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Abstract. The RheoMetal process (previously called the Rapid S- and RSF- process) is a novel 

method to produce cost effective, high quality, semisolid slurries for component casting. The 

RheoMetal process uses an Enthalpy Exchange Material (EEM) as cooling agent to absorb heat and 

produce a slurry. Critical process parameters to create a slurry by robust melting of the EEM are 

alloy content, stirring speed, EEM to melt ratio, EEM temperature, EEM microstructural 

characteristics and melt superheat. 

In this paper, the melting sequence and melting rate of the EEM was studied experimentally. The 

effect of EEM composition, as well as superheat, on evolution of shape and dimension of the EEM 

during stirring was investigated. Initial material freezing onto the EEM was observed, followed by a 

stationary phase with subsequent gradual melting of the EEM. It was shown that the characteristics 

of freeze-on layer were strongly correlated to melt superheat, EEM temperature as well as material 

composition, hence also has significant influence on the melting sequence. 

Introduction 

Non-dendritic slurry production for semi-solid casting is a key factor to improve quality of 

finished products[1, 2]. The semisolid material can be produced by reheating a non-dendritic 

feedstock bar for use in thixocasting or by cooling a melt in a controlled fashion to yield a globular 

slurry for use in rheocasting. Despite that the raw material must be prepared in advance for 

thixocasting, in contrast to rheocasting, where a normal melt is used, thixocasting has reached a 

high degree of industrialization. Thixocasting has now evolved into a process capable of preparing 

slurries with excellent thixotropic characterization and process controllability [3, 4].  

Recently, a new process called the RheoMetal process, that uses a so called Enthalpy Exchange 

Material (EEM) as an internal cooling agent, offers means to enhance controllability and efficiency 

of the cooling process compared to traditional direct slurry making methods based on external 

cooling concepts. In the RheoMetal process enthalpy exchange occurs between a superheated melt 

and a solid metal alloy piece (hence the EEM). As the EEM is heated and melts, the slurry is 

generated [5]. In the present study, a general description of  melting during stirring of an EEM into 

the melt of the same composition will be presented. The EEM volume changes during slurry 

generation are to be described using regression analysis of statistically significant parameters based 

on  experimental data. 

Experimental 

Two aluminium alloys, Stenal Rheo1 and alloy 6082 were selected. Table 1 shows general 

properties of these alloys. As independent fixed parameters the EEM to melt ratio, EEM 

temperature and stirring speed were set to t 6-7 wt%, 150 ºC and 900 rpm respectively. The melt 

was prepared in 50 kg batches using a standard resistance furnace. EEM cylinders of typically a 

diameter of 38 mm and 25 mm height were prepared in batches of 20. The EEM mould was kept 

between 80 to 120 ºC to yield the same solidification conditions for all EEMs. Superheat was 
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controlled by measuring the temperature of the melt using a K-type thermocouple. The EEM 

stirring time, as well as stirring speed, was adjusted by a Siemens Simatic S7-200 PLC
TM

. The 

EEMs were preheated to 180 ºC and attached to rotational device a few seconds before slurry 

formation started. 

 
Table 1- Composition [wt%] and liquidus temperature [ºC] of alloys used for experimental work  

Alloy Si Fe Cu Mn Mg Zn Ni Cr TL 

6082 0.95 0.17 0.011 0.49 0.61 .0038 0.012 0.025 651  

Stenal Rheo1 5.8 0.6 2.2 0.28 0.03 0.5 0.14 0.025 615  

 

Figure 1 shows the experimental set-up used. Approximately 1 kg of melt was picked up using a 

cylindrical steel ladle and as temperature of the melt reached target superheat, the EEM was 

immersed into the melt at a rotation rate of 900 rpm. This was the maximum rotation rate possible 

without excessive vortex formation in the ladle. Before complete melting, the EEM was extracted at 

predetermined melt / EEM contact durations. 
 

