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Abstract 
 
The aim of the article was to explore the principles of surface layer solidification based on computer simulations. The process was observed 
through computer simulations using the MAGMASOFT program. The studied model sets were separately parameterized in the system 
according to the conditions present during the casting process. Boundary conditions for FEM and technological data, such as pouring 
temperature and material, were defined. Based on the conducted studies, it was found that the solidification process of the layered casting, 
consisting of a base part made of cast iron and a working part made of pure titanium, is the most stable in the case of using an insert with 
the thinnest connector wall thickness (2.25 mm - these are the inner diameter of the profile) due to temperature equalization. However, this 
did not favor mechanical conditions compared to, for example, an insert with a medium connector wall thickness (1.5 mm - these are the 
inner diameter of the profile). The thickness of the connector wall influences the temperature distribution on the insert's surface and in its 
immediate area near the connection with the casting. 
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1. Introduction 
 
Layered castings are used in various fields such as the 

automotive, aerospace, construction, and energy industries. They 
allow to create of structures and shapes aimed at enhancing the 
strength and mechanical properties of the cast components, thereby 
improving the quality and durability of the parts. This casting 
technology is frequently used due to the high functional properties 
provided by the surface layers of working parts that are exposed to 
wear. It is considered one of the most economical methods, as it 
enables the production of machine components with enhanced 
properties on selected surfaces directly during the casting process 
[1-6]. 

The properties of the surface layer of a casting primarily 
depend on the cooling and solidification conditions, as well as on 
the interaction between the metal and the mold surface - i.e., how 

the mold material affects the surface layer of the casting during 
pouring, solidification, and cooling. 

Surface alloy layers formed directly in the process of pouring 
molten metal into specially prepared molds become particularly 
important for the casting's performance. This method increases the 
operational durability of cast components, especially those working 
in demanding service conditions, requiring high wear resistance 
and superior mechanical and ductile properties [7-15]. 

The technology of forming surface alloy layers on selected 
areas of a casting is used in industry to produce castings resistant 
to abrasive wear in dry friction conditions such as metal-to-metal 
or metal-to-mineral contact-for instance, with hard coal, lignite, or 
construction materials (gravel, sand, cement). The required 
properties of abrasion-resistant layers are achieved directly in the 
casting process by pouring steel or cast iron into sand molds 
equipped with alloy inserts placed on selected surfaces [1]. 

This technology requires proper preparation of the mold cavity 
with an alloying material (usually granular), in the form of a 
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perforated insert 3–10 mm thick, bonded with an organic binder 
such as epoxy resin and organic solvent, or with water glass. 
Chromium carbide or silicon carbide powders with a grain size of 
1.2–2.0 mm can also be used in the inserts, as well as nickel-based 
alloy powders with Ti (C, N) additives. Additionally, corundum 
with a grain size of 1.2–2.5 mm is used, along with Fe-Cr-C alloys 
as the base material with a grain size of 0.8–1.0 mm [2,3]. 

The primary alloying element in the surface layers formed on 
castings is chromium, with other elements such as manganese, 
boron, nickel, silicon, or vanadium. A key parameter is the grain 
size of the insert material. Layers made from finer-grain materials 
exhibit the best abrasion resistance. 

Surface alloy layers are well characterized when the insert 
material contains alloying elements with significantly higher 
melting points than the poured metal, where the main process 
involves penetration of the molten metal into the porous surface 
layer of the material. However, the formation conditions of the 
surface alloy layer are not well-defined when the melting points of 
the insert material components are close to or lower than the 
temperature of the poured metal [5,6]. 

Nowadays, computer simulation of casting processes - i.e., 
virtual replication-plays an increasingly important role in the 
foundry industry. Simulation software is widely used by foundry 
engineers to facilitate and accelerate the design and manufacturing 
of new castings. These simulations allow prediction of molten 
metal behavior in the mold and enable observation of the 
physicochemical phenomena during metal solidification and 
cooling. Such programs provide significantly more information and 
process characteristics, making it easier and faster to identify and 
correct potential errors. Simulation software has become a 
fundamental tool in the ongoing efforts to improve casting quality 
[4]. 

In this study, the authors attempted to conduct model-based 
research on surface layers. The goal was to observe virtually the 
phenomena occurring inside a mold with an alloy insert during the 
pouring and solidification of the casting. 

 
 

2. Methodology 
 

The process of producing castings with a surface alloy layer is 
quite complex; however, there is a high demand in industry for 
castings that are wear-resistant while maintaining good ductility. 
The conducted research involved placing a preform in the mold 
cavity. During the pouring and filling of the mold, the elements 
from the insert diffuse into the casting, forming an alloy layer. 
The study utilized a layered casting model consisting of two main 
structural components: a load-bearing part and a working element 
(insert). The working element was an insert made of pure titanium. 
In the real-world experiments, the insert was produced using 3D 
printing technology via the Selective Laser Melting (SLM) process, 
forming a spatial structure from powdered pure titanium. 
To perform numerical simulation of solidification, the models of 
the base part and the insert were made using SolidWorks. 

