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Abstract
This article presents the design process of the casting technology for a step-shaped casting made of steel using simulation 
tools. A series of proposals for gating and feeding systems were simulated in the MAGMASoft® software. Results of numerical 
simulations allowed the Authors to select the casting technology which allows defect-free casting to be obtained. A numer-
ical analysis of the cooling rate of a step-shaped casting made of GX70CrMnSiNiMo2 tool steel with a 5% Ti addition was 
carried out for the selected manufacturing technology. Due to the nature of the material used and the extended presence 
of martensite during cooling, in-mold hardening of the casting may occur. The simulations showed that the type of molding 
material affects the cooling rate, which is confirmed by the analysis of cooling curves and the morphology of shrinkage po-
rosity. The analysis of solidification rates provides a valuable starting point and basis for subsequent research stages, taking 
into account the actual properties of the molding sands and the phase transformations occurring in the selected steel type. 
The casting technology design, which ensures the production of sound casting, was developed as part of this study. A series 
of simulations using different molding materials confirms the significant impact that the choice of mold material has on the 
casting solidification and cooling process.

Keywords:  
cooling rate, molding materials, GX70CrMnSiNiMo2 tool steel, numerical simulation

1. INTRODUCTION

Technological advancements and increasing market de-
mands require machines and equipment which operating 
under conditions of intense abrasive wear, enhanced du-
rability and reliability. In order to extend the service life 
of tools technological solutions that provide increased re-
sistance to abrasive wear are being sought. However, for 
many structural materials, improvements achieved through 
changes in chemical composition, phase composition, or 
conventional heat treatment are insufficient [1].

Recent literature has reported growing interest in tech-
nological approaches aimed at strengthening the matrix 
by secondary carbide precipitation. The appropriate type, 
shape, and distribution of carbides significantly improve 
the wear resistance of alloys containing carbide-forming el-
ements such as titanium, vanadium, niobium, or chromium, 
as highlighted in various studies [2–10].

Despite the understanding of wear mechanisms, univer-
sal material selection criteria based on operating conditions 
have yet to be developed, mainly due to the still-unexplained 
correlation between microstructure and resistance to abra-
sive wear – even though it is well known that microstructure 
plays a crucial role in shaping tribological properties [11].

The microstructure of alloys is influenced by technological 
factors related to mold preparation, liquid metal treatment, 
the rate of solidification, as well as the type and parameters 
of the applied heat treatment [12]. In newly developed alloys, 
the relationships between chemical composition, micro-
structure, and the heat flow through the mold have not been 
fully studied – particularly in the context of high-alloyed tool 
steels with increased abrasive wear resistance and higher 
contents of carbide-forming elements such as chromium, 
molybdenum, and titanium. Since these correlations have 
been thoroughly examined for gray cast iron, analyzing the 
influence of molding materials on the microstructure and 
properties of tool steels is of particular importance [13–16]. 
The aim of this study is to design an experiment that will 
contribute to expanding knowledge in this area.

The use of numerical methods based on the discrete ap-
proximation of Fourier–Kirchhoff partial differential equa-
tions for heat transfer allows the analysis of how molding 
materials affect the run of the cooling and solidification 
process of metal within the mold cavity [17, 18]. Although 
the models used in simulations may be subject to certain 
inaccuracies and do not always take into account all real 
processes, the simulation results allow for the prediction 
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of technological process behavior. This makes it possible 
to develop optimal production solutions without the need 
for costly experimental trials. For this reason, modern en-
gineers and researchers are increasingly turning to simula-
tion tools as support in developing manufacturing process-
es. Such an approach has been adopted by the Authors of 
this study.

2. MATERIALS AND METHODS

The model of the step-shaped casting was created using 
the “Geometry” module of the MAGMASoft® software. 
This module allows its user to make 3D geometries as 
in a  CAD system, which are subjected to operations nec-
essary to create a numerical model. Several variants of 
the casting technology were proposed and the quality 
of the  resulting  casting was analyzed for each variant. 
Computer simulations were conducted in MAGMASoft®  
(educational-research version, License ID: 433400). The 
calculations in the MAGMASoft® program are performed 
using the Finite Difference Method (FDM). 

