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Abstract

This study investigates how the addition of tellurium and heat treatment affects the microstructure of hypoeutectic white cast
iron that has been modified with alloying elements such as titanium, chromium and vanadium. Samples with different chemical
compositions were prepared and subjected to a two-step heat treatment process. Microstructural characterisation was performed
using optical and scanning electron microscopy. The results show that introducing tellurium significantly affects the morphology
of the cementite and carbide phases, causing them to fragment and become more evenly distributed. Furthermore, heat treatment
enhanced matrix refinement and promoted phase stability. The combination of tellurium addition and heat treatment produced
the most favourable microstructures, characterised by the high dispersion of hard phases within a fine-grained matrix.

Keywords:

microstructure, white cast iron, heat treatment, hypoeutectic white cast iron, tellurium

1. INTRODUCTION

White cast irons are widely valued for their excellent hard-
ness and wear resistance, primarily due to the presence of
hard carbide phases within their microstructure. To further
enhance these properties for specific engineering applica-
tions, alloying elements and heat treatments are common-
ly employed. Among the various alloying elements, titani-
um (Ti), chromium (Cr), and vanadium (V) are known to
refine the microstructure, promote carbide formation, and
significantly improve overall hardness and abrasion resis-
tance [1]. While less extensively studied in cast irons, telluri-
um (Te) has recently garnered interest due to its potential to
modify solidification behavior and influence the morpholo-
gy of eutectic carbides and graphite phases [2, 3]. Tellurium
acts as a surface-active element that can affect nucleation
and growth mechanisms during solidification, potentially
leading to improved material performance [2, 3].

Concurrently, heat treatment remains a highly effective
method for tailoring the microstructure of cast alloys. By pre-
cisely controlling heating rates, holding temperatures, and
cooling conditions, significant changes can be achieved in the
phase composition, matrix structure, and mechanical prop-
erties of cast irons. The synergistic combination of alloying
and heat treatment offers a powerful approach to customize
material behavior for diverse engineering applications.

The microstructure of classic hypoeutectic white cast
irons is primarily governed by their chemical composition,
cooling rate, and the presence of alloying additives or mod-
ifiers. In hypoeutectic structures, the main microstructural

constituents are primary cementite (Fe,C), ledeburitic eu-
tectic, and a matrix that can be pearlitic, austenitic, or mar-
tensitic depending on the heat treatment conditions [4, 5].
Cementite typically forms needle-like or plate-like pre-
cipitates, often creating continuous networks along grain
boundaries. In high-chromium cast irons, the presence of
M.C,-type carbides is also observed, which contribute to
greater hardness and abrasion resistance but can also in-
crease material brittleness [4-6].

In alloyed cast irons with additions of Ti, Cr, or V, addi-
tional carbides such as TiC, VC, and Cr,C, may precipitate,
primarily in inter-dendritic zones, appearing as bright par-
ticles with varied morphologies [5, 7]. The specific phase
system and size of these carbides depend on element
concentration and solidification parameters. Directional
cooling can lead to the orientation of precipitates in accor-
dance with the temperature gradient, potentially resulting
in anisotropic material properties [4]. Without modifica-
tion, significant grain size and uneven distribution of hard
phases are often observed in the microstructure [3, 8].

Previous research has highlighted tellurium as a promis-
ing modifier in aluminum and steel alloys, demonstrating its
ability to alter eutectic morphologies, reduce dendrite arm
spacing, and modify inclusion behavior [3, 9]. For instance,
studies on Al-Si alloys have shown that Te can effectively
transform sharp, plate-like intermetallics into more com-
pact, rounded forms, thereby enhancing microstructural
uniformity and stability during thermal cycles [10]. How-
ever, the specific role of tellurium in cast irons, especially
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when combined with complex alloying systems and subse-
quent heat treatment, remains largely underexplored.

This research aims to address this knowledge gap by sys-
tematically evaluating the influence of the addition of tellu-
rium on the microstructure of hypoeutectic white cast iron,
both with and without supplementary alloying elements
(Ti, Cr, and V), and critically, both before and after a specific
heat treatment process. The study focuses on key micro-
structural features such as carbide morphology, dendritic
structure (quantified by Secondary Dendrite Arm Spacing -
SDAS), inclusion formation, and matrix transformations.
The overarching goal is to elucidate the mechanisms by
which tellurium modifies solidification and phase evolution
in these complex cast iron systems. Notably, SDAS is a crit-
ical parameter that reflects casting microstructure quality,
as it correlates strongly with structural homogeneity, phase
precipitate distribution, and segregation tendencies [11].
A reduction in SDAS, as observed with tellurium additions
in other alloys [3], indicates a finer and more homogeneous
microstructure due to increased nucleation frequency and
intensified crystallization.

2. METHODOLOGY

This study investigated the influence of tellurium (Te) addi-
tion and heat treatment on the microstructure of hypoeu-
tectic white castiron, both in its base form and when alloyed
with titanium (Ti), chromium (Cr), and vanadium (V). Ther-
mal analysis cups, pre-dosed with tellurium paste at the
base, were utilized as the tellurium source. These cups were
first filled with the base cast iron melt and subsequently
served as the mechanism for introducing the tellurium into
the alloy during the experiment, a method intended to en-
hance tellurium recovery in the tested samples.

2.1. Sample preparation and chemical composition

A series of samples were prepared with different chemical
compositions to systematically evaluate the effects of the
alloying elements and tellurium. The designations for
the samples are as follows:

¢ WO: Baseline white cast iron (no alloying additives).

e WOT: Baseline white cast iron with tellurium addition
(One Tellurium Thermal Analysis Cup).

e W1: Baseline cast iron with titanium addition (3% Fe-Ti
by weight of the charge).

e WI1T: Baseline cast iron with titanium and tellurium addi-
tion (Alloy W1 plus one Tellurium Thermal Analysis Cup).

e W2: Baseline cast iron with titanium and chromium ad-
ditions (3% Fe-Ti; 3.5% Fe-Cr by weight of the charge).

e W2T: Baseline cast iron with titanium, chromium, and
tellurium additions (Alloy W2 plus one Tellurium Ther-
mal Analysis Cup).

¢ W3: Baseline cast iron with titanium, chromium, and va-
nadium additions (3% Fe-Ti; 3.5% Fe-Cr; 0.2% Fe-V by
weight of the charge).

e W3T: Baseline cast iron with titanium, chromium, vana-
dium, and tellurium additions (Alloy W3 plus one Tellu-
rium Thermal Analysis Cup).

The chemical compositions of the W0, W1, W2, and W3
samples are detailed in Table 1, showing the weight per-
centages of carbon (C), silicon (Si), phosphorus (P), sul-
fur (S), chromium (Cr), titanium (Ti), and vanadium (V).

Table 1
Chemical composition of samples W0, W1, W2 and W3

Sample Chemical composition [wt. %]

number | ¢ Si P S | cr | Ti v
wo 3.050 [ 0.078 | 0.040 | 0.014 | 0.038 | 0.003 | <0.001
w1 2.860 | 0.085 | 0.043 | 0.015| 0.035 | 1.560 | 0.048
w2 3.000 | 0.152 | 0.045 | 0.017 | 2.710 | 1.560 | 0.056

W3 3.020 | 0.177 | 0.047 | 0.017 | 2.950 | 1.010 | 0.220

2.2. Microstructural characterisation

Microstructural investigations were performed using two

primary techniques:

¢ Optical Microscopy: A Leica MEF4M optical microscope,
coupled with a computer and Leica Qwin software, was
used for general microstructural observations and for
measuring structural parameters. All optical micro-
graphs were taken at a magnification of 500x.

e Scanning Electron Microscopy (SEM): A JEOL 5500VL
scanning electron microscope was utilized for more de-
tailed microstructural analysis and to identify crystal-
lized phases. All SEM micrographs were taken at a mag-
nification of 1500x.

