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Abstract

The grain refinement in a real casting manufactured by Low Pressure Die Casting (LPDC) such as wheels and steering knuckles 
depends on the grain-refinement potential of the metal and the geometry of the part/process parameters. For this study, the 
effect of the cooling rate on the AlSi7Mg alloy with different metal qualities in terms of grain refinement was tested. The grain 
size has been metallographically evaluated in cylindrical test pieces and in the real wheels and steering knuckles manufactured 
at the Mapsa and Fagor Ederlan foundries. The Thermolan®-Al system has been used to evaluate the nucleation potential in 
terms of grain size on a standard cup. The grain size has been modeled taking into account the effect of the cooling rate mea-
sured in the center of the cylindrical test parts and the different grain-size potential. Different grades of refinement have been 
tested. The grain size measured in a real casting (wheel and steering knuckle) was used to calibrate the model for a real part in 
LPDC for different grain-size potential. 
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1. INTRODUCTION

Aluminum-silicon alloys are the most widely used alloys for 
producing aluminum castings because they have very good 
foundry properties and may be adapted to span a large 
range of mechanical properties [1–3]. Grain-size refinement 
is one of the melt treatments commonly applied to these 
foundry alloys. The grain size has a very clear effect on the 
shrinkage behavior: well-refined alloys generally tend to 
display less shrinkage that is more finely dispersed. Thus, 
in those parts that comprise the zones that are difficult to 
adequately feed, a good grain refinement can decisively re-
duce the porosity [1–3]. 

The quality of the melt preparation in terms of grain 
refinement has been extensively studied by thermal analy-
sis techniques for standard cups in the AlSi7Mg alloy [3–18]. 
However, obtaining a proper grain refinement in a standard 
cup does not assure that the grain refinement is correct in 
real parts (as was reported in a previous work for sand cast-
ings [12]). 

The objective of the present work was to establish a quan-
titative relationship between the parameters from a thermal 
analysis with a standard cup using Thermolan®-Al [11, 12] 
and the local grain size in parts comprised of zones with dif-
ferent thicknesses and, consequently, different local solid-
ification rates. In the first phase, an experimental metallic 

mold comprised of five cylinders of increasing diameters 
was used to establish this model. With such a simple geom-
etry, the thermal moduli of the different cylinders could 
be easily defined and correlated to the local cooling rates 
(which ranged from –31.5° to –5.1°C/s depending on the 
modulus of the cylinder). Samples of the AlSi7Mg alloy with 
different potentials of grain refinement were prepared and 
cast to develop the desired model.

In the second phase, this model was validated on Low 
Pressure Die Casting (LPDC) wheels and steering knuckles 
manufactured at the Mapsa and Fagor Ederlan industrial 
facilities. They were cast after modifying the grain-refine-
ment potential of the melt.

2. DESIGN OF EXPERIMENTS

The AlSi7Mg alloy with a Mg content of between 0.22 and 
0.45 wt.% and a Ti content that varied between 0.08  
and 0.17 wt.% was studied under different grain-refine-
ment conditions that were obtained by adding different 
quantities of Ti5B1 grain refinement (see chemical com-
position in Table 1). On Test References 9 and 10, both 
cylinders and wheels were cast. Previous to the casting of 
the test part, the grain-size potential was evaluated by the 
Thermolan®-Al system [11], with GSTH-Al, ranging from 0.37  
to 1.0 mm. 
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Three different types of castings were tested to evaluate 
the grain size metallographically: 

•	 a test piece with five cylinders (with heights equal to their 
diameters) was cast in a permanent metallic mold (see 
Figure 1);

•	 a real wheel and real steering knuckle were cast in in-
dustrial LPDC facilities following the usual die-cooling 
management strategies.

A thermocouple located at the center of each cylinder 
records the temperature evolution during the cooling and 
solidification. An example of the recorded curves of the cyl-
inder mold is shown in Figure 2. As can be observed on the 
graph, the solidification time depends on the cylinder size; 
the larger the cylinder, the longer the time.

The die temperature of the cylinders was set at 350°C in 
order to achieve Secondary Dendrite Arm Spacing (SDAS) 
in the cylinders (similar to the observed values in selected 
industrial castings). The diameters, cooling rates at 635°C, 
and SDAS values of the cylinders for a die temperature of 
350°C are listed in Table 2.

Figure 3 is a typical example of a cooling curve recorded 
with the AlSi7Mg alloy during its solidification in the stan-
dard Thermolan®-Al sand cup. 

