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RECONSTRUCTION OF THE LATE BRONZE AGE FOUNDRY PROCESS
IN GREATER POLAND: ANALYZES AND SIMULATIONS. CASE STUDY OF HOARD FROM PRZYBYSLAW

One of the most interesting categories of artifacts for archacometallurgical research includes deposits of bronze items, so-called
“metallurgists hoards”. They contain, aside of final products, many fragments of raw material and, moreover, metallurgical tools.
An important source for the studies on the history of metallurgical technology is hoard from Przybystaw, Greater Poland district.

Thus, the aim of the work is the identification and interpretation of bronze-working practices and strategies adopted by
prehistoric communities of the Late Bronze Age and the Early Iron Age (ca. 600 BC). The examined objects are characterized in
terms of their design, structure, and chemical composition. The methods chosen for the studies of artifacts include: metallographic
macro- and microscopic observations using optical microscopy (OM) and scanning electron microscopy (SEM), the analysis of

chemical composition with the methods of energy dispersive X-ray spectroscopy (EDS), and X-ray fluorescence (ED-XRF).

The thermodynamic analysis of the alloys was performed on the basis of the CALPHAD method. The experimental melts
allowed to verify the theoretical considerations and to determine the characteristic temperatures of changes.

The old casting technology can be analyzed basing on computer modeling and computer simulation methods. Simulations
in the MAGMASOFT® software are a good example to illustrate how to fill a mould cavity with a molten bronze for a hoop
ornament. It is also an appropriate tool to determine temperature distribution in a mould. The simulations also show the possible

disadvantages with this old technology.
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1. Introduction

Scientific analytical methods as well as computer-aided
methods for technological processes have considerable effect
in understanding and visualization of casting technology. Stud-
ies on the ancient metallurgical/casting processes include many
aspects: starting with the analysis of the ores, metallurgical
semi-products, slag, and final products, to tools, crucibles, shank
ladles and casting moulds [1-7].

In the development of casting techniques, the technology of
precision casting by the melt-pattern method (lost wax method)
was of the greatest importance. Earthen moulds were used to cast
both small ornaments, complicated in shape and decoration, and
massive simple bracelets and necklaces [3,14-16]. The beeswax
models were glued with clay, the moulds were dried and fired,

ensuring the mould withstand high temperature and durability
in contact with liquid metal. During the heat treatment of the
mould, the wax was melted from the inside of the mould. The
mould prepared in this way was poured with liquid melt through
a gating system with a gating tank. After the alloy crystalliza-
tion process was completed, a cast with a prepared shape was
obtained. This method ensured a significant smoothness of the
casting surface, important for aesthetic reasons, and the accuracy
of model reproduction [15,17].

The properly conducted production process of castings
with appropriate operational and aesthetic properties required
special knowledge and experience. The level of evaluation of
this experience is possible on the basis of the preserved evidence
in the form of moulds and casts with the use of modern research
methods and computer-aided processes [18-20].
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2. Materials and methods

The presented hoard was discovered in Przybystaw (Fig. 1),
Greater Poland, Jarocin district on the necropolis area associ-
ated with Lusatian Culture communities [21-22]. Based on
typochronological analysis the discovered finds are dated to the
period HaD (Hallstatt D), i.e. around 600 BC [23-24]. Due to
the presence of metal raw material and scrap in the composition
of the hoard, it is associated with metallurgical activity. The
mentioned case also belongs to a rare group of bimetallic raw
material hoards from area of Poland [25-26].

N——/

Fig. 1. Hoard found in Przybystaw including three lumps of bronze
raw material, two lumps of iron raw material, six fragments of four
necklaces and a socketed axe

The aim of the research was to analyze the process of casting
one of the necklaces in the form of a single-use clay, the so-called
destroyed form, on the basis of the obtained experimental and
simulation data. An additional task was to recreate the virtual
geometry of the necklace casting, and then to produce foundry
equipment that would allow the simulation of the entire casting
process in the MAGMASOFT® software.

The macro- and microscopic examinations were carried
out with the use of the NIKON SMZ 745T stereoscopic mi-
croscope with a digital camera and the Nis-Elements image
analysis system.

