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4. Design of Al and Al-Li Alloys for Thixoforming 

Bernd Friedrich, Alexander Arnold, Roger Sauermann, and Tony Noll 

 

4.1 Production of Raw Material for Thixoforming Processes 

 

A summary of the most important process alternatives for the forming of partially 

liquid metals is shown in Fig. 4.1. In the left-hand column, "conventional" 

thixoforming - which is currently most widely used for industrial applications – is 

schematically represented and in the right-hand column, the so-called "slug on 

demand" process.  

 

The stress induced and melt activated (SIMA) process required conventional 

continuous-cast or extruded billets as feed material. Cold deformation of the 

billets induces high residual plastic strain. On reheating, recrystallization leads to 

a fine globulitic granular structure. The SIMA material exhibits very good 

properties, although it is only economical for special applications due to its high 

cost [2]. Mechanical agitation is one of the principle processes for the production 

of raw materials [3], but was never really successful. It was not possible to 

counter the corrosion and erosion of the agitating mechanism within the system 

[1], and on the process side the continuous casting procedure could not be 

synchronized with the agitation process. 

 

The magnetohydrodynamic (MHD) process is to date the most widely used 

industrial process for production of raw material [1]. Grain refinement is achieved 

by motion of the bath induced by a magnetic field. This involves installing a 

solenoid coil on the permanent mould, fed with an alternating current. This 

measure can also be used to keep the permanent mould temperature 

homogenous at a desired value. In the semi-solid processing (SSP) process, just 

as in the MHD process, magnetic agitation is used to achieve grain refinement. 

The difference is that each billet is individually produced in its own chamber [4]. 

This offers the advantage of flexible alloy adjustment. Furthermore, the hot billets 

can be reprocessed straight from the chamber, so that advantages can be 

achieved from the viewpoint of energy considerations. On the other hand there 

are economical advantages in the alternative of semi-finished production. 
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Fig. 4.1: Alternative thixoforming processes [1]. 

 

Chemical grain refinement is a process that offers lower processing costs and is 

from an economical point of view considered as an alternative to the other 

processes mentioned above [5]. The fine grain structure is achieved with the aid 

of alloying elements (e. g. AlTi5B1) that act as heterogeneous nucleating agents 

[5]. The grain refiners are in the form of a wire injected directly into the melt. 

Other elements can also be added to enhance the grain refining properties of 

these elements (so-called modification) [4]. It was furthermore verified that the 

chemical grain refinement of aluminium alloys has an advantageous effect on the 

"castability" and other technologically important properties. The further targeted 

development of an A356-AlSi7Mg0,3 alloy by means of grain refinement and 

modification using Ti and Sr was investigated in 2003 [6]. One possibility for 

further refinement of the grain structure is the combination of chemical refinement 

with the MHD process [7]. 
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The raw material has to be reheated precisely to a target temperature in the 

solidus-liquidus range [8]. Rapid heating prevents undesired grain growth and 

makes higher cycling rates possible. In this respect, inductive heating offers 

advantages over other heating processes due to its inherent controllability and its 

frequency-dependent, relatively high penetration depth. During reheating the 

eutectic phase melts first. The liquid portion rises steeply with minimal heating at 

temperatures above 560°C. From ~570°C the entire eutectic phase is molten. At 

temperatures above 570°C the aluminium dendrites begin to melt. The liquid 

portion rises only slowly in this temperature range. The working temperature for 

reheating is precisely within the transformation range between fully molten 

eutectics and commencement of dendrite melting. Alongside its low temperature-

sensitivity to the phase relationship, A356 has the characteristic that, in its 

partially liquid state, ~50 % primary phase and 50 % eutectic exist. Due to this 

composition there are material-specific advantages in terms of processing. 

Materials for which it is not possible to adjust the solid/liquid mixture so 

accurately require considerably more processing costs [7]. 

 

In the "slug on demand" or rheocasting processes the production of a suitable 

thixo-formed raw material is done straight from the fluid melt with direct forming of 

the partially liquid metal [1]. Various new rheocasting processes are briefly 

explained in the following (see Figure 4.1, right-hand column). 

 

In new rheocasting (NRC), the melt is in a controlled manner cast into a crucible 

and thus cooled down to the desired temperature between solidus and liquidus 

states. This creates a fine-grained, globulitic solid phase. After a short 

homogenising phase the partially solidified material is fed directly on to the 

forging or casting process. In twin-screw rheomoulding the melt is fed into the 

machine via a casting gate. There are two interacting screw feeders, with a 

special profile to achieve high shear rates, to convey the material axially into the 

machine and where it is simultaneous cooled down to the partially liquid state. 

The high shear rate creates a fine-grained, globulitic grain structure. The partially 

liquid metal is dosed and pressed out of an opening into the filling chamber for 

forming in a modified die-casting machine. To date this process was only used 

for modelling alloys of the types PbSn15 and MgZn30. One difficulty with this 

process is the choice of a suitable material for the screw feeders, in order to 

avoid adherence of the metal and to minimise wear [1]. 

 

The Vexocast process was developed by the company Ritter in Germany [1]. The 

metallic suspension is produced directly out of the melt in a separate treatment 

chamber which is in combination with a holding furnace as with the casting 
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chamber. The melt is inductively agitated in the treatment chamber and in the 

freezing range a small quantity of metal powder is added to cool it down. One 

essential feature of the process is its short time range of only ~15 seconds for 

production of the metallic suspension. The channelling process represents a 

further application method of the "slug on demand" process. The two essential 

constituents of the trial setup for the channelling process are the casting channel 

and the forming basin. The channel has to provide for rapid cooling of the melt, 

down to a temperature below the liquidus temperature. This creates a very high 

number of active nuclei suspended in the melt. The melt flows from there into a 

ceramic forming basin installed directly underneath the channel. On cooling down 

in the partially liquid range, the high nucleus density created results in the 

formation of a globulitic primary phase. 

 

The thixomoulding process entails injection die casting of partially liquid light 

metal alloys, predominantly Mg alloys [9, 10]. The original material, in the form of 

granulate or turnings, is transferred by powerful shear movements in a heated 

steel screw feeder, into a liquid metallic suspension. Subsequently the screw 

feeder performs a pushing motion to inject the material into the actual forming 

tool [11]. The proportion of solid material can be up to 65 % [12].  

 

4.2 Chemical Grain Refinement of Commercial Thixoalloys 

If a metal alloy has to be processed in a partially liquid state, it must conform to 

many requirements. The following criteria are among the most important: 

 
 In the semi-solid range the alloy constitutes a globulitic solid phase with 

grain sizes of < 100 µm. 

 Within the semi-solid range the alloy exhibits low temperature-sensitivity of 

the liquid phase portion. 

 The solid phase skeleton fractures down under shear load transferring the 

metallic suspension to low viscosity in the range of 1 Pas. 

 

Furthermore, it is important that there is minimal grain growth in the material 

during the holding period in the partially liquid state, because the refinement of 

the solid phase (α-aluminium) has a positive effect on its viscosity, the tendency 

to separation of the mixture and the achievable component wall thicknesses. A 

summary overview of the relevant requirements in relation to grain structure 

morphology, rheology and thermo-chemistry is given in Table 4.1. Many of these 

criteria are best met by the casting alloys already used on an industrial scale, 

such as A356 or AlSi7Mg0.3 - which explains their wide use in the thixoforming 

process. The most important non-technical requirements for thixoforming 



 5 

VsCsVc

/dTdfl

materials are low material costs, which has to be realised in terms of raw material 

prices, simple production procedures, minimum number of processing operations 

and minimum wastage of residual materials. The choice of a suitable material 

inevitably determines all further processing operations. Systematic development 

of raw materials for thixoforming with the aid of alloying elements and grain 

refiners has been carried out to only a limited extent to date [6, 13]. 

 

Table 4.1: Essential requirements for thixoforming materials. 

 

requirement 

(determination method) 

Parameter formula target value 

small grain size 
(metallography) 

mean grain  
diameter ),( cTfdm



  dm < 100µm 

gobulitic structure 
(metallography) 

form factor 
2

4

U

A
f




  f > 0.6 

small cross-linking of the  
dendrites (metallography) 

contiguity 

SLSS

SS
sfS

SS

S
fC





2

2
 0.4 < CfS < 0.6 

small cross-linking volume 
of the dendrites 
(metallography) 

contiguity volume  
0.1 < Vc < 0.3 

low viscosity of the melt 
under shear load 
(rheometertests) 

viscosity under 
shear load 1 nk     ~ 1 bis 10 cP 

defined solid/liquid phase 
ratio (DTA, simulation, 
metallography) 

Fliq 
p

M

LM
S

TT

TT
f















1

1

1  40 - 60 mass.% 

large melting interval (DTA, 
simulation) 

dT=(Tliq-Tsol) 
),,( pTcfdT



  
max. 130°K 
min.    70°K 

temperature sensitivity 
(DTA, simulation) 

stop at 50 %  liquid 
portion 

 
<   0.015 

temperature sensitivity temperature  
sensitivity 

Dfs = 0.01*(dfs/dT)*Tss <= 0.06 

temperature sensitivity 
(DTA)  

temperature  
sensitivity 

dT40-60 > 10°K 

with : viscosity, k: constant,  : shear velocity, n: Oswald-de Waele exponent; dm: mean grain 
diameter, f: forming factor, A: grain surface area, U: circumference of a grain, SSS: the grain 
boundary surface area between the solid phase, i.e. the surface area between the cohering grains 
not separated melt, SSL: phase boundary surface area between solid phase and melt, dT: melt 
range, ),,( pTcf



: function of (alloying element content, rate of cooling, pressure), fs: proportion of 
solid material, TM: melt temperature of a component; TL: liquidus temperature; p: exponent defined 
by the phase state equilibria 

 

4.2.1 Methodology for Tuning of Commercial Alloys for Semi-solid    

Processing by Means of Grain Refinement 

 
Because of its range of applications in the automotive, machinery and aerospace 

industries, as well as in shipbuilding and electrical engineering, the material A356 

(EN AC-AlSi7Mg0.3) is by volume one of the most important aluminium casting 

materials. This is primarily due to its low density and good mechanical properties, 
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such as high strength and toughness as well as its high corrosion resistance and 

suitability for welding and heat treatment. Due to these material characteristics 

the alloy has a good potential for light-weight construction. Furthermore the 

material is the most important raw material for the production of components by 

thixoforming. The solidification range of ~60°C is within a range making it readily 

workable in its partially liquid state. The material reacts particularly well in the 

range of temperature-sensitivity of the phase portion as long as the liquid phase 

proportion is set > 50 %. On the basis of this material characteristic profile, the 

alloy A356 (EN AC-AlSi7Mg0.3) is our choice for in-house working and has to be 

prepared to meet the requirements making it workable in its partially liquid state. 

