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Abstract

The artifact studied in this paper is a bimetallic sword made of bronze handle and an
iron blade, which was excavated from the Tol ancient cemetery, located in Talash city,
Gilan province, in 2001 by Mohammad Reza Khaltabari. This research aims to study
the technology and pathology of the mentioned object by conducting comparative and
archeological studies using the library method, conducting technological studies using
the laboratory methods of radiography, metallography, and microstructural observations
using a scanning electron microscope (SEM-EDS). The phase analysis of corrosion
products was done by X-ray diffraction (XRD), as well as knowing the manufacturing
method and identifying the types of damage and corrosion. The result shows that this
work belongs to the Iron Age. Also, the tests performed on the two parts of the handle
and the blade showed that the material of the iron blade is iron-carbon alloy. The amount
of carbon in different parts of the body of blade is not the same and the handle is made
of bronze alloy with casting and hammering techniques. It also has a galvanic corrosion
effect.
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Introduction

Iron and bronze objects have been found among the objects of Talash cemetery that have
been excavated in recent years. Talash iron objects can be found around the 10th century
BCE. In the collection of metal objects, daggers and swords are made of bimetallic iron
and bronze. The production of iron- bronze bimetallic artifacts is one of the techniques
of the Bronze age to the iron transitional period as this type of metal construction usually
dates back to the beginning of the first millennium BCE (Iron Age II). The use of iron in
the northern regions of Iran started about two hundred years later than in other regions
of Iran (Talai, 2008). Regarding the manufacturing techniques, what is at least in the
case of the western half of the Iranian plateau is the use of bimetallic (iron and bronze)
manufacturing techniques.

With careful study and observation, many weapons were made using the combination
of bronze and iron that can be identified in the form of bimetallic daggers and swords in
the North, North-West, Central North and Central Zagros regions.

These objects were normally made of iron blade and bronze handle with the
techniques of hammering and molding.

Considering the distribution of bimetallic objects as well as the homogeneous
techniques used in them, it can be concluded that the technique of making bimetallic
objects were more common in [ron Age societies. Based on technical studies iron
was chosen due to its availability and cheaper means of access compared to bronze in
making the blades of daggers and swords. Carburized iron or steel and not pure Iron
is a preferred material for making tools and weapons due to its superior strength On

the other hand, this can indicate the inability of their makers to mold iron handles.

Fig. 1: Tol- e Talesh Historical Cemetery (Google Map).
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Unlike the handles, which by nature were formed only through molding, iron blades
were made by hammering without the need of molding. Heat treatment of steel makes
the blades stronger sword smiths discovered that by adding charcoal (carbon) during the
iron smelting process, and by quenching to increase hardness, then tempering to take
away the brittleness (Talai, 2008).

Introduction of the work

The object here from Tol ancient cemetery Talash city, Gilan province, in 2001 which
was excavated by Mohammad Reza Khaltabari has a bronze hilt an iron blade and
belongs to the Iron Age II period (early 1st millennium BC).

The head of the handle has two crescent-shaped appendages on both sides, which are
known as ear pommel with a distinct pommel, a two-part split in the shape of earlobes,
intersecting cuttings, a three-part hilt (pommel, grip and guard) and a blade with a
90-degree angle called ear pommel. The blade of the sword is thin and long and made
of iron, which has undergone severe oxidation over time, so that the metal core has
corroded and lost its strength (Khalatbari, 2013).

The dominant color of this object in some parts of the bronze handle is dark and
light greenish-blue, and in limited light green spots on it, When copper reacts with
oxygen, it oxidizes and generates a greenish-blue layer that protects the metal from
further corrosion. and in the part of the blade, it is dark brown with ocher yellow and
white spots. The object has considerable weight for its size, which indicates a metal

core, especially in the intact part of the handle.

Fig. 2: Image of the object during excavation (Khalatbari, 2013).

Fig. 3: The back and top of the object and the side view of the object from both sides.

(Original images: Soraya Mohammadi).
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Fig. 4: Classification of small daggers, size and shape (Edvedskaya, 1982).

This metal artifact is cast in two pieces and its blade is hammered to form a sharp
edge due to its military use. The blade is attached to the handle in a crescent-shaped
part, and the end of the handle has an appendage in the shape of an earlobe, on which
there is a linear depression on both sides, inside these depressions, there is a red-brown
powdery substance which is probably the type of surface contaminated layer in the
excavation environment. blade is very weak and severely corroded, so that about two-
thirds of it has been corroded and lost since the time of excavation. In the studies carried
out, the handle of the excavated object matched the form, size, shape and decorations
of the handle in category 7 in the classification of 9 categories offered in the sources
(Medvedskaya, 1982; Fahimi, 2000).

