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Abstract
The burial ground at Mitterkirchen belongs to the Early Iron Age, respectively, to the Hallstatt culture. A remarkable find 
from Mitterkirchen is approximately 3,000 buttons that were attached to a magnificent coat. Five of these buttons were pro-
vided for nondestructive material examinations using computed tomography (CT). Two of these buttons could be examined 
by metallography, light optical microscope (LOM), scanning electron microscope (SEM) with energy-dispersive X-ray 
analysis (EDX) and X-ray fluorescence examination (XRF). Based on the results of the investigation, it can be assumed that 
the bronze buttons were manufactured by a casting process. The bronze alloys are very different, which suggests the use of 
various starting materials including recycled copper alloys. The microstructure of the bronzes is uniform and, depending 
on their compositions, contains precipitates like Pb and the intermetallic phase  Cu41Sn11. The corrosion layers exhibit a 
pronounced Sn enrichment and contain malachite.
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Introduction

The Iron Age is divided into the Early Iron Age (Hallstatt 
culture) and the Late Iron Age (Latène period). The site that 
gave the Hallstatt period its name is located in Upper Austria 
and is known for the oldest salt mine in the world [1]. In 
Upper Austria, numerous other important archeological sites 
from this period were found. These include, among others, 
the burial mounds of Helpfau-Uttendorf [2] and Gilgenberg-
Gansfuß [3]. However, the best-known site from this period 
is the burial ground at Mitterkirchen [4, 5] (Fig. 1a).

The archaeological site near Mitterkirchen in Upper Aus-
tria is a large Hallstatt period burial ground, dated to the 8th 
century BC. In this period (Ha C), inhumation was predomi-
nant [6, 7]. The site was discovered because archaeological 

objects were repeatedly found as a result of intensive farm-
ing. However, before the unearthing started, some areas of 
the burial ground had already been destroyed. Neverthe-
less, during the archaeological excavations between 1980 
and 1990 numerous sensational finds were discovered. Fifty 
tumuli and eighty burials were unearthed containing many 
burial objects [8, 9]. Noticeable was the find of approxi-
mately 3000 robe buttons that belonged to a ceremonial coat. 
It is assumed that the coat was made of leather, which natu-
rally did not endure. The coat was reconstructed (Fig. 1b) 
[4]. Additionally two impressive chariots were found [4].

The metallurgy of copper extraction and bronze produc-
tion have already been described in detail [10, 11]. The aim 
of material science studies on metallic artifacts is to find out 
details about the manufacturing process as well as the alloy 
composition [12]. In the present investigations, the ques-
tion would be whether the buttons were produced directly 
by casting or by soldering or riveting individual parts. The 
very popular lead isotope analyses to determine the origin 
of the copper were not carried out, because such statements 
are impossible [13, 14].

The approximately 3,000 buttons from Mitterkirchen are 
undoubtedly special, but buttons were also found in other 
graves from this area [15, 16]. So far, buttons from a burial 
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mound in Schandorf have been examined by material inves-
tigations [17].

Experimental Procedures

The five provided buttons were first examined by nonde-
structive methods using micro-computed tomography 
(micro-CT) (VISCOM X8060) and 3D digital microscopy 
(3D-DM) (KEYENCEVHX-5000). Two of the buttons were 
selected for metallographic studies.

Since conventional metallography with cutting and metal-
lographic preparation was not possible for such small objects, 
they were cold mounted twice in epoxy resin. Before the sec-
ond embedding was performed, a cut was made as parallel 
as possible to the eyelet of the button. The metallographic 
preparation and documentation took place in several stages. 
After the desired coarse removal of material, polishing was 
carried out with 9, 3 and 1 μm diamond suspension. Klemm 
2 or  (NH4)2CuCl4 solutions were used to develop the micro-
structure [18]. Light optical microscope (LOM) (Olympus 
GX51with an associated CCD camera) and scanning electron 
microscope (SEM) (company FEI) with backscattered elec-
tron mode (BSE) and energy-dispersive X-ray analysis (EDX) 
(company EDAX) were used for the investigations. The SEM 
worked in low vacuum mode to avoid charging. 20 or25 kV 
were selected as the acceleration voltage for the electrons. 
Additionally, X-ray fluorescence examination (XRF) for an 
average analysis was applied. (Panalytical Axios Advanced 
machine, Rh tube, excitation voltage of 50 kV, tube current 

50 mA, < 10 Pa vacuum. The PanalyticalOmnian standards 
and Panalytical Omnian software were used.)

Results and Discussion

Nondestructive Investigation Methods

The front and back sides of the buttons were documented 
using 3D-DM. The buttons have an average diameter of 
7 mm (Fig. 2). The smallest diameter was 6.2 mm and the 
largest was 8 mm. Due to a certain eccentricity of the but-
tons, fluctuations in diameter are observed.

The eyelets are located centrally at the inside of the but-
tons which was shown in the SEM images in (Fig. 2) and 
additionally different amounts of corrosion products are 
visible, which is probably due to different cleaning and 
restoration.

