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ABSTRACT 
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Co-Supervisor: Prof. Dr. Ali Kalkanlı 

 

 
September 2022, 347 pages 

 

 

Characterization of corrosion layers on iron artifacts and their iron oxide phases are 

important for long term prediction of complex iron corrosion mechanisms in 

different atmospheric conditions for improvements in corrosion resistance of iron 

products as well as maintenance and conservation treatments of iron artifacts. 

Exposed iron components in the Ottoman period historical buildings visually seem 

to be in quite a good state of preservation, in spite of their longterm exposure to 

atmospheric conditions. The purpose of this study was to investigate metallurgical 

and corrosion properties of iron components used in some Ottoman period historical 

buildings to derive information on their technological and corrosion characteristics.  

In this study, some iron components taken from the hammam buildings (Gazi Mihal 

Hammam constructed around 1450 and Kılıç Ali Paşa Hammam around 1580) 

representing the the Classical Period and other iron components from some historical 

dwellings in Foça, Izmir and in Tekkekoy, Samsun representing late Ottoman period 

(19th cc) were examined. 
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The metalurgical properties of the artifacts were investigated in terms of their Brinell 

hardness measurements, elemental composition by spark emission spectrometry and 

the microstructure of the main metal bodies by using a metallographic microscope 

and digital microscope. The corrosion layers were examined on polished and ethced 

cross-sections using µ-Raman spectrometer and SEM-EDX. Powdered samples 

scraped from the corrosion layers were studied by XRD and FTIR. 

All iron objects examined have corrosion layers on their surface where the corrosion 

products are mainly goethite and rarely hematite formed in open air environments 

namely urban, rural (interior, exterior) and burial environment. The goethite 

formation on the iron objects is favorable in open air atmospheric conditions during 

repeated wet-dry cycles at around pH 7-8. The corrosion layers of the objects are 

further classified as perfect, medium and imperfect corrosion layers depending on 

their thickness and compactness. They are mostly composed of nano-sized goethite 

particles with good crystallinity and are free of impurities. The perfect corrosion 

layers have finer nano-sized particles with good crystallinity that is thought to be an 

indication of good stability for goethite in comparison to its amorphous state. The 

protective ability of the corrosion layer is closely related with fine size of goethite 

particles and its compactness. Nano-sized goethite particles appear to have the super-

paramagnetic property affecting the compactness of corrosion layer on the iron 

object.  

The microstructural properties of the historical objects seem to have some influence 

on perfect corrosion layer formation. Objects having perfect corrosion layers have 

finer ferrite grain size. Some elements in the composition of the objects such as 

manganese, carbon, silicon, phosphorous, sulfur, chromium and nickel were further 

discussed for their influence in the formation of protective corrosion layer.  

 

Keywords: Historical Steel, Corrosion Products, Goethite Formation, 

Microstructure, µ-Raman Spectroscopy.  
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ÖZ 

 

OSMANLI DÖNEMİ YAPILARINDA KULLANILAN BAZI DEMİR 

ELEMANLARIN ARKEOMETRİK YÖNDEN İNCELENMESİ 

 
 
 

Yücel, Nurdan 
Doktora, Arkeometri 

Tez Yöneticisi: Prof. Dr. Emine N. Caner Saltık 
Ortak Tez Yöneticisi: Prof. Dr. Ali Kalkanlı 

 

 

Eylül 2022, 347 sayfa 

 

Demir objeler üzerinde atmosferik koşullarda oluşan korozyon tabakalarının ve bu 

tabakaların içeriğindeki demir oksit fazlarının tanımlanma araştırmaları, demir 

ürünlerinin korozyon direncinin uzun bir zaman dilimi için sağlanmasında ve ayrıca 

demir eserlerin bakım ve koruma işlemlerine yönelik ilerlemeler konusundaki 

çalışmalarda önem taşımaktadır. 

Osmanlı dönemi tarihi yapılarında bulunan demir aksamların, uzun süreli atmosferik 

koşullara maruz kalmalarına rağmen görsel olarak oldukça iyi durumda oldukları 

izlenmektedir. Bu çalışmanın amacı, bazı Osmanlı dönemi tarihi yapılarında 

kullanılan demir aksamların metalürjik ve korozyon özelliklerini araştırmak, 

teknolojik ve korozyon özellikleri hakkında bilgi edinmektir. 

Bu çalışmada, Klasik Dönemi temsil eden hamam yapılarından (~1450 yılında 

yapılan Gazi Mihal Hamamı ve ~1580 yılında yapılan Kılıç Ali Paşa Hamamı) alınan 

bazı demir objeler ile geç Osmanlı dönemini (19. yy) temsil eden, Foça, İzmir ve 

Samsun, Tekkeköy'deki bazı tarihi konutlarda kullanılmış olan çeşitli demir parçalar 

incelenmiştir. 
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Eserlerin metalurjik özellikleri, Brinell sertlik değerleri, emisyon spektrometrisi ile 

belirlenen elementel bileşimleri, metalografik mikroskop ve dijital mikroskop 

kullanılarak ana metal gövdelerinin mikro yapı tespit çalışmaları ile araştırılmıştır. 

Korozyon tabakaları, parlatılmış ve dağlanmış kesitlerde µ-Raman spektrometresi 

ve SEM-EDX kullanılarak incelenmiştir. Korozyon tabakalarından kazınan toz 

numuneler ise XRD ve FTIR analizleri ile incelenmiştir. 

Açık hava ortamlarında bulunan tüm demir objelerin yüzeylerindeki korozyon 

tabakasının hemen her zaman götit ve nadiren hematit bileşiminde olduğu 

görülmüştür. Demir objelerin üzerinde götit oluşumu için gereken şartlar, 

tekrarlanan ıslak-kuru döngüler ile açık hava atmosferik koşullarında ve pH 7-8 

civarında sağlanabilmektedir. Demir objelerin üzerindeki korozyon tabakaları ayrıca 

kalınlık ve doluluk durumuna göre mükemmel, orta ve bozuk götit tabakaları olarak 

sınıflandırılmıştır. Mükemmel götit tabakaları çoğunlukla iyi kristal yapıya sahip 

olup, nano boyutlu götit parçacıklarından oluşmakta ve safsızlık içermemektedir. 

Amorf götit parçacıkları ile karşılaştırıldığında mükemmel götit tabakalarının içeriği 

daha dengelidir. Götit tabakasının koruyucu özelliği, götit parçacıklarının ince 

boyutu ve doluluk durumu ile yakından ilişkilidir. Ayrıca, nano boyutlu götit 

parçacıklarının, süper paramanyetik özelliğe sahip olmaları, demir obje üzerindeki 

götit tabakasının doluluk durumunu destekleyen diğer bir parametredir. 

Demir objelerin mikroyapısal özelliklerinin, mükemmel götit tabakası oluşumu 

üzerinde de etkisi olduğu görülmektedir. Mükemmel götit katmanlarına sahip 

objelerin daha küçük boyutta ferrit tanelerinden oluştuğu görülmektedir. Çalışmada 

ayrıca, objelerin bileşiminde bulunan mangan, karbon, silikon fosfor, kükürt, krom 

ve nikel gibi bazı elementlerin koruyucu götit tabakasının oluşumundaki etkileri de 

tartışılmıştır.  

 

Anahtar Kelimeler: Tarihi Demir, Korozyon Ürünleri, Götit Oluşumu, Mikroyapı, 

µ-Raman spektroskopisi.
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CHAPTER 1  

INTRODUCTION  

In a world filled with finite resources, the industry must adapt and embrace 

sustainable practices that benefit our planet. All processes starting from the design 

to reusing / recycling have to be covered not only for the present uses but for the 

future. Learning from the history through the well preserved, successful materials is 

important to improve contemporary materials’ performance and find solutions for 

their maintenance. Due to high demand on the iron / steel use as building materials 

and goods, their corrosion problems become an important subject to be studied. 

Those studies and their findings have contributions on the intelligent use of natural 

resources and environmental protection issues that are the current topics of growing 

importance. Since the production stages of iron / steel components consume huge 

amount of energy and produce carbon emissions to the atmosphere that contributes 

the global warming, the long-term use of iron products is of economic and ecological 

importance.   

Learning from the past experiences is an important approach that can be used to 

improve the performance of today’s materials. The study on the historical materials 

that are in good state of preservation and survival conditions gives an opportunity to 

discover the reasons of success related to those materials. In this study, some iron 

components taken from the hammam buildings (Gazi Mihal Hammam constructed 

around 1450 and Kılıç Ali Paşa Hammam around 1580) representing the the 

Classical Period and other iron components from some historical dwellings in Foça, 

Izmir and in Tekkekoy, Samsun representing late Ottoman period (being 18th – 19th 

centuries) were examined. In addition to those objects that were kept in open 

atmospheric conditions, some iron objects from the excavations in Foça, Izmir 
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belong to the layer indicates the 19th century Ottoman period were also studied.  The 

list of the samples and their descriptions are given at the third chapter of this thesis.  

In Ottoman architecture, iron metal components as construction and structural 

elements such as tie beams, clamps, nails and architectural elements such as door 

and roof framings and window railings were widely used. The objects mostly 

analyzed were the nails together with some door / window related components.  

Conservation of old buildings is an important mission not only for their historical 

value but also for helping the continuation of the materials and structures with 

durable and compatible characteristics that has enabled their survival to our time. In 

literature, many studies focused on the brick, mortar and stone materials used in the 

construction of historical monuments can be found. However, studies on the metallic 

materials, such as iron (steel) products used in the Ottoman period constructions are 

rather rare.  

This study deals with the examination of the corrosion layers formed on the ancient 

well-preserved iron / steel materials. The argument and main objectives of the 

research are explained under the respective subheadings. 

The term “iron” used in the text refers both to the low alloy carbon steel having low 

or medium carbon content in its composition. In the thesis, iron components refer to 

the materials used in the historical buildings or the objects collected from 

excavations.  

1.1 Argument 

Iron components are used in a wide range in buildings either structural or non-

structural elements. They bring both durability and aesthetic features to a monument. 

However, they are mostly ignored by the conservation architects. Conservation of 

cultural heritage is very important, not only because the better understanding the 

properties of materials leads to the better protection of them but also brings benefits 

from the experiences of the past. 
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Control of corrosion for iron and steel is an important problem of industry. Corrosion 

mechanisms are very complex, especially the prediction of their evolution in the long 

term. Laboratory simulations and site exposure aging studies highlight the corrosion 

mechanisms in relatively short periods of time (e.g. around couple of 10 years).as 

detailed in the literature review (Ahlström et al, 2018, Aramendia et al, 2014, 

Morcillo et al, 2013 and 2014, Oh et al, 1999, Wang et al, 2013, Xu et al, 2021, 

Yamashita et al, 1994 and 2007, Zhang et al, 2021). While the ancient monuments 

withstand in well preserved condition, the modern steel elements are sometimes 

observed seriously deteriorated in a few decades whereas some historical steel 

artefacts prove to be resistant to atmospheric corrosion without serious degradations 

(Balasubramaniam, 2000; Bellot-Gurlet et al 2009; Monnier et al 2010; Waseda and 

Suzuki 2005). Although there have been many valuable studies on iron corrosion in 

different aspects, the number of studies with extensive examination of the 

phenomenon is few. There is need to study in more detail the corrosion layer 

formation for the long-term.  

Considered as the classical period of the Ottoman architecture, in 16th and 17th 

centuries iron production activities increased, important iron production centers were 

known to exist in Anatolia and Rumelia (Nerantzis 2009, Eruz 2004). 

Bibliographical surveys have shown that although the Ottoman iron production 

centers (Tanyeli, 1990) and some of the components’ production technology 

(Tanyeli and Geçkinli, 1991) is mentioned, there are not many studies focusing on 

the material properties, deterioration conditions and provenance of iron components 

in Ottoman Period. The scientific studies on where and what kind of productions 

have been practiced are rarely done. For the important structures, such as mosques 

(Süleymaniye Cami ve İmareti) (Çelik, 2009), the constructions have been well 

documented and material purchase information such as purpose, place, amount, and 

date can be obtained. Those documents can help us to discover the raw material 

sources and production sites to produce the related components for those buildings. 

In spite of their long-term exposure to atmospheric conditions, quite a number of 

iron artefacts in Ottoman period historical buildings seem to be in rather good state 
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of preservation. For this reason, it is thought that studies on some the Ottoman period 

iron objects may give important clues on the formation of protective corrosion layer. 

Some investigations on medieval historical iron objects have been performed not 

only in terms of interactions between metal and its environment, but also the 

materials and technological properties (Bellot-Gurlet et al 2009; Monnier et al 2011; 

Balasubramaniam and Kumar 2000).  

Within the analysis techniques, µ-Raman studies have a special importance due to 

the technique proved to be a very powerful analytical method to identify and localize 

iron corrosion phases, and transformation mechanisms at a micrometric scale starting 

from the surface of the metal towards the exterior part of the corrosion layer 

(Colomban 2011, Dillman et al 2007; Feron et al 2004). Therefore, µ-Raman is 

included along with the other analytical tools of this study. 

1.2 Aims and Objectives 

The main aim of the study is to investigate metallurgical and corrosion properties of 

iron components used in some of the Ottoman period historical buildings in relation 

to their environmental conditions. Their corrosion layers are studied in more detail.   

Exposed iron components in Ottoman period historical buildings visually seem to be 

in quite a good state of preservation in spite of their exposure to the atmospheric 

conditions for centuries. In this context, it appears to be important to better evaluate 

and focus on the state of preservation of those iron materials by the examination of 

their corrosion layers and corrosion products as well as their metallurgical properties 

in terms of their composition and microstructure. It is thought that the knowledge on 

ancient iron technology and corrosion characteristics will be useful for the 

conservation of historical iron objects and for today’s iron (steel) industry.  

Throughout the study, the following are the goals and objectives that support the 

main aim: 
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- to identify the individual corrosion products, their relative abundance, and 

distribution in the corrosion layers in order to explain the long-term iron 

corrosion formation mechanisms, 

- to classify the corrosion layers in terms of thickness and compactness 

properties of inner corrosion layers formed on the surface of the iron objects, 

- to investigate the degree of protective ability of the inner corrosion layer 

formed on the main body of the objects,  

- to develop a method for calculation the protective ability index (PAI) value 

for different environments, 

- to explain the formation and importance of nano-sized goethite particles as 

protective layer, 

- to find out the contribution of composition and metallographic properties of 

the low alloy carbon steels on the formation of protective layer, 

- to examine the relationship of corrosion layer with the authenticity of iron 

object belonging to the different periods of time,  

- to make a contribution to the long-term corrosion control of today’s iron and 

steel industry by examining the corrosion layer formation on the historical 

iron objects. 

1.3 Disposition 

This thesis is composed of six chapters, including Introduction, Literature Survey, 

Experimental Methods, Results, Discussion, and Conclusion. 

In the first chapter, following a brief introduction of the thesis, the argument section 

prepared and included the importance of the iron corrosion studies and the 

contribution of the studies conducted on understanding the perfect protective layer 

formation. Aims and objectives were presented very briefly. Finally, the content of 

the thesis was described in the disposition part. 
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In the second chapter, a literature survey was presented, including the studies, 

reviews, and book chapters about the subjects included in the context of this thesis. 

The literature review was based on some previous studies in literature done on the 

use of iron and steel materials as well as the corrosion mechanisms and the protective 

ability of oxide layers on iron and steel in terms of following topics: the use of iron 

and steel as construction components in Ottoman period structures, iron metallurgy, 

production centers and production activities during the 15th, 16th and 19th centuries, 

current iron ore deposits and ore types in Anatolia as well as Balkan regions. The 

review was followed with the iron oxides, their formation and transformation 

characteristics in nature as well as their occurrence on the iron artefacts in terms of 

their main physical properties, solubility and thermodynamic characteristics, 

contribution of environment and minor elements in corrosion control, assessment of 

iron corrosion products for their protective ability; goethite as main protective 

coating.  

The third chapter of the thesis was titled as Experimental Methods. That chapter 

covers two main sections: i) information about the monuments, their collected 

samples and nomenclatures ii) description of the analytical procedures given in 

detail. The description of major analytical equipment, the methods used for 

dimensional, weight and color identification, metallographic analyses in terms of 

chemical analysis with spark emission spectroscopy, hardness and main body 

morphology with metallography microscopes as well as digital microscope and 

morphological and mineralogical analysis of corrosion layers, by using XRD, FTIR, 

SEM-EDX and μ-Raman spectroscopy were done. 

The fourth chapter was titled as Experimental Results that present the results of the 

above-mentioned experiments and analyses together with relevant stereomicroscope, 

metallography microscope, digital microscope and SEM images, as well as spark 

emission analyses, SEM-EDX analyses, µ-Raman spectroscopy analyses with 

location images, PAI calculations, XRD diagrams and FTIR spectra.  
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In the fifth chapter, a brief discussion was made on the comparative and combined 

results of the analyses performed on the historical iron constructional elements from 

15th, 16th and 19th century historical structures to describe their metallurgical 

properties and corrosion performance as well as the properties of protective 

corrosion layers, their related environmental conditions together with related 

literature in the second chapter. 

Finally, the summary of the study, possible environment for the formation of 

protective layer on iron objects, recommendations, and further studies were 

presented in the conclusion chapter. 
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CHAPTER 2  

LITERATURE REVIEW 

Control of corrosion for iron and steel is an important problem of industry not only 

from the economical point of view but also for the sustainability issues due to the 

yearly increased amount of material loss observed in steel structures and components 

are concerned. Corrosion process is a complex phenomenon. Since its control 

depends on better understanding the process, it is the subject of a great number of 

research studies. Quite a number of those research studies concentrate on the 

corrosion behavior of steel in a relatively short period of time (e.g., approximately 

of 10 years) (Ahlström et al, 2018, Aramendia et al, 2014, Morcillo et al, 2013 and 

2014, Oh et al, 1999, Wang et al, 2013, Xu et al, 2021, Yamashita et al, 1994 and 

2004, Zhang et al, 2021) while long-term corrosion behavior is still a question to be 

clarified. Modern steel elements that are exposed to atmospheric conditions are often 

seriously deteriorated in a few decades whereas some historical steel artefacts are 

found to be resistant to atmospheric corrosion without serious degradation 

(Balasubramaniam, 2000 and 2004, Bellot-Gurlet et al, 2009, Monnier et al, 2010, 

Nieuwmeijer, 2005, Waseda and Suzuki, 2005). In Ottoman architecture, there is a 

very wide usage of iron and steel elements in the buildings either as structural or 

non-structural components such as nails, tie rods, clamps and architectural elements 

such as window, door and roof framings. Quite a number of iron elements in those 

buildings seem to be in rather good state of preservation (Aydüz, 2006, Bilgi, 2004, 

Çelik, 2009, Eruz, 2004, Tanyeli 1990, Tanyeli et al, 1990, Uluengin, 2005). 

In this study, some iron objects belonging to historical structures of the Ottoman 

period were selected to be examined for the characteristics of their corrosion 

behavior. Although there exist some studies on the production techniques and the 
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use of iron elements in those historical buildings, detailed laboratory investigations 

on their metallurgical and corrosion characteristics are rather rare (Aydüz, 2006, 

Bilgi, 2004, Çelik, 2009, Eruz, 2004, Tanyeli 1990, Tanyeli et al, 1990).  

In this chapter, some previous studies in literature done on the use of iron and steel 

materials as well as the corrosion mechanisms and the protective ability of oxide 

layers on iron and steel have been reviewed under the following topics:  

- Use of iron and steel as construction components in Ottoman period 

structures, 

- Iron metallurgy, production centers and production activities during the 15th, 

16th and 19th centuries,    

- Current iron ore deposits and ore types in Anatolia, 

- Common iron oxides, their main physical properties, solubility and 

thermodynamic characteristics,   

- Iron corrosion mechanisms related to the characteristics of corrosion layer 

oxides; contribution of environment as outdoor and indoor conditions, 

contribution of minor elements in corrosion control, 

- Assessment of iron corrosion products for their protective ability; goethite as 

main protective coating,  

- Importance of µ-Raman spectroscopic analysis in corrosion studies in 

combination with other analytical methods such as FTIR, XRD, SEM-EDX 

and digital microscopy.  

2.1 Use of Iron and Steel as Construction Components in Historical Structures 

of the Ottoman Period 

Iron use as a building material in the Ottoman architecture can be divided into two 

main groups (Tanyeli 1990, Tanyeli and Tanyeli, 1993): 

• Non-structural iron elements 

• Structural iron elements 
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Non-structural iron elements are window railings with/without balls (lokmalı / 

lokmasız), iron components of timber window frames and doors, iron pipelines (the 

oldest example being a fountain made/built for Nakşidil Sultan), stairs, balusters 

(railings), oil lamp hangers, iron doors, iron sheets nailed on the wooden doors, 

window and door hinges, window and door hooks, window and door shutters, garden 

railings, iron accessories mounted on the walls (e.g., rings for hanging purpose), 

balcony railings, door lock parts, nails, chains, etc. (Tanyeli 1990, Tanyeli and 

Tanyeli 1993, Uluengin 2005, Serpil 2009, Batur 2009). 

Structural iron  elements are identified as nails, clamps (kened), dowels (zıvana), tie-

rods (gergiler), auxiliary beams (yardımcı kirişler), transition elements (geçiş 

ögeleri), jointing elements (bağlantı ögeleri), load bearing columns (taşıyıcı 

kolonlar), buttresses (payanda) for roofing, balconies and cantilevers (çıkma), 

supporting systems (simple support, column supports, iron rings/grommet supports 

(simitli mesnetleme), sword supports (kılıçlı mesnetleme)), tension swords, iron 

frameworks in domes, infrastructure collar beams (altyapı kuşaklamaları) and 

roofing collar beams (örtü kuşaklamaları) (Tanyeli 1990, Tanyeli and Tanyeli 1993, 

Uluengin 2005, Çelik 2009, Batur 2009). 

2.2 Ottoman Period Iron Metallurgy 

In this sub-chapter iron production centers, trade activities and studies on iron goods 

and production processes in Ottoman land during the 15th, 16th and 19th centuries 

as well as current iron ore deposits and ore types in Anatolia have been briefly 

reviewed. 

2.2.1 Iron production centers and trade activities during the 15th, 16th and 

19th centuries 

By the middle of the 1300s the Ottomans were able to control Asia Minor where they 

had crossed the Dardanelles and started to expand towards Europe (Danışman 2007). 
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Both Seljuk and Ottoman Turks are thought to contribute to the transfer of iron 

production technology between Far East and the Western world, particularly 

between China and Europe (Danışman 2007).  

During Mehmed II’s reign, the Ottoman conquests in the Balkans and Anatolia led 

to an increase in mineral reserves and in their diversity along with military and 

political achievements. After the conquest of the Balkan area, especially in the 

Bulgarian and Serbian territories, the Ottomans gained the iron ore mines and 

became rich due to iron production (Ayduz, 2006). Most of the Balkan mines were 

conquered by the Ottomans through the second half of the 15th century and first 

decades of the 16th century. The iron production and metallurgy achieved its highest 

level in 1540’s and 1550’s in comparison to Europe and other parts of the world 

(Eruz 2004). The Balkans and Rumelia were the main suppliers for Istanbul and its 

environs. Iron technology and its trade started to slow down in the years between 

1580-1640 and its decline became sharper thereafter (Stoianovich, 1994).  

There were many production centers in Anatolia even though the state did not 

interfere or pay much attention. Important iron production centers in Anatolia were 

within the Erzincan province, Sivas, Bilecik, the Marmara region near Kırklareli and 

Sakarya. However, Rumelia - Bulgaria, Bosnia (Dobnice, Kostendil, Sofia, Etrebolu, 

Samakov, Filibe and Tatarpazarı), Yugoslavia (Eğri Palanga and Kratova) and 

Kırklareli (Demirköy) - always had a major role in the iron production industry 

because of their accessibility to Istanbul (Eruz 2004). Maps (Figures 2.1 and 2.2) are 

given to show the most important iron ore deposits and production centers in the 

Ottoman period (Tanyeli 1990).   

 



 
 

13 

  
Figure 2. 1 The most important iron ore deposits and production centers in Rumelia 
in the Ottoman period (Tanyeli 1990). 
 

 
Figure 2. 2 The important iron ore deposits and production centers in Anatolia in the 
Ottoman period (http://www.maden.org.tr/resimler/ekler/bd987257ff0eddc_ek.pdf) 

http://www.maden.org.tr/resimler/ekler/bd987257ff0eddc_ek.pdf
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There exist some important documents related to the Anatolian iron production 

centers. The oldest text mentioning iron reinforcement elements in the 1700’s is 

“Tarih-i Cami-i Şerif-i Nur-i Osmani” written by Ahmed Efendi (Çelik, 2009). In 

his study, he mentions the iron collar beams. The construction notebooks of 

“Süleymaniye Cami ve İmareti İnşaatı” (Suleymaniye Mosque and its Complexes) 

from the historical archives have been extensively studied by several authors such as 

Ö. L. Barkan (1972-1979) and S. Çelik (2009). In addition, M. Erdoğan (1953, 1955) 

has studied the Ottoman period architecture regarding various buildings. Those 

sources give important information on iron elements used in Ottoman period 

buildings. 

In the 16th century the most important production centers in Anatolia were Kiği in 

Erzincan province and Bilecik in Marmara Region. The other main centers were 

Gerecgan (Kockıran) in Van province and Divriği (Sivas) where most nails were 

produced (Tanyeli 1990, Eruz 2004). However, there is no precise information about 

the production of constructional iron elements in those locations although the records 

show that iron materials were sent to Istanbul, Baghdad and Romania from Kiği in 

the 16th and 17th centuries (Tanyeli, 1990, Tanyeli and Tanyeli 1993). 

In the 16th century, there were 67 iron bloomeries (demir ergitme ocağı) in Bilecik, 

used for the production of cannon balls. There is no information whether those iron 

products were sent to Istanbul or not. Iron materials were quite probably sent to 

middle and western Anatolia to be used in building constructions because of the ease 

of transportation. However, after the 17th century, the production stopped in Bilecik 

whereas the centers of Samakov in Rumelia and Niş state in Western Anatolia were 

still active. 

Rumelia was a predominantly important region for the iron production industry. The 

three key reasons were: ore deposits, charcoal and constant flow of water supply all 

year round. Besides, Istanbul, being close to Rumelia, was the main consumption 

center. 
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The other important production centers were without any doubt Eğripalanga and 

Kratova in Yugoslavia and the south part of Bulgaria.  The Ottomans captured 

Kratova mines just after the Kosovo Battle (1389) and those regions are considered 

be active starting from the 15th century. 

For the Süleymaniye Mosque, iron materials were brought from Samakov and 

Kuziçe in Bulgaria.  Some of those materials were ahen (iron-demir), ahen-i ham 

(raw iron-ham demir), ahen-i çubuk (bar iron-çubuk demir), pareha-i ahen (iron 

pieces-demir parça), çelik-i sızdırma (drain steel-akıtma çeliği), çelik-i frengi 

(European steel-Avrupa çeliği), kiriş-i kubbe (dome beam- kubbe kirişi), kiriş-i 

büzürk (big roof tile-büyük kiremit), kened-i büzürk (big clamp-büyük kened), 

kened-i frengi (European clamp- Avrupa kenedi), mismar-ı sağış (small nails-küçük 

çivi), mismar-ı çıbuk (timber nails-ahşap çivisi), etc. (Tanyeli 1990, Çelik 2009).  

The nails were ordered from Kuziçe whereas the other iron materials were provided 

by Samakov. Çelik’s research indicates that the material order was initially made 

about one month prior to the start of the construction (Çelik 2009).  

In the Ottoman period, iron trade with Western Europe dates back to the 14th 

century. Starting from the 1370’s the iron ingot trade including all other strategic 

materials that are essential for weapons and war were banned by the Christian Rulers 

to Ottoman Turks and Muslims (Inalcık, 1957, Parry 1970). However, the trade of 

those materials continued from the West mainly by Genoese and Venetian merchants 

throughout centuries. The Ottoman authorities encouraged those trades by giving 

some privileges to the above-mentioned merchants. Bartolomeo de Giano who lived 

in Istanbul in 1438 wrote letters to Venetian authorities mentioning that he had seen 

Venetian, Genoese, other Italian (Latin) and Western merchants shipping iron and 

steel in abundance to Gallipoli, Adrianople and Pera. The excuse of those merchants 

was that they did not sell the goods to Turks, but to Jews and Greeks (Ayduz, 2006). 

The archive documents related to the accounting books are valuable sources for the 

trade activities related to iron either as raw or finished material. Foundries in 

Dubrovnik which produced cannons and firearms were main suppliers to the Balkans 
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and Venice. For example, the Ottoman army used cannons supplied by Dubrovnik 

in the Kosovo battle in 1389 against Christians (Ayduz, 2006).  During the reigns of 

Selim the Ist and Suleiman the Ist, Frankish steel was bought to cast the cannons as 

written in the Tophane-i Amire accounting books. An accounting book dated 1500 

A.D. indicates that cannons were casted in Volona (Avlonya) and Preveza for the 

Ottoman Navy. It is also indicated that the Ottomans bought iron wires for cannons 

to be casted in place. Those iron materials were kept in imperial foundry warehouses 

and stores. Another accounting book indicates that during the reign of Selim the 2nd 

in the year 1597, a request was made to the Venetians to send 1000 kantar (54000 

kg) iron (steel) to Egypt (Ayduz, 2006).  

During the classical period, Ottoman mines were run by state monopoly due to their 

military and financial precedence. Hungarian and German cannon masters worked 

for Sultan Mehmed the 2nd (Ayduz, 2006). Mainly non-Muslim experts 

(foundrymen) worked in the foundries. In fact, the French ambassador to Istanbul of 

the period 1547-48 reports that besides Jewish masters, German, French, Spanish, 

Venetian, Genoese and Sicilian experts worked at Tophane-i Amire or at the Imperial 

Cannon Foundry (Ayduz, 2006).  

In the 16th century, iron use increased for building constructions; in the Balkans, 

especially Samakov became the main production centers where not only long iron 

rods were produced by forging (ordered as per the project length) but also small 

items as clamp, dowels, nails, etc (Tanyeli and Tanyeli 1993). 