Table 1	  
Chemical analysis of investigated AlSi7Mg alloy [wt.%] for cylinder castings and wheels

Ref. Si Fe Cu Mn Mg Ti Sr

Cylinders

1 7.5 0.11 <0.02 <0.05 0.45 0.14 0.0257
2 7.1 0.11 <0.02 <0.05 0.39 0.14 <0.001
3 7.1 0.11 <0.02 <0.05 0.40 0.17 0.0147
4 7.1 0.11 <0.02 <0.05 0.39 0.15 0.0163
5 7.1 0.11 <0.02 <0.05 0.40 0.16 0.0150
6 7.3 0.10 <0.02 <0.05 0.37 0.13 0.0183
7 7.3 0.09 <0.02 <0.05 0.31 0.14 0.0202
8 7.0 0.08 <0.02 <0.05 0.44 0.11 0.0192

C+W
9 7.0 0.14 <0.02 <0.05 0.22 0.08 0.0240

10 7.1 0.15 <0.02 <0.05 0.27 0.13 0.0207
SK 11 6.4 0.12 <0.02 <0.05 0.43 0.07 0.0165

• C + W: cylinders and wheels
• SK: steering knuckle

Fig. 1. Photo of one half of metallic mold designed for casting test 
cylinders with different thermal moduli

540

560

580

600

620

640

0 25 50 75 100 125

Te
m

pe
ra

tu
re

, o C

Time, s

Ø = 24 mm

Ø = 36 mm

Ø = 48 mm

Ø = 60 mm

Ø = 72 mm

Fig. 2. Cooling curves of cylinders of Alloy 9

Table 2	  
Diameter (equal to height), SDAS, and cooling rate at 635°C of five 
test cylinders at die temperature of 350°C

Cylinder diameter, mm 24 36 48 60 72

Cooling rate, °C/s –31.5 –19.3 –15.8 –8.8 –5.1

SDAS, µm 22.9 28.3 30.5 35.1 42.6

Fig. 3. Example of cooling curve in standard sand cup with defini-
tion of characteristic parameters for primary Al nucleation
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The insert shows an enlarged view of the part related to 
the start of solidification where the various parameters con-
sidered to be the characteristics of the nucleation of the (Al) 
primary phase are illustrated. These parameters are defined 
as [9, 11, 12, 18, 19]:

•	 ∆TAl is the recalescence; i.e., the difference between the 
maximum TAlmax and minimum TAlmin temperatures;

•	 KF16 is defined as the difference between the tempera-
ture when the cooling rate is 2°C/s and the temperature 
recorded 16 s later;

•	 tf,Th-Al is the nucleation time; it is the time difference be-
tween the moment corresponding to the minimum in 
temperature and the time at which that temperature is 
again reached after recalescence. In the absence of re-
calescence, tf,Th-Al is the time during which the temperature 
remains constant.

After the casting, all cylinders, wheels, steering knuckles, 
and thermal cups were cut and prepared for metallograph-
ic observation. For grain-size estimation, the samples were 
submitted to an electrolytic Baker's etching and observed 
under polarized light in an optical microscope. The grain 
size was estimated by the intercepted procedure.

In the polished samples without etching, the secondary 
dendrite arm spacing (SDAS) was measured by the mean lin-
ear intercepted method.

3. RESULTS AND DISCUSSION 
 
Thermal analysis cup results

With each alloy, one standard thermal cup for analysis by 
Thermolan®-Al and estimation of the above listed param-
eters was also cast. The thermal analysis parameters that 
are most significant for the prediction of grain size are the 
tf,Th-Al, KF16, and ∆TAl [11]. All of these are considered in the 
equation of the grain-size prediction in the thermal cup. The 
values of the parameters for the standard cups and the cor-
responding predicted grain size GSTh-Al [11, 12–14] for the 
cylinder castings, wheels, and steering knuckles are listed  
in Table 3.

The effect of the grain refinement on the microstruc-
ture of the standard thermal cups is illustrated in Figure 4,  
where the grain size changes from 0.37 to 0.96 mm (the 
predicted GSTh-Al values) depending on the melt. 

Tables 1 and 3 may be checked to compare whether or 
not there is a simple relationship between the amount of 
the Ti-bearing master alloy in wt.% and the grain refin-
ing. No grain refinement has been added in the coarser  
alloys (2, 4, and 9). It should be noted that the effectiveness 
of the grain refinement also depends on the Ti content of 
the alloy before the addition of the Ti-bearing master 
alloy, as the reaction of the latter may depend on its initial 
Ti content in the melt [17]. As a consequence, a chemical 
analysis of the metal is not sufficient to provide informa-
tion regarding the grain-refinement efficiency.