The chemical composition was determined by X-ray fluo-
rescence spectrometry with the use of energy dispersive X-ray
fluorescence spectrometer (ED-XRF), Spectro Midex equipped
with an X-ray tube with Mo anode and Si SDD semiconductor
detector. The microstructure observation and determination of
elements present in microareas were performed using Hitachi
S-3400N scanning electron microscope (SEM) with an attach-
ment for energy dispersive X-ray spectroscopy (EDS) by Thermo
Noran. Thermodynamic study of the Cu-Pb-Sn-Ag-Bi multiphase
alloy was carried out using the CALPHAD (CALculation of
PHAse Diagrams) method using the Thermo-Calc package with
the TCCU copper alloy base: TCS Cu-based Alloys Database
and based on the analysis of equilibrium systems [27-33]. With
the use of this method, transformations and phase composition
of the alloys were predicted. The obtained data was verified on
the basis of an experimental model alloy melt. The experiment

was carried out by composing the alloy from pure components
with the same chemical composition as the starting alloy, melting
it and casting successively: to a sand, ceramic and metal mould.
The modeling results were verified on the basis of the chemical
composition and thermal analysis curves (ATD).

The geometric visualization of the cast necklace was made
using computer modeling in the SOLIDWORKS program on an
example Figs. 2-3, while the processes of pouring and solidifying
the castings were simulated in the MAGMASOFT® software.
Laboratory data and thermophysical calculations were used for
the simulation.

Fig. 3. Reconstruction of the necklace on the basis of preserved frag-
ments, P. Silska

This enabled the visualization and better understanding of
foundry processes in the field of mould preparation, casting and
solidification of the alloy in the mould. It also allowed us to as-
sess the correctness of the technology in terms of the occurrence
of defects in castings.

3. Experimental results

The results of analytical research were used in modeling and
computer simulations. The results of the chemical composition
analysis, together with microstructure observations, were used
in the thermodynamic simulations using the CALPHAD method.



They were also used in the experiment of casting a model al-
loy corresponding to the chemical profile of the necklace. The
thermal analysis performed during the crystallization of the alloy
allowed us to verify the theoretical data obtained as part of the
thermodynamic analysis of the alloy prepared in the Thermo-
Calc software. The information entered into the MAGMASOFT®
software enabled the simulation of pouring and solidification
and indicated the probability of defects occurring precisely for
this alloy.

Chemical composition and microstructure analysis

The necklace consists of two connected coils tapering to-
wards the top. As shown by macroscopic analysis, it was made
using a casting technique using the precision casting by means
of lost wax casting technique in a disposable clay mould. The
sequence of geometric ornaments was made directly on the wax
model (Figs. 4-5).

The chemical composition analysis was performed by ED-
XRF. The average results of the measurements of both pieces
of the preserved necklace (marked as a and b) are presented in
TABLE 1.

Fig. 4. One of the two preserved parts of the necklace Przy 184b-b
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TABLE 1

Chemical composition of necklace from Przybystaw
by ED-XRF (wi%)

Chemical Composition (wt%)
Fe | Ni | Cu | Zn | As | Ag | Sn | Sb | Pb | Bi
0.03 | 0.13 |89.73| 0.13 |1 0.32 | 0.09 | 2.37 | 0.09 | 6.44 | 0.59

The analysis shows that the necklace was cast from lead-tin
bronze, containing 6.4% Pb and 2.4% tin. In the thermodynamic
analysis of the alloy, the following additives are also important,
being traces of copper ore origin: 0.6% Bi, 0.3% As, 0.1% Sb,
0.1% Ag and 0.1% Ni and Zn. The microarea composition analy-
sis was performed using a scanning electron microscope and an
EDS non-dispersive analysis system. Visible dendritic structure
proving the casting of the necklace. Precipitations do not show
traces of deformation as a result of plastic processing. Detailed
analysis of the chemical composition in micro-areas is presented
in the form of a table and a map of the distribution of elements.
The exemplary images of the necklace’s microstructure show
a dendritic structure with numerous precipitates of intermetallic
phases (Figs 6-8). Between the dendrites of the solid solution o;
there is a small amount of eutectoid and phases containing lead,

o S

Fig. 5. One of the two preserved parts of the necklace Przy 184b-a
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8mm x5.00k BSE

20.0um

Fig. 7. Microstructure of the necklace from the treasure in the BSE contrast: (a) magnification 500x%, (b) 5000x

tin and silver in the presence of copper. Numerous white irregular
areas are lead, insoluble in copper, because the system is char-
acterized by the lack of mutual solubility of the components of
copper and lead in the solid state and limited solubility in the
liquid state (TABLE 2).

10.0um

Fig. 8. EDS microanalysis area 3000x

The distribution of elements in the alloy is confirmed by
the map of the distribution of elements (Fig. 9-10).

