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The world heritage object Nebra Sky Disc is one of the best investigated archaeological objects. The
origin of the raw materials it is made of is well known. However, its manufacturing process was not
completely clear. Investigations were made in order to clarify the steps of manufacturing from the
initial casting to the finished disc using the latest metallographic techniques. Therefore, a small piece
from the outer part of the disc was investigated and compared with a replica. Both were prepared
regarding the metallographic procedure. Microstructural analysis was made by optical microscopy on
a colour etched surface, EDS and electron backscatter diffraction. For the investigation of mechanical
properties microhardness measurements were made. It could be found that the Nebra Sky Disc was
manufactured from a flat cast followed by hot forging process. During the forging process the disc was
heated and forged for approximately 10 times.

The Nebra Sky Disk is the oldest precise depiction of the heavens in human history (Fig. 1). It is inscribed on
the UNESCO Memory of the World Register and is one of the most thoroughly studied archaeological objects
in the world, because its cosmological iconography offers a unique insight into the mind set of Early Bronze
Age people. It was discovered and looted by unlicensed metal detectorists on the summit of the Mittelberg
hill near the town of Nebra, Saxony-Anhalt, in central Germany in 199912, The disc was included in a hoard
which included two superbly crafted swords, two flanged axes, two spiral bracelets and a chisel. The associated
finds date the deposition of the Sky Disc to the end of the central European Early Bronze Age, ca. 1600 BC.
However, it is highly likely that the Sky Disc itself had been manufactured some 100 to 200 years earlier. From
technical observations, as well as the analysis of the gold inlays, a five-phase reconstruction of the development
of the imagery on the disc seems to be the likeliest sequence for the disc’s development. In the earliest version,
an elaborately encoded image reflects sophisticated astronomical knowledge. In subsequent stages this was
forgotten and replaced by traditional knowledge, which was focused on the interaction of the heavenly bodies
and the horizon; and finally, this reduced knowledge gave way to mythology>*. Besides the changes to the
motifs, the origins of the raw materials it was made from, copper, tin and gold, are also well understood’3.

The chemical composition of the base material refers to an early bronze. Besides copper, the disk contains
mostly tin (2.6 ma. %) and some nickel (0.22 ma. %), zinc (0.15 ma. %) and arsenic (0.21 ma. %)°. However,
the specific steps involved in producing the disk are still the subject of speculation. It can be ruled out that the
disc is a cast product, as the limited flow behaviour of the molten metal could not form such a thin disc?. It was
determined that the disk was in fact produced by alternately hot forging a cast preform!%-1%. Forging was carried
out step by step spiraling from its centre to the rim. The hot forging of a bronze with this chemical composition
of the Sky Disc is limited to a fixed parameter setting with regard to temperature and maximum deformation'*.

The clarification of the exact manufacturing process was the aim of this study. Therefore, the Nebra Sky Disc
was metallographically investigated using the latest methods. Furthermore, several replicas of the Nebra Sky Disc
were manufactured and analysed as well (Fig. 2). The replicas represent different stages of the manufacturing
process from the cast preform over rising degree of deformation. The comparison of the microstructure of the
original Nebra Sky Disc with the replicas provides detailed information on the manufacturing process.
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Fig. 1. The Nebra Sky Disc with the marked sample extraction point ((c) Reproduced with permission by
State Office for Heritage management and Archaeology, Saxony-Anhalt—State Museum of Prehistory, photo: J.
Liptak, Munich).