Ref. tf,Th-Al,  
s

KF16,  
°C

∆TAl,  
°C

GSTh-Al ,  
mm

Alloy

1 1.4 5.80 0.0 0.43
2 8.8 3.62 0.7 0.97
3 0.8 6.43 0.0 0.37
4 9.8 3.33 0.7 0.95
5 4.0 5.05 0.0 0.54
6 8.2 4.04 0.6 0.96
7 1.0 5.90 0.0 0.40
8 4.0 4.55 0.0 0.52
9 9.0 4.20 0.6 1.00

10 3.2 5.10 0.0 0.51
11 1.6 5.30 0.0 0.44

Table 3	  
Thermal analysis parameters of standard sand cup and predict-
ed GSTh-Al values by Thermolan®-Al Fig. 4. Micrographs illustrating the range of grain size observed in 

thermal cups: a) GS = 0.96 mm, b) GS = 0.52 mm, c) GS = 0.37 mm

b)

a)

c)
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Cylinder tests. Model development

The effect of grain refinement as a consequence of the 
different cooling rates achieved in the cylinders is shown 
in Figure 5 for Alloy 9. The effect of the thermal modulus 
(i.e., cylinder diameter) on the cooling curve is illustrated 
in Figure 6 for the same melt and compared to the thermal 
analysis cup. Decreasing the casting modulus leads to high-
er cooling rates and lowers both the start of solidification 
and the (Al)-Si eutectic temperatures; this also leads to 
shorter overall and eutectic solidification times. 

Considering the whole series of cooling curves, the cool-
ing rate varied between –31.5° and –5.1°C/s at the start of 
solidification (see Table 2). The cooling rate of the thermal 
analysis cup is –6.1°C/s; thus, it is much slower. This can be 
clearly seen in Figure 6. 

Figure 7 shows the effect of the liquidus cooling rate 
on the grain size for the different cylinders cast with the 
ten melts. As expected, the grain size decreases when the 
cooling rate is higher. 

It is of some interest to note that a linear relationship 
may be established between the grain size and the liq-
uidus cooling rate for the range investigated. It should 
be further stressed that the coefficients of this linear 
relationship are related to the grain refinement that 
is observed on the thermal analysis cup. A slight differ-
ence on the slope for the different trials and the grain-re-
finement conditions can also be observed. Due to the 
small difference, an average of the slopes has been tak-
en, and the corresponding constant has been adjusted. 
On the cylinders cast in the sand molds, a correlation 
between the slope and the parameters of the grain-
size prediction on the Thermolan®-Al is obtained [12].  
However, this correlation is not observed on the metallic 
mold samples; this is likely due to the high cooling rate 
and shorter solidification time.

Fig. 6. Cooling curves of one melt obtained from cylinders with var-
ious moduli cast in permanent mold. Curves are labeled with corre-
sponding diameters in mm, and curve obtained on thermal analysis 
cup is added for comparison
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Fig. 7. Upper: grain-size evolution versus liquidus cooling rate for 
cylinder casting. Lower: grain-size evolution versus liquidus cool-
ing rate for cylinder casting with calculated average slope (0.0096)

Fig. 5. Micrographs illustrating effect of thermal modulus on 
grain size for different cylinders for one melt (GSTh-Al = 1.00 mm):  
a) GS = 0.86 mm, b) GS = 0.56 mm, c) GS = 0.42 mm

b)

a)

c)
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The constants of the curves have been plotted with the 
different parameters obtained from the thermal analysis;  
it was found that the appropriate parameter to use is solidi-
fication time tf,Th-Al. This is illustrated in Figure 8, where it can 
be seen that a line is again found. 

Associating the fitting values for the constants give the 
following equations between the grain size in cylinder GS 
cylinder [mm], solidification time tf,Th-Al from the thermal 
cup, and liquidus cooling rate |Ċ| of the cylinder described 
in Equation (1):

cylinder f,Th-Al 0.0096| C| [0.021 0.56]  = + ⋅ +GS   t (1)

The fitting parameter between the experimental data of 
the grain size of all of the cylinder castings and the predicted 
values, R2 is high enough at 0.75 (see Figure 9).