TABLE 2

Chemical composition of necklace from Przybystaw
in microareas by SEM-EDS (wt%)

Chemical Composition (wt%)

Area (0] Cu Ag Sn Pb
Prz 184b a ptl 19.01 — — 80.99
Prz 184b a pt2 95.85 — 4.15 —
Prz 184b a pt3 90.09 9.91 — —
Prz 184b a pt4 84.03 — 5.21 10.76
Prz 184b a pt5 10.13 — — 89.87
Prz 184b a_pt6 87.28 — 2.91 9.81
Prz 184ba pt7 | 15.39 84.61 — — —
Prz 184b a pt8 100.00 — — —

Experiment and thermodynamic
simulation/modeling

In the course of the research, an experiment was carried out
consisting in the preparation and casting of a model alloy with
a given chemical composition, analogous to a necklace. The
castings were made in the shape of a cuboid with a thermocouple
placed in its geometric center. Additionally, the alloy was poured
into a sand, ceramic and metal mould to indicate differences in



5um

Fig. 9. Map of the distribution of elements for the necklace from the treasure from Przybystaw based on SEM-EDS (corresponding to Fig. 7a).
The proportion of copper, tin, lead
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Fig. 10. Map of the distribution of elements for the necklace from the treasure from Przybystaw based on SEM-EDS. The proportion of oxygen,
copper, tin, lead, silver and bismuth

Fig. 12. CuPb6.4Sn2.4 alloy cast into: (a) sand mould, (b) ceramic mould, (¢) metal mould
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the size of the structural components (Figs. 11-12). The devel-
oped cooling curves along with the characteristic temperatures
of phase transformations determined on the basis of the ATD
thermal derivative analysis are shown in Fig. 13.
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Fig. 13. Values of characteristic temperatures for CuPb6.4Sn2.4Bi0.3
alloy (ATD)

At the same time, the thermodynamic modeling process
was carried out with the use of Thermo-Calc software, during
which the values of characteristic temperatures and phase com-
positions that may appear during the crystallization of this alloy
were obtained (TABLE 3). Additionally, in order to illustrate
fully, the percentage shares of individual phases in the ambient
temperature as well as at individual stages of crystallization
have been presented.

TABLE 4 presents selected the numerical data of the tests
carried out using the TC and ATD methods.

Fig. 14 shows the process of crystallization of the consid-
ered alloy through TC modeling as well as the AT crystallization
curve recorded during the melts. The characteristic TC modeling
temperatures are presented in red, and the experimental thermal
analysis AT is presented in blue.
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Fig. 14. Results of thermodynamic modeling and thermal analysis of
the CuPb6.4Sn2.4 alloy

The theoretical and experimental analysis shows that the
crystallization begins at T1 = 1044.4°C (according to Thermo-
Calc) and T1 = 1034.8°C (according to ATD), when crystals
of o (Cu) solid solution appear, crystallizing in the A1 crystal
lattice (FCC_L12). The amount of solid solution is rapidly in-

TABLE 3
Characteristic temperatures and structural components obtained with CALPHAD thermodynamic modeling and thermal analysis
Temperature [°C] / Mass Fraction at 50°C [%]
Sample/Phase T, T, T T, T, T, T,
ATD 1034 914 806 — 289 —

Mass percent of FCC_L12#2

[%]

— 0.004 —




TABLE 4

Characteristic temperatures obtained with CALPHAD
thermodynamic modeling and thermal analysis

Temperature Modelling [°C] | Experiment [°C]
Liquidus 1044.4 1034.8
Solidus 301.6 289.0
Change in composition of the
primary phase FCC L12 916.0 o144
End of primary phase growth 916.0 806.9%

* — practical end of crystallization based on ATD

creased to reach the value of 93.5% at T2 = 916°C in the case
of TC modeling. We observe similar effects on the experimental
ATD curve, there are thermal effects, especially the intensely
visible T2 = 914°C, which basically completes the crystalliza-
tion of the alloy at the temperature of T3 = 806.9°C. How-
ever, after an in-depth analysis of the derivative curve, a slight
spike due to the end of lead crystallization can be observed at
T5=289°C. The end of crystallization for the assumed Thermo-
Calc model occurs at the temperature of TS = 301°C. During
crystallization, Thermo-Calc modeling shows the appearance
of the ambient temperature (T7 = 50°C) of the three phases:
FCC L12, FCC L12 # 2 and Cu;Sn). The FCC_L12 phase is
a solid solution of tin (Sn 1%) in copper (Cu 99%) which is the
main component of the structure at 89.3%. The FCC L12 # 2
phase being Pb95.6Bi4.4 phase crystallizes at T4 = 313°C and
finally appears at ambient temperature in an amount of 6.8%.
As a result of the interdependencies between the alloying ele-
ments, the last appearing phase at the temperature T6 = 133°C
is in a small amount, amounting to 3.9%, is the CU3SN phase.
The model tests carried out with the Thermo-Calc software as-
sume the presence of LIQUID liquids in the temperature range:
1044-301°C. The experiment confirms this temperature range,
however, practically the end of crystallization is at the tempera-
ture of 806°C. Due to the small amount of elements such as lead,
tin or bismuth, there is some difficulty in determining the exact
thermal effects based on the ATD analysis, especially in low
temperature ranges.

