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Abstract: Cast parts manufacturing has some 

disadvantages as dimensional accuracy of the parts which 

is generally lower if comparing with parts manufactured by 

other processes. This paper presents an algorithm for 

manufacturing very accurate cast parts made of Al-Si 

alloys, based on FEM analysis and artificial neural network 

(ANN). The paper also presents an analytical technique for 

estimating the dimension of air gap formation at the 

cast/mold interface during solidification and cooling of 

melt alloy. As the final dimension of the cast part is 

directly determined by air gap evolution, short explanation 

about this phenomenon is given. 

 

Key words: algorithm, ANN, casting, dimensional 

accuracy, shrinkage. 

 

1. INTRODUCTION  
 

An essential condition for manufacturing quality 

products is to respect the geometrical (linear and 

angular) parameters of the parts. To obtain the 

dimensions which define the part geometry at their 

nominal value (theoretical value) is not possible 

because of the manufacturing and measurement 

errors. The manufacturing techniques allow the 

obtaining of the final dimension of the part with an 

approximate precision if compare with nominal 

dimension (prescribed dimension). Also, the 

measurement methods do not allow a very accurate 

measurement of the part dimensions due to specific 

errors of measurement instruments, errors of 

measuring and reading the instruments indications 

and surfaces relief, or due to other factors. 

Therefore, we can distinguish (i) cast part macro-

geometry accuracy, which refers to dimensional 

precision, geometry precision, precision of geometric 

elements position and (ii) cast part micro-geometry 

precision, which mainly refers to surface roughness. 

When casting, all surfaces of the part are simultaneously 

generated, which is different then machining processes 

when only one surface is generated at the time. 

Epureanu et al. [1] stated that, in casting, there is no 

reference surface; the only reference is mold surface, 

which is considered as programmed surface. The cast 

part surface is considered as realized (manufactured) 

surface. The difference between the two surfaces is 

manufacturing error. 

Dimensionally, the casting process consists in 

manufacturing a part whose dimensions are according 

to the limits mentioned in design drawing of the 

product. Considering the idea of dimensionally 

controlling the casting process, it is considered that 

casting has three stages: a) prognosis; b) 

programming and c) casting. 

In the last years, many simulation tools of the casting 

process have been developed, but these software does 

not offer a very accurate simulation of the real casting 

process. 

After is poured in the mold, the melt takes its shape 

during solidification and cooling. After melt reaches 

liquidus temperature, the transition from liquid state to 

solid state begins. The solidification rate is determined 

by the rapidity of removing heat and characterizes the 

growth of the solid state with respect to time. For the 

majority of the metals, the transition between the two 

phases determines volume shrinkage. For aluminum 

alloys, the volume shrinkage due to solidification is 

between 3.5…8.5%, Kaufman and Rooy [2]. 

There are a few studies concerning the permanent 

mold casting process control, most of the research 

focuses on continuous casting. In this direction, 

important work is made by Bouhouche et al. [3], 

Fitzgerald et al. [4], Guo et al. [5], Ikeda et al. [6], 

Kuzminov et al. [7], Kong et al. [8], Lotov et al. [9] 

and Maijer et al. [10].   

An essential research direction is the study of heat 

transfer coefficient at the cast/mold interface. The 

importance of estimating heat transfer coefficient is 

obviously considering that thermal field dynamics 

during solidification is a major factor which 

influences the cast part dimensional accuracy and 

surface quality. 

Relevant work was carried out by Zhang et al. [11]. 

They studied the interfacial heat transfer coefficient 

by developing an inverse heat transfer analysis 
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procedure based on least squares technique and 

sequential function specification method. 

Moreover, Xu et al. [12] focused on the study of peak 

value of heat transfer coefficient at the cast mold 

interface. They concluded that the new method 

improves the prediction accuracy. Their method, 

based on Hamasaiid model, can be used to simplify 

the surface profile in the improved model.  

Relevant study concerning the air gap formation 

mechanism at the cast mold interface and the heat 

transfer through the gap was made by Nishida et al. 

[13]. The displacement of the inner wall of the mold 

δm is given by: 
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where: Ri is inner radius of the mold [mm], Re is the 

outer radius of the mold [mm], α is linear thermal 

expansion coefficient of the mould [K-1], υ is Poisson 

ratio and T(r,t) is radius and time dependent 

temperature [ºC]. 

Although between continuous casting and permanent 

mold casting many differences exist, there are some 

similarities concerning the main objective which refers 

to the modality of extracting heat from cast part without 

affecting the dimensional accuracy of the part. 

