block the flow and the filling of thin sections will be controlled by the surface tension. As solidification progresses the viscosity will increase (due to the temperature drop and the increase in solid fraction and change in the liquid composition) and the morphology and volume fraction of any phases, as well as the latent heat evolved during phase transformations will affect the flow of the alloy. While the temperature continually decreases, the solid fraction increases and bulk flow becomes restricted, during this stage of filling the primary dendrites come in contact and the dendrite coherency point is reached, solidification continues, interdendritic feeding begins to take place and the dendrites are impinging on one an other and are no longer free to move. At this stage (when flow occurs primarily through the interdendritic channels) the size and shape of the primary dendrites affects the permeability of the solid network, intermetallic phases may block the flow between dendrites as may inclusions or oxides, and porosity formation occurs. High strains may develop during solidification due to contraction and thermal gradients [18], the stress on the dendrite network in the mushy zone may exceed its strength resulting in hot tearing, and this is especially significant in regions isolated from liquid flow (dramatic changes in section thickness).
Factors Effecting Castability
Considering only the alloy properties, the factors that affect the castability are: porosity formation (gas and shrinkage), hot tearing susceptibility, mould filling ability and die soldering; these characteristics can be related to (but not limited to): phase transformations (composition, morphology and volume fraction), morphology of the primary phase (grain size and volume fraction), viscosity (as a function of temperature, shear rate and composition of the liquid during solidification), solidification mechanism (strength of the mushy zone, permeability, eutectic solidification), freezing range, latent heat, surface tension, gas solubility gap (difference in gas solubility between liquid and solid), propensity to form inclusions and reactions with the melt (for instance die soldering).  In the following sections a brief review of these factors is given with reference to the behavior of magnesium alloys.
Porosity
Porosity is a combination of gas and shrinkage porosity. Both can be affected by alloying elements; alloying additions may change the solubility of hydrogen, volumetric shrinkage (composition and volume fraction of phases) and affect the solidification mechanism (by altering the solid fraction, formation of precipitates (Vf, morphology and composition), leading to changes in the interdendritic feeding during solidification); other secondary effects may include changes in the grain size and the formation of pore nuclei such as oxides.
Magnesium alloys do not suffer significantly from hydrogen porosity as the difference between the solid and liquid solubility of hydrogen in magnesium alloys is not as large as in aluminium alloys. The hydrogen solubility in magnesium has been related to the Al content in Mg-Al alloys, with the solubility decreasing with increasing aluminium content [19].  The total amount of porosity is also reported to be related to the aluminium content in binary Mg-Al alloys [20, 21]; the maximum in porosity occurs at around 9wt% Al (12wt% for ref. [21]) which is a composition slightly below the maximum freezing range, corresponding to the first appearance of the eutectic (according to the equilibrium phase diagram).  Schaffer et al. [20] suggest that the maximum in porosity occurs at this composition as it is the “worst combination of mushy zone size, interdendritic feeding permeability and eutectic volume fraction”. Mg-Zn and Mg-Sn alloys have also been found to  show a maximum in porosity at the composition of the maximum freezing range [21]. 
Hot Tearing/Cracking
Hot tears are casting defects that can affect the pressure tightness, mechanical properties, and the appearance of castings. Hot tearing occurs in areas of low strength and high strain; this commonly occurs in areas of dramatic changes in section thickness, where regions are not fully solidified (low strength) and that are also isolated from liquid feeding such that the local stresses developed exceed the strength of the partially solidified metal.  

Dodd et al. [22] studied the hot tearing susceptibility of a number of magnesium alloys (Mg-Al, -Zn, -Al-Zn, -Zn-Zr, -RE-Zr, -RE-Zn-Zr, -Th-Zr, -Th-Zn-Zr, -Mn and RE-Mn).  Binary Mg-Al were found to be the most hot tear resistant as were Mg-Al-Zn alloys (although the addition of Zn impairs the hot cracking resistance); RE containing alloys were slightly worse and the worst alloys were Mg-Zn-Zr and Mg-Zn-Th-Zr. Hot tearing susceptibility is related to several parameters including: grain size - the larger the grain size the more susceptible alloys tend to be (although note that the alloys reported to be the most susceptible to hot tearing by Dodd et al. where those grain refined by the addition of Zr); freezing range – larger freezing range alloys exhibit a greater tendency for hot cracking  (consider Mg-Al to Mg-Zn [23]) and the amount of eutectic present (amount of liquid available near the end of solidification) [22].  
In Mg-Al alloys the maximum in hot tearing was reported to occur around 1%wt Al [22], which is close to the peak in the non-equilibrium freezing range which is commonly associated with the maximum in hot tearing susceptibility [24].  Most common Mg-Al containing alloys have more than 2wt% Al and normally contain around 4-6wt% (which provides the best combination of strength and castability). Aluminium also acts as a grain refiner. Hence commercial Mg-Al alloys are not considered prone to hot cracking.
In more recent work, Pekguleryuz et al. [5] compared the hot tearing susceptibility of a range of commercial and experimental alloys in a constrained rod test.  Summarizing their results; rating from best to worst they found AJ62x (6Al, 2Sr), aluminium alloy A380, AZ91 (E then D), AS21x (+RE), AM60, AJ50x (0.2Ca, 0.5Sr), AS21, AS41, with AE42 the worst (which is similar to the results of Dodd et al. [22]).  From their results, in general, the hot cracking resistance improves with increasing aluminium content, with the alloys containing silicon and rare earths faring worse. 
Calcium, a recently favored addition to magnesium alloys for creep resistance, is known to increase the level of hot cracking [3, 25, 26]. At low Ca levels (0.9wt% Ca), Mg-Al-Ca-Sr alloys suffer significantly from hot tearing, die sticking, cold shuts, staining and soldering, while at higher calcium levels hot cracking and die sticking problems improve significantly [3, 25]. 
The affect of alloying additions on the hot cracking susceptibility in magnesium alloys has not been explained, only subject ratings and observations of hot cracking in a numerous alloys have been made; this area requires further examination.