For the numerical analysis, a virtual step-shaped casting 
was used, featuring four wall thicknesses: 5 mm, 15 mm, 
25 mm, and 50 mm, consisting of the main part and a tech-
nological allowance (overpour). The length of each step 
was 50 mm, and the width was 48 mm. The dimensions 
of the casting mold were 260 × 450 × 270 mm³. Based on 
a  literature review, the cooling analysis was carried out 
for a precipitation-hardened tool steel characterized by the 
highest resistance to abrasive wear in the Miller test, name-
ly GX70CrMnSiNiMo2 steel with an addition of 5% titanium 
(Table 1) [10]. Solidification simulations were performed 
for both first- and second-generation molding sands. In 
first-generation sands with bentonite, the base material 
consisted of quartz and olivine sand. In second-generation 
sands – prepared using the self-hardening molding sands 
with the furfuryl binder – quartz, chromite, and Cerabeads 

650 sands (sintered mullite with a low linear expansion 
coefficient) were used as the base material. The data 
for determining the thermophysical coefficients of the 
molding materials were obtained from the MAGMASoft® 
database. In this database, the values of parameters are 
tabularly defined for various temperature values. The 
program, using appropriate approximations, calculates 
the temperature-dependent thermophysical parameters 
in each cell of the computational domain base on its local  
temperature.

The heat accumulation coefficient of molding sand is the 
material parameter that indicates how much heat the mold-
ing sand can draw from an alloy poured into the mold cavity, 
it is given by Equation (1):

	
  2 λ ρ  pb c 	 (1)

where:
	b2 	– 	heat accumulation coefficient of molding sand  

[(W s½)/(m2 K)],
	 λ 	– 	heat transfer coefficient [W/(m K)],
	 ρ 	– 	density [kg/m3],
	cp 	– 	specific heat [J/(kg K)].

Having access to the values of the thermophysical pa-
rameters for molding materials stored in the MAGMASoft® 
database, it is possible to determine the heat accumulation 
coefficient values for the specified temperature values. Such 
calculations, aimed at showing the extent to which the se-
lected molding materials differ in this value and how they 
change with increasing temperature, were carried out by 
the authors and the results are presented in Table 2.

Identical process parameters were assumed for each de-
sign variant, namely an initial mold temperature of 20°C 
and a pouring temperature of 1550°C, thereby minimizing 
the number of variables affecting the cooling rate. Other 
simulation settings are collected in Table 3.

Table 1�  
Chemical composition of standard and titanium-modified GX70CrMnSiNiMo2 alloy [10]

Alloy designation
Chemical composition [wt. %]

C Mn Si P S Cr Ni Mo V Al Ti

Standard 
GX70CrMnSiNiMo2 0.60–0.75 0.90–1.05 <0.55 <0.04 <0.04 1.80–1.95 0.60–0.80 0.40–0.50 – – –

Ti-modified alloy 1.78 0.96 1.75 0.02 0.04 1.10 0.90 0.30 0.20 0.02 0.50

Table 2�  
Values of heat accumulation coefficients calculated on the base of MAGMASoft® database temperature-dependent thermophysical coefficients

Mold material

Temperature [°C]

100 400 700

Heat accumulation coefficient [(W s½)/(m2 K)]

Quartz-furan 1021 1080 1101

Quartz-bentonite 1100 1049 1062

Chromite-furan 1522 1482 1508

Olivin-bentonite 1035 1161 1243

Cerabeads-furan 489 588 692
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Table 3�  
Casting process parameters used for to set casting simulation 
project in MAGMASoft®

Process parameter Value

Theoretical pouring time [s] 8.5

Simulation pouring time [s] 5

Pouring rate [cm3/s] 120

Mold initial temperature [°C] 20

Cast alloy initial temperature [°C] 1550

According to the project assumptions, the casting was di-
vided into two parts (main casting and casting allowance) in 
such a way that, in the case of vertical pouring, all shrinkage 
defects would concentrate in the technological allowance. 
The technological allowance had the shape of a cube with 
dimensions of 48 × 70 × 50 mm³.  However, the proposed 
solution did not meet the expected results (Fig. 1). Due to er-
gonomic considerations related to mold preparation, it was 
decided to simulate a horizontal pouring variant (Fig.  2).

Because of the morphology of the shrinkage porosity, it 
was necessary to use feeders to obtain a defect-free final 
casting while minimizing the amount of casting alloy used. 
For this purpose, both commercial feeders from FOSECO 
and custom-designed solutions were employed (Fig. 3).

Fig. 1. Distribution of the porosity in the casting while pouring 
verticaly

Fig. 2. Distribution of the porosity in the casting while pouring 
horizontaly

Fig. 3. Examples of tested casting filling and feeding systems

The analyzed technological variants – 31 configurations 
differing in the method of filling mold cavity and the type 
of feeders used – allowed for the selection of a solution 
that ensured the highest yield and the absence of porosity 
in the functional part of the casting (Fig. 4). The volume of 
the feeder along with the feederneck that was finally chosen 
was 66.130 mm³.
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Fig. 4. Chosen technological variant, that ensure high yield and defect-free casting

In the central part of each segment of the casting (different 
wall thickness), one thermocouple (TC_01-TC_04) was placed 
(Fig. 4), which enabled the recording of the cooling curves. 
On this basis, correlations between the cooling rate, wall 
thickness, and the used molding material were determined.