This objective should in the first instance be followed up independent of any other 

processing route. Process technology for raw material production is primarily 

focussed on the input of a fine-grained basis grain structure. A series of different 

technical solutions are available for this purpose. The necessary fine grain 

structure should hence be created by the addition of a chemical grain refinement 

agent in combination with modification of the eutectic grain structure. Besides 

that the interaction of the employed chemical grain refiners with the modifying 

agents and other alloying elements is to be studied (Figure 4.2). 

 

Additionally, the adaptation of the alloys has to be managed such that during 

reheating in the partially liquid state, grain growth is minimized [14].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Procedure for adaptation of the alloy composition A356 (EN AC-

AlSi7Mg0.3) to the requirements of thixoforming. 
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4.2.2 Adaptation of the Chemical Composition 

 

The objective of this task is to identify the effect and the interaction of the 

standard chemical grain refiner AlTi5B1 with both the recognised modifying 

agents, sodium and strontium, as well as other elements (manganese and lead). 

To date there is little known about the mechanisms involved in the interactive 

effect between grain refinement and modifying agents. Within the framework of 

the melt testing, using the model-supported testing plan, various chemical 

compositions were produced and then evaluated in respect of the effect variables 

important for thixoforming. Particular attention was given to the grain size in the 

primary phase, modification of the eutectic phase, the melt range and the 

rheological characteristics.  

 

For these parameters a mathematically linear approach was chosen for 

determination of the efficiency. For the parameters of titanium concentration and 

reheating time, the focus is on the question of how the parameters can be set in 

order to achieve optimum results for the effect variables. The standard grain 

refiner AlTi5B1 was used for chemical grain refinement. Lead was selected to 

test its possible positive effect on grain refinement. In minimal concentrations Pb 

already reduces the surface tension of aluminium and should therefore have a 

positive effect on grain refinement and/or modification. For strontium and sodium, 

200 ppm was defined as the upper step value, in order to ensure its efficiency but 

at the same time to avoid over-modification. For the reheating time, periods of 

between 5 and 15 minutes are technically relevant. Particularly long holding 

times may however be unavoidable in the event of process malfunctions during 

reheating, so the suitability of the raw material was also tested in this respect. 

 

The titanium content and the reheating time can be identified as significant 

influences on the grain size. As the titanium element increases, the grain size 

can be expected to decrease in the α-aluminium-Phase. With longer reheating 

time, as a result of maturing processes grain growth can be expected to occur. 

Apart from that, a significant interaction between titanium and strontium can be 

identified, although the effect of strontium alone is only minimal and can be 

identified as being statistically insignificant. The grain refining effect of titanium is 

evidently weakened by the addition of strontium. 

 

To indicate the affectability of the grain size, in the following detailed evaluations 

the titanium and strontium content as well as the reheating time were considered 

in particular (Fig. 4.3). By the addition of 0.4 % titanium (in the form of AlTi5B1) 

the grain size can be decreased from ~85 to 65 µm. As the reheating time is 
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extended grain growth can be expected to occur, however this is inhibited by the 

addition of titanium. This effect of the grain refiner is also dependent on the 

strontium content. A systematic positive effect of the manganese and lead 

addition can not be ruled out. The change in the grain size as a result of grain 

refining treatment, as well as the effect of the duration of the reheating time with 

simultaneous modification using strontium, is illustrated in Figure 4.3a. 

 

 

 

 

 

 

 

 

 

 

 

    (a) (b) 

 

Figure 4.3: Grain size = f (titanium content, reheating time) 

(a) without Sr and (b) with Sr, (b) Modification on the eutectic grain structure 

depending on the content of Sr (ppm) and Ti. 

 

 

4.2.3 Influence on the Form Factor of the Primary Phase 

 

A further criterion for evaluation in the assessment of thixoforming materials is 

the form factor. The rounder the grain or the greater the form factor is, the more 

pronounced the thixotropic material characteristic in a forming operation will 

become. The duration of reheating is recognised as an essential parameter 

affecting the form factor. The effect of alloying elements on the forming is 

however largely unexplained. For the material A356 (EN AC-AlSi7Mg0.3), the 

main parameter affecting the form factor of the primary phase (α-aluminium) 

surprisingly appears to be the addition of strontium, which appears to have an 

even greater effect in comparison with the reheating time. The other elements, on 

the other hand, cannot be identified as significant parameters. The dependence 

of the form factor on the titanium added and on the reheating time with 

manganese added and also modification using strontium is shown in Figure 4.4. 
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        (a) (b) 

 

 

 

Figure 4.4: Dependence of form factor on reheating time and titanium content  

(0.3 % Mn, 200 ppm Sr, 0 ppm Na, 0 % Pb)  

 

With increasing titanium content the form factor is clearly impaired, i.e. the 

titanium added during solidification evidently promotes dendritic growth. At the 

same time the form factor passes through its maximum with extended reheating, 

lasting between 10 and 20 minutes. After that uneven grain growth occurs, during 

which smaller α-aluminium dendrites agglomerate to larger grains, so that the 

form factor "apparently" becomes worse. Under favourable conditions (t = 15 – 

20 min., Ti = 0 %, Pb = 0 %, Na = 0 %, Sr = 200 ppm) a form factor of ~0.7 can 

be achieved. This also approximately corresponds to the form factor achieved 

when reheating conventional raw material, for instance when using the MHD 

process. The result appears to be plausible because during reheating the states 

of dendrite formation, grain growth due to Oswald ripening and strengthened 

formation of the networking structure as a result of grain contact and coalescence 

can be differentiated [15].  

 

The optimum grain structure adaptation is achieved when the dendrites can be 

transferred into individual globulites. The prospects for success of this treatment 

are essentially defined by the basis grain structure and the chemical composition 

[14]. By adding 0.3 mass-% Mn and modification using 200 ppm of strontium, the 

form factor after 30 min reheating can be favourably affected, because formation 

of the dendrites into a globulitic form during the same period leads to a better 

form factor than without manganese and strontium added (Figure 4.5). 
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(a) (b) 

Figure 4.5: Micro structure of A356 

(a) without Sr- and Mn-refining (f = 0.45), (b) with Sr- and Mn-refining (f = 0.55) 

 

4.2.4 Modification of the Eutectic Structure 

 

The involvement of the eutectic structure in evaluation of a material's suitability 

for thixoforming is breaking a new development step. Modification treatment and 

division of the modification into different classes is on the other hand standard 

practice for processing of conventional aluminium castings. A grain structure 

having a very fine, uniformly distributed eutectic represents Class 1. On the other 

hand coarse, needle-shaped, unevenly distributed silicon precipitations represent 

Class 3. Silicon precipitations in the intermediate group represent Class 2. 

Successful modification (Class 1) enhances internal feeding, minimises the 

porosity as well as the tendency to heat cracking of a material, positively affects 

the flow and form-filling characteristics and improves the mechanical properties of 

the component. 

 

The formation of the eutectic grain structure in testing of thixo-alloys can be 

expected to be primarily affected by strontium. On the other hand, titanium and 

manganese have very little effect. Due to resulting interactions, alloying elements 

such as titanium also have a significant worsening effect on the refinement and 

uniformity of the eutectic if strontium is also present. If strontium is added, 

titanium should be limited to between 0.15 - 0.25 mass-% (Figure 4.4b). If 0.3 

mass-% of manganese is added the negative effect of titanium on modification of 

the eutectic can be reduced to some extend. 
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4.2.5 Influencing the Semi Solid Temperature Interval 

 

Determination of the freezing range for alloys is carried out by means of 

Differential Thermo-Analysis (DTA). Both the grain refinement and modification 

should have a favourable effect on the semi solid temperature interval. The 

liquidus temperature becomes higher with increasing titanium content. In 

addition, it could be demonstrated that the silicon and magnesium contents, and 

also the lead content in particular, should also be taken into consideration 

because the liquidus temperature reacts significantly to the alloying content. 

 

The grain refinement element is primarily suitable in favourably affecting the 

freezing range overall. All other alloying elements are of little significance in 

comparison. Lead has a generally negative effect on the freezing range so this 

element should be avoided. The study confirmed the suitability of the thermo-

analysis principle for assessment and control of the melt range. The hoped-for 

evaluation of the modifying treatment as well as grain refinement by means of 

thermo-analysis was however not achieved due to the interfering influence of the 

other alloying components (primarily Mg and Si). The grain-refined raw material 

differs in comparison to commercial raw materials in respect of its smaller grain 

size as well as a more uniform grain size distribution in the border and middle 

areas of the cast. At the same time it was noticeable that the grain-refined raw 

material had a somewhat more dendritic grain structure composition than 

commercial raw material. 