A key quantitative parameter determined during the
study was the Secondary Dendrite Arm Spacing (SDAS).
SDAS was measured at a magnification of 200x to assess the
homogeneity and fineness of the dendritic structure. Fig-
ure 1 presents the scheme for determining the SDAS param-
eter. Note that for samples W0 and W1 after heat treatment,
dendrites were not observed, preventing SDAS determina-
tion for these specific cases.

Secondary 3
dendrites

Fig. 1. Examples of determining the SDAS coefficient
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2.3. Heat treatment process

Selected samples underwent a two-step heat treatment pro-
cess to investigate its impact on microstructure. The scheme
of the conducted heat treatment is presented in Figure 2.

1200
1000
800

600

Temperature, °C

400

200

Time, h

Fig. 2. Heat treatment scheme

The heat treatment procedure was carried out using
a Czylok FCF 22H chamber furnace.

The samples were placed inside the furnace at room tem-
perature (RT). The heating cycle involved the following stages:
o Stage 1 (Initial Heating): The samples were heated to-

gether with the furnace at a rate of 100°C/h up to a tem-
perature of 250°C.

o Stage 2 (First Hold): The samples were held at 250°C for
15 minutes.

e Stage 3 (Main Heating): The temperature was again in-
creased at a rate of 100°C/h until the final annealing
temperature of 1050°C was reached.

o Stage 4 (Second Hold/Annealing): The samples were
held at 1050°C for 15 minutes.

e Stage 5 (Cooling): Following the annealing stage, the
samples were subjected to water quenching.

Samples subjected to heat treatment were designat-
ed with the suffix “_0C” (e.g., W0_OC, WOT_OC, W1_0C,
W1T_OC, etc.).

The combined approach of different chemical compositions,
applying a controlled heat treatment, and employing advanced
microscopic techniques allowed for a comprehensive analysis
of the influence of tellurium addition and heat treatment on
the microstructure of hypoeutectic white cast iron.

3. RESULTS

The microstructures obtained during melting and after
subsequent heat treatments are presented in Figures 3-6.
During microscopic observations, given the appearance of
various carbides in the structure, the primary focus was on
analyzing their potential influence on the abrasion resis-
tance of the obtained alloys.

Figure 3 displays the microstructures of the baseline
samples (W0, WOT, WO_OC, WOT_OC). The reference sam-
ple (WO0) exhibited secondary ledeburite with visible plates

of ferrite cementite embedded within an austenitic ma-
trix. The cementite formed a continuous, web-like struc-
ture. The addition of tellurium (WOT) to the reference
sample resulted in a distinct fragmentation and rounding of
these cementite plates. Conversely, the application of heat
treatment (W0_OC) led to further fragmentation of the ce-
mentite and a transformation of the austenitic matrix into
a martensitic phase. The combination of tellurium addition
and heat treatment (W0T_OC) yielded the most favorable
microstructure among all baseline variants, characterized
by the highest level of homogeneity and stability. This was
achieved by inhibiting the transformation of austenite into
martensite and preventing the dissolution of carbides.

Figure 4 illustrates the microstructures of the samples
containing titanium (W1, W1T, W1_0C, W1T_OC). In sam-
ple W1 (with Ti addition), bright TiC carbide inclusions
were visible, primarily located at the grain boundaries.
Their presence caused fragmentation of the structure and
partial modification of the cementite shape. With the pres-
ence of tellurium (W1T), the distribution of TiC phases be-
came more uniform, and the morphology of cementite was
further altered. Sample W1_OC (Ti with heat treatment)
exhibited a finer matrix structure and less continuous sec-
ondary cementite. The sample designated W1T_OC (Ti, Te
with heat treatment) was characterized by a homogeneous
phase distribution and highly fragmented cementite.

Figure 5 shows the microstructures of samples contain-
ing titanium and chromium (W2, W2T, W2_0C, W2T_0C).
The addition of chromium to sample W2 resulted in the for-
mation of additional elongated Cr,C,-type carbides, visible
as bright, sharp-edged needles in the microstructure, which
is typical for high-chromium cast irons [12]. In the sample
identified as W2T (Ti + Cr + Te), the presence of tellurium
led to shortened, rounded Cr,C, carbides and fragmented
cementite. Sample W2_0C (Ti + Cr with heat treatment)
exhibited carbide phases with a more regular morphology,
accompanied by fragmented secondary cementite. W2T_OC
(Ti + Cr + Te with heat treatment) displayed a structure
characterized by fine and uniformly distributed Cr,C, and
TiC carbides. It was observed that tellurium effectively re-
duced the length of needle-like Cr,C, carbides, improving
their morphology, while heat treatment fragmented the ma-
trix and increased martensite content.

Figure 6 presents the microstructures of samples con-
taining titanium, chromium, and vanadium (W3, W3T, W3_0C,
W3T_0C). W3 showed a fine-grained structure with VC
phases, consistent with existing literature on the influence
of V on cast irons. Subsequent optimization of the micro-
structure and increased homogeneity of phase distribution
were observed. In the case of sample W3T (Ti + Cr + V + Te),
the presence of tellurium was found to impede the agglom-
eration of VC carbides, thereby facilitating their more even
distribution. The phase composition of W3_OC (Ti + Cr + V
with heat treatment) was characterized by the presence
of fragmented cementite along with an ordered matrix
structure. The W3T_OC sample (Ti + Cr + V + Te with heat
treatment) demonstrated a structure with a high degree of
fragmentation of carbide phases (TiC, Cr,C,, VC) and their
uniform distribution.

https://journals.agh.edu.pl/jcme
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Fig. 3. Microstructures of samples W0, WOT, W0_OC and WOT_OC: a) optical micrographs (Nital etched, 500% magnification); b) scanning
electron micrographs (SEM, 1500% magnification)
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Fig. 4. Microstructures of W1, W1T, W1_0C and W1T_OC samples: a) optical micrographs (Nital etched, 500% magnification); b) scanning
electron micrographs (SEM, 1500 magnification)
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1 500X

Fig. 5. Microstructures of W2, W2T, W2_0C and W2T_OC samples: a) optical micrographs (Nital etched, 500% magnification); b) scanning
electron micrographs (SEM, 1500 magnification)
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Fig. 6. Microstructures of W3, W3T, W3_OC and W3T_OC samples: a) optical micrographs (Nital etched, 500% magnification); b) scanning
electron micrographs (SEM, 1500% magnification)
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The application of heat treatment to all samples (WO0_OC,
W1_0C, W2_0C, W3_0C, WOT_OC, W1T_OC, W2T_OC, W3T_0C)
consistently resulted in the refinement of cementite and
improved regularity. In the combined samples (WOT_OC,
W1T_0C, W2T_0OC, W3T_0C), the synergy of tellurium and
heat treatment produced the most favorable microstruc-
tures: highly fragmented cementite, a homogeneous matrix,
and regular, fine inclusions of hard phases. Specifically, the
W3T_OC sample, containing Ti, Cr, V, and Te after heat treat-
ment, exhibited an optimal microstructural arrangement -
very homogeneous, with a high content of dispersed hard
phases within a fine-grained matrix.

In each analyzed sample, observations indicated that tel-
lurium affected the morphology of cementite and carbides.
Furthermore, it was evident that heat treatment led to their
fragmentation and changes in the matrix structure. The
combination of both methods resulted in the greatest frag-
mentation and ordering of the microstructure. In summary,
the addition of tellurium acts as an effective modifier of the
cementite and carbide microstructure, while heat treat-
ment enables the further refinement and stabilization of the
structure. The combination of both methods, particularly
in the WxT_OC variants, significantly improved the micro-
structure of white cast iron, especially in alloys containing
alloying additives (Ti, Cr, V).