Results

The Nebra Sky Disc

During the first investigation of the Nebra Sky Disc a small piece was cut out as can be seen in Fig. 1. This piece
was used for the metallographic analysis of this work. It was not possible to take further samples from different
areas of the disc because of its outstanding importance. But the sampled location represents an area of maximal
treatment, especially a high deformation degree, if the disc is made by forging a preform. For this reason, it is
appropriate to investigate the manufacturing process. Different techniques were used for the microstructural
characterisation. The results are summarised in Fig. 2. It can be seen that the microstructure of the Nebra Sky
Disc is characterised by medium sized grains with annealing twins. The element distribution, especially the tin
distribution is inhomogeneous. Elongated particles can be found in the microstructure. EDS measurements
identify them as Sulphides, Fig. 3. These inclusions are mostly elongated and line-like arranged. Furthermore,
there are defects as gaps and deformed holes. The smooth pathway of the defects refers not to cracks but to
imperfections from the casting.

The results from the microstructural analysis led to the assumption, that the Nebra Sky Disc was made
by forging a casted preform in combination with a heat treatment. The casting probably had a dendritic
microstructure, inferred by the inhomogeneous tin distribution, with some casting defects. During the forging
defects were deformed and compressed and the primarily homogeneous distributed inclusions rearranged in
lines. The forging initiates a high number of dislocations. A subsequent heat treatment led to the formation of
new grains and the microstructure transforms from dendritic to granular. The formation of annealing twins is
characteristic for recrystallized face-centre cubic metals with low stacking fault energy, as copper. The final step
of the manufacturing process seems to be a heat treatment because the grains are randomly orientated.
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Fig. 2. Results of microstructural investigation of the Nebra Sky Disc. (a) Optical microscopy—grain

boundary etching, (b) optical microscopy—colour etching, (¢) EDS mapping of the tin distribution, (d) EBSD-
IPF mapping)
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Fig. 3. EDS measurement of the basic microstructure and an inclusion.

Scientific Reports|  (2024) 14:28868 | https://doi.org/10.1038/s41598-024-80545-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

This theory of the manufacturing of the Nebra Sky Disc, which was deduced from the microstructure, will be
verified by manufacturing of replica discs subsequently.

Replica manufacturing

The thickness of the Nebra Sky Disc is between 4.6 mm (centre) and 1.5-1.8 mm on its edge. The manufacturing
process of a bronze disc is complex, because of its materials characteristics. Without the modern techniques
of materials processing, manufacturing of such a disc in the Bronze Age was challenging. The material has a
poor castability because of its low content of tin and arsenic. That’s why, a cast of a thin disc of bronze seems
not to have been feasible. This is the reason why it is assumed that the Nebra Sky Disc was manufactured by
forging a casted preform. The significant change in geometry from the preform to the disc needs an experienced
coppersmith because the work must be done manually. Before the manufacturing of the replica, it was necessary
to acquire experiences in the materials handling. The necessary force for forging decreases and the maximum
deformation degree of bronze rises with an increasing temperature. The forging was performed by helical
hammer strokes moving outwards from the centre. During the hot forging the materials temperature and the
formability decrease. Therefore, it seems to be consistent that within the Bronze Age a bronze disc could only be
produced by alternating (hot) forging and heating.

For replica manufacturing a chemical composition corresponding to the Nebra Sky Disc was chosen®. The
melt consists of tin (2.56 wt%), iron (0.16 wt%), nickel (0.22 wt%) and zinc (0.15 wt%, rest copper). There was no
addition of noxious arsenic, which was detected in the Nebra Sky Disc. A significant impact on the mechanical
properties needs an arsenic content of over 4 wt.%!° and the Nebra Sky Disc only contains 0.21 wt% arsenic.
So, the influence of arsenic on the results of this study was considered to be negligible. Sulphur is excluded
too, although the microstructural analysis proofs the existence of sulphides. The materials composition was
measured by X-ray fluorescence, which is not able to measure Sulphur. Furthermore, the existence of Sulphides,
in the amount evident from the microstructural analysis, was considered not to influence the formability.