In the simulation studies, certain simplifications were adopted 
due to the nature of the software. The design of the insert consisted 
of rods with a circular cross-section and an outer diameter of 3 mm, 
intersecting symmetrically in both horizontal and vertical 
directions, spaced 7 mm apart (Fig. 1). 

a) b) c) 

   
Fig. 1. Actual view of the insert – a) W0; b) W1.5; c) W2.25 

 
The geometry of the insert varied in terms of the rod 

dimensions. The first variant featured a solid-fill geometry with an 
outer diameter of 3 mm and an inner diameter of 0 mm – W0 (Fig. 
2a). The second had a hollow profile with an inner diameter of 1.5 
mm – W1.5 (Fig. 2b), and the third also had a hollow profile with 
an inner diameter of 2.25 mm – W2.25 (Fig. 2c). 

The simulation studies were conducted using the 
MAGMASOFT v.6.0 computer software, aimed at developing an 
experimental casting technology for alloy layers. The materials 
used in the simulation tests included an insert made of pure titanium 
and near-eutectic cast iron (EN-GJL-250), with a pouring 
temperature set at 1400°C. 
 

a) b) c) 

   
Fig. 2. Model of a single cell of the spatial insert – a) W0; b) 

W1.5; c) W2.25 
 

As part of the study, a simulation of the solidification process 
was carried out. The virtual models of the castings are shown in 
Figures 3 and 4. In the first stage of the research, a simulation was 
performed for a single cell of the insert, maintaining all geometric 
parameters of the casting (Fig. 3). Subsequent studies involved the 
full dimensions of the model casting (Fig. 4). 
 

 
Fig. 3. Geometry of the virtual casting using a single insert cell 
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a) b) 

  
Fig. 4. Schematic of the model system of the layered casting;  
1 – spatial titanium insert, 2 – cast iron casting, 3 – overflow,  

4 – pouring basin, 5 – main sprue, 6 – runner, 7 – ingate 

To carry out the computer simulation, it was necessary to define 
the thermophysical properties of the materials used (data from the 
MAGMASOFT database) for cast iron, titanium, and furan sand 
(used for the mold). In addition to thermophysical properties, the 
initial parameters of the individual materials had to be taken into 
account: 
• Insert temperature – 20°C 
• Mold temperature – 20°C 
• Ambient temperature – 20°C 
• Molten metal temperature – 1400°C 
• Pouring time – 5 s 
• Linear speed of metal rising in the mold – 3 cm/s 
• Mesh parametres: presented in Table 1. 
 

 
Table 1.  
Mesh parameter values applied to individual parts of the given casting 

Casting 
designation 

Gray cast iron casting Furan mold 
Mold cavity in the 
insert between the 

connectors 
insert 

Cast iron-filled 
space in the 
connector of 

the insert 

Number of 
cartesian 

cavity cells 

mm  
For the variant presented in Fig. 5 

W0 5 5 0,5 0,5 - 321 600 
W1,5 5 5 0,5 0,37 0,37 554 788 
W2,25 5 5 0,5 0,38 0,38 646 328 

For the variant presented in Fig. 8 
W0 5 5 1,5 1,5 - 641 131 

W1,5 5 5 3 0,8 0,8 613 768 
W2,25 5 5 3,5 0,626 0,8 650 763 

 
 

3. Discussion of the results 
 

The computer simulation of the solidification process of the 
layered casting was performed using the MAGMASOFT v. 6.0. 
The layered casting was obtained in a solid–liquid system. The aim 
of the study was to observe the processes occurring inside the mold, 
the temperature distribution within the insert, and in the space 
between the individual elements of the insert. The analyzed system 
is not without flaws, mainly due to certain simplifications inherent 
to the software’s capabilities. The results of the temperature 
distribution simulation for the scaled-down casting are shown in 
the following figures (Fig. 5). They show the temperature 
distribution for three different inserts, recorded at three different 
times after the mold was filled.  
The outcome of the conducted computer simulations also included 
a set of temperature vs. time curves (Fig. 6) for individual 
measurement points. The measurement locations—i.e., the 
placement of thermocouples—are shown in Figure 7. The 
maximum temperatures recorded at these points are presented in 
Table 2. 
 
 

Table 2.  
Maximum temperature values for individual measurement points 
from thermocouples placed in the scaled-down inserts  
(T – Thermoelement) 

Insert  T1 T2 T3 T4 
oC 

W0 1400 1148 1147 1400 
W1.5 945 947 947 958 

W2.25 1399 946 951 959 
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 I II III 

a) 

   

b
) 

   

c) 

   
Fig. 5. Results of the computer simulation of temperature distribution for inserts I – W0; II – W1.5; III – W2.25: a) temperature 

distribution after 14 seconds of pouring; b) temperature distribution after 17 seconds of pouring; c) temperature distribution after 18 
seconds of pouring 
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a) 

 
b) 

 
c) 

