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Abstract: Aluminium can be essential in reducing climate impact as weight reduction is critical. 

Rheocasting is getting more and more attention from the electronics and automotive industries. The 

solid fraction in Rheocasting determines the processing outcome. The RheoMetal process is one of 

the leading processes with the most significant deviation from equilibrium, making presetting the 

slurry-making parameters difficult. A deeper analysis of the physics of the solid fraction deviation 

from equilibrium is made based on literature data using a simplistic mathematical model. The 

developed model confirms that the process is far from equilibrium and that the growth conditions 

of the freeze-on-layer on the cooling agent used in the process determine the slurry temperature 

and cause the formation of excess solid fraction. 

Keywords: Rheocasting; RheoMetal process; semisolid; excess solid fraction; non-equilibrium 

processing 

 

1. Introduction 

Aluminium can be essential in reducing climate impact as weight reduction is critical in the early 

transition to electrification as much electricity is still fossil fuel-based. [1] There are several 

Rheocasting processes with significant market penetration. [2,3] Common to all processes is that the 

amount of solid fraction affects the viscosity of the melt. [4] In addition to the viscous effect, there are 

viscoelastic effects [5] and slurry-yielding effects [6,7]. The importance of these effects depends 

largely on the amount of solid fraction, particle shape and deformation during flow. [4–7] All this 

stresses the importance of accurately controlling the fraction solid generated in the slurry-making 

process. The actual amounts vary between the dominant processes such as GISS, RheoMetal and 

SEED. [8] These processes are market dominant because they offer improved internal part quality 

with reduced rejection rates and better cost efficiency primarily due to significantly extended die-life 

in which the solid fraction and rheological properties play a central role, and the solid fraction is one 

critical element. [8] 

The RheoMetal process deviates significantly from equilibrium, as shown by Santos et al. [9]. 

This deviation is more significant for the RheoMetal process than for the SEED and GISS processes. 

[8] Santos et al. [9] found that for the RheoMetal process at the slurry forming temperature, the solid 

fraction in a standard A356 alloy was 0.31±0.04, whilst the equilibrium value was 0.23, calculated 

using ThermoCalcTM. This 0.08 fraction solid deviation was typical in a 0.06m radius ladle. In the 

RheoMetal process, a freeze-on layer on the Enthalpy Exchange Material (EEM) investigate by 

Payandeh et al. [10] for the Stenal Rheo1 alloy and AA6082. The maximum volume ratio for the EEM 

with a Freeze-on layer to the original EEM was approximately 1.7 for a superheat of 5K for both 

alloys. For a superheat of 20K, this ratio was 1.5 for the AA6082 alloy and a superheat of 30K. It was 

1.26 for the Stenal Rheo1. The growth and remelting of the freeze-on layer were later modelled by 

Payandeh et al. [11] for an EN-AC46000 alloy for a superheat of 25K, resulting in a radius increase 

from 0.02 to 0.02255, corresponding to a volume ratio of 1.27. The solid phase composition of the 

primary phase is always intimately connected to the slurry temperature [12]. It has not been possible 

to distinguish between the particles from the EEM, Freeze-on layer or other origins without tagging 
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particles with Ti [13]. One noticeable effect and consequence from this is seen in Payandeh et al. [12] 

work: the solid equilibrated at the slurry temperature. Due to the formation of an excess solid phase, 

the liquid phase deviated from the liquidus line. Further precipitation does not happen until the 

liquidus temperature for the liquid to reach its new liquidus temperature.  

A deeper analysis of the physics of the formation of the freeze-on layer and its relationship to 

other process parameters is not well understood. The current paper aims to shed some light on the 

factors influencing the formation of the excess amounts of solid fraction generated through an 

analysis of the conditions regarding the EEM, crucible and stirring conditions. 

2. Methodology 

The data from the existing literature, from Santos et al. [9] and Payandeh et al. [10–12], will be 

re-examined.  

The model is based on the RheoMetal process set-up where a cold Enthalpy-Exchange Materials 

(EEM) is submerged onto which a freeze-on-layer first is formed and subsequently disintegrates to 

form the slurry (described in reference [10])  

To better understand the flow and thermal condition for this EEM and the freeze-on-layer, 

simplistic modelling of the conditions around the rotating EEM will be used as the foundation, Figure 

1. The Materials and Methods should be described with sufficient details to allow others to replicate 

and build on the published results.  