Some preforms were casted and used for a first study to find an appropriate process route of smithing this
alloy. Although the materials composition is supposed to have a good cold formability, it was found that the
required deformation degree is too high to convert the preform in the disc replica only by cold forming. It took
several trails to find a practicable way of forging the disc without crack propagation. It was found that this takes
a numerus cycles, each consisting of heating to nearly 700 °C immediately followed by helical hammer forging
(Fig. 4) to deform the casted preform into a disc. The forging converts the geometry stepwise from the preform
to the disc. Thereby the formability decreases. Intermediate heating increases the formability. During the
smithing the compact preform is converted in a thin disc, the diameter increases significant. The coppersmith
used different hammers for the work. At the beginning he used a hammer weighing 5 kg, while after a few cycles
the weight of the hammer was reduced to 2 kg, 1.5 kg and 1.1 kg respectively. For forging the rim, he used a small
hammer with a round, slightly curved face and a weight of only 0.63 kg. The helical hammering is necessary to
shift the materials volume from the bulky centre. Figure 5 shows the four replicas of our study. Each represents
a single step of the manufacturing process: (a) the cast preform, (b) intermediate stage 1 (heated and forged, 1
cycle), (c) intermediate stage 2 (heated and forged, 10 cycles), and (d) disc (heated and forged, 55 cycles, finalised
by an annealing treatment at nearly 750 °C for 10 min).

The lens-shaped preform with a diameter of 130 mm and a thickness of 30 mm was made by open sand
casting'®. Before each forging operation the material was heated to reduce the necessary forces and to increase
the formability. Stage 1 shows the impact areas from the hammer, which struck the surface in a spiral movement
from the inside to the outside. Thereby, the cast became flat and wide. Because of the work hardening, the
formability is limited. The necessary deformation degree can only be reached by intermediate annealing. The
annealing temperature is estimated by the experience of the coppersmith from the temper colour. An interim
measurement by pyrometer showed that the temperature of the replicas was around 700 °C. During the
subsequent hot forging the material cooled down. Consequently, the necessary forming forces increased, and
the formability decreased. The coppersmith registered that by the necessary force, he needed to deform the
material. To prevent crack formation forging had to be stopped at a certain temperature. It is not possible to
define an exact value for the minimum temperature necessary for manual forging, because it is influenced by
several conditions (chemical composition, local deformation degree, local temperature etc.). Thus, the workflow
depends on the experience of the coppersmith. Stage 2 shows this process after being repeated 10 times, resulting
in a flatter and wider shape. The deformation degree is around 0.5. It took 55 cycles of heating and forging to
form the stage 3 (final disc), with a deformation degree of circa 0.85. The shape of the replica is identical with the
original Nebra Sky Disc (diameter: 315-320 mm, thickness: 4.5 mm in the centre and 1.7 mm outside?). The last
step of the materials treatment is a stress relief heat treatment to reduce internal stresses.

Microstructure
The microstructural analysis of the different replica stages from the initial cast to the finished disc and the
microstructure of the Nebra Sky Disc can be seen in Fig. 6.

The comparison of the replica stages shows the development of the microstructure resulting from the
manufacturing process (heating and forging). The cast sample has a regular, coarse-grained microstructure
of primary dendrites and interdendritic spaces. The colour etching indicates a gradient in the local chemical
composition. Small inclusions are dispersed. Furthermore, shrinkage cavities can be found. The dendritic
microstructure, inclusions and the shrinkage cavities can also be found in the stage 1. The first cycle of heating
and forging disturbed the regular composition of the as-cast microstructure but has no further significance. The
composition gradient is conserved. Stage 2 shows a distinct development of the microstructure resulting from
the repetition of heating and forging. The coarse-grained dendrites transform to a structure of medium sized,
globular grains. The forging increases the dislocation density and during the following heating a recrystallization
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Fig. 4. The copper smith (Herbert R. Bauer) producing a replica of the Nebra Sky Disc by helical hammer
forging ((c) State Office for Heritage management and Archaeology, Saxony-Anhalt—State Museum of
Prehistory, photo: J. Liptak, Munich).
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Fig. 5. Pictures of the different replica: (a) as cast, (b) stage 1, (c) stage 2 and (d) stage 3 (final disc geometry).
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Fig. 7. EDX measurement of the tin distribution of the replica and the original Nebra Sky Disc.
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Fig. 6. Microstructural analysis of the replica (cast, stage 1, stage 2 and stage 3) and the Nebra Sky Disc by
optical microscopy (at the top: grain boundary etching, at the bottom: colour etching).
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is initiated. This also leads to the presence of annealing twins and a regular subgrain structure. The gradient in
local chemical composition as well as shrinkage cavities can still be found but they are strongly decreased by the
manufacturing process. An effect of the distribution of the inclusions could not be found. The microstructure of
the stage 3 consists of globular coarse grains with annealing twins. The chemical composition is homogenised.
The inclusions are redistributed during the forging, so that they are arranged in lines.