For the Ottomans an important iron mining and iron material production center was 

Samakocuk (Demirköy) which is in present Kırklareli. A document dated 1696 

regarding Demirköy mentions that the state built some workshops in the village. The 

state continued to produce iron ingot and iron goods starting from the end of the 17th 

century until the last quarter of the 19th century (Danişman et al, 2012). Evidences 

on iron production in the 17th century were found in the excavations in Demirköy 

where findings such as shaft (bloomery) furnaces, water canals, water wheels, 

bellows, heavy hammer and anvil, heap of slag, nails were obtained (Danışman, 
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2007, Danışman, et. al. 2006, Danişman et al, 2012). After the 17th century, it seems 

that the state did not operate any iron production centers in those regions and that 

those centers have been operated by private companies (Danışman, et. al. 2006). 

In the 18th century, iron products for Istanbul and its environs were mainly obtained 

from South-west Bulgaria and Yugoslavia. It seems that the Ottomans were not 

satisfied with the quality of iron products from Rumelia. In consequence, they made 

some efforts to encourage the improvement of iron technology in production centers 

in Anatolia. However, those productions were not sufficient and the iron trade was 

intensified with Western Europe (Danışman, et. al. 2006, Eruz 2004).  

2.3 Iron Ore Deposits in Anatolia at Present 

Turkey has iron ore deposits in Anatolia having a capacity of around 83 million tons. 

Those deposits are active mainly in the following regions – Divriği, Bingöl (Avnik 

Mines), Erzincan, Malatya, Kayseri, Kesikköprü, Balıkesir and Adapazarı (Figure 

2.3 and Table 2.1). The iron ore deposits are classified in terms of their capacity as 

below (DPT Report, 2001): 

1) Sivas Divriği - Malatya - Erzincan Region: The largest iron ore region of Turkey 

due to its content and high-grade. It is also expected to be the iron mining center of 

Turkey in the future. 

2) Kayseri - Adana Region: The second important iron ore region of Turkey having 

high-grade ore and meeting a significant part of the needs of iron and steel factories 

in the country.  

3) Ankara - Kesikköprü Region: The main iron ore source for the Karabük Iron - 

Steel Facilities since many years. 

4) Western Anatolia Region: Although the iron deposits are generally of high grade, 

they contain considerable impurities to be eliminated.  
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5) Other regions: Spread over different parts of Turkey such as Bingöl - Genç - 

Avnik; Sakarya - Karasu - Çamdağ; Payas; İçel; Bitlis - Meşesürü - Öküzyatağı; 

Adıyaman - Çelikhan - Bulam; Kahraman Maraş - Beritdağı and Yozgat - Sarıkaya, 

etc. The mentioned deposits mostly require enrichment processes to eliminate the 

impurities they contain. 

Divriği (Sivas) is the largest iron production center in the country. Both hematite and 

magnetite ores are processed there. Divriği iron ore deposits contain some tourmaline 

and skarn minerals. The main iron ore minerals in the reserves of Anatolia are given 

in Table 2.1. Iron ores in nature are magnetite (Fe3O4), hematite (Fe2O3), limonite 

(α-FeOOH.2H2O), goethite (α-FeOOH), siderite (FeCO3) and pyrite (FeS2) minerals. 

MTA (Turkish General Directorate of Mineral Research and Exploration) reports 

that the main iron ore reserves in Turkey have a rich iron content of 55% Fe on the 

average. Due to low levels of iron ore processing, iron and steel industry in Turkey 

relies on imports of ingots, mainly from Brazil, Russia, Sweden and Ukraine. 

However, Turkey is Europe’s first-ranked and world’s seventh-ranked crude steel 

producer with 40.4 million tons in 2021 as indicated in the statistics of the World 

Steel Association. Crude steel is the first usable form of steel as ingots, semi-finished 

products (billets, blooms, slabs), and liquid steel for castings. As a matter of fact, 

iron and steel industry is the largest and the most dynamic industry in the world. 

Currently, the world’s most important engineering and construction materials are 

iron and steel. The importance of the iron and steel industry is not only due to its 

economic aspect but also to relevant issues on technological development, 

environmental protection and social sustainability. Since Turkey has been an 

important country in steel industry throughout history, an additional concern is the 

importance of conservation of iron objects in historical structures. The survival of 

iron objects in many historical structures in Turkey up to present day prove their 

durability properties and the importance of production technologies used in the past. 

At that point, detailed research on the corrosion characteristics and technological 

properties of historical steel objects seems to be an important field of study.  
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Table 2. 1 Some Regions in Anatolia and the Balkans and their iron ore reserves. 
Location Fe Ore Type 

Sivas Divriği - Malatya Region Mainly: hematite and magnetite1 
Kayseri - Adana Region  Mainly: hematite, goethite and siderite with 

some siderite, pyrite, limonite2 
Ankara - Kırşehir Region Mainly: magnetite and pyrite with hematite, 

goethite, chalcopyrite and marcasite3 

İçel Region Mainly: hematite with limonite and siderite4 
Payas Kilis Region Mainly: hematite, goethite, maghemite with 

quartz, berthierine and diasphorite5 
Giresun Region Mainly: magnetite with pyrite and 

chalcopyrite6 
Sakarya - Çamdağ Region Mainly: hematite, chamosite, siderite7,  
Çanakkale - Balıkesir Region Mainly: hematite,8,9, magnetite, pyrite and 

chalcopyrite9 
Kütahya Region Mainly: magnetite, hematite, pyrite, marcasite, 

ilmenite, limonite10 
Aydın - İzmir Region Mainly: hematite, magnetite with limonite and 

pyrite11 
Kırklareli Demirköy Region Mainly: hematite and magnetite together with 

goethite-limonite12  
Sources: 1Yıldız, 2010, 2Tiringa, et al, 2009, 3Koç, et al, 2008, 4Arıkan, 1969, 5Koç, 

et al 1991, 6Kurt, 2014, 7MTA Report 1980, 8Ertin, 2001, 9Çağlan, et al, 2016, 

10Cengiz, 2018, 11Öztunalı, 1965, 12Tiringa, et al, 2019. 
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2.4 Studies on Iron Goods and Production Processes in Ottoman Land 

In the Ottoman period, iron production and trade of iron and steel goods were of high 

importance. However, limited information is available on the specific sources of iron 

supply and production centers through the 16th and 18th centuries across the wide 

geography under the Ottoman rule (Eruz, 2004). The Ottoman central administration 

took the control in hand and supervised the use of resources even for local needs. 

Rumelia always had a major role in iron production industry because of its ores, 

charcoal, constant water power and climate (Eruz 2004) as well as its importance in 

supplying goods to Istanbul.  

The production techniques of those objects were either forging or casting. During 

the mentioned periods, most of the constructional iron/steel objects such as beams, 

clamps, nails, etc. were produced by forging, but window railing balls (lokma) and 

cannons were casted (Tanyeli 1990, Eruz 2004).  Those forged objects were 

produced at either local production centers (small workshops) for small objects or 

large workshops especially for long structural beams made of one piece (e.g., 17 m) 

such as the ones in Selimiye Mosque. However, it is difficult to determine the 

distance of the production to the raw material supply location. The forging methods 

such as hot, cold or repeated forging and the impurities in the raw materials are 

known to influence the performance properties of iron and steel goods at production 

state (Tanyeli et al, 1990).    

Producing an iron object needs skilled masters starting from the treatment of raw 

materials, followed by melting and shaping processes (Figure 2.4). The ore is 

extracted to metallic iron by smelting after roasting it in a fire to remove unwanted 

material. Hence, during the ancient periods, it was important for the mines to be close 

to the sources such as fuel (charcoal) and water power. 
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Figure 2. 4 Four main stages of production process for iron goods (Hodges 1964). 
 
 
In Anatolia, during the late Hittite and Iron age, the earliest smelting method was 

bloomery smelting. The process continued with shaping the iron by forging or 

casting at the smithy (Tylecote, 1976, Yalçın, 2008). A bloomery furnace was made 

of earth or clay with a chimney and the pipes close to the bottom to allow air to come 

in by an opening at the bottom. It was used for smelting the iron ore from its oxides 

and to produce a porous mass of iron called a bloom and slag. The porous mass of 

iron, also termed as sponge iron, was then shaped. The bloomery smelting method 

continued into the post-medieval period but began to be superseded by blast furnace 

smelting around late 15th century (Tylecote 1976). By the 1500’s, two types of 

smelting furnaces continued to be used: bloomery furnaces for wrought iron and blast 

furnaces (yüksek fırın) for producing pig iron (Tylecote 1976). Pig iron is produced 

by using fuel (coke), iron ore and a flux, generally limestone (CaCO3), in a blast 

furnace with continuous air supply by a series of pipes at the lower section of the 

furnace. As a result, pig iron as molten metal and slag phases are collected from the 

bottom of the furnace (Schmult, 2016). The quality of steel depends on the slag 

remnants which are obtained during the smelting process done by either a bloomery 

furnace or a blast furnace. The bloom then needs to be purified with repeated heating 

and hammering, the process being called forging.  

The ancient metallurgy and metalwork in Anatolia dates back to very early ages – 

from the 9th millennium B.C., towards the 2nd millennium B.C. - as described by 

Yalçın (2008, 2012) and Biber, et al (2008). Phrygians and Urartians were the most 

important nations during the Iron Age (Bilgi 2004, Biber, et al 2008). Iron metallurgy 

predominantly started after the 2nd millennium B.C. and the products were mainly 

weapons, tools, sculptures (figurines) and jewelry (Yalçın, 2008, Bilgi, 2004). Both 
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hammering and casting processes were used for shaping (Bilgi 2004, Biber, et al 

2008). The first metallurgists obtained steel in bloomery furnaces.  Mostly figurines, 

arrowheads and fibulas were casted. Other iron products were usually produced by 

hammering at the smithy (Bilgi, 2004, Yalçın, 2008, Biber, et al 2008).  

Another process used for iron production is known as the crucible process. It 

involves the heating of either blister steel fragments or short lengths of wrought iron 

bars mixed with charcoal inside fire clay crucibles. The resulting molten steel is 

allowed to run through iron molds. The steel obtained is called cast iron. Cast steel 

is hard and homogenous. 

The ancient artifacts that were mainly observed as low carbon steels were either 

produced directly by the bloomery process or the cementation process. Cementation 

process is a method to introduce carbon as powder to the steel by heat treatment 

around 700°C and the carbon amount in the composition is usually around 0.75% to 

1.5%. The conditions slowly diffuse carbon into iron and cause the carbon to become 

dissolved in the iron, raising the carbon percentage. In antiquity, cementation was 

done on the anvil during forging to allow bloom to absorb carbon from charcoal, but 

this process was very slow at room temperature (Hodges, 1964). 

As the final shaping phase of steel, forging is known as the main process during the 

historical periods. For iron and steel forging, the iron is brought to red heat and 

forged generally with a hammer on a flat surfaced anvil while it is hot. If necessary, 

the process continues by repeated heating and hammering to remove impurities from 

inside the steel body as newly formed oxides (Hodges 1964). However, this process 

needs good mastership in order not to create further problems such as increase in 

brittleness in the iron material while forging. Brittleness problem occurs if the steel 

is over-heated (hot shortness) in presence of high sulfur content or less-heated (cold 

shortness) in presence of high phosphorous content coming from the ores. As a 

result, those materials need to be re-melted. Thinning (drawing) and bending 

processes continue on anvil by hammering. When needed, the final shape is given 

by hammering the soft iron to pass through a hole in order to obtain the desired shape.     
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As mentioned before, this study is focused on the Ottoman Period iron production 

with an emphasis on the objects used in Ottoman buildings starting from the 15th 

century onwards. Since Rumelia had important iron production centers in the 

Ottoman period, findings from recent excavations in Kırklareli - Demirköy foundries 

and workshops are of special interest (Danışman et al, 2006, 2007, Ozbal et al, 2008, 

Ozbal 2010, Danışman and Ozbal, 2010). The excavations in Demirköy 

(Samakocuk), where production continued until the beginning of the 20th century, 

show that foundries (workshops) were built near the bed of rivers enabling the 

continuous energy supply necessary for foundry processes (Danışman et al, 2006, 

Danışman and Ozbal 2010). Small foundries and workshops rented from the state 

were operated by private sectors as sub-contractors. However, the blast-furnaces 

were operated by the state. The initial archaeometric studies done on the findings 

collected during the excavations in Demirköy (Samakocuk) exhibit the concurrent 

use of blast furnaces and bloomery furnaces for iron production (Danışman et al, 

2006, Danışman and Ozbal 2010).  

Some iron materials such as slag, nail, cannon ball, iron hammer, iron clamp of a 

wooden water wheel, iron blower, iron ingots of blast furnaces and spongy-like 

ingots (bloom) from the bloomery furnaces were found during the 2002 - 2008 

excavation seasons in Demirköy (Danışman et al, 2007, Ozbal et al, 2008, Ozbal 

2010, Danışman and Ozbal 2010). Rectangular nails were abundantly found during 

the excavations. In addition, documents from the Ottoman archives indicate supply 

of nails for the construction of some buildings nearby Saray township (Danışman et 

al 2007). The microstructural investigations performed on the bloom samples 

revealed some coal and slag composed of wüstite (50-60% FeO), fayalite and 

anorthite containing regions (Ozbal et al, 2008, Danışman and Ozbal 2010). The 

blooms containing 0.23% carbon and some undefined iron materials containing 0.6% 

carbon were classified as low carbon steels with ferrite grains and inclusions (Ozbal 

et al, 2008). The nail artefacts with a square-shaped body having ferritic structure 

showed the signs of hammering and were produced from the blooms with similar 

methods used in the Ottoman period (Ozbal et al, 2008, Ozbal 2010). Such nails were 
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produced from rectangular iron profiles and the head of the nail was shaped by 

placing it into a hole suitable for its section and hammered to get the shape (Ozbal 

2010). The microscopic analyses performed on the cast iron ingots with 

approximately 3% carbon showed that they were gray cast iron and cementite rods, 

densely dispersed into the pearlite grains (Danışman et al, 2007, Ozbal 2010). 

Archive documents indicate that those cast iron ingots were sent to Istanbul for 

casting nests (yuvalak) or humbaras (Danışman et al, 2007, Ozbal et al, 2008). Some 

slags from the 2005-2006 excavation seasons were classified in two groups: one 

being “dense, gray slag” composed of wüstite with some fayalite, the other as “iron-

rich slag” having higher iron oxide content with high magnetic property (Danışman 

et al, 2007, Ozbal 2010). The findings from the excavations in 2008 were dated to 

the 19th and to the beginning of the 20th century (Ozbal 2010). Some slag analyses 

show that the body was covered with iron oxide as wüstite.  

Another important Archaeometrical analyses study was performed on seven 

constructional iron components composed of a clamp (kenet), a portico tightener 

(revak gergisi), a dowel (zıvana), a repair bracing (onarım kuşaklaması) and window 

railing balls (pencere parmaklık topu) collected from the 15th to the 18th century 

buildings to obtain knowledge on the Ottoman Period metallurgy (Tanyeli et al, 

1990).  Objects analyzed had a ferritic structure with heterogenous grain size and 

carbon, phosphorous and potassium rich slag regions. The high percentage of 

phosphorus level increased hot workability of iron and decreased the smelting 

temperature (Tanyeli et al. 1990). All objects, except the window railing balls which 

were casted, were hot forged and forging was repeated after folding several times to 

remove the slags inside the metal body and increase its strength. Silicon ratios of 

iron objects were found to be very low which may indicate that no fluxing agent 

(SiO2 ve CaCO3) was used during the smelting process and the smelting process 

was done by mixing iron ore and charcoal in bloomery type furnaces (Tanyeli et al, 

1990). The lack of sulfur content and the presence of potassium in those iron objects 

may indicate the use of charcoal in furnaces (Tanyeli et al, 1990). In the production 

techniques of iron products between 15th - 18th century, no significant difference 
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has been observed. The technology was well developed and not inferior to the one 

used in Western Europe, on the contrary, it was probably beyond it: During the 

construction of Bayezid Mosque in Istanbul, beams having the weight of 1.2 tones 

were used, whereas, until the 18th century, similar long beams have not been 

observed in Western Europe (Tanyeli et al, 1990).  

Besides those Anatolian archeometallurgical analyzes performed on the iron/steel 

objects dating back to the Ottoman period, some relevant studies were done on 

cannon humbaras and weapons manufactured in the Kiği mine (Erzurum) between 

the 17th and the 19th centuries (Baş, 2011). Iron weapons, nests and humbaras were 

produced for the needs of Erzurum and its environs. However, they were also sent to 

other locations, even to the western parts of Anatolia, either as raw material or as 

finished products when the need occurred.  

Batur (2009) states that the initial architectural use of iron was as jointing elements 

for stone such as clamps and dowels because simple melting furnaces carved into the 

ground and charcoal were sufficient for their production. With the use of hydraulic 

energy, the iron/steel production increased. Hence, the use of steel/iron as 

constructional component such as beams increased in buildings. However, the main 

improvement in technology took place in the 18th century with the use of fossil coal 

“coke” enabling to reach higher temperatures and as a result molten iron was 

obtained. The ease of production increased the use of steel, like beams in 

construction, in the 18th century. In the 19th century, steel beams with bricks were 

used for floors and the use of steel reinforced cement started in the middle of the 

19th century. That method increased the resistance of steel against loads and 

corrosion. As a result, it became indispensable for constructions and was not only 

used in Western Europe but also in the Ottoman Empire contemporarily. By that 

industrial progress, the steel beam floors and T-profiles started to be used in the 

multistorey structures. The above-mentioned developments needed important 

financial power and the urban morphology of the big cities such as Istanbul, 

Thessaloniki and Izmir started to change (Batur 2009). The earliest examples of 
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reinforced concrete were the lecture halls of Seririyat Hospital of the Mekteb-i 

Tıbbiye in Haydarpaşa (Istanbul), and the hypocaust flooring of the Hammam in the 

Mekteb-i Tıbbiye. The construction of the mentioned building was completed in 

1900. The flooring elements were brought from Belgium, and the large metal 

windows were brought from Austria, as indicated in the records.  

Significant developments have taken place in Ottoman industry during the Tanzimat 

Era as an influence of the developments led by the Industrial Revolution in Europe 

(Seyitdanlıoğlu 2009). Tanzimat supporters made considerable efforts for some 

major investments in the first half of the 19th century particularly in Istanbul, but 

problems related to planning, qualified personnel, cost, marketing and transportation 

did not consent the developments to be long-lived (Seyitdanlıoğlu 2009). To solve 

the problem of qualified personnel for blacksmithing, foundry, machinery, 

architecture and the carpentry needs of the industry, an industrial school in Istanbul 

was founded in 1868. The early form of “industrial zone” was first established in 

Zeytinburnu (İstanbul) where a wide variety of items were produced in good quality, 

similar to the ones in Western Europe. Among those items were iron pipes, steel 

rails, tools for agriculture, spearheads, swords, locks, keys, knives, razors, cannon 

balls, weapons, helmets, armors, etc. (Seyitdanlıoğlu 2009). The second “industrial 

zone” was built in Bakırköy (Istanbul) where an iron workshop with two furnaces 

was constructed. In 1844, additional iron foundries were opened in Beşiktaş 

(Istanbul) and in Samakov (nowadays in Bulgaria) for casting cannonballs. Another 

iron casting workshop was opened in Baghdad between 1842-1847. During the same 

period, there were also a number of iron factories and workshops affiliated to 

Tophane (Istanbul) and a foundry in Samakocuk (Kırklareli). However, in later 

periods, those production centers had some operational problems due to their 

dependency on foreign resources in terms of machinery, spare parts and qualified 

personnel.  

From the above-mentioned studies, some information on production methods of iron 

and steel goods such as forging or casting, production location, hardness, 



 
 

28 

microstructure and chemical composition can be gathered. However, there are not 

many studies on the state of deterioration of iron/steel components used in the 

construction of the Ottoman period buildings, their performance properties and 

corrosion characteristics. 

In order to assess the corrosion characteristics of iron objects and the factors 

affecting them, it is necessary to look at the subject in a wider perspective and include 

the roles of production techniques, impurities in the composition, and the 

environmental conditions that they are exposed to. 

2.5 Iron Oxides and Their Properties 

Iron at its pure metallic form is rarely found in nature. However, iron minerals are 

quite common and found as oxides, hydroxides, oxy-hydroxides, carbonates, 

sulfides, sulphates and others depending on the geological history of their location 

(Yıldız, 2010, Schwertmann and Taylor, 1989). The common iron ores used for the 

production of iron objects are known as magnetite (Fe3O4), hematite (α-Fe2O3), 

limonite (α-FeOOH.2H2O), goethite (α-FeOOH), siderite (FeCO3) and pyrite (FeS2) 

minerals.  

A corrosion layer develops on the surfaces of iron materials as one or more types of 

compounds, similar to the ones found in nature, in the forms of oxides, hydroxides, 

oxy-hydroxides depending on the environment they are exposed to, their 

compositional and microstructural properties. Iron in the corrosion layers can exist 

as Fe3+ or Fe2+ valances or their co-presence. In most cases, it is in trivalent state 

(Fe3+) such as hematite (α-Fe2O3), goethite (α-FeOOH), lepidocrocite (γ-FeOOH), 

maghemite (γ-Fe2O3) as well as in combination of two (Fe2+) and three valent (Fe3+) 

states as in magnetite (Fe2O3) and less commonly in two valent state as wüstite (FeO) 

and iron hydroxide (Fe(OH)2).  

In iron oxides, Fe3+ and Fe2+ interact with other negatively charged ions such as O2-

/ OH- in an environment that may change the energy states of iron. The characteristics 
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of iron oxide minerals are affected by the 3d electrons in Fe where Fe3+ has five 

unpaired and Fe2+ has four unpaired electrons in its orbital at the ground state with 

lowest energy. 3d orbitals can be filled in different ways and affect the crystal field 

stabilization energy of the compound. Those 3d electrons influence the magnetic, 

electrical, optical and spectroscopic behavior of iron oxides and their thermodynamic 

properties. The migration of free charge carriers in iron - either electrons in the empty 

conduction band (n-type) or vacancies in the full valance band (p-type) - cause 

electrical conductivity which is an important characteristic of the related iron oxide 

(Cornell and Schwertmann, 2003). Depending on the vacancies and the distribution 

of electrons in the 3d orbital, iron oxides act as n or p type semiconductors as well 

as including both types and performing different levels of conductivity. 

At room temperature, magnetite, hematite, wustite and maghemite are 

semiconductors. However, among them, magnetite differs in the type and level of 

conductivity. Magnetite having metallic properties as slightly metal deficient is an n 

and p type semiconductor; it has a very low band gap as 0.1 eV between valance 

band formed of full 3d electrons and conduction band with empty d-orbitals. 

Hematite and maghemite have n-type semi-conductivity with an approximately 2.2 

eV and 2.03 eV band gap respectively (Zhang et al, 1993). When the band gap is 

small, mobile electrons easily promoted with the external effects become conductive 

i.e., having less resistivity towards electrical currents and can easily transform to 

other oxides. Magnetite is the most conductive iron oxide with 102-103 Ω-1 cm-1 

value (Quinn et al, 1976).  The interaction is an important parameter for the level of 

energy of the band gaps: the lower the flat band potential the greater the efficiency 

of semiconductor and the easier the transformation. For this reason, magnetite having 

the lowest flat band potential within the iron oxide products can easily transform, 

while hematite is relatively stable.  

At room temperature, FeOOH polymorphs such as goethite, lepidocrocite, 

akaganeite and feroxyhyte have very low conductivity (ca. 10-9 Ω-1 cm-1) and their 

conductivity increase with the heating to ca. 140°C which causes dehydration and 

produce Fe2+ on the surface, initiating some electron changes between Fe2+ and 
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Fe3+ (Kaneko and Inouye, 1974). Goethite, lepidocrocite and akaganeite have the 

band gaps 2.10, 2.06 and 2,12 eV respectively (Cornell and Schwertmann, 2003). In 

goethite, the band gap decreases as the particle size increase, that may partially 

explain size-dependent chemical and photochemical reactivity of goethite (Zhang et 

al, 2011). Goethite having particle size between 9-38 nm, appears to show direct 

band gap (3.1-2.5 eV) behavior (Zhang et al, 2011). Similar conclusions are noted in 

other nano sized iron oxyhydroxides and iron oxides such as the decrease of band 

gap of hematite from 2.95 to 2.18 eV with increasing nanoparticle size from 7 nm to 

120 nm (Chernyshova, 2010). Those results indicate that nano sized particles of 

goethite have relatively higher band gaps than the hematite of approximately the 

same size of nano particles. 

During the contact with water solution or water film, a positive charge occurs on the 

surface of an n type semiconductor as a result of electronic charge redistribution with 

the solution. In the contact with a polar medium (water), the majority of mineral 

particles show a definite surface charge as the consequence of ionization, ionic 

adsorption and ionic dissolution (Salopek et al, 1992). At the surface in contact with 

water or a water film where electrical forces are acting, a solid/liquid interface occurs 

and that interface is called “a double layer”. The electrical double layer is a physical 

model in which oppositely charged ions are adsorbed in a single layer on the surface. 

The double layer gives very important information about the behavior of colloidal 

particles in contact with the solution. Within this diffused surface there appears a 

boundary called “the slip surface”. The charged particle and the part of the ions 

around it, up to the slip surface boundary, move as a single piece.  

The potential at this slip surface is called “the zeta potential”, used in colloid 

chemistry for observing the behavior of dispersive systems in liquids. It is affected 

by both the surface structure of the grain and the content of the liquid it is in (Salopek 

et al, 1992). The most important reason for determining the zeta potential value, 

relevant in flotation and flocculation processes, is to determine the size of the 

diffused double layer around the particle (Ocepek, 1989). The zeta potential is related 

to the surface charge density and the double layer thickness. The surface charge 
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density depends on the concentration of the potential determining ions. In many 

systems, the zeta potential is pH dependent, since the H+ ion is the potential 

determining ion (Salopek et al, 1992).  

For magnetite, zeta-potential is positive in acid media up to pH 4 and it is negative 

in poor acid or alkaline media (Salopek et al, 1992). The stability of the suspension 

is the lowest when the zeta potential is zero and stability increases due to the increase 

in the electronegativity of the particle.  

Iron oxides are generally low or sparingly soluble except at extreme pH values, they 

maintain very low total iron in solution. In the pH range 4 to 10 and in the absence 

of complexing or reducing agents, total iron concentration (FeT) is < 10-6 (Cornell 

and Schwertmann, 2003). Goethite is the least soluble iron oxide, followed by 

hematite and lepidocrocite near neutral pH being 7.8. Its formation is the most 

favorable at that pH (Figure 2.5) (Cornell and Schwertmann, 2003). It is also 

expected that less ordered, amorphous phases precipitate first. However, it was found 

that well crystalline phases form first. The formation of feroxyhyte demonstrate that 

the enthalpy of formation (ΔH°) for poorly crystalline feroxyhyte is higher in 

comparison to samples with better crystallinity indicating that well crystalline phases 

may form more easily (Majzlan et al, 2008). 
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Figure 2. 5 Solubilities of goethite, hematite and lepidocrocite as a function of pH 
(Cornell and Schwertmann, 2003). 
 
 
Iron oxide minerals and their important characteristics such as magnetic properties, 

bulk density, color, melting point and their important thermodynamic parameters 

such as enthalpy of formation (ΔH°), Gibb’s energy of formation (ΔG°), standard 

molar entropy (S°) and molar heat capacity (Cp) at 298.15 are compiled in Table 2.2 

and Table 2.3. K dissociation constant is not indicated in the tables, because of its 

extensive variation with the pH values and other environmental parameters. 

The primary differentiating characteristics of iron oxide phases are their distinct 

magnetic behavior which results from the vacancies and valance states of iron in sub-

lattices (Shokrollahi, 2017). Magnetic property is directly related to Fe-O-Fe bond 

angle (Coey, 1988). In Fe3+ - Fe3+ ion pair with 90° bond angle, those phases have 

weak anti-ferromagnetic properties while at 120-180° bond angle they have strong 

antiferromagnetic properties similarly to Fe2+ ion pairs. The types of magnetism of 

the substances are classified as diamagnetic and paramagnetic. All iron oxides are 

paramagnetic, being attracted towards a magnetic field and their magnetic 

susceptibility, influenced by temperature, is positive and small (0-0.01). They are 

further classified as ferromagnetic, ferrimagnetic, antiferromagnetic, spero-magnetic 
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and super-paramagnetic.  Both ferri- and ferro- magnetic substances are strongly 

attracted by a magnetic field. While for ferromagnetic substances the alignment of 

electron spins is parallel with positive susceptibility (0.01-106), for ferrimagnetic 

substances, the electron spins are of equal magnetic moment and aligned in an 

antiparallel manner with unequal moment that results in a net magnetic moment. 

Antiferromagnetic substances are also aligned in antiparallel manner. That results in 

a zero overall magnetic moment of electron spins and a small positive magnetic 

susceptibility (0-0.1). Super-paramagnetic substances, affected by the particle size at 

room temperature, occur as a result of magnetic anisotropy and appear being easily 

magnetized along the 111 directions. The spero-magnetic iron oxides having 

amorphous and poorly ordered structure contain Fe-O-Fe bonds and the iron carrying 

a magnetic moment supports super-exchange reactions (Coey and Readman, 1973).         

Magnetite (Fe3O4), being the most magnetic and naturally occurring mineral on 

earth, is ferrimagnetic when attracted to a magnet and can be used a permanent 

magnet itself. Maghemite (γ-Fe2O3) is also a ferrimagnetic material with strong 

magnetization properties like magnetite. Although hematite is the polymorph of 

maghemite, it has antiferromagnetic properties. All oxy-hydroxide polymorphs - 

goethite, lepidocrocite and akaganeite - are antiferromagnetic with weak 

paramagnetic properties at room temperature (Cornell and Schwertmann, 2003). 

Among the iron oxyhydroxides, feroxyhyte (δ-FeOOH) presents ferromagnetic 

ordering while the other FeOOH polymorphs with antiferromagnetic (Majzlan et al, 

2008).  Magnetic properties of iron oxides have been described above as they are 

found in nature, but there are some studies reporting the change in the magnetic 

properties of iron oxides in relation to particle size. For the iron oxides smaller than 

10 nm in size, paramagnetic properties arise (Cornell and Schwertmann, 2003). 

Hematite, having a particle size smaller than 23 µm decreases performance of 

magnetic separation and becomes super-paramagnetic (Shao et al 1996, Hirt et al 

2002, Grau-Crespo et al, 2010, Jin et al, 2022). Particles of goethite smaller than 15-

20 nm are super-paramagnetic at room temperature (Janot et al, 1973). The studies 

also mention that magnetic susceptibility of an iron oxide mineral could be affected 
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by temperature as well as by particle size. At elevated temperatures, iron content and 

the magnetic susceptibility of iron oxide minerals increase gradually. Iron ores 

containing limonite (goethite) and hematite transform to magnetite at 480°C at which 

phase ferrimagnetic properties occur (Jin et al 2022).  