 
Figure 1. Illustration of the EEM body (yellow) with its variable diameter, 𝑅ଵ , increasing with a 

freeze-on-layer and mounted on a steel rod (grey). This EEM is submerged and rotated at a speed, 𝜔, 

in a ladle with a fixed radius, 𝑅ଶ. 
3. Model development and discussion 

Under the assumption that the rotation dominates the flow direction, the EEM and ladle 

geometry could be seen as a Couette flow type, Figure 1. The steady flow in the circumferential 

direction can be described as [14] 𝑣ఝ = 𝜔ቀ𝑅ଶ𝑅ଵቁଶ − 1ቆ
𝑅ଶଶ𝑟 − 𝑟ቇ 

(1) 

Maximum speed is seen at 𝑟 = 𝑅ଵ 𝑣ఝ௠௔௫ = 𝜔𝑅ଵ (2) 

The boundary layer around the cylinder is defined by the gradient at 𝑟 = 𝑅ଵ. Resulting in that 
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ቆ𝜕𝑣ఝ𝜕𝑟 ቇ௥ୀோభ = −𝜔൮1 + 2ቀ𝑅ଶ𝑅ଵቁଶ − 1൲ (3) 

The hydrodynamic boundary layer is then defined by 𝑣ఝ௠௔௫ + ቆ𝜕𝑣ఝ𝜕𝑟 ቇ௥ୀோభ 𝛿ு = 0 → 𝛿ு = 𝑅ଵ ሺ𝑅ଶଶ − 𝑅ଵଶሻሺ𝑅ଶଶ + 𝑅ଵଶሻ (4) 

The thermal boundary layer, 𝛿், is then possible to estimate through 𝛿் = 𝛿ு𝑃𝑟 = 𝑅ଵ ሺ𝑅ଶଶ − 𝑅ଵଶሻሺ𝑅ଶଶ + 𝑅ଵଶሻ ൬𝜇𝐶௉𝜆 ൰ (5) 

The effects of the ladle diameter are shown in Figure 2a, and the effect of the EEM diameter is 

shown in Figure 2b. Critical to note here is that as the ladle radius increases, the thermal boundary 

layer is monotonously increasing. On the other hand, as the EEM radius increases, there will be a 

maximum where the gradient is steeper both below and above, representing a minimum in heat flux 

as the thermal gradient and heat flux decreases with an increasing boundary layer. 

To express the thermal gradient, a simplistic description of the temperature fields around the 

rotating cylinder can thus be made as 𝑇ሺ𝑟ሻ = 𝐴 + 𝐵 𝑙𝑛ሺ𝑟ሻ (6) 

 

(a) (b) 

Figure 2. Thermal boundary relationships with a) ladle size and b) EEM diameter. 

With the boundary conditions 𝑇ሺ𝑅ଵሻ = 𝑇ௌ௅ ൏ 𝑇௅ (7) 

and 𝑇ሺ𝑅ଵ + 𝛿்ሻ = 𝑇௅ + ∆𝑇 (8) 

The solution is then, 

𝑇ሺ𝑟ሻ = 𝑇ௌ௅ + ൮𝑇௅ + ∆𝑇 − 𝑇ௌ௅𝑙𝑛 ቀ1 + 𝛿்𝑅ଵቁ ൲ 𝑙𝑛 ൬ 𝑟𝑅ଵ൰ (9) 

or 𝑇ሺ𝑟ሻ = 𝑇ௌ௅ + ሺ𝑇௅ + ∆𝑇 − 𝑇ௌ௅ሻ𝑙𝑛 ൭1 + ሺ𝑅ଶଶ − 𝑅ଵଶሻሺ𝑅ଶଶ + 𝑅ଵଶሻ ቀ𝜇𝐶௉𝜆 ቁ൱ 𝑙𝑛 ൬ 𝑟𝑅ଵ൰ 
(10) 

The location of the liquidus temperature gives the maximum distance that the freeze-on layer 

can grow. 𝑇ሺ𝑟௠௔௫ாாெሻ = 𝑇௅ (11) 

Leading to  
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𝑟௠௔௫ாாெ = 𝑅ଵ ൭1 + ሺ𝑅ଶଶ − 𝑅ଵଶሻሺ𝑅ଶଶ + 𝑅ଵଶሻ ൬𝜇𝐶௉𝜆 ൰൱𝑒𝑥𝑝 ൬ 𝑇௅ − 𝑇ௌ௅𝑇௅ + ∆𝑇 − 𝑇ௌ௅൰ (12) 

There are three matters to consider here 1) The evolution of the boundary layer with time after 

introduction, 2) the rate of dendrites, and 3) the effective radius of the EEM is changing. The viscosity 

of the molten aluminium is low (1-1.4 mPas). [15] Making the boundary layer evolution rapid, a 

quasi-steady state can be assumed. The growth rate of the dendrites is thermally restricted, making 

it likely that the steady-state boundary layer's evolution can be used to estimate the freeze-on layer's 

growth. This implies that the freeze-on layer will grow if a radius increment implies that the 

boundary layer will increase. At the time when the boundary layer starts to shrink with an increment 

of the radius, the process self-regulates and comes to a halt until disintegration occurs. 𝜕𝛿்𝜕𝑅ଵ = 𝑅ଶସ − 𝑅ଵସ − 4𝑅ଵଶ𝑅ଶଶሺ𝑅ଶଶ + 𝑅ଵଶሻଶ ൬𝜇𝐶௉𝜆 ൰ = 0 ↔ 𝑅ଶସ − 𝑅ଵସ − 4𝑅ଵଶ𝑅ଶଶ = 0 (13) 

Which has the only non-trivial real root as 𝑅ଵ = ൫√20 − 4൯2 𝑅ଶ  (14) 