The seventh group has a special feature, which is that two types of metal are used
in their construction, and the initial part of the dagger handle is shaped like an earlobe.
Examples of this group were obtained in the excavations of Hasanlu IV and areas of
the south of the Republic of Azerbaijan and the Caucasus. This group of daggers mostly
belongs to the early 1st millennium BC (Fahimi, 2000).

Research materials and methods

Radiography: Radiography is one of the important semi-destructive methods that is
used to identify internal defects, both metallic and non-metallic, and is performed based
on the difference in the absorption of penetrating rays by the part under inspection
(Bakhshandehfard, 2010). X-ray imaging provided important contributions to
archaeology. One of the purposes for which radiography is performed is to study the
metal in terms of its structure, whether it has a metal core or not (Scott, 1992) X-rays
are used in radiography, and in this method, three issues should be considered. A) The
material and type of the object b) The amount of potential difference (in kilovolts) ¢)

The amount of current in milliampere per second or minute.
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Non-destructive X-radiography was used in the X-radiography laboratory in Dr. Al-
Hayar Esadi center located in Rasht city, with a potential difference of 70 kV and a
current intensity of 10 mA and irradiating time for 2 min and from 0.5 m distance.

Metallography: Metallography is one of the most useful ways to investigate
the microstructures of historical metals, which is done by examining the polished
section of the metal sample with an optical microscope (Scott, 2002). Metallography
is the examination and study of the cross section of metals and alloys. The purpose
of metallographic study is to determine the internal structure and examine it in terms
of grain size, grain boundary or distribution of grains and phases that make up the
metal. In addition, structural characteristics, some types of effects of mechanical work,
detection of small defects, non-metallic particles, small cracks, and in some cases
determination of chemical elements of alloys can also be included among the goals
of metallographic studies (Scott, 1992). The purpose of chemical etching is to reveal
the different phases that make up the sample. Sometimes, chemical etching is used to
show structural inconsistencies, image constituent phases, surface defects, etc. (Scott,
2002). The microstructure was studied by a polarization microscope model BK-POL/
BK-POLR (equipped with Canon Camera EOS KISS X4 CCD) and was conducted at
the Isfahan Art University Laboratory to obtain information on microstructure as well
the identification of existing structures, possible damage and decorations.

Scanning Electron Microscope: Nowadays, there are various methods for
analyzing metal compounds, and the scanning electron microscope (SEM) is one of
these methods. A scanning electron microscope is a type of electron microscope capable
of photographing surfaces with a magnification of 10 to 500,000 times with a resolution
of less than 1 to 20 nm (depending on the sample) [8]. In this research, field emission
scanning electron microscope (FE-SEM) made by TE-SCAN Company, model MIRA3
was carried out in the SEM laboratory of Razi Applied Science Foundation, Tehran.

X-Ray diffraction: X-ray diffraction (XRD) is a non-destructive method with
several applications and provides comprehensive information about the chemical
composition and crystal structure of natural and industrial materials. Each crystal has its
own unique X-ray pattern, which is used as a fingerprint to determine its identity. The
most widespread use of XRD is in the identification of crystalline compounds based on
their diffraction patterns. The device used in this test was Bruker model DEADVANCE
made in Germany by Razi Metallurgy Research Center.

Results and discussion

Radiography: X-ray radiography has been used in many cases because of its potential
to visualize the internal and invisible parts of an object and provide information in a
completely non-invasive manner. The object studied in this article was subjected to
X-rays by the X-ray machine at Dr. Al-Hayar Esadi radiography located in Rasht city
with a potential difference of 70 kV and a current of 10 mA.
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Fig. 5: The radiographic image of the object, with a potential difference of 100 kV and a

current intensity of 50 mA (Original images: Soraya Mohammadi).

According to radiography observations, due to the high thickness and density and
presence of the metal core, it is completely absorbed by the bronze handle, and due
to the non-destruction of this part, the handle is completely light in color, but on the
contrary, in the blade, due to corrosion and severe damage, only that part of the blade
which has a metal core that has absorbed the rays and other parts are seen in light
color, and this issue is seen in dark gray, light and black colors due to low density and
increased corrosion. The separation line of the blade can be seen in the photo due to the
loss of the metal core.

Metallography: According to metallographic examination, the dendritic structure
of the bronze bundle is clearly visible. This structure indicates that the handle is made
by casting and no other work has been done on it.

Also, in the microscopic observations, it is clear that this phenomenon is called
fractal in the end part of the handle. This phenomenon is possible in objects made by a
casting method (Scott, 2005).

After mounting a small piece of blade and etching it, the following results were
obtained. According to the images, the metal core is in light color and the inclusions and
corrosion are seen in black to light gray color. Inclusions are seen as small and almost
uniform dots in the metal core. The slag streaks are visible as dark bands. The amount
of carbon is more in darker areas and less in lighter areas. Corrosion deposits and iron
oxides can be seen in the boundary areas and grain boundaries. According to the etched
image of the blade sample by the scanning electron microscope (refer to the scanning
electron microscope section), its granulation structure indicates the hammering process.