Susac [14] states that, in permanent mold casting, the 

designing and manufacturing stages can be integrated in 

order to obtain a better correlation between the 

mechanical properties and the stresses state during part 

functionality and a better dimensional precision of the 

part, which is mainly affected by solidification shrinkage. 

Dimensionally, the goal of any technological process is 

to manufacture parts with dimensions that are within the 

allowance limits mentioned on the design drawing. This 

means that the part surface must belong to an infinity of 

admissible surfaces, which is defined by the allowance’s 

limits of this surface, after Epureanu [15]. 

 

2. THE DESIGN OF EXPERIMENT  

 

The scheme of the casting set-up, Figure 1, and 

details concerning the temperature and displacement 

monitoring were presented by Susac [16]. A hollow 

cylinder part was cast inside a mold with outer wall 

and inner core both made of steel. While the mold is 

bottom insulated, the core is cooled by water at room 

temperature in order to create a temperature gradient 

mainly on radial direction. 

During the alloy solidification and cooling, the 

temperature on radial direction and cast displacement 

were monitored by K-type thermocouples and linear 

variation displacement transducers and recorded. 

The experimental set-up consists in two main 

modules: casting and parameters measurement 

module and experimental data acquisition module. 

The experimental data acquisition module contains a 

module of analogical inputs for connecting with 

thermocouples and o module for connecting with 

displacement transducers. 

 

 
 

Fig. 1. Casting module of the experimental set-up, 

after Susac [14] 
 

Susac et al. [17] explained that the air gap formation 

at the cast/mold interface occurs when the solid shell 

becomes strong enough to withstand the metalo-static 

pressure and, therefore, departs from the mold wall 

due to shrinkage. The air gap formation dramatically 

reduces the heat transfer through the cast/mold 

interface and therefore the solidification is affected. 

Lagerstedt [18] founds that, Before the air gap occurs, the 

heat transfer is mainly by conduction. When the air gap is 

formed, the heat transfer is reduced and may be described 

as a combination between radiation and conduction. For 

aluminum, the heat transfer by radiation is insignificant 

and can be neglected. The heat transfer by convection can 

be also neglected because the air gap has a small 

thickness. The general explanation on the air gap 

formation is the thermal shrinkage of the solid shell that 

occurs due to temperature drop at the surface and due to 

resulting temperature gradients, after Susac et al. [17].  

The numerical model used for simulation was 

axisymmetric. Therefore, only a ten degrees portion 

of the part was used for numerical simulation. This 

determined a reduction of the simulation time until 

approximately 4 minutes. The mold and part 

geometry were meshed into hexahedron finite 

elements with 8 nodes. 

 

3. ALGORITHM FOR MODELING AND 

SIMULATION OF THE CASTING PROCESS 

 

The algorithm for modeling and simulation of the 

casting process of a hollow cylinder cast part is show in 

Figure 2. This algorithm aims to optimize the casting 

process in order to obtain dimensional precision, which 

is imposed by manufacturing standards.  

The algorithm for modeling and simulation includes 3 

modules: 
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Fig. 2. Algorithm for modeling and simulation of the casting process of a hollow cylinder cast part 
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a) Module 1 consists in designing and generating the 

geometric model of the cast part and mold; b) Module 

2 consists in generating the numerical model of the 

casting process; c) Module 3 consists in numerical 

simulation of the casting process using finite element 

method. 

At the beginning, a geometric model is designed and 

generated, consisting in one sample and its mold. 

After generating the mesh of the geometric model, 

the thermal and mechanical boundary conditions are 

imposed to the cast, identically with the real process. 

The thermal field dynamics in different locations of 

the sample and mold is calculated using an algorithm 

of semi-inverse analysis, which calls for external 

software V-Shrink. Simultaneously, using the same 

algorithm of semi-inverse analysis the evolution of 

heat transfer coefficient at the cast/mold and cast/core 

interfaces is determined. 

At the same time, the real casting process of the sample 

is carried-out and the measured thermal field dynamics 

(in the same locations where is calculated by semi-

inverse method) is compared with the calculated 

thermal field dynamics. If the difference between the 

measured (Tmas) and calculated (Tcalc) values of the 

thermal field dynamics is over a maximum value (Tcalc-

Tmas > ε1, where ε1 = 5%), then the casting process of the 

sample will be remodeled (the dimensions of the finite 

elements will be smaller, the boundary conditions will 

be revised etc.). If this difference is no more than 5% 

(Tcalc-Tmas ≤ ε1), the geometric model of an industrial 

part and its mold will be designed and generated. Using 

the same procedure, the mesh of the geometric model 

will be generated and boundary conditions will be 

imposed as in real process. The solidification/cooling 

process may be simulated using a finite element 

software, as V-Shrink.  

