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Abstract. Archacometallurgical copper-artefacts contain a wide variety of metal admixtures (e.g. Pb,
Bi, As, Sb, Sn) which either originate from the ores or were intentionally added. When the melt
solidifies, these elements can accumulate in different structural areas and form special phases. The
different alloying elements also interact with each other. In order to be able to examine these
interactions, model alloys with different elements (Pb, Bi, As, Sb, Sn) and concentrations (5 or
10 wt.% each) were produced. More simple alloys show a dendritic microstructure and the added
elements accumulate in the interdendritic areas. This is clearly visible for Pb and Bi additions, as both
metals are not soluble in copper. As and Sb form compounds with Cu which precipitate mainly in the
interdendritic regions. Sn is soluble in Cu at lower concentrations and Cu-Sn phases are formed only
at higher concentrations. The resulting microstructures become very complex if more elements are
involved. Finally, they enable us to have a better understanding for microstructures of ancient copper
alloys.

Introduction

The beginnings of copper metallurgy are essentially determined by the available copper ores and
the methods used to extract the metallic copper [1]. Accompanying elements play an important role,
because they remain in the copper to a greater or lesser extent (e.g. Fe, S, As, Sb, Pb) [2, 3]. During
a subsequent production of bronze, the constituents of the two source ores are mixed and can react
with each other (e.g. Sn, Pb) [4]. Further interactions can occur when ores are added intentionally or
unintentionally (e.g. PbS, ZnS, Sb3S») [5, 6].

This means that a prehistoric bronze can contain many elements that interact with each other [7].
The goal of producing test melts is to document and study such interactions and to get a better
assessment for the measured results of historical bronzes.

Experimental Procedure
Melting of the samples.

The individual metal powders were weighed in appropriate ratios, transferred to a quartz crucible and
slightly mixed. This mixture was then covered with carbon powder to prevent oxidation. It was then
heated to approximately 1100 °C in a chamber furnace. When this temperature was reached, the
mixture was left for approximately 15 minutes and subsequently air cooled.

Metallography.

After cutting the samples were cold mounted in epoxy resin. Metallographic preparation started with
plane-grinding, followed by polishing with 9—1 um diamond suspensions.

For etching Klemm 2 and (NH4)2CuCl4 solutions were used.

It should be noted, that due to segregation, the composition of the alloys shown in the images, may
not correspond to the initial concentrations.
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A light optical microscope (LOM) and a scanning electron microscope (SEM) with backscattering
electron (BSE) detector were used. X-ray analysis (EDX) was performed to measure the local
elemental compositions.

Results and Discussion

The interactions between the different metals are based on thermodynamic data illustrated by phase
diagrams. The binary phase diagrams of the investigated metals are all available [8], but not the
ternary or quaternary ones. Therefore, attempts are made to explain the observed microstructures
from the analytical results.

Alloy 10 % Bi, 10 % Pb, balance Cu.

Bi and Pb are insoluble in Cu [8]. Dendritic solidification of copper occurs from the melt and Bi-Pb
are present in the interdendritic regions (Fig. 1a). The dendrites have a length of up to 1 mm. After
etching different coloured dendritic cells are visible due to the diverse orientation of copper (Fig. 1b—
d). Pb is insoluble in Bi, but in the binary system a Pb-Bi phase is formed. Finally, the Pb-Bi phase
and Bi should be present. In the SEM-BSE images, the interdendritic regions of Pb and Bi are visible
as a bright “network” (Fig. le, ).

Alloy 10 % Sb, 10 % Pb, balance Cu.

Sb forms the intermetallic phase CusSb and Pb is insoluble in Cu [8]. This is already visible at the
polished sample where CusSb appears light grey and Pb black (Fig. 2a, b). During solidification of
the melt Cu dendrites are formed first and Sb as well as Pb concentrate in the remaining melt. The
concentration gradients are clearly visible at the etched samples (Fig. 2c, d). The SEM images and
the EDX element distribution obviously show that CusSb and Pb are separated (Fig. 2e—g).

Alloy 10 % As, 10 % Sn, balance Cu.

