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Abstract

Undoubtedly, one of the most important man-made objects in history is copper objects and their
alloys, and in this regard, according to the available evidence, its oldest alloy, as copper-arsenic, has an
important role in history. The existence of these works in various sites, especially in southeastern Iran
since the Early Bronze Age, confirms this claim. One of the most significant strategic sites is located
in the southeastern of Iran, is Spidezh. It is one of the most important settlement centers belonging to
the third and second millennium BC, which is located 40 km southwest of Bazman. The site is located
3 km from Makhsan village and about 160 km from Iranshahr. Significant artifacts were brought to
light from Spidezh cemetery such as stamps, ornaments (beads, pins, kohl holder pin, mirrors),
agricultural tools, different types of weapons, etc. Spidezh registered under the number 6745 in the list
of national monuments of Iran. In this study, a number of metal objects in Spidezh cemetery were
examined to identify copper-arsenic compounds and the properties of this alloy. To study these
objects, the SEM-EDS method was used to identify the microstructure of the metal matrix and the
chemical composition of the elements, as well as the metallographic method to study the fabrication
technique and phases studies. SEM-EDX analysis shows that some objects are made of Cu-As-Zn
alloy and others are made of Cu-As alloy by casting and are considered as arsenic-containing bronze
alloys. Arsenic acts as an excellent oxidant element in metal, reducing the porosity of the alloy and
significantly increasing its hardness. Deliberate addition of low levels of arsenic can act as a dioxin in
the samples. Also, the presence of sulfide in the impurities of these objects can be due to the use of
sulfide ores. The amount of calcium and potassium in the EDS spot analysis of the inclusions
indicates that this amount of elements is owing to coal fuel. These elements are considered as flux
charge melt and eventually absorb the slag. The SEM images suggest that the impurities in the whole
matrix of the metal in a point and elongated from can be the reason for the presence of unrefined
copper with spiess in the process of making these works. This discarded waste contains sulfide,
arsenide and iron-like compounds. The uniform and high percentage of 5% arsenic in these works
shows that the manufacturing process of these alloys has been done by Co-Smelting method.
Metallographic studies show that the physical operation on these works was a repetition of a cycle of
cold work and annealing (irradiation) to further shape these works.
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Introduction

Copper alloy containing arsenic is a product of man-made production in the early 5% millennium
BC [1]. There are many sites in the Iranian plateau from the Early Bronze Age that have been
studied. areas are Tappeh Yahya, Shahdad and Meymantabad (25 km southeast of Tehran) could be
consider as typical site in this regard. The alloys obtained from these site have been analyzed using
ICP-MS and PIXE to show that they are arsenical alloy [2,6]. One of the most important and
strategic sites on the Iranian plateau, which is located in the southeastern region of Iranshahr (Fig.
1, A-B), is the Spidezh of Bazman, dating back to third and second millennium BC [12]. The main
purpose of this study is to investigate the microstructure and fabrication of metal artifacts
discovered from Spidezh.

Materials and Methods

The objects studied in this come from Spidezh of Bazman cemetery excavation during 2002-2006
seasons which contains objects such as two axes (1-M, 2-A) and one dagger (3-D). A small cross-
sectional sample of each object was prepared for instrumental analysis and metallography. The
samples were then mounted in epoxy resin. To prepare the samples, they were sanded and polished
using 800 to 4000-degree sandpaper. Finally, diamond (1pm) paste was used for the final polishing.
The samples were etched in FeCls alcoholic solution and examined under microscope (OM). In
order to identify the chemical composition of studied samples, mounted specimens were made by
SEM-EDX method in Razi Metallurgy Laboratory of Tehran. This analysis was performed with a
scanning electron microscope (SEM) model VEGA II, made by TESCAN Company in the Czech
Republic and an X-ray spectrophotometer (EDS) device made in RONTEC, Germany with Quntax
software model QXo.

Result and Discussion

The results of SEM-EDS analysis on dagger (3-D) and two other analyses (2-A, 1-M) from Spidezh
are shown in (table-1). These articles are made with copper base and with a high percentage of 5%
arsenic by Co-Smelting method. The element copper in these works varies from 88.5 to 72.75%
and arsenic from 1.6 to 4.6% in sample matrix. The 2% arsenic content in the samples can cause
discoloration of the surface, creating a silver surface [2]. Low level of arsenic can play a role in
dioxide of these artifacts. The element zinc in two axes varies from 1.25 to 3.20%. This percentage
of zinc can be due to presence of zinc-containing ores such as smithsonite (ZnCOs3), sphalerite
(ZnS) and rosasite (Cu,Zn)2CO3(OH)2 [14] in the observed objects. The main composition of
these two axes is Cu-As-Zn. Also, the high percentage of 2 to 7.5% of iron in the samples of axes
(table-1) is most likely due to the presence of completely refined copper. Identifying this percentage
of iron in a point can be the reason for using spiess to produce spiess from smelting iron ore such
as arsenopyrite (FeAsS), 16lligite (FeAsS2) and scorodite (FeAsO4.2H>0) [8,20,21,22]. In the image
of SEM from the Axe (1-M) in image 4 (B), the stretched veins of iron impurities along the object
are the result of hammering in this work, it is possible that these iron impurity patticles could be
crushed or widened during the hammering, which is quite evident in figure 4, 5(B). The dagger (3-
D) has no sound metal. Metallographic images of axes after etching with FeCls alcohol solution,
microstructure are observed in a complex and scaly from with many strain lines, which is due to the
hard work on these works. Metallographic examination of figure -8 (A, B) shows that the samples
were formed during a cycle with hot and cold work operations and the slip lines in these samples
show that the final operation was done with cold work. The twin lines are also smooth and
elongated and scattered in the metallographic images 8 (A, B) due to the hard work on these
samples. According to figure -1 (B) the phase diagram under casting conditions. One phase may
occur during arsenic solidification, which is phase a-(Cu-As), which is present in the two axes.