Bulk density (BD) in a mass is the weight of the material including the intergranular 

air space in unit volume considering both the solids and the pore space, typically 

expressed as g/cm3. Magnetite, hematite, maghemite and wüstite have higher bulk 

density ranging between 5.1 - 5.70 g/cm3 in comparison to FeOOH polymorphs with 

different structures which have lower bulk density in the range of 2.7 - 4.4 g/cm3. 

Magnetite, hematite and maghemite have hardness values (Mohs Hardness grade) 

between 5.5 - 6.5 HM while wustite, goethite and the other oxyhydroxide 

polymorphs have hardness values between 4.0 - 5.5 MH. Polymorphs of 

oxyhydroxides and wüstite are softer than magnetite, hematite and maghemite. 

Oxides are found in a wide range of colors which cannot be used as a significant 

identification parameter by visual and microscopic analyses. The most commonly 

observed colors of oxides are brown, reddish brown, blackish gray and black. 

Heating effects the color of the iron oxides as well as their particle size and 

composition.  
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Table 2. 2 The main physical properties of some iron oxides, hydroxides and 
oxyhydroxides found in nature (BD: Bulk density; MP: Melting Point).  

Mineral Chemical 
Formula and      
% Fe 

BD 
g/cm3 

MP  
°C 

Hardness 
(HM) 

Color Magnetic 
Properties 

Magnetite 1Fe3O4 
72% 

15.1-
5.2 

71583-
1597 

15.5-6.0 1Grayish 
black, iron 
black 

8Naturally 
strong 
magnetic 
Ferrimag 
netic 

Hematite 2 α-Fe2O3 
70% 

2 5.2 21565  
71350 

2 5.5-6.5 1, 2, 3 Reddish 
gray, blackish 
red, brown to 
cherry red, 
black 

8Antiferro-
magnetic  

 

Maghemite 1γ-Fe2O3 
70% 

15.2 1539 - 
1565 

1,4 6.0 
 
 

1,4Dark brown, 
4reddish-
brown, 
14blueish-
black 

8Strongly 
magnetic, 
Ferrimag 
netic 

Goethite  1α-FeOOH 
60-63% 

14.1 
124.3  
 

5350 
 
 

15.0-5.5  1Brown,  
reddish brown, 
brownish 
yellow,  
ocher yellow 

7,9Antiferro
-magnetic 
 

Lepidocrocite 1γ-FeOOH 
62.85% 

13.9 
44.5-
4.1 

 45.0 1Red, 
yellowish 
brown, 
blackish 
brown 

7,9Antiferro
-magnetic 

Ferrihydrite 1Fe2O3•0.5H2O 
%66.21 
4Fe10O14(OH)2 

13.8 
44.0 

  1,4Yellow 
brown, dark 
brown 

7Superpara
-magnetic 

Feroxyhyte 1δ-FeOOH 
62.85% 

1,44.2   1,4Brown, 
4yellow-brown 

7,9Ferro-
magnetic 

Sources: 1www.webmineral.com - 2https://pubchem.ncbi.nlm.nih.gov/ - 3Hirt et al 

(2002) 4https://www.mindat.org -  5www.chemicalbook.com - 6Shao et al (1996) - 
7Cornell and Schwertmann, 2003, 8Shokrollahi (2017) - 
9www.sciencedirect.com/topics/earth-and-planetary-sciences/limonite - 10Dekkers 

et al (2017) – 11Waters et al (2008) - 12https://geology.com/minerals/ - 
13https://www.minerals.net/ - 14https://rruff.info/ - 
15https://www.cs.mcgill.ca/~rwest/wikispeedia/wpcd/wp/p/Pyrite.htm  

http://www.webmineral.com/
https://pubchem.ncbi.nlm.nih.gov/
https://www.mindat.org/
http://www.chemicalbook.com/
http://www.sciencedirect.com/topics/earth-and-planetary-sciences/limonite
https://geology.com/minerals/
https://www.cs.mcgill.ca/~rwest/wikispeedia/wpcd/wp/p/Pyrite.htm


 
 

36 

Table 2.2 The main physical properties of some iron oxides, hydroxides and 
oxyhydroxides found in nature (BD: Bulk density; MP: Melting Point).  (continued) 

Mineral Chemical 
Formula and      
% Fe 

BD 
g/cm3 

MP  
°C 

Hardness 
(HM) 

Color Magnetic 
Properties 

Limonite 1FeOOH.nH2O 
48% 

42.7-
4.3 
 

 134.0-5.5 13Brown, red-
brown, ocher 
yellow, 
yellowish 
brown, 
brownish 
yellow,  

5Weakly 
paramagne
tic 
 

Akaganeite 1β-FeOOH,Cl 
55.75% 

43.52-
13.64 

  1,4Yellowish 
brown, rusty 
brown 

7Antiferro-
magnetic 

Wüstite 1FeO 
77.73% 

15.70 71377 45.0-5.5 1Gray, 4black 7Antiferro-
magnetic 

Siderite 1FeCO3 
48% 

1,43.96
-3.93 

 43.75-4.25 
133.5-4 

4,13Yellowish 
brown, brown, 
yellowish 
gray, gray, 
greenish gray, 
white 

10Antiferro
-magnetic 

Sources: 1www.webmineral.com - 2https://pubchem.ncbi.nlm.nih.gov/ - 3Hirt et al 

(2002) 4https://www.mindat.org -  5www.chemicalbook.com - 6Shao et al (1996) - 
7Cornell and Schwertmann, 2003, 8Shokrollahi (2017) - 
9www.sciencedirect.com/topics/earth-and-planetary-sciences/limonite - 10Dekkers 

et al (2017) – 11Waters et al (2008) - 12https://geology.com/minerals/ - 
13https://www.minerals.net / - 14https://rruff.info/ - 
15https://www.cs.mcgill.ca/~rwest/wikispeedia/wpcd/wp/p/Pyrite.htm 

 

The important thermodynamic parameters of iron oxides found in nature are given 

in Table 2.3 indicating enthalpy of formation (ΔH°), Gibb’s energy of formation 

(ΔG°), standard molar entropy (S°) and molar heat capacity (Cp) at 298.15 K. 

Magnetite is the most stable compound of iron oxides having the lowest enthalpy of 

formation (ΔH°) -1115.7 kJ/mol and Gibb’s energy of formation (ΔG°) -1012.6 

kJ/mol followed by hematite, maghemite, akaganeite and goethite (Cornell and 

Schwertmann, 2003). Goethite has ΔH° value of -559.3 kJ/mol and ΔG° value of -

488.6 kJ/mol that are similar to the values of lepidocrocite and feroxyhyte. In natural 

atmospheric conditions, goethite and hematite are found as the most stable iron 

oxides in Fe3+ form. 

  

http://www.webmineral.com/
https://pubchem.ncbi.nlm.nih.gov/
https://www.mindat.org/
http://www.chemicalbook.com/
http://www.sciencedirect.com/topics/earth-and-planetary-sciences/limonite
https://geology.com/minerals/
https://www.cs.mcgill.ca/~rwest/wikispeedia/wpcd/wp/p/Pyrite.htm
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Table 2. 3 Some important thermodynamic characteristics of iron ore minerals.  
Mineral Chemical 

Formula 
ΔfH 
kJ/mol 

ΔfG 
kJ/mol 

S 
kJ/mol K 

Cp  
kJ/mol 
K 

Magnetite Fe3O4 1 -1115.7 1 -1012.6 1 146.1 1 150.3 

Hematite α-Fe2O3 1 -824.2 1 -742.7 1 87.4 1 103.9 

Maghemite γ-Fe2O3 1 -805.8 1 -725.1 1 91.4 1 104.0 

Goethite  α-FeOOH 1 -559.3 1 -488.6 1 60.5 1 74.3 

Akaganeite β-FeOOH 1 -557.6 1 -752.7 3 81.8 1 50.0 

Lepidocrocite γ-FeOOH 1 -556.4 1 -486.3 1 62.5 1 76.2 

Ferrihydrite 
5Fe2O3•0.5H2O 
7Fe10O14(OH)2 

8-830.3 1 -699.0 8122.2 9 71.7 

Feroxyhyte δ-FeOOH 4 -552.6 4 -478.1 4 65.0 - 

Wüstite FeO 1 -266.3 1 -244.6 154.3 1 50.0 

Fayalite Fe2SiO4 6 -1478.2 6-1379.0 6 151.0 6 131.9 
Source: 1Cornell and Schwertmann (2003) – 2https://pubchem.ncbi.nlm.nih.gov/ - 
3Snow et al (2011) – 4Majzlan et al (2008) – 5www.webmineral.com - 6Robbie et al 

(1982) - 7https://www.mindat.org – 8Majzlan et al (2004)- 9Snow et al (2013).  

 

The solubility of iron oxides is very low, Kso ranging from 10-42 to 10-44. Kso values 

suggest that hematite is less soluble than goethite and the order of solubility is 

akaganeite, ferrihydrite, lepidocrocite, maghemite, goethite and hematite in 

decreasing order (Berner 1969). However, it may also be that hematite has greater 

solubility than goethite in alkaline media (Cornel and Giovanoli, 1990). The Fe(II) 

oxides are more soluble than Fe(III) oxides with magnetite being more soluble than 

Fe(OH)2 (Cornell and Schwertmann, 2003). 

The particle size of an iron oxide crystal has an influence on the solubility of the iron 

oxide compound. Several studies show that surface energy provides a significant 

contribution to the overall energy of nanomaterials and this contribution may be 

sufficient to invert the thermodynamic stability of phases, making phases metastable 

in the bulk and stable at the nanoscale (McHale et al., 1997; Pitcher et al., 2005; 

Mazeina and Navrotsky, 2007). Goethite precipitates from the hydrolysis of Fe3+ 
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solutions in aqueous media or by oxidation /hydrolysis of Fe2+ in alkaline media 

(Cornell and Schwertmann, 2003). In general solubility of the iron oxide crystals 

increase when particle size decreases e.g., Kso increases by two orders of magnitude 

when particle size decreases from 1 µm to 10 nm for both hematite and goethite 

particles commonly found in nature. Goethite is more stable than hematite down to 

a particle size of ca. 0.15 µm (150 nm) up to 40°C and this situation often occurs in 

natural systems (Cornell and Schwertmann, 2003, p 199). Surface free energy for 

goethite is greater than hematite based on the calculation solubility product that 

indicates that coarse-grained goethite is more stable than hematite (Diakonov et al, 

1994). 

The particle size exerts major control over the relative stability and formation of iron 

oxides and oxyhydroxides. In atmospheric conditions and cyclic changes of water 

and water films, goethite becomes thermodynamically stable relative to hematite and 

water at surface areas greater than about 15 m2 g–1 (particle size 60 nm, assuming 

spherical particles) (Navrotsky et al, 2008). Under wet conditions prevalent on Earth 

surface condition, goethite and other oxyhydroxides are competitive at nanoscale. 

As a conclusion, the size-driven thermodynamic differences among iron oxide 

phases that are closely balanced in overall thermodynamic properties must be taken 

into account to understand and predict the formation, stability, and transformation of 

these complex materials in atmospheric conditions Navrotsky et al, 2008). 

2.6 Formation and Transformation Mechanisms of Iron Oxides 

In the light of all the above-mentioned properties of iron oxides, their formation and 

transformation characteristics can be investigated. All iron oxides have a potential to 

convert to more stable phases where those transformations occur by two main 

mechanisms, either reconstructive or topotactic. A topotactic transformation occurs 

in solid phase at elevated temperatures with the movement of certain atoms and a 

correspondence in three dimensions between the initial and final structure is needed. 

A reconstructive transformation arises by the dissolution of the initial phase and the 
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precipitation from the solution of the new phase depending on the solubility and 

dissolution rate of the precursor at ambient temperature. A reconstructive 

transformation involves chemical changes as dehydration, de-hydroxylation and 

oxidation/reduction as well as further dissolution and precipitation phenomena 

closely related to the thermodynamic properties and environmental factors. As a 

result, no structural relationship is required between the precursor and the 

transformation product.  (Pedersen, 2006). Although thermodynamic data give main 

information about the relative stability of the compounds, the stability of the oxides 

are also affected by the environmental factors such as temperature, pH, redox 

potential (Eh), partial pressure of oxygen, partial pressure of carbon dioxide, 

pollutants, availability of water or water film and the duration of wetting and drying 

conditions as well as the grain size and crystallinity of the products formed (Cornell 

and Schwertmann, 2003).  

Crystals of iron oxides are generally found from a size of a few microns to a size of 

nanometers, enabling a higher surface area to volume ratio where smaller size 

indicates a larger ratio of surface area to volume. As the particle size decreases, the 

surface free energies come into play and the dissolution and crystallization of those 

compounds will take place accordingly. The size of nanoparticles and crystallinity 

seem to affect the free energy formation of iron oxides.  In nanomaterials surface 

energy characteristics play important role and that may affect the thermodynamic 

stability of the phases such as metastable phases in the bulk may be stable at the 

nanoscale (Majzlan et al, 2008). 

Goethite and hematite are found to be the most stable phases in open atmospheric 

conditions in nature and under oxic conditions, they are the end member of many 

transformation pathways (Cornell and Schwertmann, 2003).  Goethite and hematite 

are also the most observed corrosion products found on the corrosion layers of the 

iron artifacts while magnetite is seen as the first iron oxide phase at the reaction front 

next to the iron body (Yamashita et al, 1998; Oh et al, 1999; Cook et al, 1999; 

Balasubramaniam and Kumar 2000; Asami and Kikuchi, 2003; Antunes et al, 2003; 

Balasubramaniam, 2004; Feron et al, 2004; Neff et al, 2004; Neff et al, 2006; 
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Dillmann et al 2007; Bellot-Gurlet et al, 2009; Monnier et al 2010; Monnier et al 

2011; de la Fuenta et al, 2011; Morcillo et al, 2013; Aramendia et al, 2013 and 

Aramendia et al, 2014). The studies show the transformations of iron oxides from 

less stable phases to more stable ones generally as goethite or hematite phases of 

different particle size and crystallinity depending on the transformation reactions in 

certain environmental conditions.  

At 298 K and 1 bar water pressure, goethite and hematite appear to be in equilibrium 

(Majzlan et al, 2003-2) and with the increase in pressure goethite becomes more 

stable up to 400 K in comparison to hematite being at stable phase at elevated 

temperatures in oxidizing conditions. At decreasing redox potential, the iron oxides 

become thermodynamically unstable with respect to various ferrous containing solid 

phases of which magnetite, siderite and iron sulfides are the most stable (Zachara et 

al., 2002).  

Formation of the stable phases goethite and hematite do not occur directly, but 

depend on the formation and transformation mechanisms of the precursors, mainly 

magnetite and ferrihydrite. Under normal atmospheric conditions, both ferrihydrite 

and magnetite are the unstable phases that transform to more stable phases in relation 

to the environmental conditions. The transformation of ferrihydrite and lepidocrocite 

to hematite is topotactic whereas the transformation of ferrihydrite to lepidocrocite 

and goethite is a reconstructive process as well as that of lepidocrocite to goethite. 

The processes that lead to formation of goethite and hematite are competitive. 

Conditions promoting goethite formation are therefore unfavorable for hematite 

formation and vice versa (Schwertmann and Murad, 1983).  

The rate of transformation process changes with temperature as well as with the 

abundance of Fe2+/Fe3+ in the solution. The time of conversion of ferrihydrite to 

goethite at room temperature takes months in the absence of Fe2+ (Cornell and 

Schwertmann, 2003) but only days when Fe2+ is present (Jang et al., 2003; Pedersen 

et al., 2005). The high pH and a high Fe2+/Fe3+ ratio seem to favor the formation of 

magnetite (Mann et al., 1989; Jolivet et al., 1992; Pedersen et al., 2005).  The 



 
 

41 

transformation of ferrihydrite into goethite occurs at room temperature, at pH 8 with 

a low Fe2+ concentration whereas with a higher Fe2+ concentration magnetite 

formation is favored (Tronc et al., 1992 and Jolivet et al., 1992). Goethite and 

hematite have been found to remain unchanged at pH 6-8, under microbially 

mediated reductive conditions whereas ferrihydrite transforms into magnetite 

(Zachara et al., 2002).  

Transformation of goethite (α-FeOOH) to hematite and lepidocrocite (γ-FeOOH) to 

maghemite are simple de-hydroxylation processes of the iron oxyhydroxides 

dependent on the starting materials and their particle size as well as temperature and 

annealing time (Bagin 1967; Hedley 1968; Sakash and Solntseva 1971; McClelland 

and Goss 1993; Özdemir and Dunlop 1993; Gehring and Hofmeister 1994; Gendler 

et. al. 1999, Gendler et al, 2005). Although goethite (α-FeOOH) transforms to 

hematite directly by de-hydroxylation, lepidocrocite transforms to hematite in three 

steps via maghemite: i) desorption of molecular water, ii) de-hydroxylation of 

lepidocrocite to maghemite (γ-Fe2O3) and iii) transition of maghemite (γ -Fe2O3) to 

hematite (α-Fe2O3) (Gendler et al, 2005). The removal of OH groups (de-

hydroxylation) in lepidocrocite begins at 142–155°C (Gehring and Hofmeister 1994) 

and the maghemite starts to form above 150-200°C in the laboratory environment 

(De Bakker et al, 1991) and while it would require thousands of years at ambient 

temperatures (Gendler et al, 2005). The process follows the formation of poorly 

crystalline maghemite grains at about 570°C. Maghemite having a size around 5 nm 

is thermodynamically metastable with respect to hematite. Hematite appears at high-

temperatures above >450°C and maghemite undergoes complete transformation into 

hematite at about 625°C (Özdemir and Dunlop 1993). Further annealing may cause 

those grains to recrystallize into larger grains being 35–72 nm at the final stage of 

the reaction (Gendler et al 2005). Finally, the resultant hematite formed from 

lepidocrocite via maghemite has higher degree of crystallinity and has larger particle 

size in comparison to maghemite.  

Synthesis of hematite pigments from surface oxide layers of weathered iron bars in 

atmospheric conditions were also done by heat treatments (Colpas-Ruiz et al 2020). 
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The surface oxide layers of weathered iron bars consisted of various types of iron 

oxides, i.e., magnetite, maghemite, wustite, lepidocrocite, hematite and goethite. The 

highest hematite yield was achieved at 850 °C during one hour heating of weathered 

iron bars (Colpas-Ruiz et al 2020). 

2.7 Precursors for Goethite and Hematite Formation 

Iron oxides (goethite, magnetite or maghemite) that are found in variable conditions 

in nature can be obtained in the laboratory by the mixing of alkali to an Fe(II)/Fe(III) 

salt solutions and keeping the precipitated solids in suspension for aging at different 

conditions (Guyodo et al., 2003; Jaiswal et al., 2013).  

Iron and steel readily oxidize at atmospheric conditions, where a magnetite formation 

seems to be the most likely phase that appears first (Nasrazadani, 1990). The 

magnetite can be found at the rust-metal interface underneath the FeOOH 

polymorphs (Misawa, et al, 1971; Misawa, et al, 1974 and Singh, et al., 1985). 

Possible formation routes of magnetite (Fe3O4) can be either precipitation from a 

mixture of Fe(II)/Fe(III) in alkaline aqueous solution or oxidation of Fe(II) via green 

rust (Fe(OH)2) or interaction of Fe(II) with ferrihydrite or with high temperature 

reduction of Fe(III) oxides (Cornell and Schwertmann, 2003). In alkaline aqueous 

environments, magnetite predominates the layers in reducing conditions and 

hematite is stable at oxidizing conditions (Cornell and Schwertmann, 2003). 

Magnetite formation can be expressed under atmospheric and wet conditions when 

access to oxygen is limited, with the following equations (eq. 2.1, 2.2 and eq. 2.3) 

(Evans, 1965 and Evans et al, 1972): 

Fe → Fe2+ + 2e-      (eq. 2.1) 

Fe2+ + 8FeOOH + 2e- → 3Fe3O4 + 4H2O   (eq. 2.2) or 

4Fe2O3 + Fe2+ + 2e- <=> 3Fe3O4   (eq. 2.3) 

As the rust dries and is permeated by oxygen, magnetite is re-oxidized to the ferric 

forms (eq. 2.4 and eq. 2.5): 
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2Fe3O4 + 1/2O2 <=>3 Fe2O3    (eq. 2.4) or  

4Fe3O4 + O2 + 6 H2O =12FeOOH   (eq. 2.5) 

Misawa et al (1971) propose the following reactions for the formation of magnetite 

in atmospheric conditions (eq. 2.6, 2.7 and eq. 2.8):  

Fe → Fe2+ + 2e-      (eq. 2.6) 

1/2 O2 + H2O + 2e- → 2(OH)- (cathodic reaction) (eq. 2.7) 

Fe2+ + 2(OH)- → Fe(OH)2 (iron (II) hydroxide) (eq. 2.8) 

Under slightly basic conditions magnetite (Fe3O4) readily forms (Misawa et al, 

1971) (eq. 2.9): 

6 Fe(OH)2 + O2 → 2Fe3O4  + 6H2O   (eq. 2.9) 

Misawa, et al. (1974) concluded in their later studies that, based on FeOOH being a 

good electrical conductor, it is also unnecessary to consider that the cathodic 

reduction on atmospheric rusting is not the reduction of oxygen dissolved in water 

film on rust, but the reduction of ferric rust to magnetite. Misawa, et al. (1971) also 

mentioned that when the aqueous solution on the metal surface is neutral or slightly 

acidic, Fe(OH)2 cannot be formed, but various Fe2+ hydroxy complexes may be 

formed depending on the existing anions in aqueous solution. Nastrazadani (1990) 

concludes that in atmospheric conditions the corrosion product of steel structures are 

mainly oxyhydroxides of iron and magnetite and is the only product seen to form at 

the metal-rust interface below the air exposed oxyhydroxides. Literature data 

indicate limited access of oxygen to the steel substrate as an essential requirement 

for the formation of magnetite. However, Nastrazadanis experimental work proves 

to the contrary. Steel coupons at room temperature in the fog (humidity) chamber, 

where large amount of oxygen was present, showed magnetite as the main 

constituent of rust even on the air contact surface of the rust layer. Continuous 

fogging and cyclic wetting and drying conditions produced magnetite as the major 

constituent. Therefore, the presence of oxygen at room temperature is more tolerable 

under wet conditions once the magnetite is formed under fast oxidative conditions. 
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It appeared that so long as the rate of oxidation of iron at the anodic sites where 

ferrous ions are produced exceeds the reduction rate of ferrous ions to ferric ions, 

magnetite could form and stay stable (Nastrazadani, 1990). Formation of α-FeOOH 

on Fe3O4 was reported in highly basic environments with a chloride presence 

(Nasrazadani, 1997; Albani et al, 1990).  

Magnetite and maghemite, being both ferromagnetic in nature, their nanosized 

particles used in the biomedical applications due to their high magnetic moments, 

they are efficient, economic and nontoxic synthesis (Muzquiz-Ramos et al, 2015). 

Their magnetic property is beneficial for the use in cancer treatments. Magnetite is 

obtained from the mixture of FeCl3.6H2O and FeCl2.4H2O dissolved in distilled 

water and by prompt addition of NH4OH at 70°C with continuous stirring. 

Maghemite is obtained via magnetite nanoparticles by heating in air at 200, 250 and 

300°C for 3, 5 and 8 hours. Stirring velocity, heating temperature and time effects 

the crystallite size and degree of magnetization. Increase in heating temperature 

decreases the particle size. The nano particles of maghemite having 10.1-12.5 nm 

size show superparamagnetic behavior and can be heated successfully under a low 

magnetic field (Muzquiz-Ramos et al, 2015).  Higher temperature for magnetite 

nanoparticles at the interface of corrosion layer and metal can be provided by the 

weak magnetic field of iron metal having 10.2 kA/m and 362 kHz.  

Studies on magnetite transformations to goethite being more pronounced under 

increasing alkaline conditions has also been performed in order to clarify whether 

goethite was transformed from magnetite or formed separately as an Fe corrosion 

product (He and Traina 2007). Their aim was to examine the corrosion 

characteristics and contamination risks of leakages from waste storage tanks under 

high-level radioactive conditions. In their experimental work, He and Triana (2007) 

examined the formation of goethite from synthetic magnetite by addition of 0, 0.1, 

0.5, 1 and 2 mol/l NaOH reacted at 50ºC in an incubator. The reaction was monitored 

at intervals of 1, 4, 16 and 32 days. Solid phases were separated through 

centrifugation and dried under Ar (g) before collecting data. Formation of goethite 

was suggested to be through reconstructive dissolution/crystallization reactions of 
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two possible pathways: (a) directly from dissolution of magnetite leading to the 

precipitation of goethite; or (b) through dissolution of a newly formed maghemite 

intermediate, followed by precipitation of goethite. Those reactions (eq. 2.10, 2.11, 

2.12 and 2.13) can be written as:  

Fe3O4 + OH- + H2O = γ-Fe2O3 + Fe(OH)-
3   (eq. 2.10) 

2Fe(OH)-
3 + 1/2 O2 + 2H+ = 2α-FeOOH + 3H2O  (eq. 2.11) 

γ-Fe2O3 + 2OH- + 3H2O = 2Fe(OH)-
4    (eq. 2.12) 

Fe(OH)-
4 + H+ = α-FeOOH + 2H2O    (eq. 2.13) 

 

They have concluded that the transformation of magnetite to goethite decreased the 

risks of radioactive contamination by elimination of the role of magnetite in the 

reduction of soluble oxidants such as Cr(VI) and by introduction of the adsorptive 

role of goethite (He and Traiana (2007).  

Ferrihydrite is another possible precursor that may be important in the transformation 

into goethite. It is omnipresent in nature and can bind ions in large quantities, 

regulating bioavailability and ion mobility. Its structural models as nano particles (2 

to 9 nm) have been studied and discussed as a precursor leading to the other prevalent 

Fe(III) oxide minerals, such as goethite and hematite (Hiemstra, 2013, Schwertmann 

et al., 2004; Cudennec and Lecerf, 2006). Ferrihydrite was synthesized in the 

laboratory either from FeCl3∙6H2O or Fe(NO3)3.9H2O  mixing with NaOH bringing 

pH to 6.5 and until the pH reaching 7.5 (Schwertmann and Cornell, 2007; Li et al., 

2011). Its synthesis process was performed at around pH 8 under different conditions 

to obtain the compound in variable specific surface areas (SSA) by aging the 

precipitate at 60°C at different durations. Longer aging resulted in higher SSA. In 

the synthesis of goethite from Fe(III) salts,  addition speed of NaOH is another 

important parameter in the hydrolysis of aqueous Fe(III) and the resulting particle 

size. When the rate of addition decreases, SSA increases for goethite formation 

(Villacís-García et al, 2015). A typical transformation to goethite from the initial 

ferrihydrite precipitate occurs at 60 ºC after 24 h. Goethite precipitates were 

repeatedly washed, shaken, and centrifuged (Villacís-García et al, 2015). In other 
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studies, goethite has also been obtained from ferrihydrite in alkaline solution at 373 

K (100 C) after 5 days and lepidocrocite has also been obtained from oxidation of 

Fe+2 at pH 6 at room temperature in laboratory environment (Majzlan et al 2003 -1, 

Cornell and Schwertmann, 2003). Goethite with different SSA starting from 40, 60, 

80 and 100 m2/g were prepared from the hydration of Fe(III) salt solutions by the 

controlled addition of NaOH and aging of the precipitate (Guyodo et al., 2003). 

Several studies showed that the surface reactivity of iron oxides is highly dependent 

on crystal sizes. In the synthesis of goethite, the crystal size of goethite decreased as 

the temperature fell from 70 to 4°C that resulted in an increase in the SSA 

(Schwertmann et al., 1985; Montes-Hernandez et al., 2011). Villacís-García et al, 

2015 have found that when the SSA decreases, in other words, the particle size 

increases, the surface reactivity of the bigger goethite particles increases. Goethite 

being an abundant constituent of terrestrial soils, its particles generally show high 

SSA in nature with strong affinities for surface binding of oxyanions and heavy 

metals (Fendorf et al., 1997; Villalobos and Leckie, 2001; Antelo et al., 2005; 

Granados-Correa et al., 2011; Perelomov et al., 2011). Nevertheless, the adsorptive 

power of goethite in relation to their particle size needs to be confirmed through other 

adsorption measurements (Villacís-García et al, 2015). 

 

Ferrihydrite transforms to hematite by decomposition of magnetite via maghemite at 

neutral pH at temperature close to 100°C through an internal dehydration and 

rearrangement within the ferrihydrite aggregates (Schwertmann, 1959; 

Schwertmann and Fischer, 1966; Fischer and Schwertmann, 1975; Cornell and 

Schwertmann, 2003). Goethite crystals form in solution from dissolved Fe(III) ions 

produced by the dissolution of ferrihydrite. In the dry state magnetite is readily 

oxidized to maghemite by air even at room temperature over years (Murad and 

Schwertmann, 1993). Maghemite transforms to hematite at >300°C in the dry state.  

Schwertmann and Murad (1983) studied transformation of ferrihydrite in aqueous 

suspensions to goethite and hematite at 24°C in the pH range 2.5 to 12 for as long as 

three years.  Maximum hematite was formed between pH 7 and 8, and maximum 
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goethite at pH 4 and at pH 12. The conditions favorable for the formation of goethite 

are unfavorable for the formation of hematite and vice versa.  

Diakonov et al (1994) reviewed that hematite and goethite synthesis in aqueous 

solutions at different pH from strongly acid to slightly basic conditions (Wefers, 

1966a, Schwertmann et al., 1985; Schwertmann and Cornell, 1991). Hematite has 

been synthesized in aqueous solutions of different pH (from strongly acid to slightly 

basic) and usually at higher temperatures than goethite (>70°C). Goethite was 

synthesized in basic solutions (pH > 12), and below 125°C. The duration of synthesis 

is at least of several days. Hematite has also been synthesized via the thermal 

decomposition of goethite and iron hydroxide (Ferrier, 1966; Schwertmann and 

Cornell, 1991).  

Goethite can transform to hematite directly by heating without any intermediate 

phase. The transformation temperature depends on the degree of crystallinity and Al-

substitution (Cornell and Schwertmann, 2003). Increasing crystallinity of goethite 

shifts the heating temperature from 260°C to 320°C (Cornell and Schwertmann, 

2003). If Al-substitution exists, higher temperatures are needed for de-

hydroxylation. Replacement of one Fe in the structure with other cations such as Al 

can affect the stability of goethite which increases parallel to the increase of the Al/Fe 

mol ratio (Cornell and Schwertmann, 2003). 