 

4.2.6 Characteristics of the Raw Material 

 

Because the commercially available MHD grain structures and grain-refined raw 

material can significantly vary from one another after reheating both materials 

were treated with the same reheating program. The raw materials were heated to 

the target temperature (580°C) horizontally in an induction unit. The chemically 

grain-refined raw material was thereby transformed into a fine globulitic grain 

structure quite as well as for the conventional MHD material. The average grain 

diameter and the form factor are comparable (Figure 4.6). During reheating 

however, it was observed that for the chemically grain-refined material less melt 

ran out of the billet than with conventional raw material. This presents the option 

that when using grain-refined raw material the dripping losses that are normally 

incurred during vertical reheating may be reduced. 
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(a) dm = 200 µm, f = 0,6  

 (conventional MHD) 
(b) dm ~ 200 µm, f = 0,6  

(chem. grain refined 0,3 % Ti; 0,3 % Mn)  

 

Figure 4.6: Grain structure of the billet centre, A356 after reheating 

 

The reheated raw material is processed in a die-casting forming operation at the 

foundry institute of RWTH Aachen into principle component (Figure 4.7). A step 

form is used with which the form filling of a component with decreasing wall 

thickness can be examined. In contrast to commercial raw material, using 

chemically grain-refined raw material, with the same form filling rate (vPiston = 

0.05 m/s) even the overflow of the casting chamber could be filled. This implies 

that an improved form filling capacity can be achieved. 

 

 

Figure 4.7: Principle step-part made from thixo-adapted A356 (after chemical 

grain refinement) 

 

Samples were taken from the component out of the steps of 15 and 25 mm 

height and then metallographic tests were performed (Figure 4.8).  
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(a) 15 mm step (b) 25 mm step 

Figure 4.8: Grain structure of thixo-cast step-samples 

 

For both of the raw materials there was no significant variation in grain structure 

determined in dependence of the step height. The chemically grain-refined mate-

rial had a somewhat finer grain structure in comparison to the commercial raw 

material. The advantages that were already apparent in respect of the aluminium 

phase and eutectic after reheating of the different raw materials were also 

retained after forming. Examination of the chemical homogeneity over the length 

of the component indicated that for both raw materials no significant mix 

separation had occurred. 

 

4.3 Fundamentals of Aluminium-Lithium Alloys  

 

4.3.1 State of the Art 

 

Aluminium-lithium alloys have been in use since 1950. In particular wrought 

alloys such as AA8090 and AA2091 are used in the form of continuous-pressed 

profiles or rolled sheets in aerospace constructions. Also forged components 

such as Al-Li brake callipers are used in motor racing [16]. Their low density, high 

specific solidity and high module of elasticity make these materials highly suitable 

for a multitude of high-load applications. Because of the high raw material cost of 

lithium and high expenditure for processing however, they are not very widely 

used to date. The value of 5 €kg-1 of tolerable extra costs in transportation 

systems for reduction in weight per kilogram indicates that their introduction in 

automotive mass production would only occur if significant cost reductions were 

feasible.  

 

However, aluminium-lithium alloys are subject to low toughness values, stress-

cracking corrosion and heavy anisotropy of mechanical properties [18, 19]. 
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Aluminium-lithium alloys can be produced by melt-technologies and powder-

based metallurgical methods. The latter require more complex operating lines 

(cost issue) but permits a higher lithium content to be applied. However powder-

based metallurgy can be subject to high contamination of the powder during the 

jet-spraying process (e. g. oxide forming - unfavourable for ductility) as well as 

the high reactivity of the lithium itself. Melt-based metallurgical production is more 

common but the achievable lithium content is limited to ~10 %. During continuous 

casting of Al-Li semi-finished products, an aluminium melt (99.5 %) with the 

slightest Li content will become scratched far more quickly than for a Li-free melt. 

Li contents of >5 ppm can already give rise to problems during casting, when jet-

spray/float systems are used. According to [20], between lithium in the aluminium 

melt and silicon in refractory material (wall components, jets), a LiAlSi3O8-phase 

should form, which is deposited on the walls of the jet along with the above 

mentioned oxides formed in the melt (LiAlO2 and Al2O3) and this can lead to the 

casting jets blocking up. In [21] studies were conducted into development of 

suitable aluminium-lithium alloys for fine casting processes. The casting tests 

using conventional Al-Li forging alloys identified deficiencies in the casting 

properties. Furthermore the tendency to thermal cracking remained - and that 

should be eliminated by means of suitable grain refinement. A cost-effective 

casting technique may in the future be possible by adaptation of the low- 

pressure or reverse-pressure die casting process using inert gas. 

 

The main motivation is to evaluate the potential for processing of Al-Li-X alloys in 

the partially liquid state, because the special processing conditions involved can 

be expected to produce a significant improvement in the material's properties and 

at the same time greater scope of formability. The main challenges in the 

production and processing of aluminium-lithium alloys include 

 

 Hot-tearing susceptibility during the casting process. 

 Because of its high reactivity, lithium oxidises very rapidly and needs to be 

handled very carefully. 

 High gravitational separation during casting. 

 High rate of waste/high proportion of turnings. 

 Corrosion susceptibility (particularly stress-cracking corrosion). 

 Recycling issues. 

 

The acceptance of Al-Li alloys is currently limited, which is especially due to 

doubts in respect of fracture toughness and the fact that the costs are always 

three times higher than for existing high-strength alloys, probably due to the 

special requirements during melting and casting. 
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The alloy systems studied are derived on the one hand from the precipitation-

hardened system Al-Li-Cu and on the other from the mixed-crystal strengthened 

system Al-Li-Mg. As a comparison the commercial alloys AA8090 (Al-Li-Cu-Mg), 

AA2090 (Al-Li-Cu) and AA1420 (Al-Li-Mg) were included in the study. In solid 

aluminium at 610°C lithium has a maximum solubility of ~4% (16 at-%). Due to 

the low density of this element (0.54 g ∙ cm-3) every 1 % addition of lithium gives 

rise to a 3 % reduction in density. Amongst the soluble elements lithium is also 

noteworthy in that it causes the modulus of elasticity of aluminium to increase 

markedly (6 % increase for every 1 % added). By formation of the regulated 

meta-stable δ’ (Al3Li) phase, binary and more complex alloys containing lithium 

can be hardened, which is coherent with the Al-matrix and has a particularly low 

mismatch with the Al-matrix. Because of these properties, alloys containing 

lithium are under development as a new generation of low-density, high-rigidity 

materials for application in airframes, whereby improvements of up to 25 % in the 

specific rigidity are possible, thus offering the opportunity for the production of a 

large range of higher performance aluminium alloys by conventional melt-based 

metallurgical means. In the aluminium industry, these may also contribute to their 

resistance to the growing trend toward the application of non-metallic composite 

materials as structural materials in the aerospace industry [22]. 

 

Hardened binary Al-Li alloys primarily suffer from low elasticity and toughness 

under massive stress peaks that can occur, because coherent δ’ precipitations 
are sheared by moving displacements. This can give rise to fractures along the 

grain boundaries. Correspondingly, this work has focussed very heavily on the 

study of elements forming suitable precipitations or dispersoids allowing the 

displacements to be dispersed more homogenously. The alloy systems 

developed to date are compared in Table 4.2. 
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Table 4.2: Selection of Al-Li alloys developed to date for the aerospace industry 

 

4.3.2 The System Al-Cu-Li 

 

The first commercially applied alloy of this system was A2020. Copper on the one 

hand reduces the solubility of lithium in its solid state, whereby the precipitation of 

δ’ is promoted and on the other hand gives rise to the precipitation of phases, 

such as the GP zones and θ’, as familiar from binary Al-Cu alloys. The alloy 

A2020 combines high properties of strength at room temperature (Rp0.2 of ~520 

MPa) with good creep behaviour at temperatures up to 175°C and has a module 

of elasticity 10 % higher than that of other aluminium alloys. Newer Al-Li-Cu 

alloys have a lower copper content and higher Li:Cu ratios, of which the best-

known example is the alloy A2090. In addition to the δ’-phase, this alloy is 

hardened by means of the hexagonal T1-phase (Al2CuLi). Zircon additives (~0.12 

%) are also activated in order to form fine dispersoids of the type Al3Zr, which 

control re-crystallisation and grain size. Another effect of this element is to 

promote grain formation of the δ’ precipitations on these dispersoids. τverall 
zircon increases the properties of strength and toughness [13]. 

 

 

 

alloy Li Cu Mg Zr others 

A2020 1.3 4.5 - - 0.5 Mn; 0.25 Cd 

A2090 1.9 - 2.6 2.4 - 3.0 < 0.25 0.08 - 0.15 - 

A2091 1.7 - 2.3 1.8 - 2.5 1.1 - 1.9 0.04 - 0.16 - 

A8090 2.2 - 2.7 1.0 - 1.6 0.6 - 1.3 0.04 - 0.16 - 

A8190 1.9 - 2.6 1.0 - 1.6 0.9 - 1.6 0.04 - 0.14 - 

A8091 2.4 - 2.8 1.6 - 2.2 0.5 - 1.2 0.08 - 0.16 - 

A8092 2.1 - 2.7 0.5 - 0.5 0.9 - 1.6 0.08 - 0.15 - 

A8192 2.3 - 2.9 0.4 - 0.7 0.9 - 1.4 0.08 - 0.15 - 

X2094 1.3 4.5 0.4 0.14 0.4 Ag 

1420 2.0 - 5.2 0.11 - 
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4.3.3 The System Al-Li-Mg 

 

Magnesium reduces the solubility of the lithium, although its effect appears to be 

strengthening the mix-crystal stability. In alloys containing more than 2 % 

magnesium and that are heat-treated at relatively high temperatures, a non-

coherent, cubic Al2LiMg-phase is formed. Unfortunately this phase generally does 

not form at the grain boundaries and has an unfavourable effect on toughness. 