The microstructure of the blade examined in this study shows that it is wrought and
annealed steel, which was formed during the hardening and it is the result of quenching
in alloys such as iron and carbon, where the material is dramatically hardened by
quenching because of the formation of new phase, martensite. Anumber of morphological
features of pearlite and needle-shaped martensitic were revealed through microscopic
study using deeply etched specimen. Martensite is formed in carbon steels by the rapid
cooling (quenching) of the austenite form of iron at such a high rate that carbon atoms
do not have time to diffuse out of the crystal structure in large enough quantities to form
cementite (Fe3C). It can be said is a kind of steel, made in small crucibles. This cast

steel was widely used for the manufacture of sword blades and other quality products.
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Fig. 6: Specific dendritic structure in the outer part of the end of the handle (Original

images: Soraya Mohammadi).

Fig. 7: (A)- Dendritic structure, copper corrosion in cored dendrites and inclusions with
200 x magnification — (B) - Dendritic structure and copper corrosion in cored dendrites,

with 100 x magnification (Original images: Soraya Mohammadi).

Crucible steel is one of the earliest forms of liquid steel in ancient history. Crucible steel
takes an intermediate position between bloomery or wrought iron (low carbon content,
soft metal, and high melting point) and cast iron (high carbon content, brittle metal, and
low melting point). The conducted studies prove that crucible steel was indeed used
within Sasanian Iran (Craddock, 1995).
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Scanning Electron Microscope: Moreover, In order to observe the microstructure
the iron blade scanning electron microscope dispersive spectroscopy (EDS) was
performed on it, in addition to semi- quantitative analysis for the local determination of
chemical elements in sample. The image in SEM is gathered point by point (14 points)
during the scanning. EDS spectra were collected from a different location on specimen

that were structurally different and different microstructure components were identified.
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Fig. 8 . A Chemical etching image by SEM with 500 x magnification and 50 micrometers
resolution, in SE mode - Original images: Soraya Mohammadi .B- Chemical etching image
by SEM with 10000 x magnification and 2 micrometers resolution, in SE mode (Original

images: Soraya Mohammadi).

In general, the more accurate the calculation of the concentration of the individual
elements, iron, carbon, and oxygen, the materials containing the heavier elements are
scattered, more BSE electrons they have, and therefore therefore, they appear brighter.
Due to the higher concentration of the component, it revealed a bright component.
Brighter areas in the image contain a higher percentage of iron and indicate the presence
of a metallic core. Where the gray areas are dark, the percentage of carbon is higher at
that point. Also, the presence of carbon indicates the structure of the iron-carbon alloy in
the body. It consists of iron oxides. The results reveal the internal structure of the artifact
and structural discontinuities that lead to corrosion.

In these places, the presence of iron oxide corrosion can be seen, and a significant
amount of phosphorus and calcium can be seen. Phosphorus is found as an impurity in
most iron deposits, or its presence causes the production of hard and brittle iron. Most
historical crucible steel artefacts are plain hypereutectic carbon steels, often containing
phosphorus as an additional alloying element. While the higher-than-expected amount

of phosphorus is probably due to the ancient exposure of decaying organic matter and
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deposition and enrichment of phosphorus on corroding iron artifacts as iron phosphate.
Its presence is probably due to the presence of the object in the burial environment;
calcium has entered the sediments and corrosion of the object through soil and moisture.
The amount of aluminum, silicon, potassium and sodium elements which can be in
the form of impurities in the alloy or elements in the soil and surface sediments is also
significant.
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Fig. 9: A- Chemical etching by SEM with 6000 times magnification and resolution of 5
micrometers, in SE mode of ferrite mass - Original images: Soraya Mohammadi B-
Chemical etching image by SEM with 2000 times magnification and resolution of 20

micrometers, in SE mode (Original images: Soraya Mohammadi).
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Fig. 10: A Fig. 13- SEM of an iron sample, with 18 times magnification and 2 mm resolution
in BSE mode - Original images: Soraya Mohammadi B- SEM of an iron sample, with
1500 times magnification and 20 pm resolution in SE mode (Original images: Soraya
Mohammadi).
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X-Ray diffraction

First, the sediments and corrosion of the iron blade and the bronze handle were sampled
separately, and in order to analyze the phase of the corrosion by X-ray, they were tested
by the mentioned method. The qualitative diagram of phase analysis of iron blade is as

follows:
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Fig. 11: Qualitative diagram of phase analysis of iron blade corrosion samples (Original

images: Soraya Mohammadi).