Finally, if the difference between the final value of 

the calculated contraction δw, see equation (2), and 

the final value of the measured contraction δc 

(customer requested), is over the imposed value ε2 (δw 

- δc < ε2, where ε2 = 10%), the mold dimension will 

be compensated and the previous steps will be 

completed again. 

The programmed path of the thermal field is based on 

temperature-time-transformation diagram (TTT 

diagram) of the cast alloy. The cast part will have the 

imposed dimensions if the thermal field dynamics is 

identical to the programmed one, i.e. the heat transfer 

evolution at the cast/mold interface, obtained by 

numerical simulation, will be identical to the 

evolution obtained from experimental data, in any 

location of the cast. 

When the customer requests that the cooling curve 

should cross the transformation lines following a 

specified path, some parameters (cooling water 

temperature, mold temperature) will be modified and 

the thermal field dynamics will be calculated for the 

desired location. Depending on the calculation result, 

the same parameter or other parameter will be 

modified, and the thermal filed dynamics will be 

calculated again. This will be repeated until the result 

is the programmed one. Thus, the dimensional 

precision of the cast part will be controlled. 

Based on the numerical results obtained by using the 

algorithm in Figure 2, it will be decided whether the 

cast has reached the qualitative and dimensional 

requirements. 

If these desiderates are not reached, virtual 

compensation will be applied to the mold and the 

algorithm will be run again. If these desiderates are 

reached, the next step will be the manufacturing of 

the prototype followed by the manufacturing of the 

entire batch of the parts. 

 

3.1 The calculation of the dimension of air gap 

which forms at the cast/mold interface 

After the mold filling is completed, the mold wall 

moves on radial direction (expansion) because of the 

high temperature of the melt and the solidified 

portion of the cast shrinks during cooling. 

 

 
a. 

 
b. 

Fig. 3 - a. Scheme of the geometric model used for 

deformation calculation; b. Air gap formation mechanism 
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Therefore, the relative movements of both surfaces 

form an air gap. It is considered that the difference 

between both displacements (measured and/or 

calculated) determines the air gap dimension. 
 

,   w m p              (2) 

 

where δw is the dimension of the air gap which forms 

at the cast/core interface [mm], δm is the displacement 

of the mold wall [mm] and δp is the displacement of 

the cast wall [mm]. 

The scheme of the simplified geometric model used 

for thermal deformation calculation and the air gap 

formation mechanism are shown in Figure 3. 

 

3.2 The displacement of the inner wall of the mold 

The displacement of the outer wall of the cast was 

directly measured by displacement transducers. 

Therefore, the displacement of the inner wall of the 

mold was calculated, using equation (3): 
 

,int ,int ,   m mr T
           

(3) 

 

where δm,int is the displacement of the inner wall of the 

mold [mm], rm,int is outer radius of the cast [mm] and ΔT 

– temperature variation within a time increment [K]. 

The displacement of the inner wall of the mold is 

calculated for each time increment using the 

following equation [17]: 
 

    ,int ,int ,    m mt r T t dT

           

(4) 

 

where T is mold temperature [°C] and t is time [s]. 

By integer and if α = αmed, the following equation is 

obtained: 
 

   ,int ,int 0 ,   m m medT r T T

          

(5) 

where rm,int is the inner radius of the mold [mm] and 

(T-T0) is the variation of mold temperature within a 

time increment [°C]. 

If it is considered that the evolution of the linear 

expansion coefficient depends on the temperature, i.e.: 
 

   0 0 ,   T k T T

           

(6) 

 

where k is a constant and α0 is linear expansion 

coefficient at temperature T0. Therefore: 
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And, by developing and solving equation (7), the 

following relation is obtained: 
 

 

 
 

2
0

,int 0 0 .
2

 


  m

k T T
T T

           

(8) 

3.3 The calculation of the thermal deformations 

Radial deformation (on x axis direction), longitudinal 

deformation (on y axis direction) and angular 

deformation are given by the following equations: 
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where εθ is angular deformation (with θ – variable 

parameter), εy is longitudinal deformation, εr is radial 

deformation, Tf  is cast temperature after deformation 

[°C] and T0 is cast temperature before deformation 

[°C]. 