 

Figure 1-Experimental set-up for melting study 

 

The screening tests had to be performed to find best windows of experiment for each alloy 

separately. Subsequently, a D-Optimal experimental plan was generated, using DesignExpert
(TM)

, 

illustrated in Figure 2 [6]. The numbers in this figure correspond to number of replicates for those 

experimental conditions. Eq. 1 indicates selected response as a ratio of the initial EEM volume to 

that after the incomplete melting. The volume of EEM was found by inserting the EEM into the 

water and use      ⁄  formula (Archimedes principle). The volume of the central steel rod was 

also compensated for. The density of water (  ) was corrected variations in ambient temperature 

[7]. 
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Figure 2- Running points base on D-optimal algorithm Stenal Rheo1(left) Alloy 6082(right) 



Results 

Figure 3 illustrates the actual versus predicted responses for both alloys. The predicted values 

have been calculated by Eq. 2 and Eq. 3, which are the regression models based on the experimental 

data. These models describe the EEM volume ratio as a function of stirring time (A) and superheat 

(B) during melting process for Stenal Rheo1 and alloy 6082 respectively. Table 2 contains analysis 

of variance results for these models. The p-value less than 0.05 indicates statistical significance of 

the model, individual parameters and interactions terms as there is only a 5% likelihood that it is 

due to noise [8]. The four terms A (Stirring time), B (Superheat), AB (Interaction between Stirring 

time and Superheat, A2 (nonlinear regression term for Stirring time) are significant for Stenal 

Rheo1. Similarly, the terms A, B, A2 are significant but the interaction term (AB) with the p-value 

between 0.05 and 0.10 is marginally significant. Due to satisfaction of the model hierarchy, this 

term is included in the model. No significant lack of fit also shows that the polynomial model is 

fitting all of the design points well. The response for both cases was transformed using a square root 

transformation for best possible model fit. 

The contour plot of volume ratio of EEM versus superheat and stirring time for both alloys are 

presented in Figure 4. The time to complete melting for Stenal Rheo1 alloy ranged from 15 to 20 

seconds depending on superheat. The time to complete melting was shorter for alloy 6082; needing 

about 10 to 12 seconds to complete dissolution, depending on superheat. At low superheat, 

maximum freeze-on layer for Stenal Rheo1 occurred after 8 seconds, while for 6082 the maximum 

EEM volume occurred instantaneously at immersion. 

 
Figure 3- Predicted value versus. Actual value of volume ratio; Stenal Rheo1(left) Alloy 6082(right) 
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Table 2-Analys of variance (ANOVA) table  

 Stenal Rheo1 6082 

Source p-value  p-value  

Model < 0.0001 significant < 0.0001 significant 

A-Stirring Time < 0.0001 significant < 0.0001 significant 

B-Superheat 0.0003 significant 0.0144 significant 

AB 0.0022 significant 0.0983 Marginally significant 

A^2 < 0.0001 significant 0.0265 significant 

Lack of Fit 0.2617 not significant 0.1178 not significant 

R Squared 0.824  0.743  



 
Figure 4- The contour plot of the EEM volume ratio; Stenal Rheo1(left) Alloy 6082 (right) 

As a preliminary study of the freeze-on layer, the chemical composition of one distinctive part 

from each alloy was determined using optical emission spectrometry. Based on the chemical 

composition, the solidification curve of each freeze-on layer as well as EEM were calculated with 

the help of ThermoCalc Software [9, 10] and illustrated in Figure 5. The temperature sensitivity of 

fraction of solid phase can be described as         ⁄ , where    is the fraction of solid phase in 

the melt and   is temperature [11]. The average    value of 0.034 for 6082 alloy as compared to 

0.013 for Stenal Rheo1 from liquidus temperature (TL) down to the temperature corresponding to 

80% in solid fraction (T80), results in a temperature interval of 20ºC and 80ºC respectively. 

Therefore, rapid formation of freeze-on layer in 6082 alloy can be described by higher temperature 

sensitivity of solid fraction at temperature interval between TL and T80. 

 
Table 3- Composition [wt%]and liquidus temperature [ºC] of the freeze-on layer around EEM 

 

On other hand in the EEM melting process, the value of 0.001 for temperature sensitivity of 

6082 alloy near solidus temperature is followed by very rapid increasing of    to 0.031 after 

temperature corresponding to solid fraction of 80%. This behaviour results in longer stationary 

period of EEM and melting off in shorter time for EEM which is made 6082 alloy. In Stenal Rheo1 

alloy, by increasing the Si-content, the α-Si eutectic is formed in the grain boundaries. The lower 

melting temperature of the eutectic makes this a preferred site for melting as compared to the 

primary phase [12, 13]. Therefore, the melting of eutectic phase reduces the local strength of the 

EEM significantly and leads to separation of α-phase particles by the external shear forces and 

consequently gradual melting process. 

