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Abstract

During an archeological excavation project from two discovered cemeteries in Shal village-Khalkhal
of Ardabil province in Iran in March 2019 many metallic objects such as warfare were found. Owing
to the similarities between these discovered and the Mannaeans’ objects, it seems that they could be
suggested for this period. One of these discovered objects is a unique narrow-waist bowl whose
material and processing technique detection is important for archeologists to understand the native
knowledge, technology, art and culture of that region in ancient times. Regarding this, the
microstructure and chemical composition of this object was evaluated using optical as well as
scanning electron microscopes (SEM) equipped with an X-ray energy dispersion spectrometer (EDS).
The results show that the mentioned bowl is a silver-base alloy containing about 2.5 weight percent
copper with a double phase microstructure including silver matrix grains and dispersed fine copper
particles. The metallographic cross-section of this bowl also shows two distinguishable
microstructures of ambient temperature graving induced sever flow/plastic deformation in surfaces
and low energy incomplete recrystallized matrix grains and twining lines in central regions which have
been dynamically formed during production of the bowl via warm hammering. Also some evidence
of galvanic sulfide/sulfate localized corrosion is observed in the under layer of the surfaces just at
the interface of the low energetic central region and high energetic surface layer. In addition,
obsetrvation of the silver chloride and silver sulfide or sulfate/oxide compounds respectively in central
regions and surfaces of the metallographic section indicate internal chlorine corrosion and
sulfide/sulfate corrosion/oxidation in sutface layers of the beaker. However, affirming about the
commencing of the studied beaker needs further precise techniques for quantitative chemical analysis
which are postponed for future investigations.
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Introduction

The bowl was discovered from the Chalade’ermn Shal Khalkhal Cemetery, and is currently in view at Sheikh
Safi Al-Din Ardabili's Archaeological Museum. The site was first excavated in winter of 2019 by treasure
hunters then it was excavated by Cultural Heritage, Tourism and Handicrafts Organization of Ardabil Province,
in the form of an emergency rescue excavation. During this project, two graves were excavated, and
most of the findings were metal objects including weapons, jewelries, etc. [9]. According to the
evidence and physical similarities of the objects obtained from the context, the bowl presumably is
attributed to the Mannaeans’ historical period. The bowl is in the form of a cylinder with less than 0.5
mm thickness in its all area and weight 97.3 grams. It has a height, wide opening diameter and floor
diameter of 13.5 cm, 8 to 9 cm and of 6.5 cm, respectively, with waist narrower than the bottom and
the upper rim. There are also engraving motifs on its outer surface and under the bottom. In order
to complete the findings about the technical knowledge, culture and traditions of the indigenous
people of the region, it was necessary to recognize the material and manufacturing techniques of this
beaker. So this paper is an attempt to answer some questions about the manufacturing techniques of
the mentioned beaker via experimental studying its chemical composition, microstructural
observations and microstructural phase characterizations.

Materials and Methods

In order to estimate the manufacturing method of the Shal bowl, a small sample was cut from the
waist region of this beaker and all preparation stages of a metallographic sample (including: grinding,
polishing and chemical etching) were applied over it. The microstructure and chemical composition
of this object was evaluated using optical model Olympia microscope, as well as scanning electron
microscope (SEM) model Cam Scan MV230 equipped with an X-ray energy dispersion spectrometer
(EDS) model Inca Oxford. Two different types solutions including: (50 ml FeCl3+50 ml HCI+100
ml distilled water), and (2 grams potassium dichromate + 18 ml H2S04 (98%)) were respectively used
for etching then observation of the microstructural particles and the matrix grain boundaries. Also
an as-polished sample was used to evaluate the chemical composition of the sample via a wide area
EDS analysis in the microstructure.

Results

The EDS results of the as polished sample at different points of the bowl show that the studied Sha/
bowl is a silver-base alloy containing about 2.5 weight percent copper (line 1 in Table 1) with a double
phase microstructure including of a silver matrix grains and dispersed fine copper particles (Fig. 9).
The micrographs in (Fgs. 9-11) and EDS results in Table 1 show some oxide, chloride (under surface
area) and sulfide (in surface area) compounds. Also in these figures, two distinguishable
microstructures are obsetved including sever flow/plastic deformation in sutfaces, and low enetrgy
incomplete recrystallized matrix grains and twining lines in central regions.

Discussion

Regarding Ag-Cu phase diagram in Fig. 8 and the chemical composition of .4g-2.5 wt.%Cu for beaker
alloy, the observation of a double phase microstructure (including Ag solid solution | matrix phase
and dispersed fine copper particles on it) in accordance with Fig. 9 (b, ¢) is reasonable for the beaker
alloy.

The above mentioned two distinguishable microstructures in metallographic cross-section of this
beaker (Fig. 7(b) and Figs. (9, 10)) indicate an ambient temperature graving induced sever flow/plastic
deformation in surfaces, and low energy partially recrystallized matrix grains and twining lines in
central regions which have been dynamically formed during production of the bowl. These
microstryctural features indicate that the S4a/bowl has been fabricated via warm hammering (not via
hot forging) at not too high temperature which in only partial recrystallization/twining may have
occurred [31]. The localized sever plastic deformation in surface areas of the sample is attributed to
the aggregation of dislocations [34] near the surface of the sample which has been locally formed
during its ambient temperature graving (Figs. 4 and 5) in final stages of the beaker fabrication. In
addition, some evidence of galvanic sulfide/sulfate localized corrosion is obsetved in the under layer
of the surfaces just on the interface of low energy central region and high energy surface layers (Fig
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9 (a) and Fig. 10). However, affirming about the commencing of the studied bowl needs further
precise techniques for quantitative chemical analysis which are postponed for future investigations.

Conclusion
1. The studied Sha/bowl is a silver-base alloy containing about 2.5 weight percent copper with a
double phase microstructure including silver matrix grains and dispersed fine copper particles.

2. The metallographic cross-section of the beaker also shows two distinguishable microstructures
of ambient temperature graving induced sever flow/plastic deformation in surfaces and low
energy partially recrystallized matrix grains/twining lines in central regions which imply that the
beaker has been fabricated through warm hammering then local surface graving at ambient
temperature.

3. Some evidence of galvanic sulfide/sulfate localized corrosion is observed in the under layer of
the surfaces just at the interface of the low energetic central region and high energetic surface
layer.
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Fig. 4: The picture of the beaker discovered from the Chalade’em area of Khalkhal Shal and sampling location
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Fig. 5: Patterns of the Shal beaker bottom
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Fig. 6: SEM micrographs of the Shal beaker sample in as polished (a) and etched in potassium dichromate solution (b)
representing the EDS analyzed region/points.
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Table 1: The results of EDS microanalysis related to different regions/points in the microstructure of the Shal beaker

in Figure 7.
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Fig. 8: Optical microscopy micrographs of the Shal beaker specimen in: as polished condition (a), after etching at iron
chloride solution (b,c) and after etching at potassium dichromate solution (d,e).
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Fig. 9: SEM (a, b) and optical microscopy micrographs of Shal beaker sample after etching of beaker surface
representing the remained hard working evidences at beaker surface.
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Fig. 10. EDS line scan from the surface towards the center of the cross-section of Shal beaker to evaluate the
distribution of various elements.
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