The SDAS (Secondary Dendrite Arm Spacing) coefficient
was determined at a magnification of 200x. As shown in
Figure 7, the SDAS value consistently decreases with each
new element introduced to the alloy when tellurium is also
present. Without tellurium, the coefficient value does not
show any easily identifiable trend. For samples W0 and W1
after heat treatment, no dendrites were observed, hence the
SDAS coefficient could not be determined.

50

45

SDS, um

(&2

40
35
30
25
20
15
10

0

wo W1

4. CONCLUSION

This study thoroughly investigated the influence of telluri-
um (Te) addition and heat treatment on the microstructure
of hypoeutectic white cast iron, both in its as-cast state and
with different alloying elements (titanium, chromium, and
vanadium). The key findings are summarized below:

e The addition of tellurium significantly impacts the mor-
phology of cementite and carbide phases across all ana-
lyzed samples. It consistently promotes their fragmenta-
tion and leads to a more uniform distribution throughout
the microstructure.

e Heat treatment independently contributes to further
fragmentation of these hard phases and induces benefi-
cial changes in the matrix structure.

e The combination of tellurium addition and heat treat-
ment proved to be the most effective strategy, resulting
in the highest degree of microstructural homogeneity
and fragmentation. This synergy led to highly refined mi-
crostructures with finely dispersed hard phases within
a uniform matrix.

o For the baseline sample (W0), the combined effect of tel-
lurium addition and heat treatment (WOT_OC) yielded
the greatest microstructural homogeneity and stability.
This was attributed to the inhibition of austenite-to-mar-
tensite transformation and enhanced carbide stabiliza-
tion.

e A crucial observation was that tellurium stabilizes the
formed carbides. In samples without tellurium, car-
bides showed signs of degradation during heat treat-
ment, whereas in tellurium-containing samples, their
structure remained intact, highlighting tellurium’s pro-
tective role.

m Without tellurium and heat treatment
B Without tellurium and with heat treatment

m With tellurium but without heat treatment

w2 w3

Fig. 7. Graph showing the results of determining the SDAS parameter for samples W0, W1, W2, W3, WOT, W1T, W2T, W3T, W0_OC, W1_0C,

W2_0C, W3_0C
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¢ Analysis of the Secondary Dendrite Arm Spacing (SDAS)
parameter revealed that the presence of tellurium, par-
ticularly in combination with other alloying elements,
leads to a significant reduction in the distance between
dendrite arms. This suggests that tellurium intensifies
the crystallization process, promoting a finer and more
homogeneous casting structure.

In conclusion, tellurium acts as an effective modifier for
the microstructure of cementite and carbides in hypoeu-
tectic white cast iron. When combined with heat treatment,
this approach offers a powerful method to achieve highly re-
fined and stable microstructures, particularly beneficial in
alloys containing titanium, chromium, and vanadium. These
findings underscore the potential of tellurium as a critical
alloying element for tailoring the properties of white cast
iron for demanding applications.
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Abstract

This study presents the development of a hybrid model for the desulfurization of hot metal using dual reagent injection of CaO and Mg,
integrating thermodynamic equilibrium calculations with kinetic analysis based on Tank Theory. The objective is to provide practical
technological recommendations that enable effective industrial application of the process. The model allows real-time simulation of
sulfur concentration changes under varying parameters such as reagent dosage and mixing intensity, while an optimization module
supports the selection of operating conditions by balancing desulfurization efficiency with material consumption and operational
costs. The system adapts to changing technological conditions including feedstock composition and process temperature, ensuring
flexibility in industrial practice. In addition to process control, the model incorporates economic evaluation by correlating reagent
consumption with achieved technological outcomes, which enhances its practical value. The proposed solution represents a step
toward intelligent desulfurization systems that combine the precision of physicochemical modeling with the adaptability of modern
process control. Implementation of the hybrid model may lead to higher efficiency, reduced consumption of consumables, and stable

achievement of target sulfur levels, thereby strengthening the economic competitiveness of iron production.

Keywords:

hot metal, desulfurization, hybrid, model, computer modeling

1. INTRODUCTION

Desulfurization remains a critical operation in iron and
steelmaking, directly influencing the mechanical proper-
ties, weldability, and downstream process stability of final
steel products. Sulfur, despite its low concentration, acts as
a potent embrittling agent and must be removed efficiently
at the earliest possible stage of production [1].

One promising approach is the desulfurization of hot met-
al using the dual reagent injection method of calcium oxide
(Ca0) and metallic magnesium (Mg), which leverages the si-
multaneous action of two complementary reagents with dis-
tinct thermodynamic properties. In this method, powdered
CaO0 and Mg are introduced concurrently into the metal bath,
typically using nitrogen as a carrier gas [ 2, 3]. A schematic di-
agram of the desulfurization station is presented in Figure 1.
The reaction mechanism encompasses both heterogeneous
reactions at the metal-slag interface and reactions within the
bulk of the liquid metal, where gaseous Mg significantly en-
hances the diffusion of reactive species [4, 5].

A key advantage of the dual reagent injection method is
the synergistic behavior of its components: magnesium ini-
tiates the process rapidly through an exothermic surface re-

action (Mg + S = MgS), while calcium oxide ensures deep
desulfurization due to its high sulfur capacity under low ox-
ygen activity [6, 4]. Both laboratory and industrial studies
confirm that this synergy enables desulfurization degrees of
up to 95%, while simultaneously reducing operational costs
by 10-20% compared to single-agent desulfurizers [3].

To contextualize the proposed method, it is useful to con-
trast it with desulfurization techniques applied at later stages
of steelmaking. In secondary metallurgy, calcium cored wire
(CaSi) injection is commonly used to refine molten steel, im-
proving cleanliness and mechanical performance. However,
such techniques are not directly applicable to hot metal due
to differences in temperature, slag composition, and oxygen
activity [7]. CaSi wire is typically introduced under controlled
ladle furnace conditions, whereas the CaO+Mg dual reagent in-
jection method targets hot metal prior to converter processing.

The proposed technique is suitable for iron alloys intend-
ed for the production of low-sulfur carbon steels and low-al-
loy steels, where the sulfur content must be reduced below
0.005% to meet mechanical and weldability requirements.
Early-stage desulfurization of hot metal not only improves
downstream process stability but also reduces the burden
on secondary refining operations.
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Fig. 1. Schematic diagram of the hot metal desulfurization station using the dual reagent injection method CaO+Mg [10]

The aim of this study is to evaluate the implementation
potential of a hybrid model for hot metal desulfurization
using CaO and Mg dual reagent injection, integrating ther-
modynamic equilibrium calculations and kinetic mixing
analysis [8]. The model is designed to support technological
decision-making under industrial conditions, enabling pro-
cess optimization in terms of reagent consumption, sulfur
removal efficiency, and economic performance [9].

2. RESEARCH METHODOLOGY

The initial task undertaken involved the identification of
both control parameters and state parameters for the hot
metal desulfurization process (Table 1). The objective of
this step was to determine those factors for which modifica-
tion would be feasible. It should be noted that both control
and state parameters can be classified into two overarching
categories: thermodynamics and kinetics parameters.

Table 1

Set of parameters for the hot metal desulfurization process: green
colour represents control parameters, blue colour represents state
parameters

Thermodynamics Kinetics
Hot metal analysis Average material flow during
(C,Si,Mn, P, S) the process
Hot metal mass Material injection time
Hot metal temperature Pressure in material tanks
Final sulfur content Transport gas pressure

(desulfurization level)

Slag mass Carrier gas flow

Injected material mass

Initial material mass in the
tanks

The next stage of the research involved conducting simu-
lations of the desulfurization process using historical data
obtained from an actual metallurgical unit. The baseline
(initial) values used in the simulation model reflect the
process conditions of real industrial heat, which served as
the reference case for all parameter variations. A complete
set of these baseline parameters is presented in Table 2.
To accurately assess the real impact of individual factors
on the simulated sulfur content after the desulfurization
process, a decision was made to change only one param-
eter at a time.