From a lot of micro-CT images, different sections were 
selected for each button (Fig. 3). The positions of the eyelets 
can be clearly seen in the cross sections. The longitudinal 
cuts show no irregularities in the material, at the transition 
from the eyelet to the button cap. This is an obvious indica-
tion that the buttons were produced by casting.

For metallographic examinations, the buttons M643-A 
and M643-E were selected.

Metallographic Investigations of Two Buttons

To determine the chemical composition of the buttons, XRF 
analyses were carried out at the metallographically prepared 
cross sections. The results are summarized in Table 1.

Fig. 1  (a) Map showing Mitterkirchen in relation to selected Hallstatt culture sites, (b) reconstructed coat (© „OÖ Landesmuseum/OÖLKG“). 
Reprinted with permission conveyed by author Jutta Leskovar on behalf of OÖ Landesmuseum/OÖLKG.
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Fig. 2  Photographs from the investigated buttons. (a–c) M643-A, (d – f) M643-B, (g–i) M643-C, (j–l) M643-D, (m–o) M643-E. (a , b, d, e, g, 
h, j, k, m, n) 3D-DM, (c, f, i, l, o) SEM.
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Fig. 3  CT slices at different 
orientations and high.
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Surprisingly, Pb contents of 1.5 up to 18.8 % by weight 
were detected in the samples. Such high Pb contents and the 
large fluctuations of concentration suggest that the bronze 
was not obtained from fresh raw but from recycled mate-
rial. Studies on hoards have shown that high concentration 
fluctuations are possible by using recycled material [12]. 
Low concentrations of As and Sb may come from the vari-
ous Cu and Sn ores, but it is also suspected that other ores 
such as PbS or  Sb2S3, were intentionally added to the copper 
[19, 20].

The measured Sn contents of 15.1 and 12.7% by weight 
cannot be viewed as composition of the bronze alloy, since 
corrosion products were also present and has to be taken 
into account. It is known that when Sn bronze corrodes, Sn 
accumulates as  SnO2 in the corrosion products [21, 22]. The 
other measured trace impurities are present in concentrations 
of less than 0.6% by weight.

At first, a plane in the cap area of the button M643-A was 
examined and different corroded areas are visible (Fig. 4). 
According to the SEM-EDX analyses, the metallic bulk of 
the bronze contains about 10 wt.% Sn and 2 wt.% S.

The α-phase of the bronze has a grain size between 50 
and 150 µm (Fig. 4b, c).

Other components of the microstructure are  Cu2S, Pb and 
occasionally  Cu41Sn11 (Fig. 4c, d).

One of the corroded locations is an approximately 500 µm 
void with corresponding corrosion products, which consist 
of  Cu2O (in polarized light red) and malachite  (Cu2(CO3)
(OH)2) (in polarized light green) (Fig. 4e–g). The Sn content 
in the corrosion products was enriched up to 50 wt.%.

Grain boundary corrosion was found as well as cracks 
with a depth up to 500 µm (Fig. 4h–j). The crack does not 
run vertically into the metal but at an angle of about 45°. 
This form of corrosion usually follows mechanical stresses 
in the metal, which is caused by manufacturing or use.

A section through the eyelet of the button is shown in 
Fig. 5.

After polishing the cross section is quite homogene-
ous (Fig. 5a). Larger areas of corrosion can be seen in- 
and outside of the cap (Fig. 5b). It seems that corrosion 
started along the grain boundaries and then the corrosion 
zone expanded further (Fig. 5c). An element distribution 
of this area was also made using SEM-EDX (Fig. 6). It can 
be clearly seen that mainly Sn and O are present in the cor-
roded areas and Cu is not present as an oxide. Sulfur in the 
bronze is probably present as  Cu2S and is evenly distributed 
in small precipitates.

Furthermore, cracks with corrosion products were found 
inside the eyelet (Fig. 5d). The image of the etched sample 
(Fig. 5e) shows that the grain size in the cap area is smaller 
than in the eyelet (Fig. 5f –i) and many twins are visible 
(Fig. 5i). Isolated  Cu41Sn11 accumulations, with a size of 40 
up to 60 µm, were found rarely near the surface (Fig. 5j, k).

In the same way, two planes of the M643-E button were 
documented. The first cut was in the area of the cap (Fig. 7). 
After polishing, a striking thick corrosion layer can be seen 
on this button, especially at the outside (Fig. 7a, b). Many 
dark gray inclusions are observable in the polished metallic 
area (Fig. 7c). The etched sample shows a uniform α-phase 
microstructure with grain sizes between 50 and 100 µm and 
some twin grain boundaries (Fig. 7d).

Using SEM-EDX, it was possible to prove that the inclu-
sions are Pb (light spots in SEM-BSE) (Fig. 7e, f).

In the SEM-BSE image the corroded areas appear in two 
layers (Fig. 7e, f). The outer layer is brighter due to a higher 
Sn content (25 wt.%) compared with the darker layer (17 
wt.%). This two-layered structure cannot be detected in the 
LOM and with polarized light only malachite (green) but no 
 Cu2O was observed (Fig. 7g, h).

A second plane was prepared in the area of the eyelet 
(Fig. 8a).

