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Abstract. Microstructure of Al-Si alloy castings depends most generally on melt preparation 
and on the cooling rate imposed by the thermal modulus of the component. In the case of Al-Si 
alloys, emphasis is put during melt preparation on refinement of pro-eutectic (Al) grains and on 
modification of the Al-Si eutectic. Thermal analysis has been used since long to check melt 
preparation before casting, i.e. by analysis of the cooling curve during solidification of a 
sample cast in an instrumented cup. The conclusions drawn from such analysis are however 
valid for the particular cooling conditions of the cups. It thus appeared of interest to investigate 
how these conclusions could extrapolate to predict microstructure in complicated cast parts 
showing local changes in the solidification conditions. For that purpose, thermal analysis cups 
and instrumented sand and die castings with different thermal moduli and thus cooling rates 
have been made, and the whole set of cooling curves thus recorded has been analysed. A 
statistical analysis of the characteristic features of the cooling curves related to grain 
refinement in sand and die castings allowed determining the most significant parameters and 
expressing the cube of grain size as a polynomial of these parameters. After introduction of a 
further parameter quantifying melt refining an excellent correlation, with a R2 factor of 0.99 
was obtained. 

1. Introduction
Aluminum-silicon alloys are one of the most used groups of aluminum foundry alloys due to their 
excellent cast ability and good mechanical properties. It is known that their mechanical properties, and 
in particular elongation at rupture, are significantly improved by reducing the secondary dendrite arm 
spacing through increased cooling rate, by appropriate eutectic modification and by grain refinement 
which affect positively porosity and hot tearing [1-3]. Thermal analysis has been used for a while for 
assessing grain refinement and modification before casting. This assessment is based on the use of pre-
established relationship between characteristic parameters of the cooling curve obtained on an 
instrumented thermal analysis (TA) cup and microstructure features measured either on the cup or on a 
standard sample cast at the same time [3-14].  

Because a slow cooling rate is required to obtain a well defined cooling record by TA, Spittle [15] 
pointed out that the method may not be appropriate to predict grain size in actual castings where the 
cooling rate is generally higher. Moreover, little effort has been made for predicting the microstructure 
in real parts which is influenced by mould material as well as by the shape of the castings and thus by 
changes in cooling rate associated to mould materials and to casting modulus (ratio of casting volume 
to the surface area for heat exchange between casting and mould). The few available works [16, 17] 



showed very little predictive capabilities. In order to fill this gap, a previous study [18] was performed 
on A356 alloy with various amounts of refiner and modifier cast in instrumented sand and metallic 
(die) moulds and in TA cups. The present work provides a statistical analysis of these results for grain 
refinement assessment and its relation with TA parameters measured on the recorded cooling curves. 

2. Experimental Procedure
As previously detailed [18], all the tests were carried out in an aluminium foundry with metal from the 
production line that includes a certain amount of internal returns. The chemical compositions of the 
alloys are listed in table 1 where also their liquidus temperature Tliquidus calculated with the 
THERMOCALC software [19] and the COST-2 database [20] is given. Data from the unrefined alloy 
labelled 1A in the previous study [18] were not considered for the present work. Alloy 1B was cast 
with half the normal amount of refiner (AlTi5B1 master alloy) and no addition of modifier, which 
means that small Sr amount in this alloy 1B is due to the returns. Alloys 2 and 3 were elaborated with 
the usual Ti refiner and Sr modifier additions of the foundry. 

Table 1. Chemical analysis (wt.%) and liquidus temperature, Tliquidus, (°C) of the investigated alloys. 

Alloy Si Fe Cu Mn Mg Zn Ti Sr Tliquidus 

1B 7.3 0.11 <0.01 <0.01 0.41 <0.01 0.12 0.003 613.7 

2 7.0 0.16 0.01 <0.01 0.35 0.02 0.16 0.010 616.3 

3 6.3 0.13 0.03 <0.01 0.32 0.05 0.19 0.013 621.4 

For each experiment, the alloy was cast simultaneously in sand and metallic moulds that are 
schematically shown in figure 1, and also in a standard sand cup for thermal analysis. In case of 
metallic moulds, the die was pre-heated to about 250 °C. These moulds were designed in such a way 
that the height of each cylinder is equal to its diameter, giving a series of thermal moduli as listed in 
table 2. The TA cup has a modulus equal to 0.605 cm. At the centre of each cylinder was located a 
thermocouple for cooling curve recording. In a few cases, the thermocouple ruptured during the test 
and the corresponding cylinders were disregarded for further analysis. 