Table 2
Baseline process parameters used in the simulation model
Parameter Value Unit

Temperature 1391 °C
Hot metal mass 293 Mg
Sulfur initial 0.031 %
Mg mass injected 0.099 Mg
Ca0 mass injected 0.523 Mg
Slag mass 4 Mg

In the Tank Theory model, mass transfer streams be-
tween the elementary reactors were introduced to reflect
the intensity of mixing and reagent dispersion within the
ladle. These mass transfer values are directly linked to the
nitrogen flow rate used in the industrial process, which
governs the dynamic exchange of material between reactive
zones. By adjusting these values, the simulation captures
the influence of flow-induced mixing on desulfurization
efficiency. A simplified schematic of the model operation is
presented in Figure 2.
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Fig. 2. Simplified block diagram of the hybrid hot metal desulfurization model

3. ANALYSIS AND DISCUSSION OF
THE OBTAINED RESULTS

Simulations of the desulfurization model were conduct-
ed by varying the following parameters: the mass of blast
furnace slag in the ladle, the amount of CaO introduced
into the process, the amount of Mg introduced into the
process, the temperature of the hot metal, the exchange
of sizes between elementary reactors 1 and 3, as well as
changes in the mass transfer rates between the elemen-
tary reactors. The sulfur content after the process, as
a function of each investigated parameter, is presented in
Figures 3-7.

To represent the mixing and reaction behavior within
the hot metal bath, the system was conceptually divided
into three elementary reactors arranged in series, follow-

ing the Tank Theory model. Each reactor corresponds to
a distinct zone of the ladle with different mixing intensi-
ties and reaction characteristics. Reactor 1 represents the
surface region, where magnesium vapor reacts rapidly
with sulfur at the metal-slag interface. Reactor 2 models
the intermediate zone, characterized by partial mixing
and reagent dispersion. Reactor 3 reflects the deeper re-
gion of the bath, where calcium oxide dissolves and reacts
under low oxygen activity, enabling deep desulfurization.
The exchange of sizes between reactors 1 and 3 simulates
variations in the effective volume of reactive zones, while
changes in mass transfer rates reflect differences in mixing
efficiency and reagent penetration. This reactor-based ap-
proach allows the model to capture both thermodynamic
equilibrium and kinetic limitations of the desulfurization
process [2].
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Figure 3 illustrates the variation in the mass of blast fur-
nace slag in the ladle. Simulations were conducted for the
baseline heat as well as for two modified values: a reduc-
tion of 50% and an increase of 50% relative to the baseline
slag mass. The simulation results indicate that changes in
the mass of blast furnace slag affect the final outcome of the
desulfurization process. Specifically, a lower slag mass leads
to a reduced sulfur content after the process.

Figure 4 illustrates the variation in final sulfur content as
a function of the amount of CaO added to the process. The
simulation was performed for the baseline heat and four
modified values of CaO consumption: —40% of the base-
line CaO mass, —20% of the baseline CaO mass, +20% of
the baseline Ca0 mass, and +40% of the baseline CaO mass.
The simulation results indicate that increasing the addition
of Ca0 to the desulfurization process leads to a lower final
sulfur content, thereby enhancing the degree of desulfuriza-
tion [11].

Figure 5 illustrates the variation in final sulfur content as
a function of the amount of Mg added to the process. The
simulation was conducted for the baseline heat and four
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modified values of Mg consumption: —40% of the baseline
Mg mass, —20% of the baseline Mg mass, +20% of the base-
line Mg mass, and +40% of the baseline Mg mass. The sim-
ulation results indicate that increasing the addition of Mg
to the desulfurization process leads to a lower final sulfur
content, thereby enhancing the degree of desulfurization.

Figure 6 illustrates the effect of varying the hot metal
temperature on the sulfur content after the desulfurization
process. The temperature range investigated was 1315°C
to 1420°C. Based on the conducted simulations, it can be
concluded that lower hot metal temperatures result in more
efficient utilization of Mg, ultimately leading to a lower final
sulfur content [12].

Figure 7 illustrates the impact of two key modifications
applied to the simulation model: the exchange of sizes be-
tween elementary reactors 1 and 3, and a 100% increase
in mass transfer rates between the reactors. These changes
were analyzed in four distinct configurations, combining
baseline and modified reactor geometries with baseline and
modified stream parameters. A detailed representation of
these simulation variants is provided in Table 3.
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Fig. 5. Sulfur content depending on Mg addition
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The results show that modifying the size of the elemen-
tary reactors leads to a lower degree of desulfurization
for the same amount of reagents. This effect is attribut-
ed to the increased volume of reactor 1, which results in
the delivery of a greater amount of sulfur to the chemical
reaction zone. A similar trend is observed when the mass
transfer rates between reactors are increased, indicating
enhanced transport of sulfur to reactor 1. However, in this
case, the effect also reflects intensified mixing within the
ladle, which contributes to the overall reaction dynamics.

The configuration combining both modified reactor ge-
ometry and modified stream parameters yields the lowest
final sulfur content (0.0078%), confirming that simultane-
ous optimization of spatial distribution and mass transfer
enhances desulfurization efficiency.

Table 3
Simulation variants with reactor volumes and mass transfer stream
values

Variant Reactors Mass transfer
volume streams values
=309 =130
Based reactors 31 _ 3802 ‘\//1-2 _ ;0//2
2 1-3
& based streams Vi=20% v, = 2.5%
=309 =69
Bas}?d reactors 3: _ 3802 ‘\;: _ i"//(:)
& changed streams Vi=20% V.= 5%
=500 =30
Changed reactors M _ 50% Vie _ 3%
& based streams V,=30% Via=2%
V,=20% V,.=25%
=509 =69
Changed reactors Vi _ 50% Vie _ 6%
& changed streams V,=30% Vi, =4%
g V,=20% V,,=5%

4. CONCLUSIONS AND SUMMARY

The experimental verification of the hybrid hot metal de-
sulfurization model demonstrated significant implemen-
tation potential. Considering the catalytic effect of sulfur
on the degradation of steel’s mechanical properties, as
well as its limited reactivity in subsequent stages of steel-
making (converter process, secondary metallurgy), the
optimization of desulfurization parameters at the hot met-
al preparation stage remains a critical metallurgical chal-
lenge [13]. Industrial data confirm that early removal of
sulfur enables its content to be reduced to below 0.005%
by mass while maintaining process profitability. Based on
the conducted simulations, the following conclusions were
formulated:
¢ Both magnesium and calcium oxide play a thermodynam-
ic role in the desulfurization process. The effectiveness of
magnesium, in particular, is influenced by the mass and
basicity of the blast furnace slag, which affect the stability
of the MgS phase and the extent of sulfur removal.
¢ The most effective configuration combined modified re-
actor geometry with increased nitrogen flow, yielding
the lowest final sulfur content (0.0078%). This confirms
that the simultaneous optimization of spatial distribu-
tion and kinetic mixing parameters significantly im-
proves desulfurization performance.

e Simulation results indicate that increasing CaO addi-
tion leads to a greater reduction in final sulfur content
than increasing Mg addition under the tested condi-
tions, highlighting the strong thermodynamic driving
force associated with CaO-based desulfurization. Hot
metal temperature affects the desulfurization process
— lower temperatures enhance the efficiency of sulfur
removal by promoting favorable thermodynamic con-
ditions and increasing the stability of sulfide phases.
The kinetic factor contributing to the increased effi-
ciency of the desulfurization process is the nitrogen
flow rate, which governs the intensity of mass transfer
between the elementary reactors. Higher nitrogen flow
enhances mixing and accelerates the transport of sul-
fur to the reaction zone, thereby improving the overall
desulfurization performance. Figures 3-7 reveal that
desulfurization Kkinetics are significantly influenced
by both thermodynamic and kinetic parameters. Vari-
ations in slag mass, reagent dosing (CaO and Mg), ini-
tial temperature, and reactor-stream configurations
modify the rate and extent of sulfur removal over time.
These changes are reflected in the slope and curvature
of the sulfur reduction curves, confirming that process
dynamics must be considered alongside equilibrium
conditions.