As a product of long-term corrosion, goethite phase is observed most abundantly in 

the historical steel objects. On the historical steel objects, while goethite is present 

as a stable protective layer, it is concluded that lepidocrocite is generally formed at 

early stages and its gradual transformation to goethite happens in time under 

atmospheric conditions (Aramendia et al, 2012; Aramendia et al, 2014; Yamashita 

et al, 1998).  
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CHAPTER 3  

EXPERIMENTAL METHODS 

In this study, material characteristics and long-term corrosion characteristics of some 

constructional iron components from the 15th, 16th and 19th century Ottoman period 

stone and brick masonry structures at coastal town atmosphere have been examined. 

The 15th century represents the early Ottoman period, where iron use in construction 

was less, while the 16th century is the classical period known to have high iron 

production capacity. The 19th century is the collapsing period of the Ottoman 

Empire where iron production capacity has dramatically decreased opposite to the 

“trendy” use in European countries.  

In natural environments, iron oxide minerals are represented by a variety of minerals 

that range from well to poor crystalline state. While examining the corrosion layers 

of iron samples, magnetite and goethite were found to be of prime importance.  

Iron components taken from historical structures were analyzed to determine their 

chemical and mineralogical compositions together with their physical and 

mechanical properties. In this chapter, information about the monuments and their 

collected samples as well as description of the analytical procedures are given in 

detail under the following subtitles: 

• Monuments, Sampling and Nomenclature 

• Methods of Analyses 

It is important to note that samples from historical buildings bear some restrictions; 

representative samples were selected and all analytical procedures were adapted 

according to the sample size.  
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3.1 Monuments, Sampling and Nomenclature 

In this study, nail and beam samples from the Ottoman period historical structures at 

coastal town atmosphere have been collected. The samples are chosen from west and 

north regions of Turkey (Marmara, Aegean and Black Sea Regions) to make a 

comparison of those iron elements in terms of their technological and deterioration 

properties. A group of samples represents the early Ottoman period (Gazi Mihal 

Hammam), the second group the classical period iron elements (Kılıç Ali Paşa 

Hammam) and the last group represents the late Ottoman period (Tekkeköy 

dwellings, Foça dwellings and some excavated material from Foça).  The list of the 

samples collected and to be analyzed is given in Tables 3.2, 3.3, 3.4, 3.5 and 3.6. 

An iron bar and a nail from Gazi Mihal Hammam (Figure 3.1) were collected during 

a field trip to Edirne. Gazi Mihal Hammam was constructed by Gazi Mihal Bey 

around 1450 as çifte Hammam, and is on the Edirne – Kapıkule highway, next to the 

Gazi Mihal Mosque. Stone and brick were used as main building materials for the 

square-planned Hammam. The samples were found partly embedded in the 

pozzolanic lime mortar of the brick masonry abbreviated as GMH (Gazi Mihal 

Hammam).  

Nails and indoor iron elements from Kılıç Ali Paşa Hammam (Figure 3.2) were 

provided by the restorers during the restoration work performed at the Hammam. 

Kılıç Ali Paşa Hammam was built between 1580-1587 by Mimar Sinan and is 

located in Tophane, Istanbul as a part of a Külliye Complex – a mosque, a hammam, 

a türbe, a medrese and a fountain, following the order of Grand Admiral (Kapdan-ı 

Derya) Kılıç Ali Paşa. The mentioned Paşa had wanted the construction of a 

monument from Sinan to show his endurance against “sea and time”. The building 

is known as one of Sinan’s most impressive monuments with its 14-meter-wide and 

17-meter-high dome. The samples were found partly embedded in the pozzolanic 

lime mortar of the brick masonry abbreviated as MSH-KAP (Mimar Sinan’s Kılıç 

Ali Paşa Hammam). 
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When the two above-mentioned hammam constructions are compared, Edirne Gazi 

Mihal Hammam was built 130 years prior to the Istanbul Kılıç Ali Paşa Hammam 

(built around 1450). It is observed that lesser number of iron components was used 

in the earlier Hammam building. Gazi Mihal Hammam continued to function until 

the Russian invasion in 1829, after which it was closed (Aşut, 2012). Although it 

was restored by Mualla Eyüboğlu Anhegger, a restoration architect, between 1961-

1971 (Çokuğraş and Gençer, 2018), the Hammam has been observed to be in a very 

deteriorated condition (Aşut, 2012, Figure 3.1) whereas Kılıç Ali Paşa Hammam has 

been recently restored and restarted to operate as a Hammam.    

As to the dwellings in Foça – İzmir (Figure 3.3) and Tekkekoy – Samsun (Figure 

3.4), they have been constructed almost in the same period (~1830-1850) and the 

information gathered from the analyses of the samples from the dwellings have been 

used as a good example for the comparison of their technological properties. The 

19th century dwellings from Foça - İzmir and Tekkeköy - Samsun, were used as 

family residential houses until recently. A few beam and nail samples were collected 

from the 19th century stone masonry dwellings from both towns and a few others 

were provided by the Foça archaeological excavation team. Excavation materials 

were taken from the Ottoman level and were grouped as “material at burial 

conditions” for analyses. Beams and nails from the 19th century stone dwellings 

represent iron components exposed to atmospheric environment, whereas excavated 

material from Foça show Ottoman iron kept in burial conditions, approximately 150 

years old.  

The studied samples are coded with the letters indicating either the name of the 

building or their location and use of purpose. The samples are numbered sequentially 

(Table 3.1). As seen in the lists below (Table 3.2, 3.3, 3.4 and 3.5) samples found 

successively have been added to the examined objects. The location of the sample as 

either indoor or outdoor is described in the detailed definition of the sample. 
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Table 3. 1 The iron objects, their coding and description.  
No Building  Code Code Description 

1 Gazi Mihal 
Hammam  GMH-Me-01 GMH stands for Gazi Mihal Hammam – 

Me Metal – 01 Sample’s sequence number 

2 Kılıç Ali Paşa 
Hammam MSH-KAP-001 

MSH indicating Mimar (Architect) Sinan 
who was the architect of the Hammam – 
KAP indicating Kılıç Ali Paşa, the name of 
the Hammam – 001 Sample’s sequence 
number. 

3 Foça 
Dwellings FKM-001 FKM represents Foça Dwelling (Konut) 

Metal – 001 Sample’s sequence number. 

4 Tekkeköy 
dwellings  T-N-001 T-N signifies Tekkeköy Dwelling’s Nail – 

001 Sample’s sequence number 

5 Tekkeköy 
dwellings T-W-001 

T-W symbolize Tekkeköy Dwelling’s 
window metal – 001 Sample’s sequence 
number 

6 Tekkeköy 
dwellings T-D-001 T-D means Tekkeköy Dwelling’s door 

metal – 001 Sample’s sequence number 
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Figure 3. 1 Gazi Mihal Hammam, Edirne  (Photo taken by Nurdan Yucel, 2012) 
 
 
Table 3. 2 List of samples from Gazi Mihal Hammam, Edirne and their description 
(15th cc): 
No Sample Code Description 

1 GMH-Me-01 
Pipe piece collected 
from the basin of the 
bath 

 

2 GMH-Me-02 Door/window locking 
rest iron piece, Indoor 

3 GMH-Me-03 Plaster nail (1) from 
wall, indoor  

4 GMH-Me-04 Plaster nail (2) from 
wall, indoor 
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(a) 

 

 

 

 

 

 

 

 

 

     

(b) 

(b) 

Figure 3. 2 Kılıç Ali Paşa Hammam, Tophane, Istanbul: a) Exterior of the Hammam 
(Photo: Nurdan Yucel, 2013), b) Interior of the Hammam after restoration 
(https://media-cdn.t24.com.tr/media/stories/2018/04/raw_mimar-sinanin-ustalik-
donemi-eserlerinden-kilic-ali-pasa-hamamina-restorasyon-odulu_200100738.jpg) 
 
  

https://media-cdn.t24.com.tr/media/stories/2018/04/raw_mimar-sinanin-ustalik-donemi-eserlerinden-kilic-ali-pasa-hamamina-restorasyon-odulu_200100738.jpg
https://media-cdn.t24.com.tr/media/stories/2018/04/raw_mimar-sinanin-ustalik-donemi-eserlerinden-kilic-ali-pasa-hamamina-restorasyon-odulu_200100738.jpg
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Table 3. 3 List of studied samples from Kılıç Ali Paşa  Hammam, Tophane, Istanbul 
and their description (16th cc): 

No Sample Code Description 
5 

MSH-KAP-01 
Nail used for stone building, 
collected from dome, square 
shape (1), outdoor 

 

 

6 
MSH-KAP-02 

Iron piece, used for jointing 
of other metals (chains or 
hooks) to the wall, indoor.  

7 
MSH-KAP-03 

Nail used for stone building, 
collected from dome, square 
shape (2), outdoor 

8 MSH-KAP-04 Nail used for timber jointing, 
square shape, indoor  

9 
MSH-KAP-05 

Iron hinge, from main 
entrance timber door, 
partially open to atmosphere 

10 MSH-KAP-06 Iron element for towel 
hanging, indoor 

11 MSH-KAP-07 Nail used for stone building, 
indoor 

12 MSH-KAP-08 Nail used for lead covering 
of dome, outdoor 

13 MSH-KAP-09 Nail used for stone building, 
square shape, indoor 

14 MSH-KAP-10 Nail used for stone building, 
square shape, indoor 

15 MSH-KAP-11 Nail used for stone building, 
square shape, indoor 

16 MSH-KAP-12 Nail used for timber jointing, 
square shape, indoor 

17 MSH-KAP-13 Nail used for timber jointing, 
square shape, indoor 

 



 
 

56 

 
(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

Figure 3. 3 Dwellings from Foça, Izmir: a) A dwelling currently under restoration, 
b) An uninhabited dwelling. (Photos: Nurdan Yucel, 2015). 
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Table 3. 4 List of studied samples from Foça dwellings, Izmir and their description 
(19th cc). 

No Sample 
Code Description 

18 FKM-01 
Window guard iron piece 
from a stone dwelling, 
outdoor 

 

 
 

 

19 FKM-02 
Nail for jointing load 
bearing, main timber beams, 
indoor  

20 FKM-03 Door lock piece from main 
entrance, indoor   

21 FKM-04 
Male hinge for main 
entrance door, partially open 
to atmosphere  

22 FKM-05 Female hinge for main 
entrance door, indoor 

23 FKM-06 Nail, Ottoman layer, burial 
condition    

24 FKM-07 Nail, Ottoman layer, burial 
condition    

25 FKM-08 
L shaped iron piece, 
Ottoman layer, burial 
condition 

26 FKM-09 Iron piece, Ottoman layer, 
burial condition  

27 FKM-10 Nail, Ottoman layer, burial 
condition 

28 FKM-11 
Nail, dwellings embedded in 
building stone tuff, partially 
open to atmosphere 

29 FKM-12 Nail, Ottoman layer, burial 
condition 

30 FKM-13 Nail, Ottoman layer, burial 
condition 

31 FKM-14 Nail, Ottoman layer, burial 
condition 

32 FKM-15 Nail, Ottoman layer, burial 
condition 

33 FKM-16 
Door & wall jointing iron bar 
with diamond shaped head, 
partially open to atmosphere 
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(a) 

 

 
(b) 

 

Figure 3. 4 Dwelling from Tekkeköy, Samsun: a) North and east view, b) South view 
from main entrance. (Photos: Nurdan Yucel, 2015) 
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Table 3. 5 List of studied samples from Tekkekoy Dwelling, Samsun and their 
description (19th cc). 

No Sample Code Description 

34 T – N – 01 
Iron nail from 
timber column, 
outdoor  

 

35 T – N – 02 

Iron nail from 
main entrance 
door frame, 
indoor    

36 T – N – 03 
Iron nail from 
lath & plaster, 
outdoor  

37 T – N – 04 
Iron nail from 
door frame, 
indoor   

38 T – N – 05 
Iron nail from 
timber column, 
outdoor 

39 T – N – 06 
Iron nail from 
lath & plaster, 
outdoor 

40 T – W – 01 

Iron hinge pin 
from entrance 
hall’s left 
window, partially 
open to 
atmosphere 

41 T – D – 01 

Iron crossbar for 
main entrance 
door locking, 
partially open to 
atmosphere  
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3.2 Methods of Analyses 

In the study, the samples have been examined initially using non-destructive methods 

such as visual analysis and other investigation techniques in the METU Material 

Conservation Laboratory, METU Central Laboratory, METU Metallurgical 

Engineering Laboratory and Material’s Laboratory of Samsun Makina Sanayi A.Ş. 

Foundry. Besides, some destructive analysis methods have been applied due to the 

nature of the analysis itself, like cutting, burning, abrasion and polishing. The 

laboratory analyses of the samples covered the determination of chemical and 

mineralogical compositions as well as the physical and mechanical properties of the 

iron samples. The selected examination methods in this study are: 

i. Dimensional and weight identification, 

ii. Color identification, to give some clue about the composition of corrosion 

products,  

iii. Hardness, to understand what treatment the object has undergone and to give 

information about the material’s performance on abrasion resistance,   

iv. Metallography and phase calculations, to obtain a picture of the composition, 

grain distribution and structure of the sample,  

v. Chemical analysis, to gather information about the chemical composition of the 

material, qualitatively and quantitatively,  

vi. Morphological and mineralogical analysis of the corrosion layers, by using 

XRD, FTIR, SEM-EDX and µ-RAMAN spectroscopy to identify and prove the 

morphological and mineralogical characteristics of the corrosion layers.  

The first step was about forming an inventory of the materials and giving a detailed 

description of their color, dimension and weight. The materials have been studied in 

terms of their metallurgical, chemical and physical properties. The preparation of the 

samples and detailed test procedures have been described in the following sections. 
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3.2.1 Visual, Dimensional and Weight Analysis of Iron Samples: 

Iron samples collected were first recorded by the visual observations of their color 

and deterioration condition. General and macro view of the samples were 

photographed by a Leica model microscope (Model 1: DFC 425).  

Their dimensional measurement, shape and corrosion thickness measurements were 

done - where applicable - at the material conservation laboratory. The dimensions of 

the iron elements were measured with the Mitutoyo brand digital calipers with 0.01 

mm precision. The weights of the samples were determined by the CHYO JL-200 

brand and 0.0001 g sensitivity analytical balance.  

3.2.2 Preparation of Samples to be Used for Analyses:   

Due to restricted amounts of samples taken from the monuments, cross-sections 

through the metal body and corrosion layer as well as powdered samples representing 

the corrosion layer were prepared for each iron component. Cross-sections were used 

for metallographic examinations, hardness, spark emission spectroscopy analyses, 

SEM and -Raman analyses. Powdered samples from corrosion layers were used for 

FTIR and XRD analyses.  

Metal Cross-sections:  

Longitudinal and transverse cuts of the nail heads and bodies together with their 

corrosion layers were obtained by cutting the nails in the mentioned directions and 

polishing the cut surfaces. The cut surfaces were polished by abrading with silicon 

carbide papers having 80,120, 240 and 600 grits successively on a Metkon (Forcipol) 

polishing instrument. The surface was further polished with felt having alumina 

polishing suspension on it. This process continued until a fully polished surface was 

obtained. The polished cross-sections were used to carry out several analyses such 

as the measurement of thickness of the corrosion layer, hardness tests and 

spectrometric analyses by spark emission spectroscopy. 
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The surfaces were then etched with nital solution (2.5 wt% HNO3 in ethanol) and 

polished with felt by hand. The analyses continued on polished and etched surfaces 

with metallographic examinations, hardness, spark emission spectroscopy analyses, 

SEM and micro-Raman analysis.  

Powdered samples:  

Full depth of the iron corrosion layers from the samples were scraped until reaching 

the metal body. They were reduced to fine powder in an agate mortar. Those powders 

were analysed by using XRD and FTIR spectroscopy. 

3.2.3 Metallographic analysis by Metallographic Microscopes: 

Metallographic characteristics such as microstructure at different phases of the main 

metal bodies are studied by using a metallographic microscope. The etched surface 

of the main metal body is examined using two types of microscopes: a Nikon 

IMM901 brand metallurgical microscope having 50x-200x magnification with 

“MSQ 6.2.1 2003” analyses software and a Huvitz HDS 5800 brand digital 

microscope from 50x to 5800x magnification. All functions for observation, 

recording, measurement and reporting have been integrated into a single unit in a 

Huvitz HDS 5800 brand digital microscope. It has been noted that while working 

with the digital microscope, quick observation without additional work on samples 

is possible. The brand creates fully-focused field images of high depth, even at high 

magnification while the optical technology and precise z-axis control provides image 

acquisition from different focal depths.   

In addition to the visual identification of different phases by metallographic 

microscopes, the percent amount of the different phases is theoretically calculated 

by using the C content of the samples. As a result, two different methods are used 

for the identification of the phases in the metal body. They are described in this 

section and summarized in table 3.6 (Callister and Rethwisch, 1997).  
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Table 3. 6 Summary of the different phases theoretically calculated in percentage by 
using the C content of the samples: 
 

Century 
of the 

Structure 
Sample's 

Code 

Carbon 
(C) 

Content 
(w/w%) 

Fraction 
of 

pearlite  
Total 
ferrite Cementite 

Fraction of 
proeutectiod 

alpha 
Eutectiod 

ferrite 
14th 

century GMH-Me-02 0,121 0,134 0,985 0,015 0,866 0,119 

16th 
Century 

MSH-KAP-01 0,155 0,180 0,980 0,020 0,820 0,160 
MSH-KAP-02 0,002 -0,027 1,003 -0,003 1,027 -0,024 
MSH-KAP-03 0,003 -0,026 1,003 -0,003 1,026 -0,023 
MSH-KAP-05 0,016 -0,008 1,001 -0,001 1,008 -0,007 
MSH-KAP-07 0,420 0,539 0,940 0,060 0,461 0,480 
MSH-KAP-08 0,042 0,027 0,997 0,003 0,973 0,024 
MSH-KAP-09 0,118 0,130 0,986 0,014 0,870 0,116 
MSH-KAP-12 0,148 0,171 0,981 0,019 0,829 0,152 

MSH-KAP-13 0,124 0,138 0,985 0,015 0,862 0,123 

19th 
century 

FKM-01 1,500 0,875   0,125     
FKM-02 0,002 -0,027 1,003 -0,003 1,027 -0,024 
FKM-03 0,025 0,004 1,000 0,000 0,996 0,004 
FKM-04 1,500 0,875   0,125     
FKM-05 0,002 -0,027 1,003 -0,003 1,027 -0,024 
FKM-07 0,002 -0,027 1,003 -0,003 1,027 -0,024 
FKM-08 0,002 -0,027 1,003 -0,003 1,027 -0,024 
FKM-09 0,056 0,046 0,995 0,005 0,954 0,041 
FKM-11 0,002 -0,027 1,003 -0,003 1,027 -0,024 
T-D-01 0,289 0,362 0,960 0,040 0,638 0,322 
T-N-01 0,132 0,149 0,984 0,016 0,851 0,133 
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3.2.4 SEM-EDX Analysis: 

Cross-sections were further examined by a Scanning Electron Microscope coupled 

with EDX analysis unit (SEM-EDX) (Manufacturer: Tescon, Model: Vega II) for 

metallographic characteristics, corrosion layer thickness and its morphology. Since 

the samples were conductive, there was no need to coat the samples with either 

carbon or gold. The etched surface of the samples was placed under the microscope 

where the main body and the corrosion layers were analyzed. Elemental analyses 

were performed by EDX unit on the cross-section views of corrosion layers and 

metal body as spot and area analyses.        

3.2.5 Hardness Test: 

The Brinell hardness test is preferred for iron materials’ hardness measurement as 

the method is considered to be non-destructive. Hardness measurements have been 

performed to all samples before etching the surfaces. A Heckert WMPA brand test 

instrument with a HBW2.5/187.5B measurement range was used for hardness 

measurements. The instrument’s ruler capacity was between 0-1.5 mm and its scale 

was 0.01 mm. The Brinell hardness of the samples was processed by using “MSQ 

6.2.1 2003” software.  

3.2.6 Analysis by Spark Emission Spectrometry: 

Elemental analyses were done by using an argon supply spark emission spectrometer 

(Manufacturer: OBSL, model GS 1000). The tests have been performed on polished 

surfaces after the hardness test. 

The sample to be analyzed has been placed on a spectrometer air-tightly where the 

ignition process has been performed. During the analysis, OBLF WiN analysis 

software was used by selecting the material type as “gray-spheroidal”. At the end of 

the ignition process, the software evaluates the elemental composition of the sample. 
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For the same sample, the ignition process and the software analysis were repeated 

three times and their average was taken to determine the final result.   

Chemical analysis of some samples could not be performed due to the small sample 

diameter which needed to be at least 1.2 cm to fully cover the cell of the instrument. 

In addition, some of the samples had too deep cracks obstacolating the instrument to 

make readings from the surface. 

3.2.7 Mineralogical Analysis: 

Mineralogical analysis from the corrosion layer and the body itself have been 

conducted by using µ-Raman spectrometry (Manufacturer: Bruker, Model: 

MultiRAM), FTIR spectrometry (Manufacturer: Bruker, Model: Alpha P) and X-

Ray Difractometer (XRD) instrument (Manufacturer: Bruker, Model: D8 Advance 

Diffractometer with SolX detector).  

µ-Raman Spectroscopy: 

Examination of cross-sections including the corrosion layer and the metal body itself 

have been conducted by using µ-Raman spectrometry (Manufacturer: Bruker 

Senterra II, Model: MultiRAM). It is important to note that Raman microscopy is 

extensively used by material scientists. The SENTERRA II supports the researcher 

with utmost precision and offers up to 3 excitation lasers as well as an optional 

coupling to FT-Raman for minimized fluorescence. 

The SENTERRA II is a method widely used in the conservation and restoration of 

historical buildings, paintings and artwork materials. Raman microscopy provides 

precise information about the chemical identity and origin of unknown substances 

resulting from the examination due to the high spatial resolution down to the 

nanometer range.  

µ-Raman spectroscopic analyses were conducted directly on the etched and polished 

cross-sections (see section sample preparation). The corrosion layers and the body 
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itself were thoroughly investigated by analysis of selected areas at random points. 

Analysis of corrosion layers was done starting from the metal body along with 

defined lines crossing the corrosion layer at several parts of the sample.  

µ-Raman analyses were carried out using a Bruker Senterra dispersive Raman 

Microscope Spectrometer with Opus 7.2 analysis software operating at 532 nm, 

using a laser power of 0.2mW. Backscattered Raman signals were collected with a 

cooled CCD detector. The instrument operated mostly at integration times of 150 

and 200 s with 2 spectra accumulations. The samples were put under the microscope, 

focused with a Leica 20X lens and then viewed with a 100X objective lens. The 

above settings have proved to be at optimum level as a result of a great number of 

tests performed at intervals. The interpretations of Raman spectra have been 

performed by comparisons with literature (Oh et al, 1999; Aramendia et al, 2014; 

Monnier et al, 2010; Colomban, 2011, Das et al, 2011; Hanesch, 2009; Neff et al, 

2006 and 2004). 

FTIR Spectroscopy: 

The powdered corrosion products were also analyzed by a FTIR spectrometer 

(Bruker, Model: Alpha P) with an ATR module on it.  

As well known, FTIR and Raman spectroscopy are complimentary techniques that 

both are based on molecular vibrations. However, Raman focuses on scattering of 

light, along with the change in polarizability of a molecule while FTIR uses 

absorption of light, and depends on a change in dipole moment. Both methods are 

universally applicable and permit the selective analysis of individual particles even 

having a size of a few micrometers. As a complementary method, Raman microscopy 

is used for the analysis of samples enabling a contactless measurement. Typically, a 

CCD sensor is used as a detector with laser wavelengths of 532 and 785 nm. When 

compared to the IR-microscopy, the lateral resolution of the Raman microscope is 

higher and particles with a size in the lower micron range can be identified. In the 

case of inorganic samples, the Raman technique also offers a better differentiation. 

A disadvantage of the technique, however, is that many samples show fluorescence. 
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The typically broad and intense fluorescence signal can even completely cover the 

signal of the sample. This can be circumvented very often by the choice of a larger 

laser wavelength. Accordingly, the optimal sample wavelength can be selected for 

any sample (Seeba, 2022). 

During the FTIR analyses, the powdered corrosion products were directly measured 

by the use of the ATR unit. For each spectrum, 32 scans were run between 400–4000 

cm-1. Interpretations of FTIR spectra have been performed using the Bruker library 

of the instrument together with literature (Gadsden 1975 and Nakamoto 1997).  

Standard samples, either prepared in the laboratory or ready (commercial) samples 

such as akaganeite and hematite have been used for calibration purposes and to verify 

the spectrum.  

XRD Spectroscopy: 

Powdered samples of the corrosion layers were studied by using X-Ray Powder 

Diffraction (XRD) (Bruker, Model: D8 Advance Diffractometer with a SolX 

detector) and Fourier Transform Infrared Spectroscopy (FTIR). The corrosion layers 

were scraped from the surface of the sample and reduced to powder in agate mortar.  

The analyses have been performed by XRD using CuKɑ radiation, adjusted to 40kV, 

40mA.  The XRD traces were recorded at 2 values from 2° - 70° and the instrument 

was set to a scan speed of 2 seconds at 0.02° intervals.  

As mentioned before, in natural environments, iron oxide minerals are represented 

by a variety of minerals that range from well to poor crystalline state. While 

examining the corrosion layers of iron samples, magnetite and goethite were found 

to be of prime importance. As an experimental work to study the long-term 

transformation characteristics of magnetite which is a well-crystallized iron oxide, it 

was expected to undergo some changes in aqueous media where the transformation 

products are closely related to the pH of the environment. The transformation of 

"magnetite" to "goethite" together with the common phase "maghemite” (-Fe2O3) 

was found to be favorable in a high alkaline environment (Colomban 2011). 
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3.2.8 PAI Calculations 

Assessment of corrosion layer characteristics in reducing the corrosion rate and its 

protective ability to prevent the metal from further corrosion is of great interest 

(Yamashita et al 1998, Feron et al 2004, Kamimura et al, 2006, Dillmann et al, 2007, 

Aramendia et al, 2014, Waseda and Suzuki 2005). In this study, the Protective 

Ability Index (PAI) of the corrosion layers were roughly estimated and expressed as 

the ratio of the isotropic goethite band thickness to the total thickness of other oxides 

and oxyhydroxides namely magnetite, maghemite, hematite, lepidocrocite in the 

corrosion layer, distinguished by µ-Raman which is a unique method for phase 

identification. The objects were analyzed starting from RF towards TM step by step 

during µ-Raman analysis. The step thicknesses were identified by dividing the 

number of steps to the total thickness. The composition of minerals at each thickness 

were identified by µ-Raman. If the mentioned thickness would include more than 

one mineral, the individual thickness of each mineral was found by dividing that step 

thickness to the number of total corrosion minerals found in that step. Hence, the 

goethite in the total thickness is calculated by adding the thickness found in each 

step. The same calculation was adapted for the other corrosion fractions found in the 

total thickness. Those thickness were used to estimate the mass fraction of corrosion 

products. The following formula was used to identify the PAI values for each object 

(Aramendia et al, 2014): 

 

for seaside – rural environment (equation 1);  

 

𝛼
𝛾⁄ 𝑃𝐴𝐼 =  

𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝛼 − 𝐹𝑒𝑂𝑂𝐻

𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝛾 − 𝐹𝑒𝑂𝑂𝐻 +  𝛽 − 𝐹𝑒𝑂𝑂𝐻 + 𝐹𝑒3𝑂4)
 

 

for urban – industrial environment (equation 2);  

 

𝛼
𝛾⁄ 𝑃𝐴 =

𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝛼 − 𝐹𝑒𝑂𝑂𝐻

𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝛾 − 𝐹𝑒𝑂𝑂𝐻 +  𝛽 − 𝐹𝑒𝑂𝑂𝐻 + 𝐹𝑒3𝑂4 + 𝛼 − 𝐹𝑒2𝑂3)
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However, for iron artifacts in burial condition, Dillmann et al. (2004) proposes a 

modification of the protective ability ratio for ancient corrosion layers, calling it 

α*/γ*. Although magnetite exhibits some conductivity, it can be considered to be 

protective because of its high stability. The following formula was used to identify 

the PAI values for each iron object in burial condition (Aramendia et al, 2014) 

(equation 3):  

 

𝛼 ∗
𝛾 ∗⁄ 𝑃𝐴𝐼 =  

𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝛼 − 𝐹𝑒𝑂𝑂𝐻 + 𝐹𝑒3𝑂4)

𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝛾 − 𝐹𝑒𝑂𝑂𝐻 +  𝛽 − 𝐹𝑒𝑂𝑂𝐻 +  𝛼 − 𝐹𝑒2𝑂3)
  

 

 

In this research, for iron nails embedded in timber, which generates an organic 

atmosphere, a new modification of the protective ability ratio for ancient corrosion 

layers, named as α”/γ”, is proposed. The iron objects embedded in timber did not 

reveal any goethite during the analysis but showed wüstite and/or hematite.  Wustite 

which is commonly observed iron oxide, has an unusual prolonged stability at 

nanoscale (Yin et al, 2007). Wustite and magnetite are less noble but more effective 

as cathodic surfaces than hematite. (Ahlström et al, 2018). The following formula 

was used to identify the PAI values for each iron object embedded in timber 

(equation 4):  

 

𝛼"
𝛾"⁄ 𝑃𝐴𝐼 =  

𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝐹𝑒3𝑂4 + 𝐹𝑒𝑂)

𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝛾 − 𝐹𝑒𝑂𝑂𝐻 +  𝛽 − 𝐹𝑒𝑂𝑂𝐻 +  𝛼 − 𝐹𝑒2𝑂3)
  

 

FTIR results were also used as an alternative data to semi-quantify the main 

corrosion phases of iron artefacts for the calculation of PAI with the above equations 

(Veneranda et al, 2018). The ratio of the total amount of goethite and magnetite with 

respect to unstable phases obtained from FTIR spectroscopic analysis of powdered 

samples can be used to calculate the PAI values. However, it is important to keep in 

mind that powdered samples used for FTIR results consist of impurities from 

transformed media mixed with the corrosion products. Therefore, the PAI ratio does 
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not represent only the inner corrosion layer. On the other hand, while working with 

the Raman spectroscopic analysis results, the layers are well observed and it is easy 

to define the thickness of each sub-layers.   