Therefore, the addition of magnesium does not essentially improve the strength 

of the binary Al-Li alloys. The alloy 1420 has a relatively low yield limit (Rp0.2 

~280 MPa), however high corrosion resistance [23]. Higher yield limits (Rp0.2 of 

360 MPa) are achieved in the modified alloy 1421. This alloy contains 0.18% of 

the expensive element scandium, which forms fine, stable dispersoids of the 

phase Al3Sc. This is isomorph with an Al3Zr structure and it promotes increased 

strength. 

 

4.3.4 The System Al-Li-Cu-Mg 

 

Examples in this group are A2091, A8090 and A8091. Ageing at temperatures of 

around 200°C leads to co-precipitation of the semi-coherent phases T1 and S’ in 
addition to the coherent phase δ’. The S’-phase (Al2CuMg) can not be sheared by 

displacements and therefore enhances a homogenous dispersal of stresses. 

Because the nucleus formation of this phase is similarly difficult, Al-Li-Cu-Mg 

alloys are normally used in T8 state (helicopter support arms made from A8090). 

 

4.3.5 The System Al-Li-Cu-Mg-Ag 

 

The costs of delivering freight into low earth orbit are estimated at ~US$8000 kg-

1, so that there is considerable encouragement to reduce the weight of space 

vehicles by the use of lighter or stronger materials. Therefore, alloys containing 

lithium come into consideration for welded fuel tanks instead of the conventional 

aluminium alloys 2219 and 2014. Minimal addition of silver and magnesium 

significantly improves the properties of strength. For Al-Cu-Li-Mg-Ag alloys with 

lithium contents of around 1-1.3 % the material's strength results from adding 

small quantities of Mg and Ag which stimulates nucleus formation for a fine, 

hardened T1-phase which coexists alongside the S’ and θ’ in a maximally 
hardened state. Each of these precipitations is created in another Al-matrix plane 

and is resistant to shearing due to displacements. These observations have lead 

to the development of an alloy known as Weldalite 049 (Al-6.3Cu-1.3Li-0.4Mg-

0.4Ag-0.17Zr). This material can have strength characteristics in excess of an Rm 

of 700 MPa in the T6 and T8 state. On the basis of the strength/density ratio 
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corresponding steel would need strength in excess of 2100 MPa, so Weldalite 

049 is the first aluminium alloy produced from conventional casting blocks to be 

designated as having ultra-high strength. Modifications to this alloy using a low 

copper content (X2094 and X2095) develop values of Rp0.2 of ~600 MPa in the T6 

state, which is double that of the conventional aluminium alloy 2219-T6 [22].  

 

The original objective for the development of Al-Li-Cu-(Mg) alloys was as a 

substitute for the conventional aluminium airframe alloys, with an expected 

density reduction of about 10% and increase in rigidity of 10-15%. These alloys 

are classified as high-strength (A2090, A8091), medium-strength (A8090) and 

damage-tolerant (A2091, A8090) in respect of their mechanical properties. Their 

densities range from 2.53 to 2.60 g/cm3 and module of elasticity from 78 to 82 

GPa. Nevertheless problems do exist in respect of their low lateral toughness in 

continuously cast profiles. These problems appear to relate to their 

microstructure, primarily in the grain boundary areas. Under continual loading of 

these alloys at increased temperatures (>50°C) the incidence of creep-fracturing 

can also increase to a relatively high degree [24]. 

 

4.3.6 Effects of Alkaline Metal Contaminants 

 

One known factor that reduces the ductility and fracture toughness of alloys 

containing lithium is, alongside hydrogen, the presence of alkaline metal 

contaminants (in particular sodium and potassium) and particularly at the grain 

boundaries. In conventional aluminium alloys these elements are combined with 

elements such as silicon in harmless, permanent compounds. However they 

react readily with lithium. Commercial alloys containing lithium are produced by 

conventional melting and casting techniques and usually contain 3-10 ppm of 

alkaline metal contaminants. This level can be reduced to below 1 ppm by means 

of vacuum melting and refining [25]. It can be demonstrated that this leads to a 

considerable improvement in fracture toughness at room temperature (Figure 

4.9). 
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Figure 4.9: Effect of alkaline metal contaminants on the crack toughness on 

A2090 extruded profiles [26] 

 

4.4 Development of Aluminium-Lithium-Alloys for Semi-Solid 

Processing 

 

The concept for adaptation/optimisation of familiar Al-Li alloys for processing in a 

partially liquid state is essentially based on the following points:  

 

 Influencing the micro-grain structure and the texture properties by suitable 

selection of the composition and the process sequence.  

 Optimisation of the degree of recrystallisation and the grain size in relation 

to the applicable component geometry. 

 Adaptation of the casting grain structure by addition of elements such as 

Ce, Sc, Ti, B and Ag.  

 Minimisation of the proportions of balancing phases T2 and δ, of Fe and Si 
phases, of Na and K as well as hydrogen in solution. 

 Variations in the main alloying elements (Li, Mg, Cu, Sc, etc.).  

 

The semi-empirical methodology and sub-operations employed are shown in Fig. 

4.10. After selecting suitable AL-Li-X basis systems, first an evaluation was made 

of the important key parameters for processing in a partially liquid state, with the 

aid of thermochemical calculations. After tuning of the alloys by means of micro-

alloying element additives and melt-based metallurgical synthesis of trial alloys 

as well the characterisation was performed. Finally thixocast and rheocast 

principle parts and real components were jointly produced and evaluated. Where 

necessary an adaptation of the selected alloy composition was carried out as well 

as repeating of the development operation for reproducibility check. 



 20 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: Flow diagram of the methodology applied for adaption of Al-Li-X 

alloys to thixoforming 

 

4.4.1 Thermochemical Modelling 

 

The thermochemical calculations in the selected Al-Li-X system models [27], [28], 

[29] produced the following results, compared with experimental data [30]: 
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 In the Al-Li-Cu system the alloys AlLi4Cu4 (A3) and AlLi2.5Cu4 (A2) 

display the lowest temperature-sensitivity in the liquid phase portion. Both 

are below the critical value of dfl/dT < 0.015 for a liquid phase proportion of 

50% and therefore should be suitable for processing in the semi-solid 

range. The alloys AlLi2.5Cu2.5 (A1) and AlLi4Cu1.5 (A4) display a smaller 

processing window in relation to temperature-sensitivity of the liquid phase 

portion, however should prove of interest for processing with low liquid 

phase proportion (<30%) for thixoforging. 

 In the Al-Li-Cu system account must be taken of the occurrence of brittle 

intermetallic phases T2-Al5CuLi3 and T1-Al6(Cu,Zn)Li3. This could in some 

cases lead to worsening of the mechanical properties, in particular 

elongation. 

 In the Al-Li-Mg system the alloys AlLi4Mg8 (A7) and AlLi2.1Mg5.5 (A8) 

display the lowest temperature-sensitivity in the liquid phase portion. Both 

are below the critical value of dfl/dT < 0.015 for a liquid phase proportion of 

50% and therefore should be suitable for processing in the semi-solid 

range. Similar to the argument for A1 and A4, the alloy AlLi2.5Mg4 (A6) 

should be suitable for processing with low liquid phase proportion (<30%) 

for thixoforging. 

 In the Al-Li-Mg system account must be taken of the occurrence of the 

brittle intermetallic phases ı-AlLi and T-Al2LiMg, in particular for the alloy 

A7. 

 The complex alloy in the system Al-Li-Mg-Cu (A5-AlLi2.1Cu1.2Mg0.7) is 

excluded due to a unsufficient process window for semi-solid forming. 

 

The important key parameters on the basis of the thermochemical calculations 

are summarised in Table 4.3. 
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Table 4.3: Properties of selected Al-Li-X alloys relevant to SSM processing, 

calculations made by Scheil-Gulliver approximation (alloying content in weight%) 

 

 

4.4.2 Choice of a Suitable Basis System 

 

Since for semi-solid workability the formation of a globulitic microstructure is a 

prerequisite quench tests were carried out from the partially liquid range. The 

average solid phase particle diameter should be less than 100 µm in this respect. 

The grain structure formations indicate that the grain-refined alloys A1, A2, A4 

and A5 formed the larger globulitic particles with virtually identical solid phase 

contents. The alloys A3, A6, A7 and A8 on the other hand display the desired 

grain sizes (<100 µm). The alloys A3 and A7 from this group were taken as 

samples for detailed examination, because these displayed the largest semi-solid 

ranges and a finer globulitic grain structure.  

 

With the AlLi4Cu4(A3) alloy, in the following quench tests were carried out based 

on 540°C to 620°C after holding times of 2, 5, 10 and 20 minutes. For each 

quenched sample, four recorded grain structure images (Figure 4.11) were 

evaluated. The liquid-phase portion at above 540°C is independent of the holding 

time in this respect. The liquid phase progressions for a holding time of 2 

alloy Cu 

(w/o) 

Li 

(w/o) 

Mg 

(w/o) 

T50 

(°C) 

dfl/dT T50−Ts 

(°C) 

intermetallic 
phases 

A1 
(AA2090) 

2.5 2.5 - 637 0.023 105 4.7 % T2, 1 % T1 

A2 4.0 2.5 - 629 0.015 97 
4.8 %T2, 2.7 %T1, 
0.3% TB 

A3 4.0 4.0 - 605 0.008 39 
12.5 % T2, 0.6 % 
AlLi 

A4 4.0 1.3 - 639 0.024 107 2.5 % T1, 2.1 % TB 

A5 
(AA8090) 

1.2 2.5 0.7 638 0.026 197 
3.3 % T2, 0.5 % 
AlLi, 0.4 % Ĳ 

A6 - 2.5 4.0 613 0.012 155 5.2 % Ĳ, 2.7 % γ 

A7 - 4.0 8.0 542 0.004 84 
15.5 % Ĳ, 5.9 % γ, 
1.1 % AlLi 

A8 
(AA1420) 

- 2.1 5.5 603 0.010 145 3.4 % Ĳ, 5.2 % γ 



 23 

minutes, determined on the basis of the quench tests, were very closely 

consistent with the DTA results. The mean grain sizes (600°C) amount to 60 to 

80 µm and remain very constant up to a holding time of 20 minutes. The form 

factor at 600°C, with values of 0.5 to 0.6 is more favourable than at 590°C (0.35 

to 0.45), because more solid phase is released and therefore a higher form factor 

is created. This means there is a process window as indicated in Table 2.3.6. 