Not all of the process parameters influencing desulfur-
ization efficiency can be directly translated into techno-
logical control algorithms. A notable example is the tem-
perature of the metal bath, which exhibits a contradictory
impact on process indicators. Lowering the temperature
to the range of 1350-1400°C increases the efficiency of
desulfurizing agents by improving the thermodynamic af-
finity of the reactions. However, this adjustment simulta-
neously necessitates an increase in the specific consump-
tion of hot metal in the oxygen converter to compensate
for energy losses.

Figure 8 presents a structured set of recommendations
for the implementation of process improvements based on
the simulation results. The proposed actions are catego-
rized into two groups: those requiring no financial invest-
ment and those that involve additional costs.

RECOMMENDATIONS FOR
IMPLEMENTATION

Requiring financial

Cost-free solution investment

Implementation of

Installation of

Skim part of the BF the hybrid model
slag poured into the along with its cig At oy
5 determining the
ladle adaptation to actual
T mass of BF slag
conditions

Fig. 8. Proposed recommendations
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The cost-free recommendation involves partial skim-
ming of the blast furnace slag poured into the ladle. This
action aims to reduce the slag mass, which, as demonstrat-
ed in the simulations, can improve desulfurization effi-
ciency by minimizing the dilution and buffering effects of
the slag phase.

Recommendations requiring financial investment in-
clude the implementation of the hybrid simulation model
adapted to actual operating conditions, and the installation
of a system for determining the mass of blast furnace slag
introduced into the ladle. These measures are intended to
enhance process control and enable more precise reagent
dosing, thereby improving the overall effectiveness of de-
sulfurization [14].

The categorization of these recommendations reflects
both the technical feasibility and economic consideration
associated with their implementation.
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Abstract

The article presents the results of research on the effect of an additive improving shakeout (perlite ore with a specified grain
size) on the mechanical properties of cores produced by the blowing process. The study was conducted on cores (standard
specimens for tensile strength testing) made from core sands with varying amounts of loosening additive, depending on
the core box temperature and shooting time, at a constant operating pressure of the shooting machine. The temperature
of the core box at which the cores achieved the best mechanical properties was identified, and the necessity of optimizing
both the amount of perlite ore additive and the binder content in the core sand to ensure the required mechanical properties

of the cores was demonstrated.

Keywords:

foundry, core sand, blowing process, inorganic binder, knocking-out, perlite ore

1. INTRODUCTION

Sand cores are a key component of a casting mold, and their
purpose is to reproduce the internal shapes of the casting
with a surface that is as smooth and defect-free as possi-
ble. In foundry practice, single-use sand cores are most
commonly used, and they must meet numerous require-
ments, including technological and mechanical ones [1].
Good cores should provide adequate initial mechanical
strength to allow safe removal from the core box. They
should maintain the required strength during storage be-
fore being placed in the mold cavity just prior to pouring, as
well as during assembly in the mold cavity itself. However,
the core-making process using blowing methods has two
main disadvantages: a higher degree of compaction along
the axis of the core vents and binder migration under the
influence of the air stream [2].

Another important technological feature that high-qual-
ity cores should possess is resistance to thermal defor-
mation. To reduce the roughness of the internal surface of
the casting, cores are usually made from fine-grained base
sands. Cores are exposed to the extreme conditions prevail-
ing inside the mold cavity and are often completely burned
out during casting. If organic binders are used, no techno-
logical problems arise during the removal of the core from
the finished casting. In contrast, when inorganic binders
(e.g. water glass or other silicate binders) are employed,
problems with shakeout occur. Under the influence of the
high temperature of the molten metal, so-called secondary

hardening takes place in silicate binders, accompanied by
a rapid increase in strength - referred to as final strength
[3, 4]. This hardening effect causes technological difficulties
associated with removing the core from the casting or the
entire mold. Poor shakeout leads to additional production
costs due to increased labor and energy consumption, re-
duced efficiency, and sometimes the need to remake the
casting. Many attempts have been made to improve the
shakeout properties of molding and core sands by modi-
fying the binder itself or by introducing additives into the
sand mixture to reduce final strength, thereby improving
shakeout.

Inorganic binders are among the most environmentally
friendly, as they do not emit harmful decomposition prod-
ucts during mold pouring [5, 6] and can be hardened by
both physical and chemical methods [4, 7-13]. When select-
ing additives for molding and core sands, both technological
and environmental aspects must be considered.

The search for a loosening additive that improves shake-
out while also meeting environmental requirements led to
the selection of perlite ore as an inorganic material char-
acterized by its volume change under the influence of tem-
perature [14-17], which consequently disrupts the conti-
nuity of the hardened binder, reducing final strength and
enhancing shakeout [18]. As an inorganic material, it does
not emit harmful chemical compounds. The aim of this study
was to determine the effect of the selected perlite ore on the
mechanical properties (bending strength) of foundry cores
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produced using the warm-box technology with the inorgan-
ic binder Cordis [19]. The work includes a detailed analy-
sis of changes in core strength depending on the amount of
loosening additive and the varying parameters of the blow-
ing process. The optimal parameters of the core production
process using a core shooting machine were determined.
Previously published studies in this area covered research
on mechanical and technological properties of cores (stan-
dard specimens) produced by vibration compaction [18, 20,
21], made with the inorganic binder Geopol [4, 22].

2. METHODOLOGY

For core production, a LUT-type core shooter manufactured
by Multiserw-Morek (Fig. 1) [23] was used. This device
allows for the adjustment of blowing process parameters
such as shooting pressure, shooting time, heating tempera-
ture, and heating time.

a)

Fig. 1. Universal machine for making test samples and small cores
(a) and core box for making standard bending samples (b) [23]

The core sands were prepared using quartz sand BK 5.0D
from the “Szczakowa” mine, owned by DBCargo [24].
The perlite ore originated from a Slovak deposit. Sieve
analysis was performed on a standard set with mesh siz-
es ranging from 0.056 to 1.6 mm (average of two mea-
surements), in accordance with the Polish Standard
PN-85/H-11001 [25]. The analysis was carried out twice
for each material on 50 g samples, and the results are pre-
sented in Tables 1 and 2.

