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Abstract

The study of corrosion mechanisms in ancient bronze artifacts,

particularly those from the salty and humid region of Hormuz, Knowledge of
is crucial due to severe corrosion. This article examines a bronze Conservation and
dagger attributed to excavations in Hormuz to analyze its corrosion Restoration

behavior influenced by the environment. Techniques such as X-ray Vol 71 3
0l.7,Issue.3,

imaging, stereomicroscopy, X-ray diffraction (XRD), polarized light Serial Nool 2004

microscopy (PLM), and scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM-EDX) were employed. Results o
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show that most of the dagger has transformed into corrosion products,
includin r i 1 1l ic chlori m
cluding copper and tin oxides, as well as basic chloride compounds Pages: 17 to 38
like atacamite and paratacamite, forming a three-layered corrosion
structure. The corrosion mechanism involves selective dissolution Corresponding Author
of copper, its migration to outer layers, and the concentration of tin . .
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oxide compounds in the central regions, accompanied by chloride ion
penetration. This process has preserved patterns of grain structure and Ph.D. in Consetvation and
thermal twinning in the inner oxide layers, with periodic deposition of ~ Restoration, Researcher in the
copper and tin oxides indicating the formation of a colloidal solution of Field of Metal Artifacts.
copper and tin salts beneath the soil (Scott, 2002; Robbiola et al., 1998).
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Introduction

Tin bronze, a widely used alloy, is of interest to
researchers studying corrosion and conservation
of metal artifacts. The corrosion of these
alloys, due to its complexity, is often studied to
determine conservation strategies. Studies have
shown that corrosion products of bronze artifacts
vary depending on the corrosive environment and
structural characteristics (Scott, 1985; Ingo et al.,
20006). In humid and salty environments, surface
layers of copper(Il) salts form as secondary
products. The corrosion of tin bronzes is often
associated with decuprification, involving the
dissolution of copper and migration of copper
ions outward, leaving tin behind in the inner
regions. This phenomenon leads to internal
oxidation and stabilization of the bronze structure
over time (Robbiola et al., 1998).

Materials and Methods

The island of Hormuz, with its hot and humid
climate, provides an ideal environment for
studying bronze corrosion. A bronze dagger
from Hormuz excavations was examined using
X-ray imaging, stereomicroscopy, XRD, PLM,
and SEM-EDX. Samples of corrosion products
were analyzed using wet chemistry and XRD.
The microstructure was studied using optical and
scanning electron microscopy (Varjavand, 1975;
Karimi, 1994).

Results and Discussion

The results revealed that most of the dagger had

transformed into corrosion products, including
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copper and tin oxides, and basic chloride
compounds. The corrosion layers consisted of
copper(l) and tin(IV) oxides, forming a layered,
sandwich-like structure. The selective dissolution
of copper and its migration to outer layers, along
with the concentration of tin oxide compounds
in the central regions, was the primary corrosion
mechanism. Chloride anions from the salty soil of
Hormuz accelerated the corrosion process (Scott,
2002; Dillmann et al., 2007). Patterns of grain
structure and thermal twinning were preserved
in the inner oxide layers, indicating thermal
and mechanical processing during the dagget's
manufacture (Robbiola et al., 1998).

Conclusion

The study of the bronze dagger attributed to the
historic Hormuz Castle revealed that most of the
artifact had transformed into corrosion products.
The corrosion mechanism involved the selective
dissolution of copper, its migration to outer layers,
and the concentration of tin oxide compounds in
the central regions. The penetration of chloride
anions from the salty soil of Hormuz accelerated
the corrosion process and facilitated the formation
of layered copper and tin oxide compounds.
This study highlights the significant role of
environmental conditions in Hormuz, particulatly
humidity and salt, in the corrosion of bronze
artifacts and underscores the need for specialized
conservation measures to prevent further
deterioration (Scott, 2002; Robbiola et al., 1998).
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Figure 2. Images of bronze daggers dating back to

the Iron Age I, from right to left, obtained from

excavations in Kalardasht, Marlik, Lorestan, and Haft
Tappeh (Casanova & Vallet, 2019).
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Figure 1. Image of a bronze dagger, with green

corrosion products in the separated layers.
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Figure 3. Schematic of Longitudinal and Cross-Sections of the Bronze Dagger.
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Figure 8. a) Stereomicroscope Image (X 25) of the

Corrosion Layers in the Cross-Section of the 4455 b)
Backscattered Electron Image (SEM) of the Corrosion
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¢) Backscattered Electron Image (SEM) of a Section
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Figure 7. a) Sterecomicroscope Image (X 12) of the
Corrosion Layers in the Cross-Section of the Sample;

b) Optical Microscope Image (X125) of the Pattern
in Layer 1; ¢) SEM Image of the Remaining Pattern in

Corrosion Layer No. 1.
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Table 1. Results of EDX Analysis of the Corrosion

Layers in Figure 5.
Corrosion
s Cu% | Sn% | Cl% O%
A 448 |49.84 - 45.68
B 86.61 - 1.54 11.85
C 57.93 - 17.59 22.50
D 806.68 - 2.05 11.27
E 63.48 | 10.15 - 26.37
F 11.66 | 3529 | 5.22 47.83
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Figure 9. XRD Spectrum (at 40 mA Current and 40 kV Voltage) of the Corrosion Products of the Dagger.
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Figure 10. a) Stereomicroscope Image (X50); and b)
Optical Microscope Image (X5/12) of the Sandwich-
Layered Structure of Copper and Tin Oxides
(Corresponding to Layers D and E in Figure 5b.)
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Figure 11. Elemental Distribution Maps of Coppet, Tin, and Chlorine in the Backscattered

Electron Image of the Sample.
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Figure 12. Line Scan of Copper, Tin, and Chlorine Elements in the Cross-Section of the Sample from the Central

Region to the Outer Layers.
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Figure 13. Schematic Diagram of the Two Main Types of Corrosion in Ancient Bronze (Dillmann et al., 2007).
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