To validate the model in a complex real casting, two auto-
motive components (a wheel and steering knuckle) have 
been selected and cast in Low Pressure Die Casting (LPDC) 
with different grain-size potentials. The local solidification 
time predicted by the simulation software in the selected 
wheel is shown in Figure 10. It is evident that the final ther-
mal modulus and solidification time depend strongly on the 

geometry and the die’s thermal management. Six different 
locations were selected to evaluate the grain size metallo-
graphically in the wheel and steering knuckle. An example of 
the grain-size variation in the wheel for the different solidifi-
cation time areas in the case of a coarse grain size (GSTh-Al) of 
1.0 mm evaluated by Thermolan®-Al is shown in Figure 10. 
A variation between 0.45 and 0.65 mm is observed. 

Among other factors, Equation (1) depends on the cool-
ing rate; this is evaluated in the cylinders by analyzing the 
real cooling curve using thermocouples. For evaluating the 
cooling rate in the real parts, it is not easy to insert thermo-
couples in the mold; therefore, another way of calculating 
the cooling rate is needed. Thus, a correlation with an easier 
evaluating microstructural feature is desirable. For this pur-
pose, SDAS was the selected parameter. The SDAS was eval-
uated in each cylinder of the ten series. The average value of 
the ten different melts was calculated and plotted versus the 
cooling rate (Fig. 11).
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In the literature, the SDAS data is often related to either 
the cooling rate or the time for a complete solidification (ts) 
according to Equation (2), where A and n are constants that 
depend on material properties [20–22]. 

n
s SDAS A= ⋅ t (2)

An exponent of 1/3 has been reported by several au- 
thors [20–22]; this is in agreement with the theoretical val-
ue expected for the model of a ripening controlled mecha-
nism for the volume diffusion of the solute in the liquid [20]. 

1/3
s SDAS 10= ⋅ t (3)

In order to correlate the SDAS with the cooling rate, the 
following equation is obtained by developing Equation (3):

1/3 SDAS | C|−= ⋅ K  (4)

Thus, a good correlated equation is obtained to relate the 
cooling rate with the SDAS:

0.327
cylinder SDAS 72.83|C|−=    (5)

Real parts. Model validation

In order to validate the developed model for the grain-size 
prediction described in Equation (1), a wheel and steering 
knuckle cast in a low-pressure die casting are selected (see 
Figure 12). 

The grain-size data evaluated in the two wheels cast 
with different nucleation potential melts evaluated by 
Thermolan®-Al is listed in Table 3. The grain size in the 
real casting depends significantly on the grain-size poten-
tial evaluated in Thermolan-Al as well as the cooling rate. 
Significant differences can be observed in the SDAS evalua-
tion between the different zones of the casting for each melt 
(from 28 to 43 µm), so a difference is also observed in the 
cooling rate evolution on the part. 

Considering the SDAS obtained metallographically and 
that relating to the theorical cooling rate calculated by 
Equation (5), the following correlation is obtained between 
the cylinders and the real parts (see Figure 13).

4. CONCLUSIONS

The grain refinement in a real casting manufactured by low 
pressure die casting (LPDC) depends on the grain refine-
ment potential of the metal, the casting geometry, and the 
die’s thermal management. 

For this study, the effect of the cooling rate on the AlSi7Mg 
alloy with different metal qualities in terms of grain refine-
ment was tested. The grain size has been metallographically 
evaluated in cylindrical test pieces as well as in real wheels 
manufactured at MAPSA. The Thermolan®-Al system was 
used to evaluate the nucleation potential in term of grain 
size on the standard thermal analysis cup. 

Thus, a thermal analysis of the melt prior to casting allows 
us to predict whether the desired grain size will be obtained 
in different locations of the part or if corrective actions must 
be taken to improve the grain-refinement potential of the 
melt.

The most important conclusions are as follows:

•	 for each melt, a linear relationship was observed between 
the grain size and the cooling rate of the cylinder castings;

•	 an exponential equation is obtained between the SDAS 
values and the cooling rate of the cylinders;

•	 it is possible to formulate an equation that provides grain 
size as a function of the cooling rate and nucleation time 
evaluated from the cooling curve recorded on the stan-
dard thermal cup; namely, tf,Th-Al;

Fig. 12. The wheel and the steering knuckle selected for the model 
validation 

Fig. 13. Plot of experimental versus calculated values of grain size 
in cylinder casting, wheels, and steering knuckles
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•	 the model for grain-size prediction developed by the cyl-
inder castings is validated in several wheels and steering 
knuckles;

•	 knowing the cooling rate, it is possible to predict from 
the standard thermal analysis whether the grain refining 
treatment will be appropriate for the part being cast or if 
it must be adjusted.
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