Table 1
Sieve analysis of quartz sand

Sieve |Residueonsieves[%]| Characteristic indicators of
number Sample 1 | Sample 2 the tested quartz sands
1.600 0.00 0.00 Number of grains, AFS = 56.10
0.800 0.02 0.00 Average grain size = 0.23 mm
0.630 0.07 0.06 Geometric average = 0.25 mm
0.400 1.76 1.76 Arithmetic average = 0.26 mm
0.320 6.51 6.62 Harmonic average = 0.26
0.200 30.11 30.06 Median = 0.25
0.160 6.82 7.13 Average grain size = 0.25
0.100 455 4.23 Main fraction = 87.25%
0.071 0.15 0.13 Separation factor = 1.22
0.056 0.01 0.01 Inclination indicator = 0.96
Bottom 0.00 0.00 Degree of homogeneity = 75%
Total 50.00 50.00 Surface area = 9.59 m?/kg

Table 2
Sieve analysis of perlite ore
Sieve |Residueonsieves [%]|  Characteristic indicators of
number Sample 1 | Sample 2 the tested perlite ore
1.600 0.00 0.00 Number of grains, AFS = 52.27
0.800 0.00 0.00 Average grain size = 0.24 mm
0.630 0.84 1.00 Geometric average = 0.31 mm
0.400 15.10 14.98 Arithmetic average = 0.34 mm
0.320 10.85 9.77 Harmonic average = 0.26
0.200 13.09 16.00 Median = 0.33
0.160 4.28 3.65 Average grain size = 0.33
0.100 4.15 3.21 Main fraction = 79.79%
0.071 0.71 0.51 Separation factor = 1.38
0.056 0.26 0.27 Inclination indicator = 0.93
Bottom 0.72 0.61 Degree of homogeneity = 50%
Total 50.00 50.00 Surface area = 8.79 m?/kg

The core sands were prepared with a constant binder
content - 2.5 parts by weight of binder per 100 parts by
weight of the sand base. As the binder, the inorganic Cordis
binder from Hiittenes-Albertus [19] was used. The first pre-
pared core sand mixture, which did not contain the loos-
ening additive (perlite ore), was treated as the reference
mixture. The other two core sand mixtures contained the
loosening additive - perlite ore. The composition of the core
sand mixtures used in the study is presented in Table 3.
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Table 3
Composition of core sands M0, M4 and M8

Component of the core sand, in parts of mass
Core sand
Quartz sand Binder Perlite ore
MO 100 2.5 0.0
M4 100 2.5 4.0
M8 100 2.5 8.0

All core sand mixtures were prepared using a rotor
mixer, with a mixing time of 1 minute. The prepared
standard specimens (cores) for determining bending
strength were set aside for 1 hour to cool and proper-
ly harden. The bending strength tests were carried out
using an LRu-2e testing device manufactured by Multi-
serw-Morek (Fig. 2) [26].

Standard specimens for bending strength testing were
produced each time at an operating pressure of 5 bar, but
with two different shooting times (0.8 and 1.2 s) and three
temperature levels: 140, 160, and 180°C. The holding (cur-
ing) time of the samples in the core box was constant and
amounted to 120 s. The results presented in the article rep-
resent the arithmetic mean of three measurements.

Fig. 2. LRu-2e device for testing the strength of molding and core
sands [26]

MO

140 160 180

¢ N w
o U1 = 1N LT w oA

bending strength, MPa
Juny

(=]

3. RESULTS

Figure 3 presents the bending strength results for the ref-
erence core sand mixture - without the loosening additive
(perlite ore) - as a function of the core box temperature, for
two shooting times: 0.8 and 1.2 s.

From Figure 3, it follows that for the mixture without
the addition of perlite ore, the highest bending strength
(3.58 MPa) was obtained at a core box temperature of
140°C and a shooting time of 1.2 s. Increasing the core box
temperature resulted in lower strength values, namely
2.89 MPa at 160°C and 3.32 MPa. The obtained results also
indicate that shortening or extending the shooting time of
the core sand into the core box is not particularly signifi-
cant, as the bending strength values obtained are very sim-
ilar, and the differences are mainly due to statistical error.

The introduction of 4.0 parts by mass of perlite ore into
the core mixture while maintaining the binder content at
2.5 parts by mass relative to the base material resulted in
a decrease in bending strength by approximately 1.0 MPa
(Fig. 4). This significant, about 20%, reduction in strength
should be attributed to the introduction of an additional com-
ponent, which increased the specific surface area that needed
to be coated with the binder layer. The higher number of indi-
vidual grains requiring binder coverage means that, in quan-
titative terms, there is less binder available relative to the total
amount of grains - quartz sand and perlite ore. It should also
be noted that the loosening additive (perlite ore) contains ap-
proximately 2% of particles smaller than 0.1 mm (Table 2),
which further intensifies the increased binder demand.

It was also observed that for this core mixture, the best
mechanical properties were obtained at a core box tempera-
ture of 180°C. The lower strength values obtained with a lon-
ger shooting time result from the reduced flow rate from the
shooting chamber of the core shooter, which may lead to a low-
er degree of compaction of the core mixture in the core box -
particularly in the case of core mixtures with lower flowability.

core box temperature, °C

B shooting time 0.8

W shooting time 1.2

Fig. 3. The bending strength of standard specimens made from the reference core sand mixture (without the addition of perlite ore, M0)
as a function of the core box temperature and shooting time for the mixture
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Fig. 4. The bending strength of standard specimens made from the core sand mixture (M4) containing 4.0 parts by weight of perlite ore
as a function of the core box temperature and shooting time for the mixture
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Fig. 5. The bending strength of standard specimens made from the core sand mixture (M8) containing 8.0 parts by weight of perlite ore
as a function of the core box temperature and shooting time for the mixture

The core mixture containing 8.0 parts by mass of perlite ore
exhibits better mechanical properties than the mixture with
4.0 parts by mass, but inferior to the mixture without the loos-
ening additive. It should be noted that at core box tempera-
tures of 140 and 160°C (Fig. 5), the obtained bending strength
values are very similar, ranging between 2.56 and 2.64 MPa,
with differences falling within the limits of statistical error.

For this core mixture, the lowest bending strength (approx-
imately 2.4 MPa) was recorded at a core box temperature of
180°C. This is likely due to the physical process of solvent re-
moval in the inorganic binder, which reduces its binding ca-
pacity. This confirms that such a binder performs best when
cured at temperatures between 140 and 160°C. Further re-
search should therefore focus on optimizing the holding time
of samples in the core box, as increasing the temperature
may only be justified if, when combined with a shorter hold-
ing time, it leads to higher production efficiency.

Figures 6 and 7 show the bending strength for all tested
systems depending on the core box temperature, for two
shooting times.

Figures 6 and 7 provide a summary and, at the same
time, a more illustrative representation of the previous
research results. They show that shooting time has no
significant effect on the obtained bending strength values,
regardless of whether the core mixture contains addi-
tives or not. As mentioned earlier, the increased specific
surface area resulting from the introduction of an addi-
tional loose material (perlite ore) leads to a decrease
in core strength, which is particularly evident for the M4
core mixture. With the same binder content (2.5 parts by
mass), the M8 mixture (8.0 parts by mass of perlite ore)
exhibited better mechanical properties at all tested core
box temperatures. This may be attributed to the improved
flowability of the core mixture, better compaction, and
more uniform distribution of perlite ore grains, which are
statistically larger and have a coarser main fraction com-
pared to the base sand grains. The obtained results indi-
cate the validity of optimizing the composition of the core
mixture for each specific formulation and set of blowing
process parameters.
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shooting time 0.8 s

4.5

35 I
3
2.5

1.5

bending strength, MPa

0.5

MO

M4
140 m160 =180

M8

Fig. 6. Comparison of strength depending on core box temperature and shooting time of 0.8 s

shooting time 1.2 s

4.5

3.5

bending strength, MPa
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Fig. 7. Comparison of strength depending on core box temperature and shooting time of 1.2 s

4. CONCLUSIONS

The conducted research on the influence of a loosening ad-

ditive in the form of perlite ore on the mechanical proper-

ties of cores produced by the warm-box process using an
inorganic silicate binder has shown that:

e in the case of core mixtures prepared with the inorganic
Cordis binder, increasing the core box temperature does
not bring any benefits in terms of higher strength of stan-
dard cores (standard samples for bending strength test-
ing) cured for 120 s. The best properties were obtained
at temperatures of 140°C and 160°C, while increasing the
temperature to 180°C may lead to the physical removal of
the solvent from the binder, reducing its bonding ability;