The stated temperatures vary because of the non-homogenous alloy distribution 

within a billet. 

 

With the AlLi4Mg8-(A7) alloy analogue quench tests were performed based on 

460°C to 580°C. As for AlLi4Cu4 (A3) there is no indication of any significant 

interdependence between the liquid phase portion and the holding time. Again 

there is a good correlation of the liquid phase contents determined by both DTA 

and quench tests. The mean grain sizes vary at both temperatures, between 35 

and 65 µm, the form factor between 0.37 and 0.48. Because of its grain structure, 

the examined material is therefore suitable for processing in the semi-solid state. 

Because of the large fluctuations in relation to the chemical compositions, it is 

difficult to identify a definite process window for the material on the basis of the 

DTA and grain structure tests (assumed: Tprocess ~ 540°C ± 15°C, thold ~ 2-5 min). 

A higher homogeneity would be necessary for reproducible billet heating. 

 

4.4.3 Fine Tuning of the Grain Refinement for Al-Li-Alloys 

 

For statistically confirmed determination of the parameters and effect variables 

during micro-tuning of the Al-Li-X alloys by means of adding Sc and Zr, the 

model-supported testing plan was carried out using software type MODDE 5.0©. 

The parameters for Sc and Zr content, as well as the casting temperature, were 

defined for the system AlLi2.1Mg5.5. The indicator (effect variable) was the 

desired average grain size in the cast billets, which should be minimised.  

 

As shown in Figure 4.12, the effects of added Sc and Zr on the resulting grain 

size are significant. The variation of the casting temperature on the other hand 

has no effect on the grain size. The grain size can be statistically confirmed and 

reproducibly set at the desired value via the Sc and Zr contents. Figure 4.13 

shows in this respect which contents of Sc and Zr have to be added in order to 

set a defined grain size in the alloy. The mathematical model makes a prognosis 

of contents of 0.25 % Sc and 0.25 % Zr for a grain size of 30 µm.  
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(a) (b) 

 

Figure 4.12: Effects of Sc and Zr and casting temperature on the grain size of 

AlLi2.1Mg5.5ScZr (a) and micro structure of a billet (b) 

 

     (a) (b)  (c) 

 

Figure 4.13: Dependence of the average grain size in µm (white boxes) on the Sc 

and Zr contents of AlLi2.1Mg5.5ZrSc at three casting temperatures (a) 750°C, (b) 

800°C, (c) 850°C 

 

4.4.4 Assessment of the Raw Material Development Programme 

 

The results of the optimization programme can be summarized as follows: 

 

 With the aid of the overpressure melt process Al-Li-X alloys with Li contents 

of 1.5 - 4 weight% can be reproducibly produced. In order to prevent 

contamination by Na and K, it is necessary to employ master alloys and 

high grade metals. 

 In spite of the complex permanent mould system, chemical non-

homogeneity of the raw material billet can not be entirely eliminated. In 
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particular the elements Cu and Mg are concentrated at the edge of the billet 

and are below the specified desired values in the centre of the billet. 

 DTA testing confirmed the results of the thermochemical calculations, whilst 

for the AlLi4Cu4, AlLi4Mg8 and Al-Li2.1Mg5.5 alloy systems the largest 

process window for processing in the semi-solid range can be expected. 

 The evaluations for the micro structure in the semi-solid range indicate that 

in particular the Ti and Zr grain-refined alloys AlLi4Cu4 and AlLi4Mg8 as 

well as the Sc and Zr micro-alloyed alloys AlLi2.1Mg5.5 achieve very good 

results with globular and fine-grained structures of ~60 µm. Apart from that, 

these alloys have a high proportion of pre-melting eutectic phase, which 

should support thixotropic flow during forming. 

 

 

4.5 Consideration of the Forming Pressure on Thixoalloy Development  

 

For full consideration of the process window during forming in the partially liquid 

state, solidification under pressure has to be taken into consideration, because at 

the end of the forming process pressures of up to 1000 bar can be reached. This 

effect calls for changes in the phase transformation temperatures and consider-

able shifting of phase state ranges, even the occurrence of new phases and 

modified solubilities for the alloying elements. Preliminary metallurgical studies 

regarding the effect of the pressure on the properties of metals and alloys 

solidified under pressure indicate that alloys solidified under these conditions 

possess greatly enhanced mechanical properties. This effect must be taken into 

account for the solidification of alloys in the partially liquid state, in particular for 

aluminium alloys because the elevated pressure has a great influence on the 

solidification temperature of the residual melt and so, due to the sudden 

solidification (pressure-induced under-cooling), non-homogeneity of the 

component can be the result. The pressures building up in the partially liquid 

state during the forming process can however have a positive effect, e.g. 

considerable improvement of mechanical properties. Therefore pressure, forming 

rate and temperature control must be adapted to each other in order to produce 

homogenous components with enhanced mechanical properties. 

 

When continuously casting Al-Si raw material for thixoforming by means of 

electro-magnetic agitation (MHD), in near-surface regions of the rod and increase 

in the silicon content occurs in comparison with the core area [36]. For the most 

widely used thixo-alloy AlSi7Mg the silicon content close to surface can even 

increase to an over-eutectic level if the agitating effect is very strong. The cause 

may for instance be a shifting of the eutectic point due to the overpressure [37]. 
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This leads to non-homogeneity in subsequently produced thixocast components. 

It is recognised from literature as well as from own experience that in the case of 

re-melting of the surface regions, when a shrinkage gap is created a transfer of 

eutectic residual melt in the edge area is possible through the framework of the 

primary crystal structure, if an overpressure is acting internally ([38] and [39]). 

However these studies only give information about the effect of pressures of up 

to ~10 bar. For a comprehensive understanding of the effects of pressure, in 

particular for thixoforming, it is not sufficient to limit oneself to such a low level of 

pressure. 

 

During component production by thixoforming as a rule final pressures of 

about 1000 bar are created, which influences the still liquid phase portion of the 

suspension. As mentioned above, this effect calls for changing of the phase 

transformation temperatures as well as considerable shifting of phase state 

ranges, even the occurrence of new phases and modified solubilities of the 

alloying elements. Cernov and Schinyaev [40] have already published a pressure 

dependency of this nature, although this was purely theoretical and derived from 

the Clausius-Clapeyron equation under the assumption that the heat of the melt 

and the volume change during melting are constant, i.e. independent of pressure 

and temperature. Experimental validation of this is insufficiently covered. In [37] it 

is postulated that for a shift of the eutectic composition, of for instance the Al-Si 

eutectic, from 12.6 % to 13.6 %, an absolute pressure of well over 1000 bar 

would be necessary. However, even at low pressures an extension of the melt 

range occurs as well, similarly of the solubility range of the aluminium solid 

solution. Therefore, particularly during forming under pressure in the partially 

liquid state, large effects can be expected on the grain structure composition.  

 

For some Al alloy systems the effects of solidification under pressure on 

mechanical properties were studied [41]. For the system Al-Mg10, for example, 

considerable increase in the yield limit, tensile strength and elongation was 

indicated with increasing solidification pressure at pressures up to 1000 bar. For 

the conventional casting alloys A356-AlSi7Mg on the other hand the solidification 

pressure had little effect on mechanical properties. The works to date studying 

the influence of pressure on the properties of metals are related to solidification 

from the fully liquid state. No studies are known that have dealt with the 

solidification of partially liquid suspensions under pressure. This question is, 

however, of particular importance for this task, being one of the possible causes 

of chemical non-homogeneity in thixo-components, and this underlines the need 

for this research. 

4.5.1 Experimental 
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The alloys being studied for pressure-dependency were selected from the binary 

Al-Mg-system (samples 1-4), from the binary Al-Li system (samples 5-8) and from 

the ternary Al-Li-Mg system (samples 9-17), this allowed for a good of the 

relevant Al domain (Figure 4.14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: Alloy compositions in the Al-Li-Mg system selected for determination 

of pressure-dependence 

 

For the production of the selected alloys the proven inert gas overpressure 

method was used. Synthesis of the various Al-Li alloys was carried out by the 

melt-based metallurgical process directly, from highest purity metals (Al 99.999 

%, Li 99.8 % and Mg 99.8 %). The castings were produced with an overpressure 

in the furnace in a circular steel permanent mould (D = 80 mm/H = 220 mm). The 

weight of the Al-Li-X trial billet produced was ~2.8 - 3 kg. In order to check the 

homogeneity of the billets produced, selected billets were sampled at four 

different levels (in total 12 samples per billet). The deviations in the central 

regions of the billets were minimal compositions in the edge areas amounted to 5 

– 9 % for Mg content and 15 – 25 % for Li content in relation to the desired value. 