By imposing the boundary conditions (10): 
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where: uθ, uy, ur are the displacements on angular, 

longitudinal and radial directions [mm], equations 

(11) are obtained: 
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where r is a certain radius of the cast [mm], see 

Figure 3. 

Equalizing equations (10) and (11), it results: 
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where C1 and C2 are two constants. 

If y = 0 and uy = 0, then C1 = 0, where y is the cast 

part (cylinder) height [mm]. 

While the displacement on longitudinal and angular 

directions in casting are not important and therefore 

can be neglected, the radial displacement is 

determined: 
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where ri, re are the inner radius of the mould, 

respectively the outer radius of the cast [mm]. 

 

3.4 The artificial neural network model 

In order to control the path of the thermal field 

dynamics in the cast an artificial neural network was 

used. The neural model scheme is presented in Figure 

4. 

 

 
 

Fig. 4. The scheme of the artificial neural network model 

 

The neural network has 3 layers: the input layer (9 

neurons), the hidden layer (7 neurons) and the output 

layer (2 neurons). The two neurons on the output 

layer are the temperature in a certain location of the 

cast, specified by the customer and the cast 

displacement. 

It was found by the best model search function that 

thermocouples T5 and T9, see Figure 3b, has the 

greatest influence on thermal field dynamics path in 

the cast part. The neural model was created based on 

experimental results. 

Thermal field dynamics path during 

solidification/cooling can be controlled by modifying 

the temperature in the mold and core. This can be 

made by modifying the cooling water rate or water 

temperature. Moreover, additional cooling channels 

can be designed in the mold. The manner the cast 

temperature is controlled strongly depends on how 

the thermal field dynamics should evoluate 

(according to customer request). 

 

4. RESULTS AND DISCUSSION 

 

The numerical and the experimental results presented 

in this paper are the starting point to conceive and test 

a scheme to control the casting process in permanent 

metallic mold. This control scheme is based on both 

the thermal field dynamics monitoring of the casting 

system components and thermal field dynamics 

prediction of the cast part. 

The formation and evolution of air gap at the 

cast/mold interface affects the heat transfer through 

the interface and has a direct influence on cast part 

precision. 

The numerical validation of the algorithm is 

presented in Figures 5 and 6. 
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Fig. 5. Experimental and customer requested time 

dependant temperature of the cast 
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Fig. 6. Experimental and predicted displacement of the cast 

part 
 

Figure 5 presents the thermal field dynamics of the cast 

in a certain location indicated by the customer. In order 

to improve the mechanical properties of the cast such as 

strength, the customer designed a solidification/cooling 

path. This path should be followed during casting 

solidification/cooling, according to the algortihm 

presented in Figure 2, in order to manufacture accurate 

parts. Figure 6 presents the displacement of the outer 

wall of the cast during solidification/cooling. These data 

will be later used to calculate de air gap dimension 

which occurs at the cast/mold interface during melt 

solidification, see equation 2 and Figure 3a. 
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There is a good agreement between experimental and 

predicted data, the average error in case of 

temperature is 4.96% and the average error in case of 

displacement is 7.25%. The error between 

experimental and predicted displacement is very low 

considering that this parameter has very low values as 

tenths of milimeters. 

The algorithm presented in this paper aims the 

optimization of the casting process related to dimensional 

precision and mechanical properties of the cast parts 

according to imposed manufacturing standards or client 

request. The algorithm architecture offers a systematic 

approach of numerical simulation techniques. 

By using this algorithm, the designing and 

manufacturing stages can be integrated in a virtual 

environment that allows the run of all steps starting 

from CAD geometry generation and finishing with 

the dimensional precision requested by client. 

 

5. CONCLUSIONS 
 

An algorithm for modeling and simulation of the 

casting process of a hollow cylinder cast part was 

presented. The algorithm aims to optimize the casting 

process in order to obtain dimensional precision, 

which is imposed by manufacturing standards or 

customer request. 

Based on experimental results an artificial neural 

network model was generated in order to control the 

path of the thermal field dynamics. 

The error between the measured and predicted thermal 

field dynamics is 4.96 % and the error between the 

measured and predicted displacement is 7.25%. 

The results are in very good agreement and validate 

the presented algorithm. This algorithm may be used 

in foundry if a proper neural control scheme of the 

casting process is designed and set up. 
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