The microstructure of the original Nebra Sky Disc consists of medium sized grains with annealing twins, as
can be seen also in Fig. 4 (grain boundary etched picture). Shrinkage cavities can be found as well as a long gaps.
The colour etched picture indicates a moderate inhomogeneous distribution of alloying elements.

Tin distribution

An important indication for a hot forming process of bronze is the tin distribution. The colour etched surfaces
of the micrographs indicate differences between the tin distribution of the investigated samples. For further
investigation energy-dispersive X-ray spectroscopy (EDS) was made. Figure 7 shows the results.

The cast replica shows the expected strong inhomogeneous tin distribution, resulting from the solidification
during the casting process. First primary Cu dendrites solidify in the melt starting from crystal nucleus. The
tin solubility in the Cu dendrites is limited. As the dendrites grow, tin is enriched in the interdendritic space,
which solidifies as last. This can be seen from the EDS map of the cast replica. The replica stage 1 also shows
this inhomogeneous tin distribution. The first cycle of heating and forging did not affect the tin distribution. For
the stage 2 it can be found that the space between the tin enriched spaces became smaller. This results from the
repeated forging, which compresses the microstructure. For the stage 3 the results of EDS measurements prove
a homogeneous tin distribution. The repetition of heating and forging led to a homogeneous distribution of the
alloying elements.

The sample of the Nebra Sky Disc shows a tin distribution comparable with the replica stage 2. The tin
enriched spaces are smaller as it would be for a cast bronze.

Lattice and texture

In addition to the optical microscopy the microstructures were also analysed by Electron Backscatter Diffraction
(EBSD). In addition to the optical microscopy EBSD gives information on the lattice orientation of grains and
texture. The comparison in Fig. 8 shows the results for the replica stages and the Nebra Sky Disc.

The EBSD map of inverse pole figures (IPF) of the cast replica shows a coarse grain structure. The calculation
of the average grain size is not possible, because not enough grains were completely mapped. This is also the case
for the results of the optical microscopy. There is no misorientation within the coarse grains, which corresponds
to the as cast condition. The texture measurement is not representative for the materials texture, because there
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Fig. 8. EBSD analysis (IPF) of the replica stages and the original Nebra Sky Disc.

are less grains for calculation. The IPF map of stage 1 shows only few grains referring to a coarse microstructure,
as well. A calculation of the average grain size is not possible because there are less grains, and thus the texture
measurement is not representative. However, it is possible to see a misorientation within the grains. This
corresponds to the first manufacturing step of the material. During the forging dislocations are generated and the
grains are deformed. The subsequent heating in combination with a small degree of deformation is insufficient
to anneal the deformation or to recrystallise smaller grains. Stage 2 shows a medium sized grain with annealing
twins. The average grain size, calculated from the EBSD data without twins, is 70 um. The grain orientation
is random. The texture measurement indicates a recrystallisation. In this stage, the repetition of forging and
heating has significant influence on the microstructure. During forging dislocations are generated and increased
the critical deformation degree for recrystallisation, which is necessary to form new grains, is accomplished.
The subsequent heating led to the formation of small new grains and the microstructure recrystallises. Thus,
the microstructure of stage 2 is finer than stage 1. Stage 3 has a much coarser microstructure with an average
grains size of 233 um. The texture map shows single maxima and no clear recrystallisation texture. However, this
result is not reliable because there is an insufficient number of grains for such a calculation. It is supposed that
the deformation degree during the final forging was too low for the initiation of recrystallisation during the final
heating. So, the growth of existing grains was preferential, and the microstructure became coarse.