Melt reactions
The castability is also affected by reactions with the molten metal - die soldering, oxide formation and reactions with containment materials, lubricants and mould coatings.  
For high pressure die casting, magnesium alloys are not as susceptible to die soldering as aluminium alloys [27].  Die soldering or sticking of magnesium alloys appears to be related to the Al and Mn content of the melt and the formation of Al-Fe-Mn intermetallics [27]. For compositions above ~7wt%Al soldering problems increase, as the solubility of iron in magnesium decreases at higher Al contents; Mn also reduces the solubility of iron in magnesium. Some magnesium alloys are reported to be more susceptible to soldering than others.  For instance, some problems have been reported with die soldering with the alloy composition AJ52x (5Al-2Sr), which can be alleviated by maintaining a high die temperature (~300(C) [5] (the reason for this is not clear). Calcium containing alloys are also known to have some problems with die soldering [6, 25, 26, 28, 29]. Powell et al. [25] note that die soldering occurred only in AXJ alloys (Al-Ca-Sr) with Ca levels below 2%, although Pekguleryuz and Renaud  [30] note that in Mg-6Al-XCa (0.6,0.8 and 1 wt%) die soldering becomes a problem when the composition reaches 1wt% Ca. Similarly, in Mg-Al-Ca-Sr alloys [3], die soldering was reported to be more pronounced at 1wt% Ca, and reduced when the Ca content was above 2 wt%. It should also be noted that die soldering in Ca containing alloys is reported to be reduced with increased Al content [6].  Bakke et al. [6] report that Sr has little effect on die soldering in Mg-Al-Ca-Sr alloys; this appears in contradiction to the results for AJ type alloys (Mg-Al-Sr) which do suffer from die sticking. RE containing alloys, like AE42 have also been reported to suffer from die soldering [31].  The role of alloy composition apart from aluminium and manganese in die soldering has not been fully explained.
The cleanliness of melt is also a factor when considering the castability of an alloy and in this sense cleanliness refers to the number of contaminates in the melt, including oxides and inclusions (particles that result from melt reactions with containment materials, mould coatings etc).  A “dirty” melt can result in casting difficulties as the viscosity is effectively increased by an increase in the solid fraction. Additionally if oxides are present they have a tendency to form as films and these can block filling channels and result in incomplete filling [32].  

Magnesium oxidizes easily; magnesium melts are generally protected by a cover gas to limit heavy oxidation.  Magnesium alloys have been reported to have higher oxide inclusion contents compared to aluminium alloys [33]. Hu et al. [33] report that as the weight fraction of MgO increases the fluidity length decreases in AZ91D, likely to be a result of an increase in the effective viscosity and the blocking of flow due to large solid particles. The presence of alloying elements can also affect the formation of oxides, for instance Ca and RE’s have a high affinity for oxygen.  Mg-Ca melts have been reported to form a heavy oxide/dross layer on the surface [34] during melting and casting, which retards the oxidation of the melt.  The formation of other oxides apart from MgO gives the potential for the entrainment of a larger number of inclusions for alloys containing elements with a high affinity for oxygen [33], however the effect of reactive elements on the amount of oxide inclusions has not been studied in magnesium alloys. 

Little information exists in the literature about reactions between magnesium alloys and common containment materials (crucibles and furnace lining), however Cao et al. [35] note the uptake of iron into magnesium melts in mild steel crucibles, and Emley [36] also reports iron pick up in “conventional steel” crucibles.  This indicates that some steel crucible materials should be avoided to reduce the pick up of iron and the potential re-precipitation of Fe-containing intermetallics in the melt.
Fluid flow in the die/mould 

Viscosity

Viscosity is a fundamental physical parameter of liquids and is a function of temperature and can also be a function of shear rate (for example thixotropic materials).  The viscosity (and the effect of alloying elements) is likely to be important in solidification feeding [37], where fluids of low viscosity flow more easily; this is especially important to feeding in the mushy zone, note also that as solidification progresses the remaining liquid becomes enriched in solute so that the composition, and hence viscosity is continually changing. Aluminium is reported to decrease the viscosity of magnesium alloys [38]; there is no other information in the literature on the effect of other common alloying additions on the viscosity.