The deviations in the central regions of the billets were minimal. For this reason 

the samples for the DTA testing (six samples: Ø = 10 mm,  L = 60 mm per billet) 

were taken from the central regions, from the two billets containing 1 % Li as well 

as containing 2 % Mg/1 % Li. Also it was not possible to take the samples 10 % 

Mg/4 % Li, 16 % Mg/0.5 % Li, 16 % Mg/0.7 % Li, 16 % Mg/2 % Li, 16 % Mg/4 % 

Li as they were so brittle that they broke during handling of the samples. 
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The samples were investigated in a specialized DTA system at pressures from 1 

to 2000 bar. The samples contained an ~1.2 mm hole for a thermo-couple. Three 

other thermo-couples assured the homogeneity of the temperature within the 

furnace surrounding the sample. The chamber was evacuated and an argon 

pressure of 15 - 20 bar was applied in order to improve heat transfer. The 

samples were heated to ~780°C and for measurements under "normal 

conditions" they were cooled down (at 3 – 5°C/min) for solidification. 

 

For recording of the DTA curves under high pressure a pressure of 2000 bar was 

applied on the hot sample solidified again at the same rate of cooling. Two tests 

were run for each billet. After DTA analysis the samples and two untreated 

samples per billet were used for tensile strength testing. 

 

4.5.2 Results of High Pressure DTA 

 

The results generally indicate that for almost all samples solidified under a 

pressure of 2000 bar (exception sample 6), a substantial increase in the liquidus 

temperature was identified (Table 4.5). Figure 4.15 shows examples of DTA 

recordings for the Al3-Li sample under normal pressure and under 2000 bar, all 

results are summarized in Table 4.5. 

 

The effect of the pressure on the increase of the liquidus temperature is most 

significant in the binary systems Al-Li (∆ T = 16.2 to 47.4°C). In the binary 
systems Al-Mg the pressure effect is somewhat less (∆ T = 16.2 to 24.2°C), 
similarly for the ternary system Al-Li-Mg (∆ T = 7.2 to 23.2°C). A systematic 
correlation between the pressure effect on the increase of the liquidus 

temperature and the structure of the corresponding binary and ternary systems 

could not so far be identified. 

 

 

 

 

 

 

 

 

Table 4.5: Liquidus temperatures of alloys solidified under normal pressure and 

under 2000 bar, determined by means of DTA 
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sample 
No. 

composition 
weight-% / atom.% 

TLiquid 
normal 

pressure 
(°C) 

Tliquid 
2000 bar 

 
(°C) 

∆T 
(TLiquid, 2000 bar 
– TLiquid, 1 bar) 

(°C) Al Mg Li 

1 98 / 97.8 2 / 2.2 0 625.4 649.6 24.2 

2 92 / 93.23 6 / 6.75 0 615.2 626.9 11.7 

3 90 / 89 10 / 11 0 588.1 600.9 12.8 

4 84 / 82.5 16 / 17.5 0 541.1 562.7 21.6 

5 99 / 96.2 0 1 / 3.8 635.7 651.9 16.2 

6 98 / 92.6 0 2 / 7.4 627.3 620.8 -6.5 

7 97 / 89.3 0 3 / 10.7 596.9 644.3 47.4 

8 96 / 86.1 0 4 / 13.9 590.6 628.3 37.7 

9 97 / 94.1 2 / 2.2 1 / 3.8 631.3 646.1 14.8 

10 96 / 90 2 / 2.0 2 / 7.3 623.5 632.5 9.0 

11 95 / 87.3 2 / 2 3 / 10.7 612.4 626.5 14.1 

12 94 / 84.1 2 / 2 4 / 13.9 600 623.2 23.2 

13 93 / 89.8 6 / 6.4 1 / 3.8 568.7 587.2 18.5 

14 92 / 86.4 6 / 6.3 2 / 7.3 601.3 611.0 9.7 

15 91 / 83.2 6 / 6.1 3 / 10.7 585.6 613.5 27.9 

16 90 / 80.2 6 / 5.9 4 / 13.9 573.1 598.5 25.4 

17 89 / 85.6 10 / 10.7 1 / 3.7 584.9 592.1 7.2 

27 96.4 / 92.3 2.1 / 2.2 1.46 / 5.4 610.4 635.7 25.3 
 

(a) (b) 

 

Figure 4.15: Examples of DTA records under normal and under high pressure 

showing differences in the thermal effect (liquidus temperature at 597°C/644°C) 

4.5.3 Effect of the Solidification Pressure on the Microstructure 
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All samples that were solidified under a pressure of 2000 bar were very brittle, 

which is due to a phase modification and/or dissolution of a brittle phase on the 

phase boundaries. An analysis of the micro structure indicates that the 

morphology of the phase changes and that non-metallic contamination has 

accumulated at the phase boundaries of the sample that was solidified at 5-8 K/s 

under pressure (Figures 4.16 and 4.17). 

 

   
(a) Solidification at normal  (b) Solidification at 20 bar  (c) Solidification at 2000 bar 
      pressure 

 
Figure 4.16: Microstructures of Al-10Mg-1Li solidified under different pressures 

 

  
(a) Solidification at normal pressure (b) Solidification at 2000 bar 

 
Figure 4.17: Microstructures of Al-6Mg-4Li solidified under different pressures 

 

In the samples solidified under normal conditions, the intermetallic inclusions are 

uniformly finely distributed within the alloy matrix, whilst in the samples solidified 

under a pressure of 20 bar, these intermetallics are separated irregularly in a 

coarser form (Figure 4.16). In the samples solidified under a pressure of 2000 

bar, the separation of the intermetallic is somewhat less again and at the phase 

boundaries as well as between the mix crystals the non-metallic contamination is 

eliminated (Figures 4.16 and 4.17, both on the right). As the used high-purity 

argon (6.0) 0.2 vol.-ppm still contains oxygen and the fact that during 

compression to 2000 bar this content increases to 400 vol.-ppm, the oxide phase 

formation in the highly reactive Al-Li-Mg alloys is understandable. The solubilities 

of Li and Mg in the aluminium-mix crystal that were increased under pressure 

and the formation of non-metallic contamination are responsible for the reduced 
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mechanical properties of the samples solidified under pressure. By using oxygen-

free argon and applying heat treatment this negative effect could possibly be 

reduced.  

 

4.5.4 Possible Impacts of High Pressure for the Thixoforming Process 

 

The cooling curves for Al-Mg-Li alloys under 2000 bar indicate that the pressure 

has a very great influence on the melting temperature of these alloys. Increases 

in the liquidus temperature of up to 47°C were identified. This has a direct effect 

on the distribution of the alloying elements and on the liquid/solid phase 

proportion. This effect is shown exemplarily of an Al-4 % Mg-2.1 % Li-0-8 % 

sample/alloy (Figure 4.18). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18: Al-Li-Phase diagram showing the change of the fluid/solid phase 

distribution 

 

Under normal pressure, this alloy has a freezing range of 83°C (TLiquidus 639°C, 

TSolidus 556°C). A 50% liquid phase fraction is achieved at 619°C, corresponding 

to an under-cooling of the melt by 20°C. During forming of the suspension the 

pressure raise suddenly and a pressure of, for instance, 2000 bar increases the 

liquidus temperature by 25.3°C. Merely due to the rise in pressure the under-

cooling changes from 20°C to 45.3°C. This high value of under-cooling leads to 

the formation of an additional solid phase portion. Such the process requires a 

considerable displacement in the process window. This phenomenon, which also 

takes place to a slight degree at low pressures [37], can cause increases in 

alloying elements in the component as well changes in viscosity. 
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4.6 Preparation of Principle Components from Al-Li Thixoalloys 

 

4.6.1 Thixocasting 

 

On the basis of the thermochemical calculations, DTA analyses and grain 

structure characterisation in the partially liquid state, two compositions of the Al-Li 

system were defined as having the greatest potential for thixocasting. Both have 

a lithium content of ~4.0 weight%. One alloy contains ~4.0 weight% of 

magnesium and the other ~4.0 weight% of copper, each with low amounts of 

added titanium and zircon. The objective of this part of the study was also to 

prepare a suitable heating strategy for inductive heating of the reactive 

aluminium-lithium alloys. Pyrometallurgically produced Al-Li billets (diameter 80 

mm, length 200 mm) were mechanically cleansed of external oxide layers and 

macro-cavities. With reference to the thermochemical calculations and the DTA 

testing completed with the heating experiments a suitable process temperature 

could be specified for both alloys (Table 4.6) 

 

Table 4.6: Process window for the alloy A3 and A7 

 

A3 

Ts ≈ 550 - 560°C TL  ≈ 660 - 679°C 

T40-60 ≈ 590 - 610°C T40-60
  = 20K 

Tprocess  ~ 590 - 600°C thold  = 2 - 5 min 

A7 

Ts  ≈ 460 - 470°C  TL  ≈ 650 - 660°C 

T40-60
  ≈ 530 - 560°C T40-60

  = 30K 

Tprocess  ~ 530 - 550°C thold  = 2 - 5 min 

 

In respect of the high reactivity of the alloys the raw material billets were packed 

in a foil of high-purity aluminium for inductive heating; this in order to reduce any 

contact with the atmosphere as far as possible. When using the protective 

aluminium foil there is no need for additional purging of the basin with inert gas 

during heating. The 3" billets were heated to the partially liquid state within a 

period of 420 seconds, with a solid phase proportion of 50 %. A billet format 

(diameter 76 mm, length 160 mm) suitable for the horizontal heating system was 

used. The state of the partially liquid billets was first subjectively estimated by 

manual cutting. For the alloy AlLi4Mg8Ti a very good processing state was 

achieved at 562°C, whilst the alloy AlLi4Cu4Ti first displayed a suitable cutting 

characteristic at ~601°C. At the end of the homogenizing phase both materials 

had a temperature difference between the edge and the centre of         ~ 1.5 °C.  
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During the practical examinations it could be demonstrated the metal alloyed with 

magnesium (AlLi4Mg8Ti) can even be safely heated in the partially liquid state 

without the protective foil. The alloyed magnesium gives rise to an oxidisation 

layer forming on the surface of the billet, thus greatly inhibiting any further ingress 

of oxygen. After inductive reheating the partially liquid billet was manually 

transferred in a ceramic carrier basin and placed in the preheated casting 

chamber (Foundry Institute of RWTH Aachen). The effect of the solidification rate 