The EBSD data from the original Nebra Sky Disc show medium sized and random oriented grains with
annealing twins and a recrystallisation texture. The grainsize is 65 um. The microstructure of the Nebra Sky Disc
is comparable to the stage 2 replica. The outcome of this result is, that the final manufacturing step of the Nebra
Sky Disc consisted of forging with a high deformation degree, followed by a recrystallisation heat treatment.

Microhardness

The mechanical properties of the samples were measured by micro hardness testing. The results are shown in
Fig. 9. A varying influence of main alloying elements on the hardness can be excluded, because the investigated
samples have nearly the same chemical composition. Thus, only the manufacturing process can influence the
mechanical properties.

The hardness of the cast replica is 64 HV0.1, which corresponds to a usual cast bronze with low tin content.
The replica stage 1 has a somewhat higher hardness (66 HV0.1) as the cast sample. The difference of only 2 HVO0.1
is too low to be doubtlessly caused by forging. But in combination with the results from the microstructural
analysis an influence of the manufacturing process can be expected. A distinct influence of the manufacturing
can be seen in the significantly higher hardness of the replica stage 2 (76 HVO0.1). The hardness results from
the small grain size. During the forging and heating recrystallisation took place, resulting in a fine-grained
microstructure. The hardness increases by fine grain hardening. The tin segregation has no influence on the
hardness, which can be seen from the small spreading of the hardness values. The stage 3 has the lowest hardness
(52 HVO0.1) of all samples, caused by the coarse-grained and annealed microstructure.

The Nebra Sky Disc shows the highest hardness (79 HV0.1) of the samples. This results from the smaller grain
size of the Nebra Sky Disc. Due to the recrystallisation an decreasing grain size led to increasing hardness. The
hardness is the same than it was measured for the replica stage 2.

Discussion

The Nebra Sky Disc is an impressive reflection of the profound astronomical knowledge of the Early Bronze Age
Unétice culture in central Germany. Moreover, it proves the existence of an advanced understanding of metals
treatment during this early period. The manufacturing of this disc differs from the making of other artefacts
from the Early Bronze Age, e.g. the bronze axes. To be fit for purpose, axes must have a high hardness in the
cutting edge. Due to the low tin content of most axes in the Early Bronze Age, production focussed on work
hardening!”. Ornaments or ritual objects had to be durable and visually appealing. Sheet metal ornaments,
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Fig. 9. Micro hardness measurement of the replica stages and the Nebra Sky Disc.

which are especially found in the regions along the Danube, are basically comparable to the Sky Disc in the way
of production, but they are much smaller and thinner'®!°. Extending a cast bronze preform to a disc of 4.6 to
1.5-1.8 mm thickness, requires a complex sequence of heating and forging.

The aim of this work was to clarify the manufacturing process of the Nebra Sky Disc. The comparison of
microstructural properties of the Nebra Sky Disc and different replicas, each of which represents a step of the
possible manufacturing process, allows the identification of analogies and gives evidence on the knowledge of
the smith of the Nebra Sky Disc.

The observations made on the replica represent the microstructural evolution of a bronze during the
treatment. Casting of the bronze is the first step. The fluidity of the melt is limited and inhibits the manufacturing
of the disc only by casting. Thus, it is necessary to cast a preform. During this stage the microstructure consisted
of coarse-grained dendrites. Because of the low solubility in the dendrites, tin enriches in the interdendritic
spaces. Even this preform shows microstructural defects (shrinkage cavities), which is a symptom of the limited
fluidity of the melt.