Conclusion

According to the SEM-EDS analysis carried out on the objects, it was determined that the axes
discovered from Spidezh were made of alloy Cu-As-Zn and the dagger objects were made of alloy
Cu-As by casting in the mold. Due to the high volatility of arsenic, the concentration of this
material in casting has not been easily controlled and has reduced arsenic. Also in higher formability
stage with heat treatment (Annealing) has caused more arsenic drop from solid solution. Another
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feature of arsenic is that it has been used as an alloy component with copper to produce copper
containing arsenic.
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Table 1: Results of analysis SEM-EDX of three Copper arsenic-containing artifacts obtained from Spidej cemetery

Sample (0] C Cl1 K Ca Fe Cu Zn As Sb Si S Ag
1-Mj-Zon A 20.36 - 8.05 2.45 0.51 4.99 3348 322 357 - - - _
1-M;-Zon B 26.79 - 3.31 227 - 7.36 20.57 - 0.07 - 099 289 _
1-M;-Matrix - - - - - - 88.49 320 4.10 - - - _
2-Ar-Zon A 16.77 - 10.65 - 0.18 1.72 33.28 - 0.07  2.65 - 414 _
2-Ar-ZonB 1218 - 9.93 0.31 - 1.97 30.26 - 0.02 281 - 4.42 _
2-Ap-Matrix - - - - - - 8213 125 4.60 - - - 0.24
3-D-Matrix 12.55 2.63 8.72 - - - 72.75 - 1.59 - - - -
3-D-Zone A  10.34 - 5.11 - - - 82.56 - - - - - -
3-D-Zone B 15.62 1.90 15.78 - 0.92 - 62.37 - 5.38 - - - -
3-D-Zone C  14.11 13.51 7.97 - - - 41.15 - 2.79 - 1.27 - -
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Table 2: The most common minerals containing arsenic

ol sixe 0l Jse
Sulfides and solfosalts Arsenopyrite FeAsS
Arsenical pyrite Fe(As,S)2
Cobaltite CoAsS
Enargite CuzAsSy
Gersdorffite NiAsS
Orpiment AsyS3
Proustite Ag3AsS;
Realger AssSy
Tennantite (Cu,Fe)12As4813
Arsenides Domeykite CusAs
Lollingite FeAs;
Nickeline NiAs
Rammelsbergite NiAs;
Safflorite CoAs;
Sperrylite PtAs;
As (III) Oxides Arsenolite As;O3
Claudite AsyO3
Gebhardite Pbg(As205)OCls
Leiteite ZnAs> Oy
Reinerite Zn3(AsO3)2
Trippkeite CuAsyOy
As (V) oxides Austinite CaZnAsO4OH
Conichalcite CaCuAsO4OH
Erythrite Co3(AsO4)2.8H,0O
Horensite Mg3(AsO4)2.8H0O
Juhenbaumite Cas(AsO4);0H
Mansfieldite AlAsO4.2H,O
Oliverite Cu(AsO4)OH
Sarmientite Fe,AsO4SO4OH.5H,0
Scorodite FeAsO4.2H,O
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Liquid phase separation during smelting

specific gravity

siliceous slag 3—4

Ojs & 49 b (VAY) Keesmann odlw b ¥ S5
(V ko o)l (V2 old (S32 S8 a5 poguase

oo (F ool (7 (e (0]) Mg (i) e I (2 Lo
Fig. 3: Simple design by keesmann. According to the
specific gravity of the compounds, the partial separation
includes: 1-Silicate slag 2-Matte, i.e sulfide (Iron) of
copper 3- Speiss 4- Copper metal
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6: (A, B): SEM-EDX show incolosiobns and irregular cavities and the presence of a light gray phase caused by .Fig
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Fig. 7: microstructure of axe (1-M) in figure A and Axe (2-A) in Figure Bbefore etching: including elongated impuritie of
copper sulfide and iron arsenide in the bronze field
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