  

PAI was calculated with the first equation for the objects at seaside – rural 

environment and with the second one for the urban – industrial environment. For 

burial iron objects, Dillmann’s equation was used (equation 3). For iron objects 

embedded in timber, PAI calculations were done by using equation 4. PAI results 

bigger than 2 were accepted to show the good state of stability of the corrosion layer 

(Yamashita et al, 1998). PAI values were used to evaluate the objects’ protective 

capabilities and the achievement of a stable corrosion layer. 
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CHAPTER 4  

EXPERIMENTAL RESULTS 

In this chapter, the results of the analyses that were performed to explore production 

technology, compositional properties and the corrosion performance of historical 

iron constructional elements are presented. Firstly, results of visual and dimensional 

analyses that describe the initial condition of the samples are given as well as basic 

metallographic characteristics of the metal bodies in terms of microstructural 

constituents, hardness and elemental composition. Afterwards, analyses of corrosion 

layers and their results are given in detail relating the thickness, sub-layering, 

compactness and mineralogical composition starting from main body towards 

exterior.  

Overall composition of each corrosion layer is studied by the analyses of the 

powdered samples using XRD and FTIR whereas microstructure and the sub-layers 

of the corrosion on the samples are studied in-situ by -Raman & SEM-EDX in order 

to define mineral and amorphous phases that were formed during the corrosion 

process and the distribution of those phases.  

The experimental results are given in the sub-sections named below: 

i) Basic visual and dimensional characteristics, 

ii) Results of metal body’s elemental composition by spark emission spectrometer 

and EDX, 

iii) Results of microscopical investigations of metal body and corrosion layers, 

iv) Results of hardness measurements on metal body, 

v) Results of corrosion layer analyses by using XRD, FTIR, -Raman 

Spectroscopy and SEM-EDX, 

vi) Protective Ability Index (PAI) calculations:  Combined results of corrosion layer 

thickness and goethite layer thickness.  
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4.1 Basic Visual and Dimensional Characteristics  

The visual characteristics such as colour and dimensional measurements of the 

samples are shown in Tables 4.1, 4.2, 4.3 and 4.4. They describe the initial condition 

of the corroded iron samples collected from historical buildings constructed at 

different periods in history: namely a 15th century monument “Gazi Mihal Hamamı”, 

a 16th century monument, “Kılıç Ali Paşa Hamamı” and some 19th century dwellings 

in Foça - İzmir and Tekkekoy - Samsun. 

Table 4. 1 Visual and dimensional characteristics of iron samples from Gazi Mihal 
Hamamı, Edirne (15th cc):  
L: Length, D: Diameter at mid-point; T: max. thickness; W: Width 
Sample Code and 

Description 
Location 

Surface Color   

 

Dimension

s in cm 

Weight     

in grams 

GMH-Me-02  

iron lock piece  

from door / window 

partially 

open to 

atmosphere 

Variable: from 

reddish-brown 

to yellow  

L= 12.0  

T= 0.3 

W= 1.1 

33.94 

GMH-Me-03 

iron nail (1) 

Embedded in mortar/ 

plaster 

Interior  Reddish-brown   
L= 6.5;   

D= 0.45 
8.11 

GMH-Me-04 

Iron nail (2) 

Embedded in mortar/ 

plaster  

Interior  

Variable: from 

black to 

reddish-brown  

L= 4.2;   

D= 0.37   
2.04 
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Table 4. 2 Visual and Dimensional characteristics of iron samples from Kılıç Ali 
Paşa Hammam, Istanbul (16th cc).  
L: Length, D: Diameter at mid-point; T: max. Thickness; W: Width. 
Sample Code and 
Description Location 

Surface Color  Dimensions  
in cm 

Weight             
in grams 

MSH-KAP-01 
Iron nail, (1) 
body with square 
cross-section, 
collected from 
dome 

Exterior 

Variable: 
from reddish-
brown, 
orange to 
yellow  

L= 6.95 
D(body)= 1.10  
D(head)= 1.85  

42.6 

MSH-KAP-02  
Iron jointing 
element for future 
connections  

Interior 

Variable: 
from reddish-
brown to 
orange 

L= 14.3  
W= 1.0  
D(ring)= 1.3  
D(ring ext.)= 2.7 

90.9 

MSH-KAP-03 
Iron nail, (2) 
body with square 
cross-section, 
collected from 
dome  

Exterior 

Variable: 
from reddish-
brown, to 
dark brown-
black 

L= 9.3 
D(body)= 1.3 
D(head)= 2.3 -2.5 

107.8 

MSH-KAP-04 
Iron nail,  
used for timber 
jointing, body with 
square cross-
section, 

Interior  

Variable: 
from reddish-
brown, to 
dark brown-
black 

L= 20  
D= 1  
 

68.6 

MSH-KAP-05 
Iron hinge; main 
entrance timber 
door jointing 
element 

Interior  
Dark brown-
black 

 

L= 18 x 3.2 
T= 1.1  
W= 3.1   

426 

MSH-KAP-06 
Iron ring piece for 
towel hanging with 
wall anchoring 
section 

Interior 

Variable: 
from reddish-
brown, to 
dark brown -
black 

L= 14.8 
T= 1.3   
D(ring ext x int.)= 
10.4 x 7.6 

402.2 
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Table 4.2. Visual and Dimensional characteristics of iron samples from Kılıç Ali 
Paşa Hammam, Istanbul (16th cc) (continued). 
L: Length, D: Diameter at mid-point; T: max. Thickness; W: Width. 
Sample Code 
and Description Location 

Surface Color  Dimensions  
in cm 

Weight             
in grams 

MSH-KAP-07 
Iron nail, body 
with quadrangle 
cross-section  

Interior 

Variable: from 
reddish-brown, 
to dark brown 
-black  

L= 13.1 
T= 10.6 
W= 21.9 
D(head)= 2.4-1.85  

45.0 

MSH-KAP-08 
Iron nail used for 
lead sheets of 
dome 

Exterior  
Dark brown-
black 

 

L= 6.76  
D(body)= 0.46  
D(body)= 0.98  
D(head)= 3.65 

45.0 

MSH-KAP-09 
Iron nail, body 
with square 
cross-section, 
triangle head 

Interior 
 

Dark brown-
black 

L= 12.6  
T= 1.3-0.95  
W(head)= 3.5  

106.9 

MSH-KAP-12 
Nail, body with 
square cross-
section  

Interior 

Variable: from 
reddish-brown, 
to dark brown-
black 

L= 12.4  
T(max)= 1.1   
W= 0.5  
D(head)= 2.8-2.2 

81.5 

MSH-KAP-13 
Nail, body with 
square cross-
section, used for 
timber jointing 

Interior 
 

Variable: from 
reddish-brown 
to dark brown 

L= 14.3  
D(max.) = 1.2 

81.7 

 

 
 
 
  



 
 

75 

Table 4. 3 Visual and Dimensional characteristics of iron samples from Foça 
Dwellings, Foça – Izmir, (19th cc). 
L: Length, D: Diameter ad mid-point; T: max. Thickness; W: Width. 
Sample Code and 
Description Location 

Surface Color  Dimensions  
in cm 

Weight             
in grams 

FKM-01 
Iron bar, two pieces, 
for window guard 

Exterior 
Variable: from 
reddish-brown to 
dark brown 

L(total)= 25.0 
D(max)= 1.95 
(1st piece); 
D(max)= 1.7 
(2nd piece)   

333.6 

FKM-02  
Iron nail, for jointing 
the main timber 
beams, body with 
square cross-section 

Interior 
Variable: from 
reddish-brown to 
dark brown-black 

L= 14.0 
T(body)= 0.84  
D(head)= 1.5 

58.9 

FKM-03  
Iron door lock piece, 
from main entrance 

Interior 

Variable: from 
reddish-brown, 
orange to yellow  
 

L= 15.6  
W= 3.3 
T= 0.7  
D(ring) = 3.0   

601.4 

FKM-04  
Iron hinge piece, for 
main entrance door,  
L-shaped, body with 
rectangular cross-
section  

Interior 
Variable: from 
reddish-brown to 
dark brown-black 

L(total)= 30.0 
T= 1 
W= 3.8 
L(L-shape) = 7 

1100 

FKM-05  
Iron hinge piece, for 
main entrance door 

Interior 
Variable: from 
reddish-brown to 
dark brown-black  

L= 15.5 
T= 0.7   
W= 3.2  

2013.2 

FKM-06  
Iron nail body, 
anchoring two 
stones, square cross-
section 

Interior 
Variable: from 
reddish-brown to 
dark brown-black 

L= 5.2 
D= 1.2  42.6 

FKM-07 
Iron nail, body with 
square cross-section 
excavated from 
Ottoman layer 

Buried 
Variable: from 
reddish-brown to 
orange 

L= 8.5 
T(body)= 1.2 
D(head)= 2.0  

53.2 
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Table 4.3. Visual and Dimensional characteristics of iron samples from Foça 
Dwellings, Foça – Izmir (19th cc) (Continued) 
L: Length, D: Diameter at mid-point; T: max. thickness; W: Width. 

Sample Code and 
Description Location Surface Color  Dimensions  

in cm 

Weight             
in 
grams 

FKM-08  
Iron piece, L-shaped 
excavated from 
Ottoman layer  

Buried 

Variable: from 
reddish-brown, 
dark brown, 
orange to yellow 

L= 3.9 x 8.3 
D(body)= 1.5 57.4 

FKM-09  
Iron piece, one side 
flat, one side round, 
excavated from 
Ottoman layer 

Buried 

Variable: from 
reddish-brown, 
dark brown to 
orange 

L= 17  
W(max) = 2.2 72.4 

FKM-10 
Iron nail, body with 
square section, 
excavated from 
Ottoman layer 

Buried 

Variable: from 
reddish-brown, 
dark brown to 
orange 

L= 9.9  
T= 0.9 
D(head)= 2   

50.8                            

FKM-11 
Iron nail piece, body 
with square cross-
section; situated 
between two stones of 
a stone house’s façade                                       

Partially  
open to 
atmosphere 

Variable: from 
reddish-brown, 
dark brown-
black to orange 

L= 6.3    
T(body)= 1.2 20.4 

FKM-12 
Iron nail, body with 
square cross-section, 
excavated from 
Ottoman layer 

Buried 
Variable: from 
reddish-brown 
to dark brown 

L= 9.6  
T= 1 
D(head)= 2.6 

39.1 

FKM-13 
Iron nail, body with 
square cross-section, 
excavated from 
Ottoman layer 

Buried 

Variable: from 
reddish-brown, 
dark brown to 
orange 

L= 16  
T= 1.3 
D(head)= 2.3   

140.3 
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Table 4. 4 Visual and dimensional characteristics of iron samples from Tekkekoy 
Dwellings, Tekkekoy – Samsun, (19th cc). 
L: Length, D: Diameter at mid-point; T: max. thickness; w: Width; W: Weight. 
Sample Code and 
Description Location Surface Color  Dimensions  

in cm 
Weight             
in grams 

T-N-01 
Iron nail from 
timber column 

Exterior 
Variable: from 
thin black to 
reddish-brown 

L=8.3 
D(body)=0.7  
D(head)= 1.2   

24.3 

T-N-02 
Iron nail from          
main entrance, 
timber door frame 

Interior Reddish-brown 
L= 7.6  
D(body)= 0.4 
D(head)= 1.0 

10.2 

T-N-03:   
Iron nail from 
timber lath and 
plaster 

Exterior 

Variable: from 
black, dark 
brown to reddish 
brown  

L=3.4  
D(body)= 0.2 
D(head)= 0.5 

1.0 

T-N-04 
Iron nail from 
door frame  

Interior 

Variable: from 
thin reddish 
brown to dark 
brown 

L=7.8; 
D(body)=0.5 
D(head) = 1.0 

9.4 

T-N-05 
Iron nail from 
timber column 

Exterior 

Variable: from 
thin reddish 
brown to dark 
brown 

L=9  
D(body)=0.5 
D(head)= 0.9  

11.1 

T-N-06  
Iron nail from 
timber lath and 
plaster 

Exterior 

Variable: from 
black, dark 
brown to reddish 
brown 

L=3.7  
D(body) =0.2 
D(head)=0.6 

0.7 

T-W-01  
Iron hinge pin 
from  
a window in the 
main entrance  

Partially  
open to 
atmosphere 

Variable: from 
thin reddish 
brown to dark 
brown 

L=14.0  
D(body)= 0.5   
D(head)= 0.7 

20.4 

T-D-01 
Iron crossbar of 
the entrance door 
lock 

Interior 
Variable: from 
dark brown to 
reddish brown 

L= 20.3 
T= 0.8 
H= 2.8 
W= 2.5 

183.2 
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4.2 Results of Elemental Compositions by Using Spark Emission Spectrometer 

and SEM-EDX  

Compositional properties have an important role in their corrosion resistance. Hence, 

investigation of the elements in the composition gives a significant clue about their 

contributions on higher resistivity performances against corrosion. These elemental 

analyses were done by using an argon supply spark emission spectrometer and 

energy-dispersive X-ray spectroscopy (EDX) on the SEM views of the samples. 

EDX analyses were executed on the main bodies in addition to spark emission 

spectrometric analysis to detect the existing elements in the composition.  

4.2.1. Results of Elemental Compositions by Using Spark Emission 

Spectrometer  

Elemental analyses were done to obtain information about the chemical composition 

of the iron objects by using an argon supply spark emission spectrometer. Chemical 

analysis of some samples such as GMH-Me-03, GMH-Me-04, MSH-KAP-04 and 

FKM-10 could not be achieved due to their small sizes or several / deep cracks on 

their surfaces. Weight percentages of important elements such as carbon (C), silicon 

(Si), phosphorous (P), sulfur (S), manganese (Mn), aluminum (Al), nickel (Ni) and 

chromium (Cr) of the main bodies for the samples from the 15th, 16th and 19th 

centuries were given in Tables 4.5 and 4.6 respectively. From the 15th century only 

one sample was tested and its results were included in the same table of the samples 

belonging to the 16th century.    

The weight percentages of carbon were also utilized for the calculation of the 

theoretical FeC (cementite) phase in the metallographic characteristics of metal 

bodies. 

Morphology of the etched surface of the nail heads was revealed by using scanning 

electron microscopy (SEM) and chemical characterization of the samples was 

performed by energy-dispersive X-ray spectroscopy (EDX). Both metal bodies and 
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grain boundries (Figures 4.1 - 4.21) were analyzed and following results were 

gathered: 

Table 4. 5 Weight percentages of some important elements in the composition of the 
sample (GMH-Me-02) from the 15th century and the samples from the 16th century 
analyzed by spark emission spectrometer. 
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 GMH-
Me-02 -01 -02 -03 -05 -07 -08 -09 -12 -13 

C 0.121 0.155 0.002 0.003 0.016 0.420 0.042 0.118 0.148 0.124 1,041 

Si 0.003 0.023 0.161 0.165 0.523 0.571 0.136 0.056 0.018 0.038 2,403 

Mn 0.001 0.511 0.097 0.022 0.058 0.916 0.274 0.418 0.359 0.039 0,940 

P 0,007 0.052 0.280 0.231 0.219 0.092 0.043 0.007 0.009 0.113 1,524 

S 0,009 0.047 0.075 0.023 0.137 0.052 0.016 0.027 0.020 0.034 4,066 

Mg 0,006 0.000 0.0136 0.0021 0.0111 0.0007 0.0012 0.006 <0.000
1 0.008 5,431 

Cr 0,001 <0.001 0.049 <0.001 0.604 0.038 <0.001 0.309 <0.001 0.428 1,286 

Ni 0,015 0.024 <0.001 0.016 <0.001 0.068 0.014 0.129 0.150 <0.001 1,176 

Mo 0.002 0.004 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 1,360 

Cu 0.101 0.062 0.046 <0.001 0.079 0.199 0.061 0.115 0.050 0.057 1,928 

Al 0.004 <0.001 0.008 0.036 0.115 <0.001 <0.001 0.024 <0.001 0.034 2,047 

Ti 0.001 0.0007 0.0021 0.0040 0.0115 0.0010 0.0010 0.0009 0.0004 0.0252 0,000 

V 0.001 0.009 0.012 0.001 0.028 0.029 0.005 0.016 <0.001 0.023 0,820 

W 0.003 0.005 <0.003 <0.003 <0.003 0.007 <0.003 <0.003 0.004 <0.003 1,307 

Sn 0.002 0.012 <0.001 0.001 <0.001 0.007 0.008 0.003 0.003 <0.001 1,667 

Pb 0.001 <0.001 0.016 <0.001 0.166 0.002 <0.001 0.068 <0.001 0.114 1,111 

Zn 0.001 <0.001 0.001 <0.001 0.023 0.001 <0.001 0.017 <0.001 0.025 1,667 
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Table 4. 6 Weight percentages of some important elements in the composition of the 
samples from 19th century analyzed by spark emission spectrometer. 

 
 
 

 

 

  

Element 19th Century Samples  % Standard 
Deviation 

(±)  FKM-01 FKM-02 FKM-03 FKM-04 FKM-05 

C <1.50 <0.002 0.025 <1.50 <0.002 1,041 

Si 0.20 0.226 0.182 0.190 0.032 2,403 

Mn 0.087 0.039 0.028 0.027 0.170 0,940 

P 0.269 0.241 ~0.351 0.121 0.126 1,524 

S 0.010 0.077 0.030 0.030 0.018 4,066 

Mg 0.008 0.0042 0.002 0.002 0.002 5,431 

Cr 0.028 0.129 <0.007 <0.004 <0.001 1,286 

Ni 0.013 <0.001 0.071 0.010 0.051 1,176 

Mo <0.001 <0.001 <0.001 <0.001 <0.001 1,360 

Cu 0.018 0.038 0.147 0.043 0.059 1,928 

Al 0.013 0.034 0.009 0.018 <0.001 2,047 

Ti 0.007 0.0053 0.0090 0.004 0.001 0,000 

V 0.005 0.013 0.014 0.006 0.003 0,820 

W <0.005 <0.003 <0.003 <0.005 <0.003 1,307 

Sn <0.001 <0.001 0.006 <0.001 <0.001 1,667 

Pb 0.009 0.039 0.005 <0.002 <0.001 1,111 

Zn <0.001 0.003 <0.001 <0.001 <0.001 1,667 
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Table 4.6. Weight percentages of some important elements in the composition of the 
samples from 19th century analyzed by spark emission spectrometer (continued). 

* Standard deviation for each element obtained from the recalibration standard 

sample after 10 readings. All values are in w%.  

 

 

Element 
 19th Century Samples  % Standard 

Deviation 
(±)* FKM-07 FKM-08 FKM-09 FKM-11 T-N-01 T-D-01 

C <0.002 <0.002 0.056 <0.002 0.132 0.289 1,041 

Si 0.155 0.113 0.101 0.233 0.009 0.094 2,403 

Mn 0.036 0.016 0.148 0.115 0.483 0.019 0,940 

P 0.282 0.262 0.066 0.243 0.027 0.090 1,524 

S 0.060 0.203 0.010 0.099 0.025 0.004 4,066 

Mg 0.0075 0.0019 0.0006 0.0345 0.001 0.0113 5,431 

Cr 0.148 0.104 <0.001 0.187 0.135 <0.001 1,286 

Ni 0.012 0.006 0.019 <0.001 0.085 0.039 1,176 

Mo <0.001 <0.001 0.001 <0.001 0.012 <0.001 1,360 

Cu 0.046 0.036 0.170 0.058 0.214 0.019 1,928 

Al 0.015 0.049 <0.001 0.023 0.030 0.006 2,047 

Ti 0.0064 0.0028 0.0034 0.0033 0.001 0.0017 0,000 

V 0.022 0.009 <0.001 0.012 0.002 <0.001 0,820 

W <0.003 <0.003 0.005 <0.003 0.003 <0.003 1,307 

Sn <0.001 <0.001 0.009 <0.001 0.004 <0.001 1,667 

Pb 0.031 0.023 <0.001 0.036 0.006 <0.001 1,111 

Zn <0.001 0.002 <0.001 <0.001 0.003 <0.001 1,667 
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Carbon content of all samples belonging to 15, 16 and 19th centuries are in the range 

of 0.002% (FKM-02) to 1.5% (FKM-01). They fall in the definition of “plain carbon 

steel” having three further groups as low, medium and high carbon content within 

the range of 0.001 to ~1.5% (Singh, 2016). Except the nail (MSH-KAP-07) that has 

0.42% carbon content being in the medium carbon range and iron bar (FKM-01) and 

iron door hinge piece (FKM-04) from 19th century being in high carbon content 

range with 1.5% carbon, all the other objects are classified as the low carbon steels. 

Low carbon content steel can be shaped by hot and cold forging, drawing or pressing 

(Aktakka, 2006, Yavuz 2010).  

Silicon content of the samples are also very low: the lowest one was 0.003% from 

the 15th century sample, the door lock piece (GMH-Me-02) and the highest one was 

0.571% from the 16th century sample the nail (MSH-KAP-07) from interior.  

When phosphorous contents of the samples are compared, all samples have 

phosphorous content higher than good quality steel ranging from 0.007% to 0.351%. 

The lowest amount, 0.007%, belongs to door lock piece (GMH-Me-02) and nail 

(MSH-KAP-09) and the highest amount, 0.351%, belongs to a door lock piece from 

19th century (FKM-03). In good quality steel, the phosphorus content should be not 

more than 0.005%. In normal quality steel, phosphorous is not more than 0.05%. 

Most of the iron objects in this study have a phosphorous content in the normal steel 

quality range which is not more than 0.05%. Phosphorous may cause brittleness but 

may increase its workability (Yıldız, 2010). Phosphorous distribution in the metal 

may change with time.  

Sulfur content is an important parameter for the deterioration performance of the iron 

samples. High sulfur content causes brittleness in steel (Yıldız, 2010). The sulfur 

content of the objects is in the range of 0.004% - 0.203%. The door lock piece from 

19th century (T-D-01) has the lowest amount and the L-shaped iron piece from 19th 

century from Ottoman layer excavation (FKM-08) has the highest amount of sulfur.  

Sulfur content in good quality steel should be between 0.02 % and 0.035 %. Thirteen 

samples have low sulfur content (0.004%-0.034%) as specified for good quality 
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steel. Those samples belong to the periods 15th, 16th and 19th centuries (GMH-Me-

02 from the 15th century; MSH-KAP-03, -08, -09, -12, -13 from the 16th century 

and FKM-01, -03, -04, -05, -09, T-N-01, T-D-01 from the 19th century).  

Eight samples have higher sulfur content than 0.035% (MSH-KAP-01, -02, -05, -07, 

FKM-02, -07, -08, -09). Among those objects, the three samples having the highest 

sulfur amounts are an L-shaped iron piece from 19th century Ottoman layer 

excavation (FKM-08) being 0.203%; an iron nail from a stone dwelling in Foça 

(FKM-11) being 0.099% and an iron hinge from a main entrance timber door (MSH-

KAP-05) being 0.137%. The high content of sulfur in the composition might come 

from ore and the ore might contain pyrite (FeS2).  Although four of the samples 

(FKM-02, FKM-08, FKM-11 and MSH-KAP-01) have sulfur content above 0.035% 

in their composition, their hardness values are in the soft range.  

Manganese content in the composition of steels above 1% makes the steel 

considerably harder (Yildiz 2010; Radovic et al, 2010; Singh 2016). When compared 

with that amount, all iron objects examined have less than 1% manganese in their 

composition. The manganese content of the analyzed samples shows its relationship 

with hardness. The sample having the lowest manganese content being 0.001%, 

which is a door lock piece from the 15th century (GMH-Me-02) has the hardness in 

the soft grade (91 HB). The sample having the highest manganese content being 

0,916%, which is a nail from 16th century (MSH-KAP-07), has the highest hardness 

grade (281 HB). All other samples have a low manganese content and a “soft” 

hardness grade.  

Nickel and chromium contents are known to contribute to the corrosion resistance in 

steel (Xu et al, 2021; Cheng et al, 2017; Smola et al, 2019; Singh 2016). Nickel 

contents in the composition of the samples vary between 0.001% - 0,150%. Three 

nails from 16th century (MSH-KAP-02, -05, -11) and two nails from the 19th century 

(FKM-02, -11) have the lowest nickel amount. A nail from the 16th century (MSH-

KAP-12) has the highest nickel amount being 0,150%. Chromium contents in the 

composition of the samples vary between 0.001% - 0,604%.  The lowest chromium 
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content samples are a 15th century door lock piece, four nails from 16th century 

(MSH-KAP-01, -03, -08, -11) and three different samples from the 19th century 

(FKM-09, -05; T-D-01). The highest chromium amount 0,604% is observed in a nail 

from 16th century (MSH-KAP-05).  

Aluminum content in the composition of steels especially being 1% improves 

considerably the corrosion resistance of the steel and decreases the corrosion rate of 

the passivation film (Zhang et al, 2021). All iron objects have low aluminum content 

in their composition ranging between 0.001 to 0.115% being less than 1%. The 

sample having the highest aluminum content being 0.115% is a nail from the dome 

of Kılıç Ali Paşa Mosque from 16th century (MSH-KAP-03). The samples having 

the lowest aluminum content being 0,001% are MSH-KAP-01, -07, -08, -12 from 

the 16th century, FKM-05 and FKM-09 from the 19th century.  The oxidation rate 

of Fe–Al–Si alloys is three to four orders lower than that of Fe–Al and Fe–Si alloys 

due to the presence of a dense aluminum oxide layer and a layer of iron silicides 

below it, which acts as a secondary oxidation protection (Novak et al, 2019).  

When magnesium contents of the samples are compared, all samples have 

magnesium content ranging from 0.000% to 0.0345%. 16 out of 21 tested samples 

have magnesium less than 0.01%. The lowest amount, 0.000%, belongs to a nail 

from a dome (MSH-KAP-01) and the highest amount, 0.0345%, belongs to a nail 

from 19th century (FKM-11).  

All objects have minor element composition including carbon are in the following 

range: 0.279% (for 15th century object (GMH-Me-02)) to 2.4057% (for 16th century 

object (MSH-KAP-07)).  They are classified as low alloy steel. 
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4.2.2. Results of Elemental Compositions by Using SEM-EDX 

By using spark emission spectrometer, some restricted elements such as calcium (Ca) 

and sodium (Na) cannot be detected, whereas analyses of restricted elements can be 

added by EDX. Although the obtained results from EDX are semi-quantitative, they 

are in parallel with spark emission spectrometer.  

Two samples (GMH-Me-02 and 04) from the 15th century’s iron components were 

analyzed by using SEM-EDX (Figure 4.1 & 4.2). The main body of the door lock 

piece (GMH-Me-02), contains the elements Fe, O, Ca, Si, Mg, Al, K and Cl (Figure 

4.1) in its composition. A nail embedded in the interior wall plaster (GMH-Me-04) 

contains Fe, O, Ca, Si, Mn, Al, Cr and S elements (Figure 4.2). Those results were 

obtained from the main body in the figure 4.15 and not from the corrosion layer. 

 

 
Figure 4. 1 a) SEM image of a door locking iron piece (GMH-Me-02) from 15th 
century: elemental analysis area starting from metal body to TM Layer. b) EDX 
analysis results: Fe, O, Ca, Si, Mg, Al, K and Cl. 
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       (a)      (b)   

Figure 4. 2 a) SEM image of a nail (GMH-Me-04) from 15th century: elemental 
analysis area starting from metal body to TM Layer. b) EDX analysis results: Fe, O, 
Ca, Si, Mn, Al, Cr and S. 
 
 
Four samples of 16th century iron objects were analyzed and the EDX results are 

presented together with the SEM images of the related sample. The nail from the 

dome of the hammam building (MSH-KAP-01) has iron, silicon and manganese as 

main elements in the metal body (Figure 4.3 and Table 4.7). Shark (sword) like 

shapes is considered as the locations in the body with the composition of manganese 

sulfide (MnS) (Figure 4.4). The elemental analysis confirms the presence of main 

elements as manganese and sulfur (Figure 4.4) in their composition. The EDX 

analyses performed at grain and grain boundries show only the presence of iron 

without any segregation at grain boundries (Figure 4.5 and 4.6). The EDX analyses 

of four different pitting corrosion locations reveal the presence of iron, silicon, 

manganese and oxygen (Figure 4.7 and 4.8). Those pitting corrosion locations are 

thought to have the composition of manganese oxide (MnO). In some locations, 

manganese, sulfur and oxygen are also observed together with iron element. 
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Table 4. 7 Weight percent of important elements in the composition of the nail 
sample body (MSH-KAP-01) (16th century) by the EDX analysis. 

Element Weight Conc. % Atom Conc. % 

Si 0.37 0.73 

Mn 0.70 0.71 

Fe 98.93 98.56 

 

 

 
 
Figure 4. 3 SEM image (550x) of a nail head (MSH-KAP-01): Shark (sword) shaped 
images containing manganese sulfide (MnS) and pitting corrosion locations having 
Fe, Si, Mn and O.   
 

 



 
 

88 

 

Figure 4. 4 EDX spectrum of a nail head (MSH-KAP-01) at a shark (sword) shaped 
location: Mn and S. 
 
 
 

 

Figure 4. 5 EDX spectrum of a grain from a nail head (MSH-KAP-01): Fe as the 
main element. 
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Figure 4. 6 EDX spectrum of a grain boundary from a nail head (MSH-KAP-01) 
with no segregation. 
 

 

Figure 4. 7 EDX spectrum of a pitting corrosion location in the nail head (MSH-
KAP-01): Fe, Si, O, Mn and S. 
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Figure 4. 8 EDX spectrum of a pitting corrosion location in the nail head (MSH-
KAP-01): Fe, Si, O and Mn. 
 
 
The sample from 16th century belonging to an object used for further anchoring 

purposes from inside the hammam building (MSH-KAP-02) has iron as main 

element at points 4, 5 and 6 in the metal body (Figure 4.10). Several locations in the 

main body (Figure 4.9) were examined. Iron, silicon, manganese, phosphorous, 

sulfur, aluminum, calcium, magnesium and oxygen are observed in regions 1, 2 and 

7 (Figure 4.11). Region 3 contains the same element with 1, 2 and 7 with the 

exception of magnesium and sulfur (Figure 4.12).  The elemental analysis performed 

at location 8 which is a dark colored pitting corrosion location, shows the presence 

of iron, silicon, sodium, chlorine, sulfur and potassium which are probably the 

alkaline salts moved into the body through capillaries (Figure 4.13).  

 

 

 



 
 

91 

 

Figure 4. 9 SEM image of the main metal body in an iron sample head (MSH-KAP-
02). Numbers indicate the locations of EDX analyses. 
 