Figure 1. Schematic of the metallic moulds used for the cylindrical test samples. The modulus of each 
cylinder is indicated. The design was similar for the sand moulds. 

Table 2. Thermal moduli (cm) of the cylindrical test samples. 



Sand mould 1.5 1.15 1.0 0.8 0.6 0.4 - 

Metallic mould - 1.15 1.0 0.8 0.6 0.4 0.3 

Several parameters defined in the literature were considered in the present work for cooling curves 
analysis in the region of primary solidification, see figure 2. The temperature related parameters are: 

- Thigher is the temperature when the rate of change of temperature, Vhigher, is at maximum.  
- ΔTU=Tliquidus-Tmin , is the liquidus undercooling, where Tliquidus is the liquidus temperature and Tmin 

the minimum temperature of the recalescence arrest [8, 12]. 
- ΔTrec=Tmax-Tmin is the amplitude of recalescence where Tmax is the maximum and Tmin the 

minimum temperatures of the recalescence arrest [8, 12]. 
Time-related parameters are: 

- tf is the difference of the times corresponding to Tmin and its projection onto the cooling curve 
after recalescence arrest.  

- KF16 is the temperature difference between the temperature at which the cooling rate is for the 
first time -2 °C/s and the temperature recorded 16 s later [9]. 

Figure 2. Example of cooling curve at the onset of solidification and its time derivative. 
The estimation of the characteristic parameters as defined in the text is shown. 

In their early works, Apelian et al. [8] and Charbonnier [12] avoided the use of the liquidus 
undercooling because it needs a very accurate temperature record that cannot be ascertained with usual 
on-floor facilities. These authors preferred to use the amplitude of recalescence ΔTrec=Tmax-Tmin. 

Some of the parameters mentioned above have been compared by Bekaert and Wettinck [14] using 
statistical analysis. These authors concluded that a third-order polynomial expression of one single 
parameter does have the same capabilities than more complex equations using several parameters. 
Following the same line, the parameters selected for statistical analysis in this study were:   

- The amplitude of recalescence ΔTrec when present. 
- The maximum rate of change of temperature, Vhigher, during the onset of primary solidification, 

which may be negative in case of no recalescence. 
- The time parameter tf which will be zero in case of no recalescence. 
- The KF16 parameter. 
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- The cooling rate just before solidification onset, Vliquidus. 

The parameter Vliquidus was considered in order to account for the effect of modulus. For avoiding 
possible bias linked to thermocouple inaccuracy, this parameter was evaluated at a temperature 3°C 
above the liquidus value listed in table 1. Finally, screening of the cooling curves recorded during the 
present work confirmed that the use of liquidus undercooling or of absolute values of temperature 
should be avoided. 

The metallographic analyses already reported [18] were performed again with attention paid to 
standard deviation, so that the grain sizes reported here may be slightly different to those previously 
indicated. Grains were revealed by optical microscopy under polarized light after electrolytic Barker 
etching of the samples. The grain size GS was then determined by the linear intercept method. Fifty 
grains were measured for each cylinder from which the average GS value and the standard deviation 
on the average σGS were evaluated. 

3. Results
Figure 3 presents micrographs of the three alloys from the cylinder with a modulus of 1 cm of the sand 
mould. The differences in GS are evident, with alloy 3 presenting a high level of refinement with 
respect to alloy 2 that has itself grains slightly smaller than the half-refined alloy 1B. It was observed 
that the grain size of alloy 2 cast in die did not increase with modulus, and this could be related to the 
fact that the melt did not reach a temperature high enough when poured into the metallic mould. 
Accordingly, these results were not considered further. 