The interactions of As and Sn in copper are of striking interest for ancient bronzes [3, 9]. Again, a
dendritic structure is formed, but no identification of the individual phases is possible from the etched
samples. (Fig. 3a—d). Sn concentration in Cu increases with progressive solidification. CuzAs forms
in the interdendritic regions. The Cu41Snii phase is subsequently formed during a eutectoid
transformation (Fig. 3e—g).
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Fig. 1. Alloy 10 % Bi, 10 % Pb, balance Cu. (a) polished, (b—d) Klemm 2 etched, (e, f) SEM.
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Fig. 2. Alloy 10 % Sb, 10 % Pb, balance Cu. (a, b) polished, (c, d) (NH4)2CuCl4 etched, (e, f) SEM,
(g) SEM-BSE element distribution.

e ) RS

200 pm 200 pm

Fig. 3. Alloy 10 % As, 10 % Sn, balance Cu. (a, b) Klemm etched, (c, d) (NH4)2CuCl4 etched,
(e, f) SEM, (g) SEM-EDX element distribution.



56 Metallographic, Functional Materials, Polymers and Composites

Alloy 10 % Sb, 10 % Sn, balance Cu.

All binary phase diagrams between Cu, Sb and Sn are very complex, and many intermetallic phases
are possible [8, 10]. Cu forms the dendritic structure and the alloying elements are enriched in the
interdendritic regions (Fig. 4a—d). In the SEM-BSE images, the interdendritic areas appear
homogeneous (Fig. 4e, f). According to the EDX element distribution, the elements Sb and Sn are
present side by side in the interdendritic regions and are not separated (Fig. 4g). It is assumed that the
phases Cu3Sb and Cu41Sni1 are present. It cannot be determined whether or not an Sb-Sn phase had
been formed.

Alloy 5 % Sb, 5 % As, S % Pb, balance Cu.

In this alloy, four elements already interact, making the system considerably more complex.
Looking at the individual elements, Cu3As and CusSb are formed. Pb and As form an eutectic at
2.6 wt.% As, Pb and Sb form one at 11.1 wt.% Sb [8].

Again, in this alloy Cu dendrites are formed first and the alloying elements accumulate in the melt
to solidify in the interdendritic areas (Fig. Sa—d). The intermetallic phases CuzSb, CuszAs and Pb are
expected (Fig. Se, f). Based on the EDX element mappings one can see that As is associated with
both Pb and Sb (Fig. 5g). Since Pb is insoluble in Cu, it is separated.

Alloy 5 % As, S % Sb, S % Sn, balance Cu.

This Cu alloy contains As, Sb and Sn, each 5 wt.%, but no typical solidification structure was
obtained. This quaternary system probably has multiple eutectics and other phase transitions unknown
to us.

The typical dendritic solidification structure of Cu is not observed, but Cu forms elongated bars
instead of dendrites (Fig. 6a—f). Similar to the ternary Sb-Sn-Cu system, the Sb and Sn phases are co-
localized (Fig. 6g).

Complete different is the behaviour of the As compounds: they solidify from a residual melt.

Thus, various microstructures are present, which can be explained by eutectic solidification or
eutectoid transformations. These microstructures overlap, but it was not possible to identify the
individual phases by EDX.
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Fig. 4. Alloy 10 % Sb, 10 % Sn, balance Cu. (a, b) Klemm etched, (c, d) (NH4)2CuCl4 etched,
(e, f) SEM, (g) SEM-EDX element distribution.
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Fig. 5. Alloy 5 % Sb, 5 % As, 5 % Pb, balance Cu. (a) polished, (b) Klemm etched,
(c, d) (NH4)2CuCls etched, (e, f) SEM, (g) SEM-EDX element distribution.
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Fig. 6. Alloy 5 % As, 5 % Sb, 5 % Sn, balance Cu. (a) Klemm etched, (b—d) (NH4)2CuCls etched,
(e, f) SEM, (g) SEM-EDX element distribution.

Summary

For a better understanding of historical copper alloys, various model alloys with Pb, Bi, As, Sb
and Sn additives were molten and investigated by metallography.

Typically, Cu solidifies first, forming dendrites, while the alloying elements are concentrated in
the interdendritic areas. The microstructure of the alloy depends on the amount of Cu, which is
involved in the formation of intermetallic phases. Since Pb and Bi do not form phases with Cu, and
the metals are not soluble in Cu, the interdendritic regions are small. But As, Sb and Sn form
corresponding cupreous phases (CuszAs, CusSb and Cu41Sni1) and so the proportion of Cu dendrites
is reduced and the interdendritic regions increase.

In ternary copper alloys, with a ratio of 10:10:80, a dendritic microstructure is observed, and the
alloying elements accumulate in the interdendritic regions.

This phenomenon is further amplified in quaternary systems with a ratio of 5:5:5:75.

In the system As-Sb-Sn-Cu no dendritic growth is observed due to the formation of different Cu-
containing intermetallic phases.
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