 

Figure 4. 10 EDX spectrum representing the points 4, 5 and 6 in the main body of 
the iron sample head (MSH-KAP-02): Fe as the main element. 
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Figure 4. 11 EDX spectrum representing the points 1, 2 and 7 in the main body of 
the iron sample head (MSH-KAP-02): Fe, Si, Mn, P, S, Al, Ca, Mg and O. 
 

 

Figure 4. 12 EDX spectrum of the point 3 in the main body of the iron sample head 
(MSH-KAP-02): Fe, Mn, O, Si, Al, P and Ca. 
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Figure 4. 13 EDX spectrum of the point 8 in the main body of an iron sample head 
(MSH-KAP-02): Fe, Si, Na, Cl, S and K. 
 
 
The sample representing a nail from the dome of the 16th century hammam building 

(MSH-KAP-03) was analyzed in the body and its pitting locations (Figure 4.14). The 

body’s EDX analysis reveals iron as the main element (Figure 4.15). In the pitting 

location, iron, silicon, calcium, phosphorous, chlorine, sulfur, aluminum and oxygen 

are the main elements observed (Figure 4.16). The weight percentages of the 

elements in the pitting locations show that the amount of aluminum is the second 

important element after iron in the composition (Table 4.8). 
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Figure 4. 14 SEM image (1000X) of the main body: An iron nail head from the dome 
(MSH-KAP-03). 
 

 

Figure 4. 15 EDX analysis at the main body of the iron sample (MSH-KAP-03): Fe 
is the main element.  
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Figure 4. 16 EDX analysis at the main body of the iron sample (MSH-KAP-03): Fe, 
O, Si, Ca, S, P, Cl and Al.  
 
 
Table 4. 8 EDX analysis of a pit (point 1) from the main body of an iron sample 
(MSH-KAP-03) (16th cc): Weight percentage of some important elements in the 
pit’s composition.  

Element Weight Conc % Atom Conc % Compnd Conc % Formula 

O 32.50   59.78   0.00     
Al 3.35    6.93    12.00   Al2O3 

Si 0.40    0.42    0.86    SiO2 

P 0.56    0.54    1.29    P2O5 

S 0.21    0.19    0.53    SO3 

Cl 0.88    0.73    0.88    Cl 

Ca 1.38    1.02    1.94    CaO 

Fe 57.71   30.41   82.51   Fe2O3 
 

Analysis of another nail object from the interior of the above-mentioned 16th century 

hammam building (MSH-KAP-12) was performed in four locations of the body of 

the sample. In the first location, EDX analysis reveals the presence of iron, silicon, 
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calcium, aluminum and oxygen (Figures 17 a and b). In the second location, sulfur 

is identified in addition to the elements in the first location (Figures 18 a and b). In 

the weight percentages of the elements, calcium is the second important element 

revealed next to iron (Tables 9 and 10). A sword shape on the body was analyzed. 

Iron, manganese and sulfur are also observed in its composition (Figures 19 a and b; 

Table 11). The mentioned sword shape is considered as a manganese sulfide (MnS) 

location. Lastly, the 4th location, which is a pitting location, shows the presence of 

iron, sodium, chlorine and potassium elements in the body’s pitting corrosion 

location: Fe, Na, K and Cl (Figures 20 a and b). The weight percentages of the 

elements in the composition were characterized as impurities with very low 

concentration levels, much lower than iron (Table 12). 

 

 

Figure 4. 17 a) SEM view from the main body of the sample head (MSH-KAP-12), 
b) EDX analysis of the main body: Fe, O, Si, Ca and Al. 
  

 
 

  



 
 

97 

Table 4. 9 EDX analysis of the main body in the nail sample head (MSH-KAP-12) 
(16th cc): Weight percentage of the elements in its composition. 

Element Weight Conc. % Atom Conc. % 

O 33.50 56.03 

Al 0.45 0.45 

Si 1.17 1.12 

Ca 1.18 0.79 

Fe 57.35 27.48 
 

 

 

Figure 4. 18 a) SEM view of the main body in the nail sample head (MSH-KAP-12). 
b) EDX analysis of the main body: Fe, O, Si, Ca, Al and S.  
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Table 4. 10 EDX analysis of the main body in an iron sample (MSH-KAP-12) (16th 
cc): Weight percentage of elements in its composition. 

Element Weight Conc. % Atom Conc. % 

O 39.87 68.26 

Al 0.74 0.75 

Si 1.82 1.77 

S 0.41 0.35 

Ca 4.35 2.98 

Fe 52.81 25.90 
 

 

 

Figure 4. 19 a) SEM view of a sword shaped impurity in the main body of the iron 
sample (MSH-KAP-12), b) EDX spectrum of the sword shaped impurity: Mn and S. 
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Table 4. 11 EDX analysis of the shark (sword) shaped formation in the main body 
of the iron sample (MSH-KAP-12) (16th cc): Weight percentage of elements in its 
composition. 

Element Weight Conc. % Atom Conc. % 

S 18.08 22.55 
Mn 32.73 23.82 
Fe 42.13 30.16 

 

 

 

Figure 4. 20 a) SEM image of the pitting locations in the main body of an iron nail 
(MSH-KAP-12); b) EDX analysis of a pitting location: Fe, Na, Cl, and K. 
 

Table 4. 12 EDX analysis of a pitting location in the main body of an iron sample 
(MSH-KAP-12) (16th cc): Weight percentage of elements in its composition.  

Element Weight Conc. % Atom Conc. % 

Na 1.95 4.49 
Cl 2.20 3.29 
K 3.07 4.16 
Fe 92.78 88.06 

 

Two objects from 19th century were analyzed and the EDX results are presented 

together with the SEM images of the related samples. The nail embedded in timber 

from the dwelling in Foça (FKM-02) and the nail (FKM-11) embedded in building 

stone from another dwelling in Foça have iron and silicon as main elements in the 

metal body (Figure 4.21).  
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(a) 

 

(b) 

Figure 4. 21 a) SEM image and EDX analysis of the main body in an iron nail (FKM-
02): Fe and Si. b) SEM image and EDX analysis of the main body in an iron nail 
(FKM-11): Fe and Si. 
 

4.3 Results of Microscopical Investigations on Metal Body and Corrosion Layer 

Microscopical examination of the samples on main metal bodies and their corrosion 

layers were done on the polished surfaces by using metallographic microscope 
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(Nikon IMM901), digital microscope (Huvitz HDS 5800) and scanning electron 

microscope (Tescan VegaII). Observations are given in the following sections: 

4.3.1 Metallographic characteristics of metal bodies 

Metallographic characteristics were investigated by microscopic observations of the 

cross-sections, Brinell hardness measurements and theoretical FeC (cementite) phase 

calculations. Microstructural constituents of the metal bodies from 15th century, 

16th century and 19th century samples are described by using microscopical 

observations of the cross-sections (Figures 4.22 - 4.29). The microscopical 

observations and Brinell hardness measurements are summarized in Table 4.14 -

4.16. In addition, the theoretical FeC (cementite) phase calculation results are 

documented in Table 4.13. 

Microscopical observation results and phase calculation results based on carbon 

content of samples determined by spark emission spectroscopy are combined 

together to explain the metallographic characteristics of the individual samples. 

Carbon content of the samples is taken into consideration to calculate the amount of 

pearlite-ferrite to better interpret microscopic views of the samples. Those results are 

summarized in tables 4.14-4.15-4.16 in terms of metallographic characteristics 

versus hardness characteristics of individual samples belonging to three main 

historical periods (15th, 16th and 19th centuries). 
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Table 4. 13 The theoretically calculated FeC (cementite) phase percentages of the 
samples from 15th, 16th and 19th centuries. 

Century 

of the 

structure 

Sample's code Carbon 

(C) 

content 

w/w% 

Fraction 

of 

pearlite  

Total 

ferrite 

Cementite Fraction of 

proeutecti

od alpha 

Eutectiod 

ferrite 

15th 
century 

GMH-Me-02 0.121 0.134 0.985 0.015 0.866 0.119 

16th 
Century 

MSH-KAP-01 0.155 0.180 0.980 0.020 0.820 0.160 
MSH-KAP-02 0.002 -0.027 1.003 -0.003 1.027 -0.024 
MSH-KAP-03 0.003 -0.026 1.003 -0.003 1.026 -0.023 
MSH-KAP-05 0.016 -0.008 1.001 -0.001 1.008 -0.007 
MSH-KAP-07 0.420 0.539 0.940 0.060 0.461 0.480 
MSH-KAP-08 0.042 0.027 0.997 0.003 0.973 0.024 
MSH-KAP-09 0.118 0.130 0.986 0.014 0.870 0.116 
MSH-KAP-12 0.148 0.171 0.981 0.019 0.829 0.152 
MSH-KAP-13 0.124 0.138 0.985 0.015 0.862 0.123 

19th 
century 

T-D-01 0.289 0.362 0.960 0.040 0.638 0.322 
T-N-01 0.132 0.149 0.984 0.016 0.851 0.133 
FKM-01 1.500 0.875   0.125   
FKM-02 0.002 -0.027 1.003 -0.003 1.027 -0.024 
FKM-03 0.025 0.004 1.000 0.000 0.996 0.004 
FKM-04 1.500 0.875   0.125     
FKM-05 0.002 -0.027 1.003 -0.003 1.027 -0.024 
FKM-07 0.002 -0.027 1.003 -0.003 1.027 -0.024 
FKM-08 0.002 -0.027 1.003 -0.003 1.027 -0.024 
FKM-09 0.056 0.046 0.995 0.005 0.954 0.041 
FKM-11 0.002 -0.027 1.003 -0.003 1.027 -0.024 

 

Samples collected from the interior of Gazi Mihal Hammam built in 15th century 

have similar microstructures with each other (Figure 4.22). An iron door lock piece 

(GMH-Me-02) having 0.12% carbon has mostly ferritic structure (98.5% total 

ferrite) with little amount of pearlite fraction (13%), cementite (1.5%) and eutectoid 

ferrite phase (1.1%) (Table 4.13). Nail samples (GMH-Me-03 and GMH-Me-04) 

from the same building have ferritic structure with fine grains (Figure 3.1.b-c) similar 

to the iron door lock piece which has 0.12% C in it. Cracks and inclusions are 
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observed on the polished surfaces of all mentioned samples. The hardness 

measurement of only one of the samples from 15th century could be taken due to the 

fact that the other samples had insufficient surface areas for such measurements. The 

hardness value of the door lock piece (GMH-Me-02) from Gazi Mihal Hammam is 

90.9 HB being in very soft range. This result reveals an expected hardness value for 

a ferritic structure. 

 

(a) GMH-Me-02 (200x), interior 

 

(b) GMH-Me-03 (200x), interior 

 

(c) GMH-Me-04 (200x), interior 

 

Figure 4. 22 Microstructural images of samples taken by Huvitz digital microscope 
after etching with nitric acid in alcohol (a, b, c).  
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Table 4. 14 Microstructural analyses and Brinell hardness results of the samples from 
15th century. 
 

Sample Code Microstructure 

Average 
Brinell 

Hardness 
(HBS) 

GMH-Me-02 
Door lock 

piece, interior 

• Ferritic structure. Ferrite grains are ~30 µm 
• Corrosion / slag fragments. Corroded 

regions 
• Deep cracks on the surface 

91 – very soft 

GMH-Me-03 
Nail, interior 

• Ferritic structure 
• Corrosion / slag fragments. Corroded 

regions 
• Deep cracks on the surface  

ND* 

GMH-Me-04 
Nail, interior 

• No regular ferrite- pearlite structure 
• More stressed structure 
• Corrosion / slag fragments 

ND* 

* ND: Not detected due to small size of the sample. 

Four samples from 16th century have mainly ferritic structure (Table 4.14) with 

visible ferrite grain boundaries and some pearlite. The three samples (MSH-KAP-

02, 03 and 05) are composed of ferritic structure only. The other samples (MSH-

KAP-01, 09, 12 and 13) have around 98% ferrite and 13-18% pearlite in the 

structure. Interior wall nail (MSH-KAP-07) has the least total ferrite (94%) with the 

highest amount of pearlite (53.9%). Ferrite grains in the samples differ in 

morphology. Due to bending, some ferrite grains are low elongated and some are 

still in equiaxial form.  

SEM-EDX analyses have also been involved for metallographic investigations of 

samples from 16th century. Varying amounts of slag fragments are observable in the 

images of all samples with some characteristic forms as sword shape. Sword shaped 

streaks of impurities are distributed in the views of the cross-sections. The major 

elements in their composition are manganese and sulfur detected by SEM-EDX. The 

three samples (MSH-KAP-01, 02, and 04) show mostly elongated slag streaks while 

the nail from the dome (MSH-KAP-03) shows some slag inclusions in dot form. The 
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samples from the interior of the hammam (MSH-KAP-05 and 06) have large slag 

fragments. The nail from the dome (MSH-KAP-08) having nearly 100% ferritic 

structure has little amount of dot-formed slag fragments. The three samples from the 

interior of the hammam building (MSH-KAP-9, 12 and 13) have ~98% ferritic 

structure with little amount of corrosion / slag fragments on the surface. Nail samples 

MSH-KAP-09 and MSH-KAP-13 are observed together with deep cracks on the 

surface probably due to forging. 

Hardness measurements of eleven iron elements from a 16th century hammam 

building in Istanbul have been effectuated. Hardness degrees of eleven samples are 

in the range of soft to hard (125 HB to 281 HB). Eight of the samples are nails. The 

hardness of three nails are in the soft range: a dome nail (MSH-KAP-01) with 125 

HB; two nails from interior (MSH-KAP-09 and MSH-KAP-13) with 129 HB and 

133 HB. Four nails are in the medium hardness range: two nails from the dome with 

ferritic structure (MSH-KAP-03 and MSH-KAP-08) have hardness value 166 HB 

and 177 HB respectively; a timber jointing nail (MSH-KAP-04) from interior having 

ferritic structure with some pearlite (20%) has hardness value 162 HB; a nail (MSH-

KAP-12) from interior with ferritic structure has hardness value 181 HB. Only one 

nail (MSH-KAP-07) having pearlitic structure has hardness in the high range (281 

HB). An iron hanger sample (MSH-KAP-06) having pearlitic-ferritic structure at the 

interior of the hammam has hardness in the soft range (138 HB), while a jointing 

element (MSH-KAP-02) with ferritic structure from the interior and a door hinge 

(MSH-KAP-05) with ferritic-pearlitic structure have hardness in medium range (160 

HB and 180.2 HB successively). The hardness degrees of samples MSH-KAP-05 

and 08 are quite similar, having 180 and 177 HB medium hardness respectively. 

MSH-KAP-05 has ferritic + pearlitic structure while MSH-KAP-08 has almost 100% 

ferritic structure. 
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(a) MSH-KAP-01 (100x), exterior 

 

 
 
 

(b)MSH-KAP-02 (200x), interior 
 

 
(c) MSH-KAP-03 (100x), exterior 

 

 
(d) MSH-KAP-04 (100x), interior 

 
Figure 4. 23 Microstructural images of the samples taken by Nikon metallographic 
microscope (a, c and d) and microstructural image of the sample by Huvitz digital 
microscope (b) after etching with nitric acid in alcohol (16th cc). 
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(e) MSH-KAP-05 (100x), interior  

 

(f) MSH-KAP-06 (200x), interior 

 
 

(g) MSH-KAP-07 (500x), interior 

 
(h) MSH-KAP-08 (100x), exterior 

Figure 4. 24 Microstructural images of samples taken by Nikon metallographic 
microscope (e, h) and microstructural images of samples taken by Huvitz digital 
microscope (f, g) after etching with nitric acid in alcohol (16th cc). 
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(i) MSH-KAP-09 (200x), interior 

 
 
 

(j) MSH-KAP-12 (500x), interior 
 

 
(k) MSK-KAP-13 (500x), interior 

 

Figure 4. 25 Microstructural image of the sample taken by Nikon metallographic 
microscope (i) and Microstructural images of the samples taken by Huvitz digital 
microscope (j, k) after etching with nitric acid in alcohol (16th cc).  
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Table 4. 15 Microstructural analyses and Brinell hardness results of iron samples 
from the 16th century. 

Sample Code Microstructure 

Average 
Brinell 

Hardness 
(HBS) 

MSH-KAP- 01 
Nail from dome, 

outdoor 

• Mostly Ferritic structure (98%), %18 pearlitic structure 
• Equiaxial ferrite grain boundaries are visible but not 

elongated. Ferrite grains are ~10 to 40 µm.  
• Small amount of corrosion/ slag fragments 

125 – soft 

MSH-KAP- 02 
Iron piece 
anchoring 

purpose, interior 

• 100% ferritic structure. Ferrite grains are ~100 µm.  
• Equiaxial ferrite grain boundaries are visible and its slag 

impurities are oriented.  
• Forged and re-heated. 
• Large amount of corrosion/ slag fragments 

160 – medium 
hard 

MSH-KAP- 03 
Nail from dome, 

outdoor 

• 100% ferritic structure. Ferrite grains are ~20 µm.  
• Equiaxial ferrite grain boundaries are visible and its slag 

impurities are not oriented 
• Large amount of corrosion/ slag fragments 

166 – medium 
hard 

MSH-KAP- 04 
Nail used for 

timber jointing, 
interior 

• Mostly ferritic structure with some pearlite 
• Ferrite grains are layered and elongated. 
• Forged but not reheated after last forging. 
• Large amount of corrosion/ slag fragments. Deep cracks 

on the surface 

162 – medium 
hard 

MSH-KAP- 05 
Iron hinge, 

interior 

• 100% Ferritic structure 
• Ferrite grain boundaries are visible  
• Large amount of corrosion/ slag fragments 

180 – medium 
hard 

MSH-KAP- 06 
Iron element for 
towel hanging, 

interior 

• %40 Ferritic - %60 Pearlitic structure 
• Heavily corroded and cracked surface  
• Equiaxial ferrite grain boundaries are visible, ~50µm and 

its slag impurities are oriented. 
• Forged and re-heated. 
• Large amount of corrosion/ slag fragments 

138 - soft 

MSH-KAP- 07 
Nail used for 

stone building, 
interior 

• Total Ferrite 94% - 53.9% Pearlitic structure. Highest 
amount of pearlite within the 16th century samples  

• Finer ferrite grains (~10 µm). Oriented slags.  
• Forged and re-heated. 
• Possibly, repair material dating from recent times 

281 – very 
high hardness 

MSH-KAP-08 
Nail used for 

lead covering of 
dome 

• Mostly ferritic structure (99.7%), 2.7% pearlitic structure. 
Ferrite grains are ~60 µm. 

• Corrosion/ slag fragments. Heavily corroded areas 

177 – medium 
hard 

MSH-KAP-09  
Nail used for 

stone building, 
interior 

• Mostly Ferritic structure (98.6%), 13% pearlitic structure 
• Ferrite grain boundaries are visible. Ferrite grain size 

~75µm. 
• No corrosion/ slag fragments 

129 – soft 
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Table 4.15 Microstructural analyses and Brinell hardness results of iron samples 
from the 16th century (continued) 

Sample Code Microstructure 

Average 
Brinell 

Hardness 
(HBS) 

MSH-KAP-12 
Nail used for 

timber jointing, 
interior 

• Mostly ferritic structure (98.1%), 17.1% pearlitic structure 
• Corrosion/ slag fragments. Corroded areas. No orientation 

noticed 
• Ferrite grains are larger than the others around 30 µm. 

181 – medium 
hard 

MSH-KAP-13 
Nail used for 

stone building, 
interior 

• Mostly Ferritic structure (98.5%), 13.8% pearlitic 
structure 

• Cracks probably due to forging 
• Least amount of corrosion / slag fragments 

133 – soft 

 

Iron samples collected from dwellings and excavations of an Ottoman Layer in Foça, 

Izmir from 19th century have mostly 100% total ferrite, while two samples an iron 

bar of a window guard (FKM-01) and an entrance door hinge (FKM-04) have 

pearlitic structure (87.5%) with 12.5% cementite. The ferrite grain boundaries of the 

samples are clearly observable and varying amounts of corrosion/ slag fragments are 

also viewed on the surface. Some corrosion fragments are found in dot forms in 

addition to elongated ones while examining a nail (FKM-11) from the same century.  

Hardness degrees of ten 19th century samples collected from Foça are in the range 

of soft to medium-hard (<94 HB to 199 HB). Considering the microstructure and 

hardness values together, the door lock piece (FKM-03) having ferritic structure has 

hardness in the soft range (129 HB). The iron bar from the window guard (FKM-01) 

and the main entrance door hinge (FKM-04) have pearlitic structure and their 

hardness values are in medium hardness range (156 HB and 164 HB respectively). 

The hardness of the timber beam nail (FKM-02) is 133 HB and is in the soft range. 

The buried nail from the Ottoman layer (FKM-07) is the hardest of all Foça samples 

(198.5 HB) being in the medium range. Hardness values of the objects having ferritic 
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structure (FKM-08 and FKM-09) are in the softest range (115 HB and < 94 HB 

respectively). The main entrance door hinge with ferritic structure (FKM- 05) has a 

hardness of 160 HB in the medium range. Hardness values of the two nails from the 

Ottoman layer (FKM-10 and FKM-11) are in the soft range (101 HB and 117 HB 

respectively). 

 
(a) FKM-01 (200x), exterior  

 
(b) FKM-02 (500x), interior 

 
(c) FKM-03 (200x), interior  

 
(d) FKM-04 (200x), interior 

 

Figure 4. 26 Microstructural images of iron samples by Nikon metallographic 
microscope (a, c) and Huvitz digital microscope (b, d) after etching with nitric acid 
in alcohol (19th cc).  
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(e) FKM-05 (200x), interior 

 
(f) FKM-07 (200x), buried 

 
(g) FKM-08 (200x), buried 

 
(h) FKM-09 (500x), buried 

 
Figure 4. 27 Microstructural images of iron samples by Nikon metallographic 
microscope (g) and Huvitz digital microscope (e, f, h) after etching with nitric acid 
in alcohol (19th cc). 
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(i) FKM-10 (200x), buried 

 
(j) FKM-11 (200x), partially open to 

the atmosphere 

Figure 4. 28 Microstructural image of iron samples by Nikon metallographic 
microscope (i) and Huvitz digital microscope (j) after etching with nitric acid in 
alcohol (19th cc). 
 
 
A nail and a door lock piece (T-N-01 and T-D-01 respectively) from the dwelling in 

Tekkekoy, Samsun, have 98.4% - 96% total ferrite and 14.9% - 36% pearlite 

respectively. The nail sample (T-N-05) has ferritic and pearlitic structure, but it has 

more ferritic grains than the door lock piece (T-D-01). The nail sample (T-N-05) has 

little amount of corrosion / slag fragments. A window hinge sample (T-W-01) has 

pearlitic structure, corrosion / slag fragments and locally deep corrosion fragments. 

The hardness values of Tekkekoy iron samples are in medium hard and very hard 

range (from 202 HB to 290 HB). The two nails (T-N-01 and T-N-05) have hardness 

values of 219 HB and 210 HB respectively. The door lock piece (T-D-01) from the 

same dwelling has a hardness value of 202 HB and a window hinge pin (T-W-01) 

has the hardness value of 290 HB, being in very hard range.  
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(k) T-N-01 (200x), exterior  

(l) T-N-05 (100x), exterior 

 
 

(m) T-W-01 (500x), interior 

 
(n) T-D-01 (200x), interior 

 
Figure 4. 29 Microstructural images of iron samples by Nikon metallographic 
microscope (l, n) and Huvitz digital microscope (k, m) after etching with nitric acid 
in alcohol (19th cc). 
 

The nail from the 15th century Gazi Mihal Hammam has the lowest hardness (91 HB) 

and has ferritic microstructure. The three nails (MSH-KAP-01, -09 and -13) from the 

16th century hammam have hardness values in the soft range. Their hardness values 

are in the range of 125 – 133 HB. They all have ferritic microstructure. 16th century 

nails (MSH-KAP-03, -04, -08, -12) have hardness values of 162 HB to 181 HB in 

the in the medium hardness range. The 19th century nails (FKM-02, FKM-10 and 

FKM-11) from Foça have the lowest hardness values in the soft range between 101 
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HB – 133 HB. They also have ferritic structure. The door lock piece (FKM-03) from 

Foça having a hardness value of 129 HB being in soft range has also ferritic structure. 

Some excavated iron components from the Ottoman layer of Foça have very low 

hardness (FKM-08 114 HB and FKM-09 95 HB) and they have ferritic structure. 

Thus, the results show that Brinell hardness values in the soft range are related with 

the ferritic structure. 

Table 4. 16 Microstructural analyses and Brinell hardness results of iron samples 
from 19th century. 

Sample Code Microstructure 
Average 
Brinell 

Hardness 
(HBS) 

FKM-01 
Iron bar of a 

window guard 
from a stone 

dwelling, exterior 

• 87.5 % Pearlitic structure with 12.5% cementite 
• Ferrite grain boundaries are particular. Ferrite grains 

are ~150 µm  
• Corrosion fragments in dot forms  
• Corrosion fragments between ferrite grain boundries, 

probably due to rolling crack 

156 - medium 
hard 

FKM-02 
Nail for jointing 

load bearing, main 
timber beams, 

interior 

• Mostly ferritic structure, ~10% pearlite 
• Ferrite grain boundaries elongated due to forging are 

observable. Ferrite grains are ~50 µm. 
• Corrosion/ slag fragments 

133 - soft 

FKM-03 
Door lock piece 

from main 
entrance, interior 

• Ferritic structure. Ferrite grains are ~100 µm. 
• Ferrite grain boundaries oriented due to forming / 

forging method are observable  
• Ferrite grains without normal cell structure  
• Corrosion fragments in dot forms  
• Corrosion fragments between ferrite grain boundries  

129 - soft 

FKM-04 
Male hinge for 
main entrance 
door, interior 

• 87.5 % Pearlitic structure with 12.5% cementite 
• Ferrite grain boundaries oriented due to forming / 

forging method are observable. Ferrite grains are ~70 
µm.  

• Corrosion / slag fragments. Corrosion fragments in dot 
forms 

• Corrosion fragments between ferrite grain boundries, 
probably due to applied production technique 

164 – medium 
hard 

FKM-05 
Female hinge for 

main entrance 
door, interior 

• Ferritic structure. Ferrite grains are ~25 µm. 
• Ferrite grain boundaries oriented due to forging are not 

easily observable 
• Corrosion / slag fragments 

160 - medium 
hard 

  



 
 

116 

Table 4.16. Microstructural analyses and Brinell hardness results of iron samples 
from 19th century (continued). 

Sample Code Microstructure 
Average Brinell 

Hardness 
(HBS) 

FKM-07 
Nail, from 

Ottoman layer, 
buried    

• Ferritic structure with around 10% pearlite  
• Ferrite grain boundaries are observable. Ferrite 

grains are ~120 µm  
• Some corrosion/ slag fragments 
• Less elongation of ferrite grains  

199 – medium 
hard 

FKM-08 
L shaped iron 
piece, buried 

• Ferritic structure. Ferrite grains are ~130 µm 
• Ferrite grain boundaries oriented due to forging 

method are observable  
• Ferrite grains without normal grain structure 
• Corrosion / slag fragments 

115 - soft 

FKM-09 
Iron piece, from 
Ottoman layer, 

buried 

• Ferritic structure  
• Ferrite grain boundaries oriented due to forming / 

forging method are observable  
• Corrosion / slag fragments with some deep local 

corrosion areas  
• Corrosion fragments in dot forms with some deep 

corrosion fragments between ferrite grain boundries 
are observable 

< 94 -very soft 

FKM-10 
Nail, from 

Ottoman layer, 
buried 

• Ferritic structure 
• Elongated ferrite grain boundaries are observable  
• Deep local corrosion fragments between ferrite grain 

boundries at the sample’s surface 

101 - soft 

FKM-11 
Nail, from a 

stone dwelling, 
partially open to 

atmosphere 

• Ferritic structure. Ferrite grains are ~100 µm 
• Elongated ferrite grain boundaries are observable 
• Some dot-formed corrosion fragments  117 - soft 

T-N-01 
Iron nail, from 
timber column, 

exterior 

• 98.4% total ferrite with 14.9% pearlite. Ferrite grains 
are ~45 µm  

• Probably heat treated 
219 – medium 

hard 

T-N-05 
Iron nail, from 
timber column, 

exterior 

• Mostly pearlitic structure 
• Stressed structure 
• Possibly repair material dating from recent times 

210 – medium 
hard 

T-D-01 
Iron crossbar of 
main entrance 
door locking, 

interior 

• 96% total ferrite and 36% pearlite. Ferrite grains are 
~30 µm  

• Ferrite grain boundaries are observable 
• Large corrosion / slag fragments 
 

202 – medium 
hard 

T-W-01 
Iron hinge pin, 
from entrance 
hall, interior 

• %100 pearlitic structure 
• Corrosion / slag fragments 
• Deep local corrosion fragments  
• Possibly repair material dating from recent times 

290 – very high 
hardness 
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4.3.2 Morphological and Compositional Characteristics of the Corrosion 

Layers 

Morphological characteristics of corrosion body on the metal surface were 

investigated in terms of thickness, compactness, porosity and layering next to the 

metal body by using SEM and digital microscope views. Starting from the metal, 

corrosion layers identified are reaction front (RF) next to the metal body, inner 

corrosion layer (ICL) and transformed media (TM). The compositional 

characteristics of those layers were studied by -Raman spectroscopy, XRD and 

FTIR. The ratio between thickness of the protective corrosion layer which is 

considered as goethite rich layer and thickness of the total corrosion layer is used to 

identify Protective Ability Index (PAI) of the corrosion on the surface of the metal.  

