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Abstract 
Mastering of the heat exchange processes during casting and crystallization of aluminum castings realized in 3D-
printed sand molds allowed to such extent advance that a single gram of metal does not be melt and spilled until 
we be sure that even a first casting will meet the design requirements. Powerful computers with state-of-the-art 
software, run by simulation experts, manage to find a solution in a surprisingly short time. 
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1. Introduction 
 

In 2018, the development of modern "multi-storey" turbocompressor systems was 
completed, reaching four turbo-compressors in one engine. Today, development is focused on 
electric motors, which is advancing at a rapid pace and with the almost daily announcement of 
ever new and encouraging achievements. Even before the complete rejection of combustion 
engines, numerous ways had been found to make near-harmless diesel engines, a half more 
harmless than the gasoline engines used in some hybrid engines today. This has been achieved 
with the development of mono-compressor turbo-systems which introduce additional 
recirculation of exhaust gases through the turbo-knots. The castings have reached an extremely 
high level of geometric complexity.  

When the castings for turbo-compressors become more complicated, it is necessary to 
increase and define their new quality. Where different gas and hydro-flows begin to intertwine, 
the leak-proofness between the individual channels is of particular importance. Special 
attention is paid to this leak-proofness requirement. 

On Fig.1 is shown a typical aluminum casting of a crankcase for a turbo-compressor. In 
this casting, three input-output channels are intertwined, very close to each other. 

The castings are made of aluminium-copper AlSi8Cu3 alloy. This alloy is known to have 
a wide crystallization interval of the order of 100 °C. It is also known that such alloys are prone 
to "bulk crystallization", i.e. density defects are the opposite of cavitation defects, which are 
difficult to detect by X-ray control of the castings.  

At the refinement of the technology one of the problems is the effective control of the 
hermiticity of the castings. The only accessible and reliable approach is to cast test castings 
which to be processed mechanically and then to be performed a leak test according to the 
technical requirements. All these operations are repeated during all iterations until a satisfactory 
solution is reached. 

The creation of detailed algorithms for describing the ongoing heat exchange processes 
creates more and more opportunities to achieve virtual casting optimization before making 
molds and even the tools for their implementation. 
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Fig.1. Isometric view of an aluminium crankcase for turbo-compressor with intertwining inputs and 
outputs located on top of each other in a confined space. Other functional elements can be seen to the left 

of the inputs and outputs 

 
2. Defining the condition of the optimization problem and the method for its 
solution 
 

In the most general case, each casting, namely each volume of the casting, consists of two 
main elements: 

- S (soundness) 
- P (porosity)  
The relationship between the two elements is as follows: 

 
S + P = 100 %,  i.e. S = 100 % – P,  or P = 100 % – S. 

 
When there is no porosity, the material in the given volume will be completely solid and 

strong. This case corresponds to the following extreme: 
 

S + 0 = 100 % 
 

The smaller is volume under consideration, more accurately can be described the ongoing 
heat transfer process during the specification of a given technology. 

If we can find the places where there are no defects at X-ray control of the gross castings, 
but where there is a minimal "lack of strong material", through optimization we can find such 
a combination of physical parameters, at which to be obtained even more solid material in risk 
places that remain invisible to conventional non-destructive testing methods.  

Exists the best option – before melting even a gram of metal and to be made castings for 
clarifying the parameters of the technology, each casting (typical for the case) to be well 
acquainted and optimized in the virtual foundry and to be used for searching and making the 
right decisions. The virtual foundry has no restrictions and can calculate any tasks. 

Once it was found that there is a small zone with 95% soundness, the first task was defined 
as follows: to describe the most easily accessible for variation physical parameters and to be 
investigated the possibility of adding the missing 5%, only through these parameters. It is 
known that with the percentage of alloying elements in the alloy most easily can be varied. In 
this case, two elements were selected a priori – copper Cu [%] and nickel Ni [%]. The third, 
most frequently used element, is "initial temperature of the melt at pouring the mold – Tc [°C]". 
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The analysis of the intervals of variation of the independent factors is shown оn Fig.3.The 

developed plan of 22 experiments was in line with the desire to be made a full factorial 
experiment with nickel and the temperature of the metal, and then to be tested their interaction 
with copper. 

 

Fig.3. Scattering matrix diagram 

The three-factor analysis performed with the help of the software package "Stat graphics 
Centurion 18" showed a single statistically significant influencing factor for both results – the 
casting temperature Tc [°C]. The concentrations of nickel and copper within the studied limits 
would not give the desired result to increase the solidity of the material by another 5%. 
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The obtained statistically significant models are presented on Fig.4 and Fig.5.The 
calculated statistical models can be seen in the corresponding graphs. Fig. 4 expresses the 
influence of the pouring temperature Tc [°C] on the soundness the studied temperature range 
from 710 to 750 °C. This type of model is "Reciprocal Y – Square X", which allows to achieve 
a high degree of reliability of 95%. The correlation coefficient is medium high – over 0.68. 
Autocorrelation was not found. 
 

 

Fig.4. Soundness according to the casting temperature Tc [°C]. 

The high pouring temperature probably helps to better nourishing of the casting, as dead 
heads receive relatively warmer metal and therefore nourishment is better.  

The graph on Fig. 5 shows the influence of the pouring temperature Tc [°C] on the 
„maximum value“ of SDAS in the studied temperature range from 710 to 750 °C. 

SDAS = „Secondary dendrite arm spacing“. 
This type of model is „Reciprocal Y – Reciprocal X“ or „Double Reciprocal“, which 

allows to achieve a high degree of 95% reliability. The correlation coefficient is very high – 
over 0.95. Autocorrelation has not been established. 

 

Fig.5 Maximal SDAS value according to the casting temperature Tc [°C] 

It is known that the SDAS parameter is an important characteristic of the macrostructure 
for aluminum alloys, which is related to the resistance of the material to thermal fatigue. For 
example, the cylindrical heads of combustion engines, in particular that part which is in contact 
with the combustion, must have minimal SDAS values. From Fig. 5 it is seen that the increase 
of the pouring temperature leads to an increase of this characteristic at constant other 
parameters.  
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The study clarifies that only by increasing the temperature Tc [°C] it is possible to achieve 
an increase in soundness by about 5% (Fig. 4), although at the same time SDAS worsens. 
 
3. Experimental results 
 

On the following Fig. 6 are shown experimental castings, cast at different temperatures – 
710°C (a), 730°C (b) and 750°C (c). 
 

 
 

а   в   с 

Fig.6. Elimination of defectivezone as a result of an increase the temperature of casting Tc [°C],  
a – initial position at 710°C; c – improvement at 730°C; c – removal at 750°C 

On the Fig. 7 are shown the same castings, but with an enlarged scale and a cross section 
through the middle of the defect. 
 
 

 

Fig.7. Enlargement and cross sections through the middle of the defective zones in the previous three cases 
of an removal of a defective zone due to an increase of the casting temperature Tc [°C]  

a) initial position at 710°C; b) improvement at 730°C; c) removal at 750°C 
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4. Conclusion  
 

It was used a methodology for optimization on base of Soundness.  
It was performed a virtual casting of 22 optimization castings, the results of which were 

processed with the help of a statistical software package for calculations and analyzes, as 
regularities were revealed.  

The established regularities were used to eliminate invisible for the X-ray control defects 
in an aluminum crankcase for turbo-compressor.  

Virtual casting, with the help of modern products for calculating of the heat transfer in 
castings, by using adequate parameters and algorithms, allows not only to make castings with 
hyper-complex geometry, but also to make improvements, approaching the solidity of the 
castings to the perfect 100%. 
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