Computer simulations

The process of reverse design, leading to the determination
of the process of casting the necklace in the clay form, began
with the completion of precise data about the object, constituting
the necessary documentation. Laboratory data and thermophysi-
cal calculations were used for the simulation. To determine the
possibilities of casting the necklace in a virtually reconstructed
clay form, a simulation was performed in the MAGMASOFT®
software.

The gating system was checked in several variants, so that in
the final version it was adopted the version based on the necklace
from the metallurgist’s treasure in Uscikowiec (Fig. 15), which
is the closest available analogy of the gating system for a similar
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type of hoop ornament with similar chronology. A two-channel
gating system was used, tangent to the middle, thickest part of
the necklace.

Fig. 15. The gating system with a fragment of a necklace from the
treasure of a metallurgist from Uscikowiec in Wielkopolska, Bronze Age

Designing a 3D model of a necklace
and casting technology

The process of recreating the casting technology began with
the preparation of a 3D model of the necklace, which is shown
in Fig. 16. The visualization of the necklace was made in the
SOLIDWORKS CAD software.

Fig. 16. Visualization of a 3D model of the necklace in an isometric view

The prepared 3D model shown in Fig. 16 was used to pre-
pare the casting technology. The developed casting technology
on the basis of the previously prepared 3D model of the necklace
is shown in Fig. 17.

The casting technology, which is shown in Fig. 17, has
gates tangent to the necklace casting. A gating system designed
in such a way results in a softer filling of the mould canals with
liquid metal and can minimize the tearing of the mould canals
due to excessive speed during the casting process.
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Fig. 17. Isometric view of the developed mould and casting technology
in isometric view (a) and front view (b)

TABLE 5
Parameters used for the numerical simulation
in the MAGMASOFT® software
The name of the parameter Value
Casting alloy CuSnl12
Pouring temperature [°C] 1200
Mould temperature [°C] 25
Casting time [s] 1.5
a remn-.zéalwe
Empty
un
1167
1160
e
1134
1n7
i
1107

Numerical simulations

The numerical simulation was performed in the MAG-
MASOFT® software. The individual parameters for the per-
formed simulation are presented in TABLE 5.

Casting process

Fig. 18 shows the temperature distribution during pouring
the casting mould. The results for the pour point are for a step
0f 42.03% (a) and 96.05% (b).

The results in Fig. 18 show that the temperature during the
casting process is stable.

Fig. 19 shows the velocity distribution during pouring the
canals of the casting mould. The presented results for the speed
during casting process are for the step 42.03% (a) and 96.05% (b).

The velocity distribution when filling the canals of the
casting mould shown in Fig. 19 does not exceed the value of
1 [m/s] and the liquid metal does not have high deviations in
values when filling individual canals of the mould. The liquid
metal, having the parameters shown in Fig. 19, uniformly fills
the individual canals without tearing the walls of the canals of
the casting mould.
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b
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Fig. 18. Temperature distribution during the casting process: step of 42.03% (a) and 96.05% (b)
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Fig. 19. Velocity distribution of liquid metal when filling the mould step: of 42.03% (a) and 96.05% (b)



Fig. 20 shows the pressure distribution during the pouring
process of the casting mould. The results shown for the priming
pressure are for a step of 42.03% (a) and 96.05% (b).

The pressure distribution during filling the canals of the
casting mould is shown in Fig. 20 and does not exceed the value
of 2000 mbar. The liquid metal does not have high values of
pressure variations during pouring the mould. The liquid metal,
having the pressure parameters shown in Fig. 20, uniformly fills
the individual canals without damaging the walls of the mould
due to high pressure fluctuations.
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Solidification process

Fig. 21 shows the temperature distribution during the
solidification process. The results for the temperature during
the solidification process are shown for steps 42.12% (a) and
96.13% (b).