EDX analyses of the corrosion layers were effectuated to detect the presence of some 

important elements in the corrosion layer. All the observations and analyses are 

given in the following sections starting with morphological characteristics of the 

corrosion: 

4.3.2.1 SEM-EDX and Digital Microscopic Views of Corrosion Layers 

Etched cross-sections of the corroded iron objects were analyzed in the images of 

digital microscope and SEM complementing each other. The typical samples of iron 

objects from 15th, 16th and 19th centuries have been observed and compared 

regarding the morphological characteristics of corrosion layers. The results are 

summarized in Table 4.17, 4.21 and 4.22.   
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The corrosion characteristics of the 15th century iron objects were examined on the 

selected three objects. The digital microscopic image of the door lock piece (GMH-

Me-02) from the 15th century hammam building shows a compact and distinct 

corrosion layer (Figure 4.30.a). The inner corrosion layer (ICL) thickness of the 

mentioned sample is between 100-200 µm. The back scattered SEM view supports 

the compact nature of ICL with a thickness of 100-200 µm. While the first half of 

the ICL next to the metal is observed free of cracks, the second half has some fine 

cracks in its compact structure (Figure 4.30.b). Two plaster nails from the interior of 

the hammam building were examined for the corrosion at their exposed heads. The 

digital microscopic view of the plaster nail (GMH-Me-03) presents a well observed 

ICL with a compact structure having a thickness of 200-250 µm (Figure 4.30.c). The 

first half of the ICL is almost free of cracks while the second half is observed to have 

some fine cracks and pores within the compact structure. A back scattered SEM 

image of another plaster nail from interior (GMH-Me-04) shows a lower ICL 

thickness of 50-100 µm (Figure 4.30.d) where its inner part is also more compact 

than the outer part. The inner part of the ICL of the 15th century iron objects is 

observed to be more compact in comparison to the outer part (Figure 4.30.a, b).  
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(a) GMH-Me-02 (200x), interior 

 
(b) GMH-Me-02 (750x), interior 

 
(c) GMH-Me-03 (500x), interior 

 
(d) GMH-Me-04 (2000x), interior 

 

Figure 4. 30 Digital microscopy images (a, c) and SEM images (b, d) of iron samples 
after etching with nitric acid in alcohol (15th cc).  
 
 
Two samples (GMH-Me-02 and 04) of the 15th century’s iron objects were analyzed 

by using SEM-EDX (Figure 4.31 & 4.32). The door lock piece (GMH-Me-02) has a 

considerably thick corrosion layer in comparison to the plaster nail (GMH-Me-04). 

Its EDX analysis starting from the metal body through the TM layer shows that iron, 

silicon, calcium, aluminum, potassium, magnesium, and chlorine are the main 

elements in the corrosion layer (Figure 4.31). The plaster nail from the interior wall 

(GMH-Me-04) has a quite low corrosion thickness compared to other iron objects of 

the same century. Its EDX analysis shows the presence of iron, silicon, manganese, 
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chromium, aluminum and sulfur elements in the corrosion layer (Figure 4.32). Both 

analyses were performed in a selected area starting from the metal body through the 

TM layer.     

 

 
 
Figure 4. 31 a) SEM image of a door locking iron piece (GMH-Me-02): elemental 
analysis area starting from metal body to the TM layer. b) EDX analysis results: Fe, 
Si, Ca, Al, K, Mg and Cl. 
 
 
 

 
 

Figure 4. 32 a) SEM image of a plaster nail (GMH-Me-04): elemental analysis area 
starting from metal body to TM Layer. b) EDX analysis: Fe, Si, Mn, Cr, Al and S. 
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Table 4. 17 Morphological characteristics and thickness of corrosion layers for the 
samples from 15th century. 
 

Sample Code Corrosion Layer Characteristics 

Inner Corrosion 
Layer (ICL) 
Thickness 

(µm) 

GMH-Me-02 
Door lock 

piece, interior 

• Compact and distinct corrosion layer  
• The first half of the ICL free of cracks  
• The second half has some fine cracks  
• Fe, Si, Ca, Al, P, Mg and Cl are observed in the 

corrosion layer 

100-200 

GMH-Me-03 
Nail, interior 

• Compact and distinct corrosion layer 
• The first half of the ICL almost free of cracks 
• The second half is observed to have some fine 

cracks and pores  

200-250 

GMH-Me-04 
Nail, interior 

• Compact and distinct corrosion layer  
• The first half of the ICL free of cracks  
• The second half has some fine cracks in its 

compact structure 
• Fe, Si, Mn, Cr, Al and S elements in the corrosion 

layer 

50-100 

 

Corrosion layers of six iron objects from the 16th century belonging to a hammam 

building were analyzed morphologically by using SEM and digital microscopy. 

Digital microscopic view of a nail sample used at the exterior of the dome at the 

hammam building (MSH-KAP-01) reveals a compact, very well observed corrosion 

layer having a light-colored isotropic band in it (Figure 4.33a). Several sub-layers in 

the compact corrosion layer are clearly identified in backscattered SEM images 

starting from the metal body as follows: a reaction front next to the metal (RF), inner 

corrosion layer (ICL), original surface layer (OSL) and transformed media (TM) 

(Figure 4.33b). The ICL thickness is around 50 m including 10 m thickness of RF.  
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(a) MSH-KAP-01 (500x) 

 
(b) MSH-KAP-01 (1200x) 

Figure 4. 33 Digital microscopy image (a) and SEM image (b) of iron nail after 
etching with nitric acid in alcohol (16th cc).  
 
 
An iron object (MSH-KAP-02) having a bent form used for jointing the other metals 

to the wall, situated at the interior has a compact corrosion layer with some cracks 

and pores detected by digital microscope and SEM backscattered views (Figure 4.34 

a, b). The thickness of the corrosion layer is around 700-800 m which is much 

thicker than the corrosion layer observed at the nail (MASH-KAP-01) from the 

exterior of the dome.  
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(a) MSH-KAP-02 (2360x) 

 
(b) MSH-KAP-02 (181x) 

Figure 4. 34 Digital microscope image (a) and SEM image (b) of an iron object after 
etching with nitric acid in alcohol (16th cc) 
 
 
Another nail sample collected from the exterior of the dome at the Kılıç Ali Paşa 

Hamamı (MSH-KAP-03) has a well identified and compact corrosion layer with ICL 

thickness around 50-150 m (Figure 4.35 a, b). The sublayers are not well 

distinguished as in the other nail from the exterior of the dome (MSH-KAP-01). Its 

thickness and compactness are comparable to those of the exterior nail while the 

corrosion layer of the interior iron object is less compact with some cracks and pores. 

 

 
           (a) MSH-KAP-03 (560x) 

 
          (b) MSH-KAP-03 (550x) 

 
Figure 4. 35 Digital microscopy image (a) and scanning electron microscopy (SEM) 
image (b) of a nail sample after etching with nitric acid in alcohol (16th cc). 
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Corrosion layer of an iron object embedded in mortar but used at the interior of the 

hammam (MSH-KAP-06) has a compact corrosion layer with some cracks and pores 

in it (Figure 4.36). Its ICL thickness is around 50-100 m as seen at the digital 

microscopy images.  

 

 
 
Figure 4. 36 Digital microscopy image of an iron object embedded in mortar (MSH-
KAP-06) at the interior of the hammam after etching with nitric acid in alcohol 
(500x) (16th cc), 
 
 
Corrosion layer of a nail embedded in the mortar of a stone masonry wall at the 

interior of the hammam (MSH-KAP-07) is observed to have a compact corrosion 

layer having the ICL thickness around 250 m (Figure 4.37).  The compact layer is 

almost free of crack and porous areas. 

Another nail from the interior of the hammam building, (MSH-KAP-12) has also a 

compact corrosion layer with some cracks and porous areas in it (Figure 4.38 a, b). 

The ICL thickness is variable being around 100 m - 300 m, as observed with SEM 

and digital microscopic images. 

Observations of the corrosion layers show that the iron samples from the exterior of 

the hammam exposed to atmospheric conditions have a compact corrosion layer 

where inner corrosion layer (ICL) and transported media (TM) are well observed. In 

addition, in one of the samples (MSH-KAP-01), reaction front (RF) and original 

surface layer (OSL) are also well distinguished. The corrosion layers of iron samples 
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from interiors, despite being compact, include some areas with cracks and pores. 

However, all interior iron samples have quite similar corrosion layer thicknesses with 

the exception of the bent iron object (MSH-KAP-02). It has much thicker corrosion 

layer than the others with cracks and porous regions in it.  

 

 

Figure 4. 37 Digital microscopy image of a nail embedded in the mortar of stone 
masonry (MSH-KAP-07) after etching with nitric acid in alcohol (500x), (16th cc). 
 

 

 
(a) MSH-KAP-12 (1130x) 

 
(b) MSH-KAP-12 (500x) 

Figure 4. 38 SEM image (a) and digital microscopy image (b) of a nail at the interior 
of the hammam building, after etching with nitric acid in alcohol (16th cc). 
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Compositional characteristics of the corrosion layers were examined for four 

samples of the 16th century iron objects by SEM-EDX. Line scanning analysis 

performed from the transformed media (TM) to the interiors is not sensitive to the 

distance and gives semi-quantitative information about the elemental composition in 

the defined area. For the nail from the dome (MSH-KAP-01), starting from the metal 

body, following RF, ICL, OSL and TM, the elemental composition has undergone 

some changes. “Point 1” before the reaction front as well as “point 2 and 5” in 

reaction front (RF) have the presence of iron, calcium, silicon, magnesium and 

manganese” (Figure 4.39, 4.40 and 4.41). In the “points 3 and “4” situated in ICL 

(Figure 3.16) “iron” is the only element identified (Figure 4.42).  In the transformed 

media, line scanning analysis shows the presence of iron, silicon, magnesium, 

manganese, phosphorous, sulfur and calcium elements (Figure 4.43) where the 

amounts of calcium and sulfur are noticeable. 

 

 

Figure 4. 39 SEM image of a nail head (MSH-KAP-01) showing three main layers: 
Metal, ICL including RF and TM Layers. Numbers indicate the EDX analysis 
locations. Red arrow presents the area where line-scan was performed. 
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Figure 4. 40 EDX spectrum of an iron nail (MSH-KAP-01) at point 1 in reaction 
front: Fe, Ca, Si and Mn (16th cc). 
 

 

 

Figure 4. 41 EDX spectrum of an iron nail (MSH-KAP-01) at point 5 in reaction 
front: Fe, Ca, Si and Mn (16th cc). 
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Figure 4. 42 EDX spectrum of an iron nail (MSH-KAP-01) at points 3 and 4 in inner 
corrosion layer (ICL): Fe and O (16th cc). 
 
 

 

Figure 4. 43 EDX line scan spectrum of an iron nail (MSH-KAP-01) starting from 
transformed media (TM) to the main metal body (16th cc). 
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The total corrosion layer of the sample used for eventual anchoring purposes from 

inside the hammam building (MSH-KAP-02) having a thick corrosion layer being 

exposed to humidity continuously inside the hammam building was examined by 

EDX. The EDX analysis at corrosion layer next to the metal body RF was performed 

on the SEM imaged location (Figure 4.44) and iron, calcium, magnesium, sodium 

and sulfur are the main elements observed (Figure 4.45). Their weight percentages 

are identified in the composition where calcium oxide (CaO) is the main compound 

revealed after iron oxides (Table 18). Starting from the transformed media (TM) to 

body metal, line scanning was performed to witness the overall element change in 

the iron sample (Figure 4.46 and Figure 4.47). Calcium is the majority observed 

impurity in the corrosion layer where a deep crack is located. When focused on the 

crack point (Figure 4.48), EDX analysis revealed that iron, calcium, oxygen and 

aluminum were the main elements observed (Figure 4.49). Once again, calcium 

oxide (CaO) was the most abundantly identified impurity after iron oxides in the 

crack location (Table 19). It has been observed that other crack locations also contain 

a high amount of calcium whereas calcium is not present at the locations with no 

crack in ICL.  

 

Figure 4. 44 SEM of image of total corrosion layer next to the metal body of  an iron 
sample (MSH-KAP-02) (60x). Red arrow represents the area where line scan is 
performed. 
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Figure 4. 45 SEM image of reaction front (RF) next to the metal body in the iron 
object (MSH-KAP-02) (150x). 
 

 

Figure 4. 46 EDX analysis of the reaction front (RF) next to the metal body (MSH-
KAP-02): Ca, Fe, Mg, Na, O and S. 
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Table 4. 18 Weight percentage of elements in the composition of RF (MSH-KAP-
02) analyzed by EDX (16th cc).  

Element Weight Conc. % Atom Conc. % Compound Conc. % Formula 
O 30.19 54.64 0.00  
Na 1.70 2.15 2.30 Na2O 
Mg 2.51 2.99 4.16 MgO 
S 0.60 0.55 1.51 SO3 

Ca 29.31 21.18 41.02 CaO 
Fe 35.68 18.50 51.02 Fe2O3 

 

  

 

 
Figure 4. 47 EDX line scan spectrum of an iron object (MSH-KAP-02) starting from 
transformed media (TM) to main metal body: calcium is the most abundant impurity 
in the corrosion layer. 
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Figure 4. 48 SEM image of a deep crack inside the inner corrosion layer of an iron 
object (MSH-KAP-02) (600x). 

 

 

Figure 4. 49 EDX analysis at the crack (MSH-KAP-02): Fe, Ca, O and Al.  
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Table 4. 19 Weight percentage of the elements in the composition of the crack 
location (MSH-KAP-02) analyzed by EDX (16th cc).  

Element Weight Conc. % Atom Conc. % Compound Conc. % Formula 

O 29.93 58.25 0.00  
Al 0.34 0.40 0.65 Al2O3 
Ca 11.29 8.77 15.80 CaO 
Fe 58.44 32.58 83.55 Fe2O3 

 

For another nail from the dome (MSH-KAP-03), starting from the metal body, 

following RF to TM, the elemental composition has undergone some changes. The 

reaction front has the presence of “iron, silicon, phosphorous, chlorine and calcium” 

(Figure 4.50). In the ICL ““iron, silicon, aluminum, phosphorous, chlorine, sulfur 

and calcium” are the elements identified (Figure 4.51). Starting from the transformed 

media, line scanning analysis shows the presence of iron, silicon, calcium, sodium, 

phosphorous, aluminum, chlorine, magnesium and sulfur elements (Figure 4.52) 

where the amount of calcium is noticeable. 

 

 
Figure 4. 50 EDX spectrum of the reaction front (RF) in an iron nail (MSH-KAP-
03): Fe, Si, Ca, P and Cl (16th cc). 
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Figure 4. 51. EDX spectrum of a nail (MSH-KAP-03) at a point in the inner corrosion 
layer (ICL): Fe, Si, Ca, P and Cl. 
 

 

 
 
Figure 4. 52 SEM image and EDX line scan spectrum of the nail(MSH-KAP-03):  
starting from transformed media (TM) to main body: calcium is the most abundant 
impurity in the corrosion layer. 
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Another analysis of a nail (MSH-KAP-12) from inside the hammam building has 

been performed on a layer where ICL including RF in it were present. The inner 

Corrosion Layer (ICL) including Reaction front (RF) of the MSH-KAP-12 sample 

was studied and iron, oxygen, silicon, calcium, aluminum and manganese elements 

were examined in the ICL (Figure 4.53 a and b). The weight percentages of the 

elements were identified in the composition where calcium was the main compound 

revealed after iron (Table 4.20). 

 

 
Figure 4. 53 (a) SEM image of the inner corrosion layer (ICL) in the iron nail (MSH-
KAP-12) (16th cc). (b) EDX analysis at the ICL: Fe, O, Si, Ca, Al and Mn.  
 

Table 4. 20 Weight percentage of elements in the composition from ICL of a nail 
(MSH-KAP-12) analyzed by EDX (16th cc).  

Element Weight Conc. % Atom Conc. % 
O 20.33 41.05 
Al 0.27 0.32 
Si 0.88 1.01 
Ca 0.72 0.58 
Mn 0.36 0.21 
Fe 71.76 41.52 
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Table 4. 21 Morphological characteristics and thickness of corrosion layers for iron 
samples from 16th century. 

Sample Code Corrosion Layer Characteristics 

Inner 
Corrosion 

Layer 
Thickness 

(µm) 

MSH-KAP- 01 
Nail from the 
dome, exterior 

• Compact, very well observed corrosion layer having a light-
colored isotropic band in it  

• Several sub-layers in the compact corrosion layer are clearly 
identified  

• Fe, Si, Mg, Mn, P, S and Ca are elements observed in the 
corrosion layer 

• The amounts of calcium and sulfur are noticeable in the TM 

50 

MSH-KAP- 02 
Iron piece for an 

eventual 
anchoring, 

interior 

• Compact corrosion layer  
• Some cracks and pores  
• Fe, Ca, Mg, Na and S are elements observed in the corrosion 

layer 
• Calcium is the majority observed impurity in the corrosion 

layer where a deep crack is located 

700-800 

MSH-KAP- 03 
Nail from the 
dome, exterior 

• A well identified and compact corrosion layer 
• The sub-layers are not well distinguished as in the other nail 

from the exterior of the dome (MSH-KAP-01) 
• Less cracks than the iron objects from interior 
• Fe, Si, Ca, Na, P, Al, Cl, Mg and S are elements observed in 

the corrosion layer 

50-150 

MSH-KAP- 06 
Iron element for 
towel hanging, 

interior 

• Compact corrosion layer  
• Some cracks and pores in it  50-100 

MSH-KAP- 07 
Nail used in 

stone building, 
interior 

• Compact corrosion layer  
• Almost free of crack and porous areas 250 

MSH-KAP-12 
Nail used for 

timber jointing, 
interior 

• Compact corrosion layer  
• Some cracks and porous areas in it 
• Fe, Si, Ca, Al and Mn are elements observed in the corrosion 

layer 

100-300 

 
 
Corrosion layers of the 19th century iron objects consist of samples from Foça - 

İzmir dwellings and Tekkekoy - Samsun. Corrosion layer characteristics were 

examined in four objects of Foça samples being a load bearing nail for jointing main 

timber beams (FKM-02) (Figure 4.54 a, b); a female hinge for a main entrance door 

(FKM-05) (Figure 4.54 c); a nail piece (FKM-11) partially open to atmosphere from 

a stone house and a nail from an Ottoman layer excavation (FKM-07) (Figure 4.55 
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c, d and a, b). The nail used for jointing main timber (FKM-02) taken from the 

interior has a compact and well observed corrosion layer having ICL around 50-

75m thickness. The female hinge for the main entrance door (FKM-05) belonging 

to interiors has also a compact and well observed corrosion layer with an ICL around 

100-125m thickness.  The nail sample (FKM-07) representing the burial condition 

and the nail (FKM-11) which was partially exposed to atmospheric conditions, both 

have thick corrosion layers with cracks and porous areas in it. The ICL of the nail 

sample (FKM-07) from a burial condition does not have a uniform compact layer 

and its thickness is variable between 350-600 m. The other nail sample (FKM-11) 

located in the lower part of the stone wall affected by dampness problems has the 

thickest ICL being around 1300 m with deep cracks. 

 

 
(a) FKM-02 (1000x) 

 

 
(b) FKM-02 (1000x) 

   
(c) FKM-05 (353X) 

Figure 4. 54 Digital microscopy image (a) and SEM images (b, c) of iron samples 
(FKM-02 and FKM-05) after etching with nitric acid in ethanol (19th cc).  
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(a) FKM-07 (200x) 

 
(b) FKM-07 (70x) 

 
(c) FKM-11 (500x) 

 
(d) FKM-11 (50x) 

Figure 4. 55 Digital microscopy images (a, c) and SEM images (b, d) of iron samples 
(FKM-07 and FKM-11) after etching with nitric acid in ethanol.  FKM-07 is in burial 
conditions and FKM-11 is partially exposed to atmospheric conditions (19th cc).  
 
 
Samples of 19th century collected from the interiors of a dwelling in Tekkekoy - 

Samsun consist of a window hinge pin (T-W-01) (Figure 4.56 a); an iron bar for door 

locking (T-D-01) (Figure 4.56 b) and a nail (T-N-04) (Figure 4.56 c, d). All three 

samples have compact, very well observed corrosion layers. While the door locking 

iron bar (T-D-01) has a uniform thickness of ICL being around 350 m, the others 

have rather variable thicknesses. The ICL of the window hinge pin (T-W-01) has a 

thickness range of 150-300 m and the nail sample (T-N-04) has a thickness range 

of 150-250 m. 
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(a) T-W-01 (500x)  

 

 
(b) T-D-01 (560x) 

 

 
(c) T-N-04 (500x) 

 

 
(d)  T-N-04 (200x) 

 
Figure 4. 56 Digital microscopy images (a, b, c) and SEM image (d) of iron samples 
(T-W-01, T-D-01 and T-N-04) after etching with nitric acid in ethanol (19th cc).  
 

Compositional characteristics of the corrosion layers were examined of four samples 

from the 19th century iron objects by SEM-EDX to detect the existence of some 

major elements in the corrosion layer. The total corrosion layer of the nail from 

interior used for jointing the timber beam (FKM-02) has a variable composition 

starting from the reaction front (RF) towards ICL and TM (Figures 4.57-4.60). 

Reaction front showed the presence of iron, silicon, phosphorous, aluminum, 

calcium and manganese in decreasing order. In the ICL, iron, silicon, aluminum, 

calcium, phosphorous, titanium and potassium were observed. Towards the TM 
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layer, iron, silicon, chlorine, sodium, potassium and sulfur were observed while at 

another point close to TM iron, silicon, phosphorous, aluminum, calcium and 

potassium were identified. 

 

 
Figure 4. 57 EDX analysis at the RF of iron sample (FKM-02): Fe, Si, Al, Ca, P and 
Mn. 
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Figure 4. 58 EDX analysis at the ICL of the iron sample (FKM-02): Fe, Si, Al, Ca, 
P, Ti and K.  

 

 
Figure 4. 59 EDX analysis at the ICL of the iron sample (FKM-02): Fe, Si, Cl, Na, 
K and S.  
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Figure 4. 60 EDX analysis at the ICL of the iron sample (FKM-02): Fe, Si, P, Al, Ca 
and K.  
 
 
The total corrosion layer of a buried nail from an Ottoman layer excavation (FKM-

07) with a thick corrosion layer was examined by EDX. Starting from the 

transformed media (TM) to body metal, line scanning was performed to witness the 

overall element change in the corrosion layer (Figure 4.61 a and b). Iron, calcium, 

silicon, sulfur, phosphorous, potassium, chlorine and aluminum are the main 

elements observed, starting from the most abundant one towards the least. When 

starting from the TM towards the RF, ICL has rather uniform presence of elements 

in the composition and close to the RF, the composition is more variable with added 

importance of silicon, aluminum, calcium and phosphorous. 

The EDX analysis of the crack area close to TM in the corrosion layer shows the 

following elements in decreasing order: iron, silicon, calcium, aluminum, sulfur, 

potassium and chlorine (Figure 4.62). 

The total corrosion layer of a nail sample (FKM-11) partially exposed to atmospheric 

conditions showing effects of dampness and having a thick corrosion layer was 

examined by EDX and sum spectrum results were obtained. Iron, silicon, aluminum, 

chlorine, phosphorous and sodium are the main elements observed (Figure 4.63). 
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(a) Accel. Voltage: 20.00, Magnif.: 
700X 
 

 

 
(b) 

Figure 4. 61 SEM image of an iron nail head (FKM-07) (a) and EDX line scan 
spectrum starting from transformed media (TM) to main body (b).  

 

 

 
 

(a) FKM-07 (700x) 
 

 
(b) 

 
Figure 4. 62 SEM image of an iron nail head (FKM-07) (a) and EDX analysis at the 
crack point in ICL (b): Fe, Si, Ca, Al, S, K and Cl. 
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(a) 
 

 

 
 
 

(b) 

 

 
 

(c) 
 

Figure 4. 63 SEM images of an iron nail (FKM-11) at the ICL (a, b), and EDX 
analysis (c): Fe, Si, Al, Cl, P and Na.   
 

The total corrosion layer of a nail from the interior of a 19th century dwelling in 

Tekkekoy - Samsun (T-N-04) was examined by EDX. Starting from the transformed 

media (TM) to body metal, line scanning was performed to witness the overall 

element change in the corrosion layer (Figure 4.64 a). Iron, nitrogen, aluminum, 

sulfur, silicon, chlorine, potassium, calcium and magnesium are the main elements 

observed starting from the most abundant one towards the least. Line scanning 
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performed from TM towards RF shows that the composition of TM and ICL are 

rather variable with added importance of nitrogen, sulfur and chlorine elements 

(Figure 4.64 b).   

 

 
Figure 4. 64 SEM image of a nail (T-N-04) starting from transformed media (TM) 
to main body (a) and its EDX line scan spectrum (b): Fe, N, Al, S, Si, Cl, K, Ca and 
Mg.  
 
 

 
(a) T-N-04    Magnif.: 700X 

 

    
(b) 
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Table 4. 22 Morphological characteristics and thickness of corrosion layers for iron 
samples from 19th century. 
 

Sample Code 
Corrosion Layer Characteristics 

Inner Corrosion 
Layer (ICL) 
Thickness 

(µm) 

FKM-02 
Nail for jointing 

load bearing, main 
timber beams, 

interior 

• Compact and well observed corrosion layer 
• Fe, Si, Al, P, Mn, Ca, K, Cl, Na, S and Ti are 

the elements observed in the corrosion layer 
 

50-75 

FKM-05 
Female hinge for 

main entrance door, 
interior 

• Compact and well observed corrosion layer 

100-125 

FKM-07 
Nail, Ottoman layer, 

buried    

• No uniform compact layer  
• Thick corrosion layers with cracks and porous 

areas in it  
• Fe, Si, Mg, P, Ca, S, Al, Cl and K are the 

elements observed in the corrosion layer 

350-600 

FKM-11 
Nail, from a stone 
dwelling, partially 

open to atmosphere 

• No compact corrosion layer 
• Deep cracks and porous areas in the corrosion 

layer 
• Fe, Si, Al, Cl, P and Na are the elements 

observed in the corrosion layer   

1300 

T-N-04 
Iron nail from 

timber column, 
exterior 

• Compact, very well observed corrosion layer 
• Fe, N, Al, S, Si, Cl, K, Ca and Mg are the 

elements observed in the corrosion layer 150-250 

T-D-01 
Iron crossbar of 

main entrance door 
locking, interior 

• Compact, very well observed corrosion layers 

350 

T-W-01 
Iron hinge pin, 

entrance hall’s left 
window, interior 

• Compact, very well observed corrosion layers 

150-350 
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 4.4. FTIR Spectroscopy Analyses: Compositional Characteristics of the 

Corrosion Layers in Powder Form 

During the FTIR analyses the powdered corrosion products were directly measured 

by the use of the ATR unit. FTIR and Raman spectroscopy are complimentary 

techniques, both based on molecular vibrations. The typical samples of iron objects 

from 15th, 16th and 19th centuries are observed and compared regarding their 

corrosion minerals as a mixture of corroded layers on the metal bodies.  

The IR absorption bands at higher wavenumber region between 3000-3500 cm-1 (υ-

OH) are due to OH stretching (Balasubramaniam et al, 2004). At lower wavenumbers 

between 400 -1200 cm-1 the OH bending and Fe-O stretching are observed. The 

peaks around 1500, 2920 and 2850 cm-1 arise from several impurities in the sample 

and atmosphere ((Balasubramaniam, 2002). The peaks at 786 – 791 cm-1, and at 886 

– 897 cm-1 are assigned to Fe-O-H bending vibrations (Schwertmann et al, 2003; 

Montes-Hernandez et al., 2011; Zamiri et al., 2014). Goethite can be identified by 

its two standard-OH bending bands at ca. 892 cm-1 (δ-OH) and 795 cm-1 (γ-OH) 

(Cornell and Schwertmann, 2003; Gotic et al, 2007). The peaks found at 621 – 632 

cm-1 are associated with the Fe-O stretching in FeO6 octahedral lattice (Ruan et al., 

2001). There is a small peak around 1650 cm-1 that corresponds to bending modes of 

hydroxyl (Prasad et al., 2006). The broad peaks centered around 3101 – 3118 cm-1 

correspond to the stretching of goethite hydroxyls and surface H2O molecules 

(Prasad et al., 2006). In the goethite sample with the presence of leftover NO3
- from 

incomplete washing, the wavenumber may be detected at around 1400 cm-1. A close-

up of the region between 1200 – 1700 cm-1 shows the presence of adsorbed water 

bending vibrations at 1651 – 1654 cm-1, and of adsorbed carbonate with peaks of the 

asymmetric and symmetric O–C–O stretch vibrations at 1499 – 1509 cm-1 and 1307 

– 1322 cm-1, respectively (Villalobos and Leckie, 2001). Lepidocrocite (β-FeOOH) 

can be identified with its OH bending peaks at 1015 ± 7 cm-1 in FTIR traces (Pani et 

al, 2015). 
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There have been many studies done to investigate the relationship between 

crystallinity and IR properties of goethite. The crystallinity indicates the unit cell of 

the goethite molecule detected by the typical vibrational frequencies of Fe-OH and 

Fe-O bonds and their interactions with respect to unsubstituted goethite. 

While the separation of two major OH bending bands namely δ-OH at 890 cm-1 and 

γ-OH at 790 cm-1 of goethite was correlated with the degree of crystallinity by 

Cornell and Schwertmann (2003); they are also affected by some substitutions such 

as Al in its molecular structure (Cornell and Schwertmann, 2003 and Salama et al, 

2015). Variations with crystallinity do not allow the OH bending bands to exceed 

900 or 800 cm-1, unlike A1/Fe substitutions (Cambier 1986-2). Particle morphology 

and crystallinity influence the position of the symmetric Fe-O stretch at 630 cm-1 

(Cornell and Schwertmann, 2003). In addition to goethite’s major OH bending 

bands, the Fe-O band at ~630    cm -1 has been recognized as a sensitive check for 

crystallinity (Sato et al., 1969 and Cambier 1986, 1-2). The lattice band around 630 

cm-1 is affected by particle shape and apparently has a transition moment parallel to 

“a” which is goethite’s crystal dimension at direction “a” (Cambier 1986-1). Cambier 

(1986-1&2) also studied the effect of particle size on varying crystallinity. Although 

there is a relationship of the band separations at δ-OH at 890 cm-1 and γ-OH at 790 

cm-1 with the mineral and particle size, the effects are not precise (Sklute et al, 2018) 

but it cannot be neglected. There is a high correlation of particle size with the half 

width of XRD principal peaks (Cambier 1986-2). XRD half peak width of goethite 

for 111-plane and IR bending band namely δ-OH at 890 cm-1 were found to be well 

correlated and can be used for observation of particle size properties of goethite 

(Cambier 1986-2).  

In general, it can be summarized that decreasing crystallinity causes the bands to 

broaden, the frequencies of the OH bending bands to decrease and that of the OH 

stretch to increase (Cornell and Schwertmann, 2003). The OH bending bands also 

move closer together, with the separation decreasing from 97 cm-1 for well 

crystallized goethite to 94 cm-1 for poorly crystallized goethite (Schwertmann et al, 

1985; Cambier 1986). 'Poor crystallinity' (interpreted as disorder) from effects due 



 
 

149 

to particle size, a second series with varying crystallinity and average particle size 

was added (Cambier 1986). Band width at δ-OH at 890 cm-1 can still be considered 

as an indication of particle size properties of goethite according to XRD-IR 

correlation studies of Cambier (1986) in relation to peak half widths. The criteria for 

the degree of crystallinity of goethite and lepidocrocite which are used for the 

interpretation of FTIR spectra of iron objects representing three different centuries 

is summarized in Table 4.23. 