Alloy 1B    GS = 0.95 mm Alloy 2    GS = 0.65 mm        Alloy 3    GS = 0.36 mm 

Figure 3. Grain microstructure of the three alloys cast in sand mould, cylinder 1 cm in modulus. 

Figure 4 shows the GS values as function of the modulus for the three alloys with the error bar 
corresponding to ±2�σGS superimposed. Sand casting results appear with solid symbols, die casting 
data with open symbols, and results from TA cups are plotted with crosses. It is seen that these latter 
values fit well with those of sand casting. Looking at the data for sand casting, it is observed that the 
three alloys may be ranked as poorly refined (1B), moderately refined (2) and strongly refined (3). The 
figures appear more complicated in the case of the die cast materials. While the change in mould 
materials gives significantly lower GS values in the case of alloy 1B, the effect is not significant for 
alloy 3. This is certainly related to the fact that refinement was very effective in the case of alloy 3 
even for low cooling rates. 

4. Discussion
A statistical analysis of the results was performed with the aim at determining the most relevant 
parameters derived from the cooling curves. The so-called independent variables considered for the 
statistical analysis were thus Vliquidus, ΔTrec, Vhigher, tf, KF16 and the modulus. As latent heat release 
during primary growth depends on the solidified volume, the cube of GS instead of GS was defined as 
dependent variable. Finally, a parameter was introduced to characterize refining, so that the whole data 



could be described with one single expression. The value of this latter parameter, called IREF, was 
guessed on the basis of the sand casting results in figure 4, and it was found appropriate to set it at 5, 2 
and 0.1 for alloys 1B, 2 and 3 respectively. 

Figure 4. Evolution of the grain size GS with 
modulus for all three alloys cast in sand (solid 
symbols) and in die (open symbols). Crosses 

are data from TA cup.  

Figure 5. Plot of predicted versus measured 
GS3 values. The interrupted line is the bisector.

The software JMP® was used to perform a multivariate analysis that finally showed that only tf, ΔTrec, 
Vliquidus and IREF are statistically significant, while Vhigher, KF16 and the modulus are not. The following 
expression, with a R2 correlation coefficient equal to 0.99, was obtained: 

GS3=0.0645-0.0045⋅tf+0.0048⋅Vliquidus+0.1794⋅ΔTrec+0.0324⋅IREF+0.0071⋅tf⋅IREF (1) 

The obtained R2 value is characteristic of an excellent least square analysis which is illustrated in 
figure 5 where predicted values are plotted versus measured ones. Although Bekaert and Wettinck 
[14] found good correlation by using a third-order polynomial expression of one single parameter (R2 
equal to 0.8), in the present study a better predicting performance was found by using several 
parameters. A more precise comparison of predicted and experimental values is provided in figure 6, 
where the experimental (solid symbols) and calculated (open symbols) values of (GS)3 are plotted 
versus the modulus. The values for the TA cups have been merged with data for sand moulds. In a 
couple of cooling curves, Vliquidus or tf could not be estimated. In those cases, the GS value could not be 
calculated and does not appear in figures 5 and 6. 

5. Conclusions
Cooling curves obtained from thermal analysis cups and instrumented sand and die castings with 
various thermal moduli have been recorded. The relationship between characteristics of the cooling 
curves and their changes with mould material and thermal modulus on one hand and grain size on the 
other hand has been investigated in A356 castings with different metal quality in terms of grain 
refining.  

The most significant parameters of the cooling curves related to grain refinement have been 
determined by statistical analysis. A unique equation was thus obtained for the cube of grain size 
expressed as polynomial of three cooling curve parameters: time arrest parameter, tf, cooling rate 
before solidification, Vliquidus, and recalescence, ΔTrec. A new parameter IREF, which reflects the refining 
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potential of the melt and guessed from the experimental data, was also introduced. An excellent 
correlation between calculated and measured grain size with a R2 value of 0.99 was found. 

Figure 6. Plot of the cube of experimental (solid symbols) and calculated (open symbols) GS values 
as a function of the modulus.  
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