 
Fig. 6. Temperature distribution graphs over time for the applied 

scaled-down inserts: a) W0; b) W1.5; c) W2.25 
 

Comparing the temperature distribution between castings with 
inserts W0, W1.5, and W2.25 (Fig. 5a) after 14 seconds of pouring, 
we can observe that in the W0 insert (solid fill), the highest 
temperature occurs in the central-inner part of the casting insert, 
approximately 1230°C. The temperature distribution in this area is 
influenced by the flowing molten metal. The temperature of the 
W1.5 insert, considering the same pouring time, differs slightly due 
to its lower heat capacity; the temperature in the central part is 
lower than in W0, about 1200°C. The front zone of the casting 
already has a lower temperature caused by the cooling of the 
casting. Meanwhile, the internal fill of the insert cell in the upper 
part of the casting maintains the highest temperature, around 
1230°C. It can be assumed that the molten metal that entered the 
inner channel of the titanium insert cell solidifies more slowly, but 

the casting loses heat faster to the outside. Considering the W2.25 
insert, the highest temperature was recorded in the inner cell area 
(cast iron) and in the titanium insert wall layer. 
 

 
Fig. 7. Placement of thermocouples in the casting: Thermocouple 
1 – at the junction near the insert wall and casting, Thermocouple 
2 – in the area of the inner cell of the insert wall, Thermocouple 3 
– in the area of the central-inner cell of the insert, Thermocouple 

4 – cast iron casting in the insert connector 
 

Observation and comparison at the second time interval, 17 
seconds, show a very similar situation with a slight temperature 
drop throughout the entire casting for all three types of inserts, 
especially in the outermost areas of the insert and the walls at the 
external corners of the casting and the cells. 

The temperature distribution conditions at 18 seconds are as 
follows. The highest temperature, around 1180°C, is present in the 
upper part of the W0 insert (Fig. 5c). The gravitational heat 
generated during pouring and the final settling show that heat is 
first released outward from the corner zones and areas adjacent to 
the insert, especially the solid one. In the W1.5 insert (Fig. 5c), the 
colors blue, dark blue, and violet indicate that the solidification 
structure changes more rapidly around the insert cells. In the W2.25 
insert (Fig. 5c), the internal fill of the cell demonstrates and 
confirms that the molten metal inside the cells releases heat more 
slowly. 

The second stage of the study concerned simulation tests for 
castings with a full-size insert (Fig. 4). The models were 
parameterized in the same way as for the scaled-down insert. The 
only difference was the mesh size for the individual parts of the 
casting, mainly due to the computational capacity of the research 
workstation. Figures 8 and 9, as well as Table 3, show the 
temperature distribution at the measurement points for the applied 
insert. 
Analyzing the temperature distribution for the full-size W0 insert 
(solid fill) from Fig. 8, we can observe that part of the insert has the 
lowest temperature, around 20°C, on the outer side of the casting. 
After 3 seconds of pouring, the upper part of the insert profile 
becomes covered, marking the beginning of gradual heating and 
filling of the casting volume. In Fig. 8, it becomes evident how the 
metal stream is directed straight toward the insert profile, 
progressively transferring temperature layers to the outside. 
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a) 

   
b
) 

   
c) 

   
Fig. 8. Temperature distribution in the casting during pouring for the full-size insert after 5 seconds: a) W0; b) W1.5; c) W2.25 
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a) 

 
b) 

 
c) 

 
Fig. 9. Temperature distribution graphs over time for the applied 

full-size inserts: a) W0; b) W1.5; c) W2.25 
 
Table 3.  
Maximum temperature values for individual measurement points 
from thermocouples placed in the full-size inserts  
(T – Thermoelement)  

Insert T1 T2 T3 T4 
oC 

W0 1319 1053 1049 1237 
W1.5 1341 1245 1238 1297 

W2.25 1077 1073 1181 1072 
 
Describing the W1.5 insert (Fig. 8c), we can see that the 
temperature and cooling direction shift to the upper part of the 
casting, i.e., from the part of the insert protruding upwards. It can 
be inferred that this temperature distribution acts as a natural 
cooling factor for the casting part extending beyond its volume, 
functioning somewhat like a heat sink. 
The last insert considered in terms of temperature distribution is the 
W2.25 insert. Due to its profile (with thin walls), heat penetrates 
through the structure very quickly, resulting in a temperature of 

about 1380°C. After 4 seconds, the temperature distribution was 
almost uniform, ranging from 1350 to 1390°C. At 5 seconds, a 
temperature drop in the corner zones to approximately 1330°C was 
observed. Meanwhile, the temperature in the internal zone of the 
insert equalized with the casting temperature, which suggests that 
molten metal diffused through the casting walls due to the 
diameter. 
 
 

4. Conclusions 
 
In summary, based on the course of the research and the results 
obtained, it can be concluded that the solidification process of the 
layered casting-consisting of a cast iron supporting part and a pure 
titanium working part-showed that the most stable process occurred 
in the W2,25 insert due to temperature equalization; however, this 
did not positively affect the mechanical conditions compared to, for 
example, the W1,5 insert. The thickness of the connector wall 
influences the temperature distribution on the surface of the insert 
as well as in its immediate vicinity at the boundary with the casting. 
A very important factor affecting the course of the  computer 
simulation is the proper definition of boundary conditions and the 
appropriate division of mesh nodes in the finite element mesh 
(FEM) for each area of the studied object.  
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