(wall thickness 1 – 25 mm) on the casting grain structure was studied by casting 

into a step form (Figure 4.19). The form was preheated to a temperature of 

~250°C using 3 heater-cooler units. When the component was removed from the 

too early ignition of the casting residue took place that was still in a partially liquid 

state. During removal from the form some of the thinner component walls 

cracked. In general the alloy AlLi4Mg8Ti displayed better flow characteristics and 

visual surface quality than that of the alloy Ali4Cu4Ti. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.19: Hardness development of step samples derived from an Al-Li-X 

principle component 

 

Figure 4.20 shows the grain structure of the 25 and 2.5 mm steps for both 

materials. Both materials display a virtually perfect thixo-grain structure with a 

pronounced globulitic primary phase. The magnesium-alloyed variant has a 

significantly smaller particle size of 35 µm compared to that of the Al-Li-Cu alloy 

with 48 µm. The form factor of the globulitic primary phase for both alloys is 

~0.74. The “image-analyse” evaluation of the samples could detect no notable 

signs of mix separation across the step thickness. The solid phase proportion for 

the copper-alloyed type is ~75 % and for the magnesium-alloyed version ~65 % 

in both step thicknesses/cooling rates. 
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a) 25 mm step sample AlLi4Cu4Ti b) 2,5 mm step sample AlLi4Cu4Ti 

  

c) 25 mm step sample AlLi4-Mg8Ti d) 2,5 mm step sample AlLi4Mg8Ti 

 

Figure 4.20: Microstructures of thixocast step samples (AlLi4Cu4Ti and 

AlLi4Mg8Ti) [33] 

 

Selected thixocasting step samples of the two aluminium-lithium alloys 

underwent T6 heat treatment (AlLi4Mg8: 2 h at 430°C solution annealed, 

quenched in water, 15 h at 120°C precipitation heat treatment, AlLi4Cu4: 2 h at 

510°C solution annealed, quenched in water, 15 h at 120°C precipitation heat 

treatment). Even after the heat treatment the globulitic grain structure was 

retained. In the case of the alloy AlLi4Cu4Ti several large globulites did indeed 

collect near the surface which, with 100 - 150 µm, had double the average grain 

size than that in the centre of the steps (50 - 80 µm). In contrast to this, the alloy 

AlLi4Mg8Ti displayed a uniform grain size distribution between the centre of the 

step and the step surface in all steps (Figure 4.21). 
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(a) (b) 

 

Figure 4.21: Phase separation near the surface of an Al-Li4Cu4 (Al-Li4Cu4Ti) 

step sample (a) and near the surface of an AlLiMg8 (AlLi4Mg8Ti) step sample (b) 

 

 

4.6.2 Rheocasting 

 

On the basis of the experiences with thixocasting the 0.15 weight% Sc and 0.15 

weight% Zr modified alloy AlLi2.1Mg5.5 (A8) was selected, because due to the 

lower Li and Mg contents the embrittlement is reduced due to minimized 

intermetallic phase formation. Because firstly mechanical properties were to be 

determined, for the melt-based metallurgical raw material production refined 

aluminium (99.999%) and high-purity lithium (99.9 %) were used, so that the Na 

content would be kept as low as possible. Implementation of the RCP process for 

AlLi alloys required the modification of the process window, in particular that of 

the melt treatment. Due to the expected reactivity of the alloys the SiC melting 

crucible was closed in and flushed with argon gas. Refer to Section 4.4.2 for 

details of the process. Figure 4.22 shows the development of the micro structure 

commencing with the raw material and continuing through to forming by means of 

the Rheo-Container process. The billets synthesised by means of the 

overpressure melting process display a very fine granular structure of dm ~ 40 µm 

average diameters. In the course of the RCP process the primary phase is 

formed with a more globular but also more coarse-grained aspect (dm ~65 µm). 

 



 36 

200m200m

 
200m200m

 
200m200m

 
(a) raw material (b) before shaping (c) after shaping (5 mm step) 

 

Figure 4.22: Development of the micro structure of AlLi2.1Mg5.5ZrSc in the 

course of the RCP [32] 

 

The very homogenous distribution of the primary alpha-solid solution across all 

wall thicknesses in the step sample is shown in Figure 4.23.  

 

 
Figure 4.23: Microstructure of an AlLi2.1Mg5.5ZrSc alloy processed in partially 

liquid state (at T = 601°C) by means of the RCP [32] 

 

The average grain size of the AlLi2.1Mg5.5ZrSc alloy was determined at 65 µm 
as mentioned above. A significant tendency to mix-separation of the solid and 
liquid phase was not observed. Only in the immediate border area of the 
component the liquid phase did become concentrated. In statistically distributed 
samples for determining the alloy composition there were indications that the 
target composition could largely not be set in relation to the main alloying 
elements of Li and Mg (Figure 4.24). This is on the one hand due to the already 
demonstrated non-homogeneity in the raw material or to burning off of the 
alloying elements during the forming process. Insofar this was to be improved for 
the extensive forming of real components. 
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Figure 4.24: Li- and Mg-contents of the Al-Li-X step samples (specification for 

A1420 see rectangle) 

 

The modification in the micro structure during heat treatment is shown in Figure 

4.25. Two different T6 heat treatment strategies were tested. Already after a 

short solution annealing for a period of 3 hours, dissolving of the eutectic and 

intermetallic phase portions commences, enhancing the aluminium-mix crystal. 

This accompanied by slight grain growth. If the solution annealing time is 

extended to 24 h then the modifications in the micro structure are drastic in 

contrast.  

 

   
(a)  condition „as cast“ (b) solution annealing:  

450°C/3 h 

precipitation heat treatment:  

120°C/15 h 

(c) solution annealing:  

460°C/24 h 

precipitation heat treatment:  

160°C/17 h 

 

Figure 4.25: Microstructure of AlLi2.1Mg5.5ZrSc alloy processed by means of the 

RCP in its "as cast" state and after two T6 heat treatment states (5 mm step) [32] 

 

Almost only the aluminium-mix crystal remains with a slight residual phase of 

Al2LiMg on the grain boundaries. In this state the micro structure resembles that 

of an aluminium moulding alloy. The addition of the elements Sc and Zr allowed 



 38 

0

2

4

6

8

source material RCP-Process T6-concept

E
lo

n
g

a
ti

o
n

 [
%

]

0

100

200

300

400

U
T

S
; 

Y
S

 [
M

P
a

]

A Rp0,2 Rm

good grain refinement to be achieved and undesired grain growth as well as re-

crystallisation to be successfully inhibited during the solution annealing.  

The mechanical properties of various step samples were analysed in their "as 

cast" and T6 states. The "as cast" properties revealed no technically noteworthy 

results, neither for static strength nor for elongation values (Figure 4.26). After a 

24 h solution annealing at 460°C, quenched in water and subsequently 

precipitation heat treatment at 160°C for 17 hours the average tensile strength 

was increased from 160 to above 380 MPa, the average yield limit from 100 to 

above 230 MPa and the average elongation from 2 to over 7 %. Some samples 

even achieved a tensile strength of 432 MPa, a yield limit of 250 MPa and an 

elongation of 13 %.The results in relation to the form-filling capacity displayed, as 

previously during the thixocasting tests, the excellent suitability of the Al-Li-x 

alloys developed. Only at the critical transformation from the 5 mm to the 2 mm 

step could some small (hot) cracking be identified on the component. For the 

subsequent real component production this effect should be avoided by choosing 

a lower processing temperature and therefore a higher solid/liquid ratio. An 

adapted tool geometry as well as locally adapted heating/cooling strategy can 

further reduce this tendency to hot tearing.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26: Mechanical properties of step samples made from Al-

Li2.1Mg5.5Zr0.15Sc0.15 (at cast and after annealing) [34]  

 

4.7 Production of Al-Li Demonstrators by Rheocasting 

 

In order to check the transferability of the laboratory results under production 

conditions, a tie-rod was selected as a real component and was produced at the 

Foundry Institute of RWTH in Aachen using the Rheo-Container process on the 

basis of the Al-Li-X raw material billets [35]. This component has previously been 

proved using the alloy A356 [33]. The results of these works are given in more 
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detail in chapter 9. Using the overpressure melt process the Al-Li-X alloys were 

reproducibly produced in 3 kg scale with Li contents of 1.5 - 4 weight%. In order 

to prevent contamination by Na and K, it is necessary to employ pre-alloys and 

metals of high purity. The maximum Li losses compared to the initial weighing 

amounted to ~5 %. Using the permanent mould system available it was not yet 

possible however to prevent chemical non-homogeneity of the raw material billet. 

In particular the elements Cu and Mg are concentrated at the surface of the billet 

and are below the target values in the centre of the billet. DTA tests confirmed 

the results of the thermochemical prediction calculations that for the AlLi4Cu4, Al-

Li4Mg8 and AlLi2.1Mg5.5 alloy systems the largest process window for 

processing in the semi-solid range can be expected. The evaluations for the 

microstructure in the semi-solid range for quenched samples indicate that in 

particular the Ti and Zr grain-refined alloys AlLi4Cu4 and AlLi4Mg8 as well as the 

Sc and Zr micro-alloyed alloys AlLi2.1Mg5.5 achieve very good results with 

globular and fine grained grain structures in the range of 38 - 60 µm. Apart from 

that, these alloys have a high proportion of pre-melting eutectic phase, which 

supports thixotropic flow during forming.  