¢ extending the shooting time results in increased strength
only for the mixture without the addition of perlite ore.
For the other tested systems (with 4.0 and 8.0 parts by
mass of perlite ore), a decrease in strength was observed,
which is due to a reduced flow rate of the core mixture
from the shooting chamber and a lower concentration of
the sand-air stream;

with a constant binder content in the core mixture (2.5 parts
by mass), the mixture containing 8.0 parts by mass of perlite
ore exhibited better mechanical properties at all tested core
box temperatures than the mixture with 4.0 parts by mass
of perlite ore. This may be attributed to improved flow-
ability and, consequently, a higher degree of compaction;
the introduction of additives into molding and core sands
requires case-by-case optimization of both the mixture
composition and the blowing process parameters;

the research will continue, focusing on determining the ef-
fects of binder type, grainsize,and looseningadditive, as well
as the influence of operating pressure on the density and
strength of cores in the core box. The amount of loosening
additive introduced also requires optimization to achieve
the desired improvement in core knockout properties.
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Abstract

This article presents an interdisciplinary approach to the reconstruction of a copper-alloy artefact using reverse engineering tech-
niques combined with modern digital and manufacturing technologies. The research was motivated by the need to better understand
historical casting techniques while preserving the integrity of cultural heritage objects through non-destructive methods. The study
integrates 3D scanning, CAD-based modelling, numerical simulations, investment casting, and metal additive manufacturing.

The geometry of the artefact was captured using high-resolution 3D scanning, enabling the development of two CAD mod-
els: one representing the preserved state of the object and a second reconstructed model with the missing fragment digitally
restored. Both models were used for numerical simulations of mould filling, solidification, cooling, and porosity formation
performed in MAGMASOFT® 6.1, allowing the assessment of technological feasibility and defect formation. Based on the simu-
lation results, physical replicas were produced using investment casting and selective laser melting.

The obtained numerical and experimental results were compared in terms of geometry reproduction, surface characteristics,
and predicted versus observed casting behaviour. The study demonstrates that the combination of digital reconstruction, sim-
ulation tools, and experimental manufacturing provides a reliable framework for analysing historical metallurgical processes.
The proposed methodology supports both scientific interpretation and the practical reconstruction of heritage objects and can

be applied to a wide range of archaeometallurgical studies.

Keywords:

casting, additive manufacturing technologies, 3D scan, computer modelling, numerical simulations, copper alloys, bronze,

selective laser melting, investment casting, cultural heritage, archaeometallurgy, reconstruction

1. INTRODUCTION

The reconstruction of historical metallurgical techniques
requires the simultaneous consideration of material prop-
erties, geometry, and the processes associated with cast-
ing. Small metal objects preserve within their structure
information relating to the mould, the dynamics of metal
flow, and the technical conditions that accompanied their
production. Contemporary research approaches rely on
non-destructive analyses, 3D scanning, computer mod-
elling, and numerical simulations, complemented by ex-
perimental casting and additive manufacturing technolo-
gies [1-7].

In this article, research on a single artefact made of a cop-
per alloy is presented. The chemical composition of this
type of alloy is characteristic of castings produced during
the period from which the analysed object originates and
falls within the range typical of historical foundry materials.
Surface analysis revealed the presence of material loss and
preserved corrosion products, which served as the basis for

the development of a 3D model and a geometric reconstruc-
tion. These models were used to conduct numerical simula-
tions of the filling and solidification processes, casting, and
3D printing, enabling a comprehensive comparison of vari-
ous reconstruction pathways [5-8].

2. MATERIALS AND METHODS

The study was carried out using non-destructive meth-
ods, 3D scanning with CAD modelling, and modern casting
and additive manufacturing processes. In the first stage,
three-dimensional documentation of the artefact was
performed using the Revopoint POP2 3D scanner, whose
detailed technical specification is presented in Table 1.
The scanning was conducted with the use of a rotary ta-
ble, which enabled the acquisition of a high-density point
cloud. The obtained data were processed in the Revo Scan 5
software, where the scan was cleaned, the fragments were
aligned, and a triangular mesh was generated. Final, the 3D
geometry of the examined casting was obtained [9].
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Table 1
Specification of the Revopoint POP2 scanner (technical documentation
provided by Revopoint)

Technology Dual camera infrared light
Single-frame precision Up to 0.05 mm
Single-frame accuracy Up to 0.1 mm
Single capture range 210 mm x 130 mm
Working distance 150-400 mm

20 mm x 20 mm x 20 mm

Up to 10 fps

Minimum scan volume

Scanning speed

Light source Class 1 infrared light

Feature, marker

0.15 mm

Alignment

Point distance/resolution

Based on the 3D scans, two models were developed in the
SOLIDWORKS 2023 environment: a real model, reflecting
the preserved state, and a reconstructed model, in which
the missing fragment was supplemented. These models
were used both for numerical simulations and for 3D print-
ing. The 3D modelling included an analysis of wall thickness,
reconstruction of the missing structure, and preparation of
solid bodies consistent with the requirements of casting
simulation software and the metal 3D printer.

Three-dimensional scanning enabled the reconstruction
of the overall geometry of the object, including its charac-
teristic proportions and approximate dimensions. To bet-
ter illustrate the scale of the analysed artefact, a schematic
drawing presenting the general dimensions of the object
was prepared (Fig. 1).

23 mm

16 mm

Fig. 1. Schematic drawing showing the approximate overall
dimensions of the analysed object, prepared in SOLIDWORKS 2023

Numerical simulations of the mould filling, solidification,
cooling, and porosity formation were carried out using the
MAGMASOFT® 6.1 software. The simulations were based
on previously prepared CAD models. For each model, ap-
propriate functional roles were assigned within the simula-
tion environment, and a virtual mould was generated, auto-
matically adapting to the geometry of the casting.

The pouring parameters were defined individually for each
object based on prior analyses. In the case of reconstructed
forms, a CuSn12 alloy was applied, corresponding to one of
the most commonly used bronze alloys in the Bronze Age.

The pouring temperature was set to 1100°C in all simula-
tions, ensuring optimal filling conditions for copper alloys.
The pouring time was controlled by setting the filling level of
the pouring basin to 70%, which enabled a stable metal flow
and better reflected real casting conditions. The simulation
results included temperature distribution after mould filling
and predicted porosity distribution [2, 5].

The model intended for investment casting was exported
to STL format and processed in CHITUBOX Basic V2.3, where
the support system and model orientation were prepared. The
replica was produced on an Elegoo Mars 3 3D printer using
SuperCast-SuperFast (ENGR-A17L) photopolymer casting res-
in, designed for burnout processes in the investment casting
technique. After completing the 3D printing, supports were re-
moved and the model was cleaned, preparing it for moulding.

The mould was made using WiroFine refractory material,
prepared in an AMX-1 vacuum mixer, which enabled thor-
ough deaeration of the mass and ensured uniform consis-
tency. The model was placed in metal cylinders, then filled
with the refractory mass and left to solidify. The burnout
and resin removal were carried out in an APE800 furnace
in accordance with a predetermined temperature schedule:
the mould was placed in a furnace preheated to 700°C, and
the temperature was then increased by 50°C every 10 min-
utes, until reaching 1010°C, at which it was held for 60 min-
utes. This process enabled the complete burnout of the res-
in and the hardening of the ceramic shell [10, 11].

The casting was produced using the centrifugal method
with a Pro-Dent WR02 casting centrifuge, which ensured
the uniform filling of the mould with molten metal. The ap-
plied alloy was heated and melted in accordance with the
technological parameters appropriate for this alloy system.
After solidification, the ceramic mould was broken, and the
casting was mechanically cleaned.