Consequently, the cast preform must be forged if a thin disc is the desired result. Forging leads to the
formation of dislocations and deformation inside of grains. With increasing deformation, the number of
dislocations rises as the interaction between them. Dislocations block the movability of each other, which lead
to a limited macroscopic deformation behaviour of the material (work hardening). That is the reason why
the deformation behaviour of bronze is limited at room temperature. The high deformation degree, which is
necessary to extend the disc from its preform, can only be reached by an alteration of forging in combination
with a heat treatment. Due to an annealing treatment, dislocations are depleted and the formability increases.
Furthermore, the strength of the material decreases with the increase in the material’s temperature. Hence, it is
consistent to expect that the coppersmith combined the annealing with the forging of the hot metal, because of
the lower forming forces and higher formability of the material. During this process the metal cools down, so the
annealing must be repeated several times to reach the desired disk s shape.

The influence of this process on the microstructure can be seen from the investigated replica during different
stages of hot forging. The cast consists of coarse-grained dendrites. After the first cycle the thickness of the
sample is slightly reduced by plastic deformation. The microstructure can be still characterized as dendritic, with
compressed dendrites. The local tin enrichment is conserved, as well as the shrinkage cavity. For this reason, the
material’s hardness is nearly the same as was measured for the cast sample. The repetition of heating and forging
changes the object’s microstructure. The forging increases the local dislocation density, which serve as nucleus
for recrystallisation processes. During the heat treatment many new grain boundaries form (recrystallisation
heat treatment). Hence, the grain size of the material is reduced. As a result, the materials hardness increases (fine
grain hardening). The shrinkage cavities are compressed due to the forging. The tin distribution becomes as more
homogeneous as the hot forging is repeated. After the last forging step, the material is reheated (stress relief heat
treatment), which is indicated by the random grain orientation and annealing twins. This is done to reduce the
internal stresses and prevent brittle cracking. A bronze axe needs internal stress in order to reach high hardness
and a enable a strong cutting edge. For the Nebra Sky Disc there are no requirements on mechanical properties
but instead on the persistence and dimensional stability. Furthermore, it is necessary to restore the formability,
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because of the further treatment. The golden inlays on the surface of the disc are made by damascening, which
requires local material deformation. Thus, a stress relief heat treatment after the final forging is a reasonable,
even if the exact temperature-time regime was probably not hit during our investigations, resulting in clearly
enlarged grains within the replica disc. Overall, replica step 2 is the most similar to the original disc.

Comparing microstructures of the different replica stages with the Nebra Sky Disc allows us to infer the
manufacturing process of the UNESCO world heritage document. It must be noted that the replica manufacturing
was a manual work, based on the experience of the coppersmith. It is neither possible nor the aim to rebuild the
Nebra Sky Disc with strict and defined parameters. The Nebra Sky Disc is the result of the manual work of an
experienced coppersmith. That’s why it is consistent to rely on an experienced coppersmith to make the replicas.
It is not possible to infer the single steps of the Nebra Sky Disc manufacturing in every single detail because of the
plurality of parameters. However, this study revealed the basic processing. The microstructural characteristics
(grain size, grain orientation, texture, microhardness, tin distribution and morphology of shrinkage cavities) of
the Nebra Sky Disc validate our reconstruction of the manufacturing process. The fine-grained structure is the
result of an alternating hot forging of a cast preform.

Further, it was shown that the microstructure of the Nebra Sky Disc does not correspond to the final replica
disc (stage 3). The larger grain size of the replica could correspond to a low deformation degree in the late stage
of manufacturing, resulting in a grain coarsening instead of a fine grain recrystallization during the heating.
Furthermore, there is a homogeneous tin distribution in the replica. This indicates that the overall deformation
degree of stage 3 is higher than that of the original disc, which shows an inhomogeneous tin distribution.