 

The alloys AlLi4Cu4Ti and AlLi4Mg8Ti with billet formats of 160 mm x 75 mm 

were able to be transformed into the semi-solid state by inductive reheating 

without any problems. Excessive oxidation of the surface of the billet could be 

minimised by wrapping it with aluminium foil. The primary grain sizes achieved in 

the thixocast step samples were ~65 µm, whereby this was very globular and 

homogenously distributed over all step thicknesses. The thixotropic flow 

characteristics can in this respect be described as "excellent". The Sc and Zr 

micro-alloyed A1420 (AlLi2.1Mg5.5) alloys were successfully processed using 

the Rheo-Container process at the Foundry Institute. Also in this case grain sizes 

of ~60 µm were achieved in the "as cast" state. As indicated by the chemical 

analyses, with the RCP process a slight Li burn-off is to be taken into account 

due to the nature of the process. No tendency to mix-separation of the solid/liquid 

phase was identified. Only in the immediate shell the liquid phase was 

concentrated. After suitable heat treatment (solution annealed at 450°C for 24 h, 

quenched in water, precipitation heat treated at 160°C for 17 h) and the virtually 

full dissolving of the residual intermetallic phases, in the principle component 

(step sample) made from the alloy A1420 (AlLi2.1Mg5.5+ScZr) mechanical 

characteristic values were achieved that are within the range of rolled sheets and 

profiles of the same alloy, and in the case of elongation even exceed them. Due 

to the high-purity raw material used here, it was possible to safeguard the 

mechanical properties by keeping the Na content below 6 ppm. In direct 

comparison to the rolled alloy 1421 (Sc added) it appears that for a semi-solid 
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cast component, already in this early step of development, ~80 % of the yield 

limit, 88 % of the tensile strength and equivalent elongations can be achieved. 

The anisotropy of mechanical properties occurring in rolled sheets does not occur 

in SSM-Al-Li components due to the homogenous microstructure achieved. By 

semi-solid forming of the reactive Al-Li alloys, that are difficult to process in 

conventional casting processes, a completely new production method and an 

innovative component quality for near-net-shape production is being achieved.  

 

4.8 Recycling of Aluminium-Lithium Alloys from Thixoforming 

Processes 

 

4.8.1 State of the Art 

 

Since the commercial introduction of Al-Li moulding alloys in the late 1980s, the 

question of recycling has represented a challenge in many aspects [42]: 

 

 The lithium contained in Ai-Li residues represents a value far in excess of the 

aluminium content.  

 The residues can cause problems if they enter the usual recycling route, 

especially in the foil sector. 

 To date, the specifications for secondary casting alloys do not indicate any 

lithium content and an agglomeration of Al-Li residues is not without 

consequences, because in moist conditions it can react with the hydrogen 

being released. 

 

In order to secure wider use of this group of alloys a complete recycling concept 

must be developed for the residues that would facilitate 100 % reuse of the 

recycled Al-Li residues. For recycling, firstly as much as possible a closed system 

("closed-loop recycling") is desirable, in which the residues can be returned direct 

to the existing process and not need to be diverted through the entire secondary 

cycle for aluminium. In the case of scrap recycling this would probably not be 

feasible, because of the problems involved sorting of separated types of scrap 

the lithium would be lost. 

 

In principle there are two possibilities for recycling of the thixo-materials. The first 

and by far the most sustainable solution would be to retain the valuable alloying 

elements within the alloy. This is primarily of interest in the case of clean scrap 

materials that could be melted down in molten salt. The second alternative would 

be to transfer the alloying elements (Mg, Li) into molten salt in order to 

subsequently reclaim them from there if required. Such a procedure could be 
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applied for clean as well as low-quality scrap materials. From the point of view of 

economy, the same molten salt should be used as that used in the secondary 

aluminium industry (70 % NaCl + 30 % KCl with 2 – 3 % CaF2 additive), in 

contrast to the very hygroscopic mixture of LiCl and KCl proposed in [43] and 

[44]. Then recycling of the salt-slag produced could be performed in a largely 

conventional manner. 

 

4.8.2 Thermochemical Metal-Salt Equilibria 

 

In order to state which salt mixture compositions come into consideration for the 

two above-mentioned recycling alternatives, thermochemical calulations were 

performed in respect of the equilibria between the relevant alloys and various 

molten salts, using the FACTSAGE® program. Four alloy types were combined 

with salt mixtures, on the one hand based on NaCl and KCl with added CaF2, 

MgCl2, LiF, and on the other hand based on KCl and LiCl. 

 

In the equilibria with KCl/NaCl/LiCl molten salts the calculations indicate for 

AlLi2Mg5.5 that the Mg and Li contents of the metal melt would remain 

unchanged, but the Na and K contents, with a LiCl content of up to 50 %, would 

rise substantially but would rather fall steeply with a further increase in the LiCl 

content of the salt mixture.  

 

For a proportion of just 10 % LiCl in the salt mixture the rise in the process 

temperature would lead to higher K contents in the metal melt, when the Na 

content remains unchanged. An increase in the LiCl content from 10 to 90 % in 

the salt mixture would reduce the Na and K contents in the metal melt by that 

factor. All calculations indicate that by melting an AlLi alloy using NaCl/KCl/LiCl 

salts generally no recyclable AlLi alloys can be reclaimed, because the Na and K 

contents would become unacceptably high. When using binary KCl/LiCl molten 

salts the calculated K content of the metal melt at 650°C, with 90 % LiCl in the 

molten salts, would reach a far lower value (Figure 4.27). 

 

The degree of Li and Mg reclamation amounts to ~98 - 99.5 % (Figure 4.28), 

whereby the acceptable K content in the alloy is only reached if the LiCl content 

of the salt mixture is well above 90%. 
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Figure 4.27: Calculated K contents equilibria of AlLi2Mg5.5 after melting under 

molten KCl/LiCl (metal/salt ratio 1/1)  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.28: Calculated Li yield of Al-Li alloys at 750°C after contract 

NaCl/KCl/LiCl in dependence of the LiCl content of the salt mixture 

 

 

4.8.3 Experimental Validation of the Thermochemical Calculations 

 

In order to minimise any possible diffusion inhibitions arising in the equilibrium 

set-up, intensive agitation was also provided for. Each salt mixture was melted in 

a firebrick/graphite crucible (diameter 80 mm, height 100 mm) and brought up to 

attempt temperature. The agitator was rotated (400 min-1) and swarf of the 

applicable alloy was added. After melting and in further steps of 1, 3, 6, 10, 20, 

30, 40, 50 and 60 min, salt samples were taken for ICP (Inductive Coupled 

Plasma) analysis and metal samples were taken before and after the attempt.  
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As an example for series 1 - 4, Figure 4.29 shows that during treatment of an 

AlLi2.5Mg4 metal melt using 70NaCl/20KCl/10MgCl2 molten salts, Li was fully 

transformed by MgCl2 into LiCl (Section 4.7.2). The equilibrium is attained in this 

case after a short period of 3 – 4 min. Also for the treatment of AlLi4Mg8 alloy 

using 70NaCl/27KCl/3LiF molten salts, the Li is fully transformed by the NaCl into 

LiCl and a small amount of Mg by LiF into MgF2. The experimental testing in its 

entirety largely confirms the thermochemical calculations. The use of a NaCl/KCl 

salt mixture with additives of LiF, CaF2 or MgCl2 leads to transfer of the Li from 

the metal alloy into the molten salts. When using MgCl2 as an additive the Mg 

content rises in correspondence with the transfer of Li into the molten salts, which 

could partially be compensated by the addition of LiF. By the addition of CaF2 a 

transformation of Mg into the molten salts is achieved, as well as that of the Li. 

As calculated in Section 4.7.2, the lithium is nearly completely transferred to the 

molten salts (residual content in the metal melt <0.1 %) so that AlLi alloys can not 

be recycled using this salt mixture. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.29: Kinetics of equilibrium tests for interaction of AlLi2.5Mg4 with 70 

NaCl+20 KCl+10 MgCl2 molten salt at 750°C 

 

The tests using a salt mixture of KCl and LiCl for melting residues from AlLiMg 

and AlLiCu did however indicate that it is possible to retain the Li and/or Mg 

completely in the metal melt, providing a LiCl content of more than 90 % in a 

KCl/LiCl salt mixture. In this case the experimental values for the K content in the 

metal are even lower than those forecast by the thermochemical calculations 

(Figure 4.30). In the course of the treatment of the AlLiMg metal melt with pure 

LiCl a K content of 14 ppm in the metal melt was achieved, with a Li and Mg yield 

of over 99.4 % in both cases. The reason for the lower experimental K contents 

in contrast to the theoretical values is that the solubility of K in solid and liquid 

aluminium was not available. 
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Figure 4.30: Experimental K contents in the metal after treatment of AlLi4Mg4 

and AlLi4Cu4 melts using salt mixtures of KCl/LiCl at 750°C 

 

In order to close the loop in the recycling of AlLi residues from thixoforming it 

would be necessary to process the produced salt slag. When using pure water-

soluble LiCl for recycling, it is possible to treat the produced salt slag by means of 

the conventional dissolution-crystallisation process that is standard within the 

secondary aluminium industry. This closed loop for the recycling of Al-Li residues 

(Figure 4.31) enable a nearly complete recovery of reusable AlLi alloys as well as 

returning the used LiCl back into the recycling process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.31: Almost closed-loop recycling of AlLi residues 
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