In parallel, a second technological replica was produced
using metal 3D printing. The 3D model prepared in SOLID-
WORKS 2023 was converted into a format compatible with
a powder-bed printer and manufactured using the AL3D
metal laser-sintering printer, employing the selective la-
ser melting (SLM) method. The specification of the print-
er and the metal powder is also presented in Table 2. The
additively manufactured reconstruction served to compare
dimensional accuracy, surface characteristics, and potential
differences resulting from alternative methods of producing
low-mass objects with complex geometry [12-21].

Table 2
Specification of the AL3D printer (technical documentation provided
by ALPHA LASER)

Open access to all machine

Process parameters
and process parameters

Laser type Fiber laser
Laser wave length 1,070 nm
Laser focal spot 0.05 mm
Laser scanning speed Max. 5 m/s
Materials m4p Brz10

Achievable component density | Up to 99%
0.03 mm

Layer thickness
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The entire research procedure enabled the comparison
of the geometry of the original object, the digital recon-
struction, and the replicas produced using two different
techniques, forming the basis for the further comparative
analyses presented in subsequent chapters.

3. RESULTS

Surface observations revealed a visible metal loss with an
irregular edge, as well as a depression covered with a green-
ish patina, which was left intact to preserve the structural

integrity. The remaining surface areas showed features typ-
ical of small castings produced in moulds with characteris-
tic micro-roughness.

3D scanning enabled precise reconstruction of the geom-
etry, including variations in wall thickness in the damaged
area. Figure 2 presents the CAD model of the preserved
geometry, along with a magnification of the thinnest sec-
tion. Figure 3 shows the reconstructed model, also with an
enlarged view of the corresponding section, allowing for
a direct comparison between the preserved state and the
reconstruction.

Fig. 2. Model based on 3D scans developed in SOLIDWORKS 2023, with a close-up of a thin-walled section

Fig. 3. Reconstructed model developed in SOLIDWORKS 2023, with a close-up of a thin-walled section and the object’s geometry reproduced

The transfer of both models into the MAGMASOFT® 6.1
software made it possible to perform numerical simulations.
The filling of the scanned model, presented in Figure 4, pro-
ceeded smoothly, and the temperature distribution of the
metal remained uniform. In subsequent stages of the filling
process, no rapid temperature variations or indicating dis-
turbances in the filling process were observed.

The solidification process of the scanned 3D model is
shown in Figure 5. The temperature distribution progressed
uniformly toward the gating system.

Analogous simulations were conducted for the recon-
structed 3D model created in CAD software, where the
filling behaviour shown in Figure 6, demonstrated near-

ly identical alloy behaviour compared to the scanned
model. The solidification process, presented in Figure 7,
progressed in accordance with the predicted pattern and
remained consistent with the behaviour observed for the
scanned model.

A comparative porosity analysis, the results of which are
shown in Figure 8, indicated the presence of small porosity
zones located in areas with characteristic geometric con-
strictions. In both models, a similar distribution of potential
defects was predicted, resulting from local differences in
solidification rates. At the same time, no concentrations of
porosity were observed that could pose a significant threat
to the structural integrity of the object during use.
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Fig. 4. Pouring simulation results in MAGMASOFT® 6.1 for the 3D scanned model at four stages of mould cavity filling: a) 55.06%; b) 58.00%;
c) 62.02%; d) 88.47%
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Fig. 5. Solidification simulation results in MAGMASOFT® 6.1 for the scanned model at four stages of mould cavity solidification:
a) 1.00%; b) 28.02%; c) 46.12%; d) 70.02%
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Fig. 6. Pouring simulation results in MAGMASOFT® 6.1 for the 3D CAD model at four stages of mould cavity filling: a) 44.02%; b) 59.00%;
) 63.01%; d) 94.59%
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Fig. 7. Solidification simulation results in MAGMASOFT® 6.1 for the 3D CAD model at four stages of solidification process: a) 1.00%; b) 32.08%;
¢) 49.10%; d) 85.06%
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Fig. 8. Comparison of predicted porosity results in MAGMASOFT® 6.1 for the 3D scanned model (a) and the 3D CAD model (b)

The results of casting the modern replica of the object
provided valuable comparative material, enabling the cor-
relation of the numerical simulation predictions with the
real behaviour of the copper alloy inside the ceramic mould.
The model intended for casting, previously prepared in
SOLIDWORKS 2023, was reproduced using 3D printing
with photopolymer resin. The model obtained exhibited
a smooth surface and high precision in detail reproduction,
which was crucial for subsequent comparison with the orig-
inal object and for reconstructing the thin-walled segments
visible in the 3D scan.

The mould was prepared using a refractory mass, which,
after initial setting, was subjected to resin burnout and ce-
ramic shell heating, following a temperature schedule rec-
ommended by the manufacturer. After reaching the target
temperature, the mould obtained the thermal and mechani-
cal stability required to receive the molten metal.

The casting was produced using the centrifugal method
with a casting centrifuge, which enabled rapid and uniform
introduction of the CuSn12 copper alloy into the thin and
complex regions of the mould cavity. During pouring, the
alloy was introduced into the mould at a temperature close
to that used in the simulations, ensuring the possibility of
directly comparing the actual process course with the com-
putational model. After cooling, the ceramic shell was re-
moved, and the raw casting was mechanically cleaned.

The obtained casting, presented in Figure 9, exhibits
characteristic surface features of castings produced using
the investment casting method, including subtle differenc-
es resulting from the quality of the ceramic mass and the
spinning parameters. The casting retained key geometrical
features, enabling assessment of the consistency between
the reconstruction model and the real metallurgical pro-
cess. The thin-walled regions were reproduced without de-
formation, confirming that both the mould preparation and
the metal flow dynamics in the centrifuge were consistent
with the simulation predictions.

3D printing of the CAD model enabled comparison of
geometric behaviour in an additive manufacturing process.
The print obtained on the AL3D printer is presented in Fig-
ure 10. The model was faithfully reproduced, including the
thin-walled segments, confirming the accuracy of the recon-

struction and demonstrating the usefulness of 3D printing
as an additional tool for assessing the geometry of the ar-
tefact. The printed model made it possible to analyse the
proportions of the original form in physical space.

Fig. 9. Casting obtained using the investment casting method

-

Fig. 10. Object produced using a 3D printer

The obtained reconstruction enabled a comparison with
the cast replica and the original object. Comparative analysis
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of these three forms, the classical casting, the additively man-
ufactured reconstruction, and the 3D scan data, allowed the
identification of differences resulting from the manufacturing
technologies and confirmed the usefulness of both techniques
for reconstructing archaeometallurgical objects [22-24].

4. CONCLUSIONS

The conducted research confirmed that the use of integrat-
ed reconstruction methods, including 3D scanning, CAD-
based modelling, casting simulations, 3D metal printing,
and investment casting, allows for a comprehensive recre-
ation of both the geometry and the potential manufacturing
process of the analysed object. The obtained digital models
demonstrated consistency with the predicted filling and so-
lidification conditions, while the physical reconstructions
further validated the technological assumptions. At the
same time, the material characteristics of the artefact can be
considered typical for castings of a similar origin, which sit-
uates it within the context of known metallurgical practices.

These studies highlight the importance of an interdisci-
plinary approach, where reverse engineering, digital tools,
foundry techniques, and additive manufacturing technol-
ogies complement each other, creating a coherent recon-
struction model. The results obtained represent one stage
of a longer research process conducted at the Historical
Layers Research Centre AGH, where the object was analysed
and where the subsequent stages of the project are being
carried out. Further work is planned, including additional
comparisons of reconstructions, an expanded analysis of
simulation parameters, and testing of alternative techno-
logical variants. This will enable an even more complete re-
construction of the object’s production process and a better
understanding of the relationships between its geometry,
material, and historical casting technique.
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