From the process duration perspective, the longer melting procedure for Stenal Rheo1 arises 

from the significant difference between composition of EEM and freeze-on layer which leads to 

higher liquidus temperature for freeze-on layer. By means of K-type thermocouple the final slurry 

temperature for Stenal alloy and 6082 alloy were measured at 607ºC and 646ºC respectively. These 

temperatures are corresponded to 18% and 50% solid fraction for EEM and freeze-on layer for 

Stenal Rheo1 based on the evolution of the fraction solid versus temperature (Figure 5). For alloy 

6082 at slurry temperature, solid fraction will be 38% for EEM and 61% for freeze-on layer. The 

difference between solid fraction of EEM and freeze-on layer due to micro segregation can be also a 

possible description about higher solid fraction in the final slurry compare to predicted solid 

fraction by assuming Scheil segregation which had been discussed by Granath et al [14, 15]. 

Freeze-on layer Si Fe Cu Mn Mg Zn Ni Cr TL 

6082 0.61 0.03 0.011 0.4 0.45 .0038 0.0002 0.01 653  

Stenal Rheo1 3.6 0.3 1.3 0.28 0.05 0.5 0.01 0.02 638  



 
Figure 5- Solidification curve for Stena Rheo1 (left) and 6082 (right) 

Figure 6 shows dissolution of EEM over stirring time for low and high superheat. Besides, the 

confidence interval (CI band) of each model is indicated by two dashed lines. Confidence intervals 

indicates the range of possible effect sizes compatible with the data. These non-parallel curves in 

interaction plot specify that the effect of time factor depends on the degree of the superheat. Also, it 

indicates that the delay in the melting procedure at low superheat for both alloys be governed by 

formation and dissolution of freeze-on layer. 

Base on the solidification curves (Figure 5), 6082 alloy has approximately three times larger 

value of the temperature sensitivity at liquidus temperature   
 
 than Stenal Rheo1 which due to 

relation between the formation of a freeze-on layer and the temperature sensitivity, leads to higher 

standard deviation in 6082 alloy at the beginning of process. As well, at low superheat for both 

alloys constant deviation from the norm in contrasted with decrease of this deviation at high 

superheat, states the significant relation between freeze-on layer and magnitude of standard 

deviation. In spite of the sources of variation are not fully apparent, some confounding variables 

such as EEM symmetry and EEM to melt ratio can be varied due to random error in EEM 

preparation step and become sources of inaccuracy. EEM non-symmetry can change the freeze-on 

pattern and increase the vibration in the system, which also can lead to uncontrolled disintegration 

of the EEM because of crack propagation and thereby a low slurry quality. The role of EEM as a 

heat absorber and relation of volume of EEM with superheat [14] makes the ratio of EEM to melt as 

an important variable. 

 



Figure 6- The interaction plot for superheat and stirring  time on the volume ratio; Stenal Rheo1(left) 

Alloy 6082(right) 

Conclusion  

The evolution of the EEM shape at the initial stage of melting has strong effect on the slurry 

formation procedure by increasing process duration. Relation between the formation of a freeze-on 

layer and the temperature sensitivity,    leads to different freezing route for Stenal Rheo1 as a high 

Si content alloy and 6082 as a low Si content alloy. Moreover, the composition of the freeze-on 

layer shows reduction of alloy elements in this part for both alloys. Additionally, the larger 

difference of composition for Stenal Rheo1 leading to a higher liquidus temperature of freeze-on 

layer than the base EEM. Moreover by investigating of interaction plots, large deviation of 

experimental result from statistical models, shows considerable influence of confounding variables. 

Furthermore, reduction of standard deviation by increasing superheat indicates the significant effect 

of freeze-on layer on instability of the process. Consequently, for industrial operations a high 

superheat is preferred due to best possible robustness. 
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