3. RESULTS 

The simulations conducted within this work made it possi-
ble to evaluate the casting technology variants in terms of 
the size and location of shrinkage porosity. Based on this 
analysis, a filling and feeding system design was selected 
that enables the production of a defect-free casting with 
a yield of 69.1%.

The selected casting design was subjected to further 
studies involving simulations performed using different 
molding materials. The thermophysical parameters of the 
molding materials used in the analysis were taken from the 
built-in database of the simulation software. The authors 
are aware that these parameters refer to reference molding 
materials; therefore, to improve the accuracy of the model-
ling results, future research will include testing of molding 
sands based on the actual base materials selected for the 
simulations and used by the Authors in their work.

Virtual thermocouples were placed in the mold cavity to 
record temperature changes at the centers of regions with 
defined wall thicknesses. The cooling rate analysis revealed 
significant differences depending on both the wall thickness 
of the casting and the type of molding material used (Fig. 5). 
Calculated cooling rates as well as crystallization times in 
centers the thinnest and the thickest step segment of the 

casting are presented in the Table 4. It is well known that 
the greater the mold’s ability to accumulate heat, the coars-
er the grain size of the casting, which negatively affects its 
performance properties [12, 19, 20]. Digitizing the cooling 
curves, combined with economic considerations, allows for 
the selection of the most optimal variant in terms of grain 
refinement and manufacturing technology.

The obtained results indicate that the molding materials 
have an impact on the solidification rate. The planned fur-
ther examination, that among others will include extending 
the scope of temperature measurements to include the final 
phase transformations, could allow for the prediction of the 
final microstructure of the cast steel component. The studied 
alloy is characterized by a wide range of martensitic transfor-
mation. However, the diffusionless transformation of austen-
ite in the mold – due to rapid cooling – can lead to significant 
internal stresses and cracking. Additionally, the casting geom-
etry, which causes variations in the cooling rate in different 
parts (between following steps), may lead to the inhibition of 
casting shrinkage and generate stresses in the castings, that 
may lead to hot cracks, the appearance of which further in-
creases the number of cracks and casting production costs.

The type of molding material also influenced the shape 
and size of shrinkage porosity in the allowance (Fig. 6). 
A  correlation was observed between the cooling rate and 
the shape of porous regions – the slower the cooling, the 
more elongated the porous volume. Due to the generalized 
properties of the first- and second-generation sands in the 
MAGMASoft® program, it is necessary to determine the ac-
tual parameters of the molding materials so that the virtual 
data can be as close as possible to the real conditions.

Table 4�  
Numerically simulated cooling rates and crystallization rates in centers of the thinnest and thickest casting step segment

Mold material
Cooling rate [K/s] Crystallization time [s]

Min max min max

Quartz-furan 0.236 11.530 31.61 290.50

Quartz-bentonite 0.214 11.213 28.85 240.40

Chromite-furan 0.270 12.650 23.24 192.39

Olivin-bentonite 0.217 11.715 27.38 249.74

Cerabeads-furan 0.189 8.491 58.03 652.47
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Fig. 5. The run of the cooling curves registered in the thickest part of the casting (TC_01) for different molding materials

Fig. 6. Change in the shape of shrinkage porosity depending on the used molding material
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4. CONCLUSIONS 

The use of the MAGMASoft® simulation software enabled 
the design of the gating and feeding systems that en-
sure the production of a casting free from porosity in its 
functional part.

Based on the numerical experiment, it was confirmed 
that the type of molding material used affects the cooling 
rate of the casting and, consequently, its microstructure – 
including the morphology of shrinkage porosity volume in 
casting allowance. Considering economic aspects, the use 
of more expensive molding materials does not necessarily 
guarantee a more favorable microstructure – rapid cooling 
may result in hardening of the casting within the mold and 
the formation of internal stresses that lead to cracking. This 
observation requires further verification, and therefore, the 
issue of phase transformations and their influence on the fi-
nal microstructure of the GX70CrMnSiNiMo2 alloy with 5% 
Ti addition remains open.

The results obtained from simulations based on partial 
differential equations require validation under real-world 
conditions, as the molding material properties used are ge-
neric and may not reflect actual behavior. Nevertheless, the 
data provide a valuable starting point and a solid founda-
tion for the next stages of the research.
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