In the results of the phase analysis of iron blades, hematite, goethite, magnetite and
iron, and in the results obtained in the bronze category, basic copper carbonate (azurite)
were observed. Therefore, it can be said that the patina layer, which is blue in color, is
made of azurite. The presence of magnetite is probably due to the deposition of powdery
particles of the blade on the handle. Also, the presence of quartz is probably related to

the soil deposits on the surface of the historical work.
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Fig. 12: Qualitative diagram of the phase analysis of corrosion samples of the bronze handle

(Original images: Soraya Mohammadi).

Identify the type of corrosion
Observations in this work show that severe galvanic corrosion has occurred in the

burial place due to the presence of two metals copper and iron and the presence of
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moisture. When two metals with different potentials, such as iron (-0.44) and copper
(+0.34) are connected, a galvanic cell is formed. A cell in which the energy source is a
chemical potential difference is called a galvanic cell. So the corrosion that happens in
this cell is galvanic corrosion or “bimetallic”. This corrosion is natural. It is completely
electrochemical and the driving force for establishing current and as a result corrosion
is the potential difference that exists between two metals. The tendency of a metal to
galvanic corrosion in the environment in which the metal or alloy is placed is determined
in the galvanic series table. The galvanic series is a list of metals and alloys in which
the metals are arranged based on their relative potentials in a specific environment. In
the galvanic series, the metal corrodes when it can be connected to another metal that
has more Cathodic protection. The further the position of the metal in the table is from
the second metal, the higher the corrosion rate will be. For this reason, the iron blade is
corroded to offer the bronze handle cathodic protection. When two non-homogeneous
metals that are in electrical contact with each other are exposed to a conductive or
corrosive solution, the potential difference between the anode and cathode causes an
electron flow between them. When these two metals are not in electrical contact with
each other, the metal with lower corrosion resistance becomes the anode and the more
resistant metal (in terms of corrosion) becomes the cathode. Galvanic series relationships
are useful as a guide to the selection of metals for bonding, help select metals least
likely to galvanic interactions, or indicate the need or degree of shielding that should
be applied to reduce expected potential interactions. In general, the further apart the
materials are in the galvanic series, the greater the risk of galvanic corrosion, which

must be avoided by design.

Fig. 13: Cathodic protection at the junction of the bronze handle to the iron blade (Original

images: Soraya Mohammadi).
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When these two metals are not in electrical contact with each other, the metal with
lower corrosion resistance becomes the anode and the more resistant metal (in terms
of corrosion) becomes the cathode. Usually, the cathode metal is not corroded in this
type of corrosion, or the corrosion rate is very low. The characteristic of establishing
an electric current between the dissimilar metals has caused this type of corrosion to
be called “galvanic corrosion” or “bimetallic”. Galvanic corrosion is usually more in
places near the joints. Increasing the distance decreases the attacks. This corrosion is
completely electrochemical in nature, and the driving force for the establishment of
current is the result of the potential difference between the two metals. Increasing the
distance decreases the attacks. One of the obvious examples of this type of corrosion is
severe rusting of iron in objects that are made of a combination of iron and copper parts.
In this case, copper remains cathodized and healthy, while iron, anodized, is severely
corroded (Bakhshandehfard, 2010).

Conclusion

1- This sword belongs to the historical period of the Second Iron Age, which is made
of a bronze handle and an iron blade, which was excavated in the cemetery of Tol- ¢
Talesh.

2- According to laboratory studies and metallographic investigations in the way of
making and pathology of the structure, it was observed that the handle of the object
was cast in mold. Also, its iron blade is heated and hammered. These two metals are
connected in the crescent-shaped part of the handle. Metallographic analysis is done
based on the assumption that the microstructure is observed and it shows the dendritic
structure (casting) in the bronze handle and hammering in the iron blade of iron-carbon
alloy. In addition to that, slag impurities were also observed, which are related to the
primary ore in the preparation of the alloy.

3- The chemical examination of the corrosion of a bronze handle was identified as
basic copper carbonate and in the iron blade as iron oxides.

4- Radiographic studies showed that the bronze handle is healthy and has a
metal core, but severe corrosion. It was seen in the iron blade. In corroded parts,
which have a lower density than the metal core, X-rays pass through and are gray
in color.

5- The structural, mineralogical, and compositional features of this artifact were
determined by scanning electron microscopy. In the elemental analysis by SEM scanning
electron microscope of the sample prepared from the iron blade, 14 different points were
examined, and almost all of these points had a significant high level of oxygen, iron and
a low level of carbon.

6- Quantitative and qualitative chemical phase identification of the complex and
multi-layered corrosion products formed on the handle, performed on the bronze

handle, showed basic copper carbonate and quartz compounds, and also in the iron
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blade, iron oxide corrosion products (hematite, magnetite), goethite (oxide hydroxide)

were identified.
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