Surface tension

When filling thin sections the heat transfer between the mould and metal, and the surface tension act to halt filling (if the melt wets the substrate, surface tension will actually aid filling). As we are considering only the metallurgical character of an alloy, the surface tension is an important consideration that can be affected by alloying. For the mould to fill the external pressure acting on the metal must be greater than the effective pressure due to surface tension [39]. A high surface tension inhibits filling and therefore reduces the castability of an alloy in thin sections. For aluminium alloys a number of alloying elements are known to reduce the surface tensions (Li, Bi, Pb, Mg, Sb, Ca and Sn [37]) while others increase the surface tension (Ge, Zn, Ag, Fe, Mn and Cu [37]). For magnesium alloys, Al has been reported to decrease the surface tension [38]; the effect of other alloying elements has not been studied.
Fluidity 

When the term fluidity is used in reference to castability it describes the measure of how far a molten alloy will flow in a specific mould; normally using a spiral mould or vacuum suction technique, and the fluidity is expressed as the flow length.  
Fluidity spirals are commonly permanent mould or sand mould castings, but may also be high pressure die castings.  When interpreting “fluidity lengths”, in general only castings made under the exact same conditions can be compared so that the mould material (and any coatings), die design, metal temperature (constant temperature or constant superheat when comparing alloys), pouring speed and cleanliness of the metal will all affect the results. In general terms, short freezing range alloys have better fluidity than long freezing range alloys.  The fluidity length of an alloy will depend on the viscosity (liquid composition, solid fraction and morphology of the solid phases), freezing range and solidification mode, oxides or inclusions that block flow, and surface tension (especially when filling thin sections)
Aluminium is known to impart excellent fluidity to magnesium alloys [14, 40]; the effect of other alloying elements is less well-known.  Niesse et al. [40] used a Ragone test (vacuum suction) to examine the fluidity of Mg-Al, -Zn, -Al-Zn, -Zn-Zr, -Th-Zr, -RE, -RE-Zr alloys. The fluidity decreases from that of the pure metal as solute is added, reaching a minimum at the non-equilibrium freezing range and then increasing again towards the eutectic composition (a second maximum does not always occur at the eutectic composition, for example in Al-Si alloys, the maximum is at a slightly hypoeutectic composition; this is normally attributed to the high latent heat of formation of Si).

The addition of RE’s to Mg-Al alloys has been reported to increase the fluidity length [8, 9, 14]; with the effect more pronounced at lower Al contents than at higher levels; it should be noted that the effect of the addition of Al has a much larger effect on fluidity than the addition of RE’s [14]. The increase in the fluidity length with increasing RE content has been attributed to the reduction in the freezing range of the alloys and the high latent heat
 of RE containing precipitates - Al11RE3 (~41 kJ/mol [14]) which may act to slow the solidification.  RE additions also have a grain refining effect and affect the volume fraction and morphology of the eutectic ( (Mg17Al12) phase [9], which can alter the interdendritic feeding paths resulting in an increase in the fluidity.  Lü et al. [9] also note that RE’s have a high affinity for oxygen, this may result in the entrainment of more oxides resulting in a decrease in the apparent viscosity and decrease the fluidity of an alloys [33].  
Silicon is also reported to increase the fluidity length of Mg-6Al-XSi alloys [14] with an effect larger than the same addition of RE’s (in weight %).  Lü et al. [14] discuss the microstructure and solidification mode in Mg-Al+RE and Mg-Al+Si alloys and note that magnesium alloys exhibit “mushy zone solidification” and point to the importance of solidification in the mushy zone, where interdendritic feeding occurs as an important measure of an alloys fluidity.  During the initial stages of feeding the fluidity is controlled by the viscosity of the alloy, as solidification progresses the viscosity will increase (due to the temperature drop and the increase in solid fraction) and the morphology and volume fraction of any phases, as well as the latent heat will affect the fluidity.  As solidification continues, interdendritic feeding begins to take place and the dendrites are impinging on each other and are no longer free to move; the maximum fluidity length will be reached in this stage of feeding (prior to complete solidification), as the flow of liquid is significantly restricted.  
Summary
Castability is not a single property of an alloy; many factors play a role. The castability issues that occur most frequently are the amount of porosity, die soldering, hot cracking and ability to cast very thin wall sections.  These factors are affected by many characteristics of an alloy which in turn are altered by alloying additions.  An understanding of the effects of common alloying elements for magnesium is lacking except perhaps in the case of aluminium, which is known to produce castable alloys.  Aluminium additions result in alloys which are not prone to hot cracking or die soldering and appear not to suffer from excessive porosity or oxide formation; interestingly it seems that the addition of aluminium to alloys with unfavorable castability can result in an improvement (presumably with some negative effect on the creep behavior). Calcium, zinc and rare earths tend to promote hot cracking and die soldering and may adversely affect the oxide content.  While much anecdotal evidence for the affect of alloying additions in magnesium alloys exists, there has been no systematic and through study of the castability of magnesium based alloys when compared to the work on aluminium alloys.  
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� Tin is also reported to increase the castability [6-8]; tin is currently not a common alloy addition. 
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