Surprisingly, the microstructure of the replica stage 2, instead of replica stage 3, is similar to the Nebra Sky
Disc regarding all microstructural properties. This leads to the assumption that the preform was thinner with a
higher diameter than we have chosen for the cast replica. Hence, the necessary repetition of the hot forging for
forming of the disc is lower and the inhomogeneous tin distribution, resulting from the casting, is reduced but
not eliminated.

It is already known that the Nebra Sky Disc was finished after forging by damascening the inlays and, probably,
a patination of the surface'>*. Based on this new microstructural investigation it is now possible to understand
the process of the manufacturing of the bronze disc as well. The result demonstrates the importance of forging in
Bronze Age metallurgy, which is often seen and researched mainly from the perspective of metal casting.

The Nebra Sky Disc is an extraordinary relict of the Early Bronze Age and an impressive example of the
profound knowledge that was available in the Unétice culture. Since it proves a detailed understanding of
astronomic correlations, it became UNESCO Memory of the World. Furthermore, its manufacture was by no
means trivial. While the production of axes and sheet metal jewellery by forging techniques were common
practice in the Central European Early Bronze Age!*!7-192!, the Nebra Sky Disc is, according to current
knowledge, unique in its shape, size and volume. The influence of the Unétice culture on Early Bronze Age
metallurgy has been often discussed, with a particular focus on innovative casting techniques®. In this context,
the Nebra Sky Disc documents, that the Unétice culture craftsmen were excellent and innovative copper smiths
with extensive experience in sophisticated bronze manufacturing, including casting, forging and heat treatment.

Methods

Optical microscopy

For the optical microscopy microsections were made. Therefore, small pieces were cut out of the disc. For stage
1 and stage 2 the samples were taken near the surface where the area impacted by the hammer had an influence
on the microstructural development. The sample of the replica disc originates from the similar position as the
piece of the original Nebra Sky Disc.

Following exploratory experiments, a small approximately square block sample (5 mm wide) was extracted
by the electroerosion method from the original Nebra Sky Disc already in 2002**?*. This sample was used for
metal analyses® [Per10] and the first'! as well as the recent metallographic analyses.

The microsections were ground and polished. For etching two different etchants were used. For contrasting
the grain boundaries, the microsections were etched with a solution of hydrochloric acid and iron (III) chloride.
The colour etching according to Klemm visualises gradients in chemical composition.

Electron microscopy
For the SEM-Analysis the microsections were repolished. As final polishing step alumina suspension with
addition of hydrogen peroxide was used. This resulted in virtually scratch- and deformation-free surfaces.

Energy dispersive X-ray spectroscopy

EDS measurements were performed to analyse inclusions and the chemical gradients shown in the colour etched
microsections. The EDS measurements were done at 20 kV on the polished microsections. For the EDS maps an
area of 354 X275 um were scanned. To apply electrical contact the samples were sputtered with Gold (Au). The
EDS measuring signals for Au were neglected for the analysis.

Electron backscatter diffraction
For EBSD the fine polished microsections were tilted to 70° in the SEM. An area of 354 X 275 pm were scanned
with a step size of 0.8 um. The electron beam was set to 20 kV. The binning of the CCD camera was set to 5X5
to optimize the scan speed while keeping the quality of the pattern. The EBSD pattern were post processed via
reindexing and averaging of neighbour pattern.

The EBSD datasets were visualized as inverse pole figure (IPF) colour coded and Confidence Index (CI)
grey scaled maps. Furthermore, texture analysis was performed as Harmonic Texture Expansion. The harmonic
texture plots are shown as pole figure.
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Hardness measurement
The hardness of the samples was measured by microhardness. The Vickers test with a load of 0.980 N (HV0.1)
was used as the method in accordance with EN ISO 6507-1:2018.

Due to the small available test area on the microsection of the Nebra Sky Disc, as well as to avoid deeper
deformation and alteration of the specimen, the microhardness test was used.

Data availability

The data that is necessary to interpret, verify and extend the research in the article is published in the current
paper.
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