The solidification process presented in the individual steps
in Fig. 6 indicates that the gates leading to the casting (a) solidify
fastest having the lowest temperature values. However, with the
passage of time 27.791 s (b) it can be noticed that the tempera-
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Fig. 20. Pressure distribution of liquid metal when filling the casting mould: step of 42.03% (a) and 96.05% (b)
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Fig. 21. Temperature distribution during the solidification process: steps 42.12% (a) and 96.13% (b)
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Fig. 22. Distribution of hot spots (a) and porosity (b) during the solidification process
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ture does not have large deviations and amounts to about 851°C
value.

Fig. 22 shows the distribution of hot spots (a) and porosity
(b) during the solidification process.

Fig. 22(a) shows the hot spots formed during the solidifi-
cation process. It can be seen that the highest values occur in
the upper part of the casting right next to the gating system and
amount to approx 12.11-12.87 s values. At these points, it can
be predicted that porosity will develop.

Fig. 22(b) shows the porosity distribution. The porosity
occurs in the places described in Fig. 22(a) and are the result of
the hot spots formed.

The yellow circle in Fig. 23 shows the location of the defect
for the real necklace casting.

Fig. 23. Location of the defect for the actual necklace casting

The location of the resulting casting defect, which is shown
in Fig. 23, presents that in this place there is a weakened cross-
sectional area containing porosity. The results of the numerical
simulation are very similar the place for the porosity created in
the physical casting.

Fig. 22(b) shows the porosity distribution. Porosity is cor-
related with places which are presented in Fig. 22(a) and result
from the resulting heat nodes. Fig. 23 shows a defect for an real-
cast of an extensive blowhole necklace. These hole is caused due
to excessive gas content in the metal bath and it takes the form

of an oblong cavity caused by gases trapped by the solidifying
metal in the surface layer. The blisters are usually located at the
top of the casting. In Fig. 24, arrows indicate the blowhole cavity
causing the necklace to break in half.

The location of the resulting casting defect, which is shown
in Fig. 24, shows that there is a weakened cross-sectional area
containing a bubble or significant porosity at this location. The
results of the numerical simulation accurately indicate the area
of the expected defect in the physical casting of the necklace.

4. Discussion

The study carried out several dozen simulations for a vari-
able temperature of the mould: from 25 to 275, every 50°C, and
a variable pouring time: from 2 to 5, every | second. 50 differ-
ent variants of the process were analyzed. Finally, a simulation
leading to the reproduction of the casting defect was selected,
consistent with the actual necklace. The mould temperature was
25°C. The pouring temperature was set at 1200°C. The pouring
time was set at 1.5 s. From the obtained simulation data it can
be concluded that a longer pouring time causes defects in the
casting in the form of visible porosity areas. With a pouring time
of 2.0 s and a temperature of heating the mould before pouring to
275°C, it is possible to significantly reduce porosity and ensure
a smooth (laminar) flow. However, the aim was to present the
gating system design and the set casting conditions at which the
defects would occur as in the real casting.

5. Conclusion

Laboratory tests and computer simulations enabled the
technology to be analyzed and visualized. Analytical research,
supported by theoretical and experimental thermodynamic analy-
sis of the alloy, allowed for the collection of data that made it
possible to get closer to the actual conditions of the necklace cast-
ing. The chemical profile of the necklace indicated lead bronze
with a small amount of tin and additives such as bismuth, silver,

Fig. 24. Macroscopic image of the location of defect in a real artifact



arsenic and antimony. Macroscopic analysis indicates the use of
the lost wax casting method in a clay form on the basis of a wax
model on which geometric decorations were placed. The visible
dendritic structure is also indicative of the necklace’s casting
process. Precipitations do not show traces of deformation as a
result of plastic processing. The pictures of the necklace’s micro-
structure show a dendritic structure with numerous precipitates
of intermetallic phases. The Cu-Pb type system is characterized
by the lack of mutual solubility of copper and lead components
in the solid state and limited solubility in the liquid state. The
solidification range of the alloy was determined theoretically and
experimentally within very wide limits of 1044.4°C-301.6°C,
which gives 742.8°C.

The obtained data was used in simulations of pouring and
solidifying the alloy. The geometry of the casting with the gating
system was obtained on the basis of the preserved fragments of
the necklace and the available analogies in the form of fragments
of casting moulds and gating system, which justify the adoption
of the concept of-pouring the necklace in the middle part by
a double gating system, tangent to its circumference in the thick-
est part of the necklace. The tests and simulations enabled the
experimental determination of the cause of the necklace damage.
Undertaking this type of research on a larger scale will allow to
learn the details of casting technology, such as the structure of
the mould and gating system, heating the mould before pouring,
pouring time and the possibility of eliminating defects in the form
of porosity. In a broader sense, it will allow to develop many
issues related to the production of the Bronze Age.
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