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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.
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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 × 130 mm

Working distance 150–400 mm

Minimum scan volume 20 mm × 20 mm × 20 mm

Scanning speed Up to 10 fps

Light source Class 1 infrared light

Alignment Feature, marker

Point distance/resolution 0.15 mm

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).

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)

Process parameters Open access to all machine 
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%

Layer thickness 0.03 mm
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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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a) b)

c) d)

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%

a) b) 

c) d)

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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a) b) 

c) d)

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%;  
c) 63.01%; d) 94.59%

a) b) 

c) d)

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%; 
c) 49.10%; d) 85.06%

https://journals.agh.edu.pl/jcme


K. Marlicka, A. Fijołek, A. Garbacz-Klempka, M. Piękoś 77

https://journals.agh.edu.pl/jcme

a) b) 

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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