This then results in that the volume increase can be estimated as 𝐸𝐸𝑀௠௔௫𝐸𝐸𝑀௦௧௔௥௧ = 

= ሺ𝑟௠௔௫ாாெሻଶ𝑅ଵ,଴ଶ =
⎝⎜
⎜⎜⎛
⎝⎜
⎜⎜⎛1 + ൭1 − ቆ൫√20 − 4൯2 ቇଶ ൱

൭1 + ቆ൫√20 − 4൯2 ቇଶ ൱൬𝜇𝐶௉𝜆 ൰
⎠⎟
⎟⎟⎞𝑒𝑥𝑝 ൬ 𝑇௅ − 𝑇ௌ௅𝑇௅ + ∆𝑇 − 𝑇ௌ௅൰⎠⎟

⎟⎟⎞
ଶ

≈ ൭ቆ1 + 0.894 ൬𝜇𝐶௉𝜆 ൰ቇ 𝑒𝑥𝑝 ൬ 𝑇௅ − 𝑇ௌ௅𝑇௅ + ∆𝑇 − 𝑇ௌ௅൰൱ଶ 

(15) 

In Figure 3a, the current model is compared to the data from Payandeh et al. [10,11]. In this 

comparison, the difference 𝑇௅ − 𝑇ௌ௅ was used as a fitting parameter. Figure 3a shows two dashed 

lines for 3 and 5K differences. The value of 𝑇௅ used was that of Al-7Si-0.3Mg, a common alloy used 𝑇ௌ௅, matches a typical slurry temperature. In Figure 3a, the Volume ratios for the experimental points 

have been recalculated to a freeze-on layer thickness. Taking data for dendrite growth rate and 

undercooling from Cho et al. [16] for an Al-7Si alloy, the growth rates are in Figure 3a. In the work 

by Payandeh et al. [10], the time to the peak volume of the EEM and freeze-on layer for Stenal Rheo 

1 was reached after 9s. Taking this value as an estimate, the layer thickness can be estimated as a 

function of dendrite tip undercooling. This is shown in Figure 3b. Compared to the thicknesses found 

by Payandeh et al. [10], these correspond to undercooling in the range of 4-7K. This suggests that the 

dendrite tip growth undercooling is essential in forming the freeze-on layer and is suggested to be 

the determining factor for the final slurry temperature.  

The fact that the slurry temperature is suggested to be given by the dendrite tip growth 

undercooling implies that the material is far from equilibrium. At the end of layer growth, the EEM 

will not be in thermal equilibrium with the melt. The EEM disintegration will occur at its loss of 

coherence and close to the eutectic temperature. These EEM particles will enter into the melt very late 

in the process and be reheated. The time scale established by Payandeh [12] was that the particle 

equilibrates chemically in roughly 30s. This would not have had time to occur in the quenched slurry 

samples made by Santos et al. [9]. Thus, it is reasonable to assume that the freeze-on layer and the 

primary particles can be considered inert particles and are regarded as an additional solid fraction of 

what is formed due to the lowering of the melt temperature. Table 1 compares estimates made by the 

current model for additions of 5-7% EEM and the experiments by Santos et al. [9] with a 7% EEM 
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addition. The fit between the model under the current assumptions not only matches the slurry 

temperature estimate and the layer thickness of the freeze-on layer of the EEM, but it also allows the 

quantification of the deviation from equilibrium. 

(a) (b) 

Figure 3. Model and experimental comparison with a) Data from Payandeh et al. [10,11] compared to 

the developed mode with two undercoolings of 2 and 5 K for the dendrite growth, which also becomes 

the slurry temperature. The layer thickness was calculated from the maximum volume ratio and b) 

comparison between the dendrite growth rate from Cho et al. [16] with a layer thickness calculated 

after a hypothetical 9 s peak found but Payandeh et al. [10] for 5 and 30K superheat as the dashed 

lines. 

Table 1. Comparison between the current model and the data on excess solid fraction formation found 

by Santos et al. [9]. 

EEM Freeze-on EEM contribution Total 
Santos et al. [13] 

Exp. Equilibrium Increment 

5% 2.70% 3.00% 5.7% - - - 

6% 3.24% 3.60% 6.8% - - - 

7% 3.78% 4.20% 8.0% 31±4% 23% 8% 

5. Conclusions 

The formation of the excess solid fraction in the RheoMetal process was analysed using a Couette 

type of flow to model the formation of the freeze-on layer on the EEM cylinder. The following 

conclusions were made using the data by Payandeh et al. [10,11] and Santos et al. [9]. 

• The model developed allows estimating the maximum amounts of freeze-on layer formation as 

a function of the superheat. 

• The model confirms that the process is far from equilibrium and that the dendrite tip growth 

undercooling determines the final slurry temperature.  

• This further implies that the assumption that the slurry is in thermal equilibrium is not valid, 

explaining the reasons why attempts to use macroscopic thermal balances fail to predict the 

slurry temperature and the solid fraction. 

• The freeze-on layer formed and the contribution from the primary precipitated phase in the 

EEM can explain the additional solid fraction formed. 
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