In addition to Pb and  Cu41Sn11 precipitates, the structure 
in this area shows some voids with sizes of up to 20 µm 
(Fig. 8b). The voids can be interpreted as shrink holes 
that were formed during bronze solidification. After etch-
ing, a uniform structure of α-phase with grain sizes of up 
to 150 µm can be seen (Fig. 8c). In the edge zones of the 
cap, the structure is finer-grained than in the center (approx. 
20 µm) and no voids are detected (Fig. 8d, e). This could 
indicate post-processing of the edge.

The eyelet area is heavily corroded (Fig. 8f, g, h). The 
metallic area correlates with the alloy of the button. As can 
be seen from the polarized light image, the corrosion layer 
is malachite (green) and again, no  Cu2O is detected (red). 
Since metallic bronze is still present within the corrosion 
products, it can be concluded that preferential corrosion 
occurs along the grain boundaries. In the SEM image, clear 
differences in brightness can be seen in the corrosion layer 
with higher Sn concentrations at the rim (Fig. 8h). To illus-
trate the previous description, an EDX element distribution 

Table 1  XRF measurements on 
the metallographically prepared 
surfaces, of the buttons M643-A 
and M643-E (wt.%).

Element M643-A M643-E

Cu 83,01 66,80
Sn 15,06 12,68
Pb 1,50 18,80
S 0,18 0,09
Ni 0,08 0,11
Fe n.n. 0,23
As n.n. 0,06
Si 0,18 0,60
P n.n. 0,07
Ca n.n. 0,30
K n.n. 0,09
Al n.n. 0,17
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was recorded from a region of the corrosion layer (Fig. 9). 
Clearly visible is Sn enrichment at the rim of the corroded 
layer. Sulfur and lead impurities of the bronze were addition-
ally shown in the mapping. However, it must be noted that 

the X-ray peaks of Pb and S are very close to each other, and 
therefore, confusion between Pb and S is possible. Phospho-
rus was also measured, maybe originated from the leather 
coat.

Fig. 4  Button M643-A. Plane at the cap. (a) overview, Klemm2 etched (b–j) various microstructures, (b, c, i) Klemm2 etched, LOM, (f, g, j) 
polished, LOM, (g) polarized light, LOM, (d, e, h) SEM.
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Fig. 5  Button M643-A. Plane 
at the eyelet. (a-d) polished 
sample, LOM, (e-k) Klemm2 
etched, LOM.
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The buttons were probably manufactured by casting and 
some mechanical post-processing. There was no evidence 
of soldering or riveting in either the CT or the metallo-
graphic examinations. The structure of the bronze appears 
to be evenly recrystallized α–phase grains and there is no 
noticeable dendritic solidification structure as in case of the 
Schandorf buttons [17].

This could be explained by the fact that the burial in 
Schandorf was a cremation and that in Mitterkirchen was 
an inhumation. Experimental archeology studies have shown 
that during a cremation temperatures can exceed the melting 
point of bronze [23]. Therefore, it is impossible to determine 
whether a solidification structure was formed during the pro-
duction of the buttons or during cremation.

Conclusions

Five buttons of a magnificent coat from the Hallstatt culture 
were investigated.

In addition to characterize the metal alloy, an attempt was 
made to find out how the buttons were manufactured. Not 

only a casting process but also soldering or riveting would 
be possible.

After examination of all buttons using computed tomog-
raphy and 3D-DM or SEM, two buttons were selected for 
metallographic investigations. For both the microstructures 
were documented on two planes.

XRF analyzes on the metallographic sections show very 
different alloy compositions in terms of Sn and Pb additions. 
Thus, it can be concluded that the buttons were, at least 
partially, made from recycled material and not at the same 
time. This seems logical for the production of approximately 
3000 coat buttons. The microstructure of the bronze alloys 
is a duplex grain-sized α-phase with twins and mainly Pb as 
well as  Cu41Sn11 precipitates.

The most likely manufacturing method is casting and 
finishing. It is noticeable that only malachite and no  Cu2O 
were found in the patina layer. The corrosion product  Cu2O 
was only found in cracks. The phenomenon that Sn becomes 
enriched in the corrosion layer was also observed in these 
samples, with an outer corrosion layer containing signifi-
cantly more Sn than the inner one. Other observed corro-
sion types are grain boundary corrosion and stress-induced 
corrosion.

Fig. 6  Button M643-A. SEM-EDX element distribution of a corroded spot.



1127Metallography, Microstructure, and Analysis (2024) 13:1119–1130 

Fig. 7  Button M643-E. Plane at the cap. (a, b) overviews,. (a) polished, LOM, (b) SEM, (c, d, e) bronze microstructure, (c) polished, (d) 
 (NH4)2CuCl4, (e) SEM, (f, g, h) corrosion layer, (f) SEM, (g) polished, LOM, (h) polarized light, LOM.
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Fig. 8  Button M643-E. Plane at the eyelet. (a) overview, LOM, (b–g) microstructures, LOM, (a, c, d, e)  (NH4)2CuCl4 etched, (b, f, g) polished, 
(c, g) polarized light, (h–j) SEM.
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