Table 4. 23 Interpretation of the degree of crystallinity of goethite and lepidocrocite 
by FTIR Analysis.  
Crystallinity Scaling of Goethite:  Crystallinity Scaling of Lepidocrocite:  

Sharp peak + separation > 97 cm-1 =  

Good crystallinity 

Sharp peak + peak at 1015 ± 7 cm-1 =  

Good crystallinity 

Sharp peak + separation < 97 cm-1 =  

Variable crystallinity 

Sharp peak + peak beyond 1015 ± 7 cm-1 = 

Variable crystallinity 

Broad peak + separation > 97 cm-1 =  

Variable crystallinity 

Broad peak + peak at 1015 ± 7 cm-1 =  

Variable crystallinity 

Broad peak + separation < 97 cm-1 =  

Low crystallinity 

Broad peak + peak beyond 1015 ± 7 cm-1 =  

Low crystallinity 

 

Individual interpretation of FTIR results will be given in the following paragraphs 

classified as groups of objects representing indoor and outdoor conditions, major 

corrosion products, indicating the frequencies of their OH bands, separation of 

bending bands, their relative intensities and crystallinity. They are summarized in 

Table 4.24 for 15th century; Table 4.25 for 16th century and Table 4.26 for 19th 

century iron objects.  

Corrosion characteristics of the 15th century iron objects were examined on the 

selected two objects: a door lock piece (GMH-Me-02) and a plaster nail (GMH-Me-

03) from interior wall. Goethite (α-FeOOH) as key absorption band at 873 cm-1, 

lepidocrocite (γ-FeOOH) at 1021 cm-1 and magnetite (Fe3O4) at 575 cm-1 are 

identified in FTIR traces for the door lock piece (Figure 4.65). The separation of OH 
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bending bands of goethite for the door lock piece is 873-794 = 79 cm-1. The lower 

frequencies of OH bending bands (δ-OH and γ-OH) and their lower separation may 

be taken as evidence for poorly crystallized goethite. Although their separation is 

low, the bending bands are sharp and have high intensity which can be the result of 

good crystallinity of goethite. Therefore, the corrosion layer most likely consists of 

goethite with variable crystallinity. Its γ-OH bending band at 794 cm-1 has lower 

intensity with δ-OH bending band at 873 cm-1. 

For the plaster nail (GMH-Me-03), goethite (α-FeOOH) at 876 cm-1 and 

lepidocrocite (γ-FeOOH) at 1017 cm-1 are observed (Figure 4.66) with the separation 

of OH bending bands being 876-791 = 85 cm-1. The lower frequencies of OH 

bending bands (δ-OH and γ-OH) and their lower separation may be taken as evidence 

for poorly crystallized goethite. Although their separation is low, the bending bands 

are sharp and have high intensity which can be the result of good crystallinity of 

goethite. The corrosion layer may consist of goethite with variable crystallinity. Its 

γ-OH bending band at 794 cm-1 has lower intensity with δ-OH bending band at 873 

cm-1. 

Lepidocrocite is observed in both objects. Their OH bending bands (δ-OH) are at 

1021 cm-1 in the door lock piece with lower intensity and at 1017 cm-1 in the plaster 

nail with higher intensity. The bands are sharp and their sharpness is taken as 

evidence of good crystallinity of lepidocrocite in the corrosion layer. When the major 

peak intensities of goethite and lepidocrocite are compared with each other in the 

same sample, the presence of lepidocrocite is more pronounced than goethite in the 

plaster nail having medium perfect corrosion layer in comparison to the door lock 

piece having perfect corrosion layer.  

Both objects have a broad band in the region 3000-3500 cm-1. The door lock piece 

(GMH-Me-02) has OH stretching band at 3113 cm-1 while the plaster nail collected 

(GMH-Me-03) has OH stretching band at 3140 cm-1 with similar intensities.  
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Figure 4. 65 FTIR spectrum of the mixture including inner corrosion layer and TM 
layer belonging to a 15th century door lock piece (GMH-Me-02): Goethite (α-
FeOOH), lepidocrocite (γ-FeOOH) and magnetite (Fe3O4). 
 

 
 
Figure 4. 66 FTIR spectrum of the mixture including inner corrosion layer and TM 
layer belonging to a 15th century plaster nail (GMH-Me-03): Goethite (α-FeOOH) 
and lepidocrocite (γ-FeOOH). 
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Corrosion characteristics of the 16th century iron objects from Kılıç Ali Paşa 

Hammam were examined on the selected three objects of which two nails from its 

dome (MSH-KAP-01 and 03) representing outdoor atmospheric conditions and an 

iron piece used for jointing of other metals (chains or hooks) to the wall (MSH-KAP-

02) showing the indoor conditions. The nail (MSH-KAP-01) from the dome reveals 

goethite (α-FeOOH) with key absorption band at 874 cm-1, lepidocrocite (γ-FeOOH) 

at 1017 cm-1 and hematite (α-Fe2O3) at 450 cm-1 in FTIR traces (Figure 4.67). The 

separation of OH bending bands of goethite for the nail (MSH-KAP-01) is 874-

796=78 cm-1. The lower frequencies of OH bending bands (δ-OH and γ-OH) and 

their lower separation may be taken as evidence for poorly crystallized goethite. 

Although their separation is low, the bending bands are sharp and have high intensity 

which can be the result of good crystallinity of goethite. The corrosion layer may 

consist of goethite with variable crystallinity. Its γ-OH bending band at 796 cm-1 has 

lower intensity with δ-OH bending band at 874 cm-1.  

Another nail from the dome (MSH-KAP-03) representing the outdoor atmospheric 

condition presents goethite (α-FeOOH) at 874 cm-1 and lepidocrocite (γ-FeOOH) at 

1019 cm-1 in FTIR traces (Figure 4.68) with the separation of OH bending bands of 

goethite being 874-769=105 cm-1. Their higher separation with sharp and high 

intensity may be taken as an evidence for good crystallized goethite seen in the 

corrosion layer. Its γ-OH bending band at 769 cm-1 has lower intensity with δ-OH 

bending band at 874 cm-1.  

The iron piece for eventual anchoring (MSH-KAP-02) from the interior of the 

Hammam shows goethite (α-FeOOH) at 874 cm-1 and lepidocrocite (γ-FeOOH) at 

1020 cm-1 (Figure 4.69) with the separation of OH bending bands being 874-794=80 

cm-1. The lower frequencies of OH bending bands (δ-OH) and their lower separation 

may be taken as evidence for poorly crystallized goethite. In addition, The OH 

bending bands (δ-OH and γ-OH) with sharp and high intensity may be taken as 

evidence for good crystallized goethite seen in the corrosion layer. The corrosion 

layer may consist of goethite with variable crystallinity. Its γ-OH bending band at 

794 cm-1 has lower intensity with δ-OH bending band at 874 cm-1.  
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Lepidocrocite is observed in all three objects with similar intensities. The OH 

bending bands (δ-OH) of the nails from dome are at 1019 cm-1 and at 1020 cm-1 for 

the iron piece Iron piece used for jointing of other metals (MSH-KAP-02). 

Lepidocrocite in the corrosion layer of outdoor nails with a sharp band is taken as 

evidence of good crystallinity. The indoor iron piece (MSH-KAP-02) having a 

broader peak than the outdoor nails may be taken as evidence for the existence of 

lepidocrocite with lower crystallinity in the corrosion layer of MSH-KAP-02. When 

the major peak intensities of goethite and lepidocrocite are compared with each other 

in the same sample, presence of goethite is more pronounced than lepidocrocite in 

all samples of 16th century objects.      

All three objects have a broad band in the region 3000-3500 cm-1. The nail from the 

dome (MSH-KAP-01) has a high intensity OH stretching band at 3118 cm-1 while 

the others display low and a slightly increased band in the mentioned region.  

The nail having a higher separation of OH bending bands in FTIR has lower OH 

stretching peaks than the nail having a lower separation of OH bending bands. The 

nail having very sharp γ-OH bending at 873 cm-1 has also the highest OH stretching 

band at ~3100 cm-1.  

FTIR spectroscopy results of surface corrosion layers for the 16th century objects 

are summarized in Table 4.25. 



 
 

155 

 
 
Figure 4. 67 FTIR spectrum of corrosion layer including ICL and TM of the nail 
(MSH-KAP-01) from the dome representing outdoor atmospheric condition: 
Goethite (α-FeOOH), lepidocrocite (γ-FeOOH) and hematite (α-Fe2O3). 
 
 
 

 
 
Figure 4. 68 FTIR spectrum of corrosion layer including ICL and TM of the nail 
(MSH-KAP-03) from the dome representing outdoor atmospheric condition: 
Goethite (α-FeOOH), and lepidocrocite (γ-FeOOH). 
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Figure 4. 69 FTIR spectrum of corrosion layer including ICL and TM of the iron 
piece convenient to anchoring (MSH-KAP-02) at the wall representing indoor 
atmospheric condition: Goethite (α-FeOOH), and lepidocrocite (γ-FeOOH). 
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Corrosion characteristics of the 19th century iron objects collected from Foça, İzmir 

and Tekkekoy, Samsun were examined by the FTIR traces on the selected thirteen 

objects. The six objects from the dwellings of Foça are partially open to outdoor 

atmospheric conditions: a window guard iron piece from a stone dwelling (FKM-

01), a nail for jointing main timber beams (FKM-02), a door lock piece from main 

entrance (FKM-03), a male hinge for main entrance door (FKM-04), a female hinge 

for main entrance door (FKM-05) and a nail embedded in building stone tuff (FKM-

11). Four objects from the Ottoman Layer excavations in Foça are representing 

buried conditions. Two of them are nails (FKM-07 and FKM-10) and the other two 

are iron pieces (FKM-08 and FKM-09). Three objects from a 19th century dwelling 

in Tekkekoy are a nail from a timber column at the façade of the dwelling (T-N-05), 

a hinge pin from the entrance hall’s window (T-W-01) showing indoor atmospheric 

condition and a crossbar for the main entrance door locking piece (T-D-01) from the 

interior. These two samples are also partially open to outdoor atmospheric conditions 

due to their locations.   

The window guard iron piece (FKM-01) from the dwelling of Foça reveals goethite 

(α-FeOOH) with its key absorption band at 909 cm-1, lepidocrocite (γ-FeOOH) at 

1019 cm-1 and quartz at 1088 cm-1 which may be due to its embedded position in 

stone masonry (Figure 4.70). The γ-OH and δ-OH bending bands of goethite have a 

separation of 129 cm-1. The higher frequencies of OH bending bands (δ-OH and γ-

OH) and their higher separation may be taken as evidence for well crystallized 

goethite. The sharp and high δ-OH bending band at 909 cm-1 of FKM-01 may be a 

good indicator for good crystallinity goethite. Its γ-OH bending band at 780 cm-1 has 

lower intensity with δ-OH bending band at 909 cm-1.  

The nail for jointing the main timber beams (FKM-02) of a dwelling in Foça shows 

mainly goethite (α-FeOOH) at 874 cm-1 with some impurities (Figure 4.71). Its OH 

bending bands of goethite are separated by 79 cm-1. The lower frequencies of OH 

bending bands (δ-OH and γ-OH) and their lower separation may be taken as evidence 

for poorly crystallized goethite. The nail (FKM-02) has broader and medium 

intensity of the OH bending bands in comparison to the OH bending bands of FKM-
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01. Its γ-OH bending band at 785 cm-1 has equal intensity with δ-OH bending band 

at 874 cm-1.  

Lepidocrocite is observed only in FKM-01 with the OH bending band (δ-OH) at 

1019 cm-1. The broad and low intensity of the OH bending band may be taken as 

evidence for low crystallinity of lepidocrocite in the corrosion layer of FKM-01.  

Both objects have a broad band in the region 3000-3500 cm-1. The window guard 

iron piece (FKM-01) has a broad and lower intensity OH stretching band at 3326  

cm-1 while the other object (FKM-02) displays a band at 3130 cm-1 with higher 

intensity.  

 

 

 
 
Figure 4. 70 FTIR spectrum of corrosion layer including ICL and TM of the window 
guard iron piece (FKM-01) at the dwelling in Foça representing partially open 
outdoor atmospheric conditions: Goethite (α-FeOOH), lepidocrocite (γ-FeOOH) and 
quartz. 
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Figure 4. 71 FTIR spectrum of corrosion layer including ICL and TM of the timber 
jointing nail (FKM-02) at the dwelling in Foça representing partially open outdoor 
atmospheric conditions: Mainly goethite (α-FeOOH). 
 
 
The door lock piece of the main entrance (FKM-03) from the dwelling in Foça shows 

mainly goethite (α-FeOOH) at 874 cm-1 and lepidocrocite (γ-FeOOH) at 1020 cm-1 

in FTIR traces (Figure 4.72). Its OH bending bands of goethite are separated by 87   

cm-1. 2919 and 2850 cm-1 arise from C=O and O-H stretching which are present in 

the atmosphere. The lower frequencies of OH bending bands (δ-OH & γ-OH) and 

their low intensities with equal heights can be used as an indicator for its poor 

crystallinity.  

The male hinge of the main entrance door (FKM-04) from a dwelling in Foça shows 

mainly goethite (α-FeOOH) at 875 cm-1 and lepidocrocite (γ-FeOOH) at 1020 cm-1 

with some quartz around 1080 cm-1 (Figure 4.73). The OH bending bands of goethite 

are separated by 83 cm-1. The lower frequencies of OH bending bands (δ-OH and    

γ-OH) and their lower separation may be taken as evidence for poorly crystallized 

goethite. Although their separation is low, the bending bands are sharp and have high 

intensity which can be the result of good crystallinity of goethite. The corrosion layer 
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may consist of goethite with variable crystallinity. Its γ-OH bending band at 792   

cm-1 has lower intensity with δ-OH bending band at 874 cm-1.  

Lepidocrocite is observed in both objects. Their OH bending bands (δ-OH) are at 

1020 cm-1. The door lock piece (FKM-03) has a broader lepidocrocite band than the 

door hinge piece (FKM-04) and this may be taken as evidence for the existence of 

lepidocrocite with lower crystallinity in the corrosion layer of FKM-03 compared to 

FKM-04.  

Both objects have a broad band in the region 3000-3500 cm-1. The door lock piece 

(FKM-03) has a lower intensity OH stretching band at 3249 cm-1 while the male 

hinge from the main entrance door (FKM-04) displays a band at 3118 cm-1 with very 

high intensity.  

The iron object having higher separation of OH bending bands in FTIR has lower 

OH stretching peaks than the FKM-04 having lower separation of OH bending bands 

although their OH bending band heights at 875 and 790 cm-1 are equal. 

 

 
 

Figure 4. 72 FTIR spectrum of corrosion layer including ICL and TM of the door 
lock piece (FKM-03) at the dwelling in Foça representing partially open outdoor 
atmospheric conditions: Goethite (α-FeOOH) and lepidocrocite (β-FeOOH). 
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Figure 4. 73 FTIR spectrum of corrosion layer including ICL and TM of the door’s 
male hinge (FKM-04) at the dwelling in Foça representing partially open outdoor 
atmospheric conditions: Goethite (α-FeOOH), lepidocrocite (β-FeOOH) and quartz. 
 
 
The female hinge on the main entrance door (FKM-05) of the dwelling in Foça shows 

mainly lepidocrocite (γ-FeOOH) at 1019 cm-1 together with some goethite (α-

FeOOH) at 873 cm-1 (Figure 4.74). The OH bending bands of goethite are separated 

by 93 cm-1. 2919 cm-1 and 2850 cm-1 arise from C-O and O-H stretching which are 

present in the atmosphere. The lower frequencies of OH bending bands (δ-OH and 

γ-OH) and their lower separation can be taken as evidence for poorly crystallized 

goethite. In addition, the δ-OH bending band at 873 cm-1 of the object (FKM-05) 

having low intensity is an indicator for its poor crystallinity. The γ-OH bending band 

at 780 cm-1 has lower intensity than δ-OH bending band at 873 cm-1.  

The corrosion layer of the nail (FKM-11) from an Ottoman dwelling, embedded in 

building stone tuff, being partially open to atmosphere reveals goethite (α-FeOOH) 

with its OH bending peak at 867 cm-1 (Figure 4.75). The OH bending bands of 
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goethite are separated by 74 cm-1. The lower frequencies of OH bending bands (δ-

OH) and their lower separation can be taken as evidence for poorly crystallized 

goethite. The δ-OH bending band at 867 cm-1 of the object (FKM-11) having low 

and broad intensity is also a good indicator for its poor crystallinity. The γ-OH 

bending band at 793 cm-1 has higher intensity than δ-OH bending band at 867 cm-1.  

Corrosion layer of FKM-05 contains lepidocrocite while in FKM-11 it is not 

detected. The OH bending band (δ-OH) of lepidocrocite is at 1019 cm-1. The broad 

band and its low intensity may be taken as evidence for poor crystallinity of 

lepidocrocite in the corrosion layer.  

Both objects have broad bands in the region 3000-3500 cm-1 with some difference in 

peak frequency and intensity. The corrosion layer of the female hinge (FKM-05) has 

lower intensity OH stretching band at ~3200 cm-1 than the nail (FKM-011) having a 

stretching band at 3313 cm-1 with higher intensity.  

The iron object having a higher separation of OH bending bands in FTIR has lower 

OH stretching peaks than the FKM-11 having lower separation of OH bending bands 

although their OH bending band heights at 875 and 790 cm-1 are equal. 
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Figure 4. 74 FTIR spectrum of corrosion layer including ICL and TM of the door’s 
female hinge (FKM-05) at the dwelling in Foça representing partially open outdoor 
atmospheric conditions: Goethite (α-FeOOH) and lepidocrocite (β-FeOOH). 
 
 

 
 
Figure 4. 75 FTIR spectrum of corrosion layer including ICL and TM of the nail 
(FKM-11) from a dwelling in Foça representing partially open atmospheric 
conditions: Goethite (α-FeOOH). 
 

When the major peak intensities of goethite and lepidocrocite are compared with 

each other in the same sample for the 19th century objects, presence of goethite is 
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more pronounced than lepidocrocite in the window guard iron bar (FKM-01) 

showing corrosion at outdoor atmospheric conditions while lepidocrocite is more 

pronounced than goethite in the door lock piece (FKM-03) and the female hinge 

(FKM-05) showing the corrosion in objects partially open to outdoor atmospheric 

conditions. The presence of goethite and lepidocrocite is almost equal for the male 

hinge (FKM-04) showing the corrosion in objects partially open to outdoor 

atmospheric conditions.    

The nail (FKM-07) in buried conditions from the Ottoman layer excavations shows 

mainly lepidocrocite (β-FeOOH) from its diagnostic OH bending band (δ-OH) at 

1012 cm-1 (1015 ± 7 cm-1) (Figure 4.76). Its sharp band and high intensity may be 

taken as evidence of good crystallinity of lepidocrocite in the corrosion layer.  

The L shaped iron piece (FKM-08) in buried conditions from the Ottoman layer 

excavations as coarse magnetic powder analysis sample reveals goethite (α-FeOOH) 

with its OH bending peak at 874 cm-1 and lepidocrocite (β-FeOOH) from its 

diagnostic OH bending peak at 1017 cm-1 (1015 ± 7 cm-1) in FTIR traces (Figure 

4.77). The OH bending bands of goethite are separated by 82 cm-1. Although their 

separation is low, the bending bands are sharp and have high intensity which can be 

the result of good crystallinity of goethite. The corrosion layer may consist of 

goethite with variable crystallinity. Its γ-OH bending band at 792 cm-1 has slightly 

lower intensity with δ-OH bending band at 874 cm-1. Lepidocrocite in the corrosion 

layer of FKM-08 has a broad band with low intensity which may be taken as evidence 

for poor crystallinity of lepidocrocite in the corrosion layer.  

Both objects have broad bands in the region 3000-3500 cm-1 with some difference in 

peak frequency and intensity. The corrosion layer of the nail (FKM-07) has a high 

intensity OH stretching band of lepidocrocite at ~3202 cm-1. The L shaped iron piece 

(FKM-08) shows OH stretching band at 3104 cm-1 with low intensity.  
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The FKM-08 having respectively higher separation of OH bending bands in FTIR 

has lower OH stretching peaks than the FKM-07 in which there is no goethite 

observed. 

 
 
Figure 4. 76 FTIR spectrum of corrosion layer including ICL and TM of the nail 
(FKM-07) from the Ottoman layer excavations in Foça showing buried conditions: 
Lepidocrocite (β-FeOOH). 
 
 

 
 

Figure 4. 77 FTIR spectrum of corrosion layer including ICL and TM of the iron 
piece (FKM-08) from the Ottoman layer excavations in Foça showing buried 
conditions: Goethite (α-FeOOH) and lepidocrocite (β-FeOOH). 
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Another iron piece (FKM-09) in buried conditions from the Ottoman layer 

excavations reveals main OH bending peak of lepidocrocite (γ-FeOOH) at 1005 cm-
1 together with some goethite (α-FeOOH) having an OH bending peak at 874 cm-1, 

hematite (α-Fe2O3) from its diagnostic Fe-O-Fe stretching peak at 524 cm-1 and 

quartz at 1082 cm-1 (Figure 4.78). The OH bending bands of goethite are separated 

by 78 cm-1. The lower frequencies of OH bending bands (δ-OH and γ-OH) and their 

lower separation may be taken as evidence for poorly crystallized goethite. The δ-

OH bending band at 874 cm-1 of the object (FKM-09) having very low and broad 

intensity is also a good indicator for its poor crystallinity. Its γ-OH bending band at 

796 cm-1 has almost equal intensity with δ-OH bending band at 874 cm-1. 

The nail (FKM-10) in buried conditions from the Ottoman layer excavations as 

magnetic powder analysis sample reveals lepidocrocite (β-FeOOH) from its 

diagnostic OH bending peak at 1009 cm-1 (1015 ± 7 cm-1) and goethite (α-FeOOH) 

with its OH bending peak at 875 cm-1 (Figure 4.79). The OH bending bands of 

goethite are separated by 80 cm-1. The lower frequencies of OH bending bands (δ-

OH and γ-OH) and their lower separation may be taken as evidence for poorly 

crystallized goethite. The δ-OH bending band at 875 cm-1 of the nail (FKM-10) 

having very low and broad intensity may also be an indicator for its poor 

crystallinity. Its γ-OH bending band at 795 cm-1 has slightly higher intensity with δ-

OH bending band at 875 cm-1. 

Lepidocrocite is observed in both samples. Their OH bending bands (δ-OH) are 

observed at 1005 cm-1 for FKM-09 and 1009 cm-1 for FKM-10. Their sharp and high 

intensity may be taken as evidence of good crystallinity of lepidocrocite in the 

corrosion layer.  

Both objects have a broad band with high intensity in the region 3000-3500 cm-1. 

The iron piece (FKM-09) has an OH stretching band at ~3218-3379 cm-1 and the nail 

(FKM-010) has an OH stretching band at 3150-3411 cm-1.  
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Figure 4. 78 FTIR spectrum of corrosion layer including ICL and TM of the iron 
piece (FKM-09) from the Ottoman layer excavations in Foça showing buried 
conditions: Quartz, goethite (α-FeOOH), lepidocrocite (γ-FeOOH) and hematite (α-
Fe2O3). 
 
 

 
 
Figure 4. 79 FTIR spectrum of corrosion layer including ICL and TM of the nail 
(FKM-10) from the Ottoman layer excavations in Foça showing buried conditions: 
Goethite (α-FeOOH) and lepidocrocite (β-FeOOH). 
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When the major peak intensities of goethite and lepidocrocite are compared with 

each other in the same sample for the buried 19th century objects, there is only 

presence of lepidocrocite in the corrosion layer of the nail (FKM-07) and 

lepidocrocite is predominant in the iron piece (FKM-09). Magnetic particles 

collected from the corrosion powder of the nail (FKM-10) are mainly lepidocrocite 

with little amount of goethite while the other iron piece (FKM-08) has higher amount 

of goethite in comparison to lepidocrocite.  

The other 19th century samples analyzed by FTIR are from a dwelling in Tekkekoy, 

Samsun. A nail (T-N-05) from a timber column at the façade of the dwelling 

representing outdoor atmospheric condition shows goethite (α-FeOOH) with its OH 

bending peak at 876 cm-1 and lepidocrocite (β-FeOOH) with its characteristic OH 

bending peak at 1021 cm-1 (Figure 4.80). The OH bending bands of goethite are 

separated by 82 cm-1. The lower frequencies of OH bending bands (δ-OH and γ-OH) 

and their lower separation may be taken as evidence for poorly crystallized goethite. 

In addition, the δ-OH bending band at 876 cm-1 of the nail (T-N-05) having broad 

and low intensity may be a sign for its poor crystallinity. Its γ-OH bending band at 

794 cm-1 has almost equal intensity with δ-OH bending band at 876 cm-1. The broad 

and low intensity of δ-OH bending peak of lepidocrocite (β-FeOOH) may be taken 

as evidence of poor crystallinity of lepidocrocite in the corrosion layer. The nail (T-

N-05) has a broad band with low intensity in the high wavenumber region 3000-3500 

cm-1 being OH stretching band at 3221 cm-1.  
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Figure 4. 80 FTIR spectrum of a corrosion layer including ICL and TM of the nail 
(T-N-05) from a timber column of a dwelling in Tekkekoy representing exterior 
conditions: goethite (α-FeOOH) and lepidocrocite (β-FeOOH). 
 
 

The corrosion layer of a hinge pin from entrance hall’s window (T-W-01) showing 

indoor atmospheric conditions which is also partially open to the outdoor atmosphere 

due to its location reveals goethite (α-FeOOH) with its OH bending peak at 872      

cm-1 and lepidocrocite (β-FeOOH) with its characteristic OH bending peak at 1019 

cm-1 (Figure 4.81). The OH bending bands of goethite are separated by 83 cm-1. The 

lower frequencies of OH bending bands (δ-OH and γ-OH) and their lower separation 

may be taken as evidence for poorly crystallized goethite. The δ-OH bending band 

at 872 cm-1 having broad and low intensity may also be a sign of poorly crystallized 

goethite. The γ-OH bending band at 789 cm-1 has slightly higher intensity than δ-OH 

bending band at 872 cm-1. The broad and low intensity of δ-OH bending peak of 

lepidocrocite (β-FeOOH) may be taken as evidence of its poor crystallinity in the 

same corrosion layer. The broad band with low intensity in the high wavenumber 

region 3000-3500 cm-1 has a peak at 3095 cm-1. 
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Figure 4. 81 FTIR spectrum of a corrosion layer including ICL and TM of a hinge 
pin from the entrance hall’s window (T-W-01) of a dwelling in Tekkekoy 
representing an iron object partially open to atmospheric conditions: goethite (α-
FeOOH) and lepidocrocite (β-FeOOH). 
 
 
A crossbar of the main entrance door locking (T-D-01) from interior also partially 

open to outdoor atmosphere due to its location, displays goethite (α-FeOOH) with 

its OH bending peak at 873 cm-1 and lepidocrocite (β-FeOOH) with its OH bending 

peak at 1024 cm-1 (Figure 4.82). Quartz is also identified with its characteristic peak 

at 1088 cm-1 in its corrosion layer. The OH bending bands of goethite are separated 

by 90 cm-1. The lower frequencies of OH bending bands (δ-OH and γ-OH) and their 

lower separation may be taken as evidence for poorly crystallized goethite. The δ-

OH bending band at 873 cm-1 having broad and low intensity may also be a sign for 

its poor crystallinity. The γ-OH bending band at 789 cm-1 has slightly lower intensity 

than δ-OH bending band at 873 cm-1. The broad and low intensity of δ-OH bending 

peak of lepidocrocite (β-FeOOH) may also indicate its poor crystallinity of 

lepidocrocite in the corrosion layer. The broad band with low intensity in the region 

3000-3500 cm-1 has a peak at 3095 cm-1. 
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Figure 4. 82 FTIR spectrum of a corrosion layer including ICL and TM of the 
crossbar of the main entrance door locking (T-D-01) from a dwelling in Tekkekoy 
representing an iron object partially open to atmospheric conditions: goethite (α-
FeOOH), lepidocrocite (β-FeOOH) and quartz. 
 
 
Goethite together with lepidocrocite are the most important phases of surface 

corrosion layers in the 19th century iron objects. In the buried samples lepidocrocite 

has higher bending peak intensities than goethite. These results from FTIR analysis 

confirm µ-Raman results. FTIR spectroscopy results of surface corrosion layers for 

the 19th century objects are summarized in table 4.26.  

When the major peak intensities of goethite and lepidocrocite are compared with 

each other in the same sample regarding the 19th century objects from Tekkekoy, the 

presence of lepidocrocite is more pronounced than goethite in all objects showing 

corrosion at both outdoor atmospheric conditions and partially open to outdoor 

atmospheric conditions. All objects have low crystallinity of both lepidocrocite and 

goethite in their corrosion layer.  

Iron oxides found by FTIR in the corrosion layer of the samples from 15th, 16th and 

19th century objects are summarized in table 27. 
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Table 4. 26 Iron oxides layering in the corrosion of the objects from the 19th century 
dwellings in Foça, İzmir and Tekkekoy, Samsun under different atmospheric 
conditions observed by FTIR Analysis.  
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Table 4. 27 Iron oxides found by FTIR in the corrosion layer of the samples from 
15th, 16th and 19th century objects.  

Sample ID and location 
Minerals in the Powdered Mixture of Corrosion Layers 

Goethite  
(α-FeOOH) 

Lepidocrocite 
(β-FeOOH) 

Hematite  
(α-Fe2O3) 

Magnetite 
(Fe3O4) Quartz 

GMH-Me-02 - Door lock piece,  
Partially open to atmosphere Goethite Lepidocrocite  Magnetite  

GMH-Me-03 - Plaster nail, indoor Goethite Lepidocrocite    

MSH-KAP-01 - Nail from the dome,  
outdoor Goethite Lepidocrocite Hematite   

MSH-KAP-03 - Nail from the dome,  
outdoor Goethite Lepidocrocite    

MSH-KAP-02 - Iron piece convenient 
to anchoring, indoor Goethite Lepidocrocite    

FKM-01 - Window guard iron piece 
from a dwelling, outdoor Goethite  Lepidocrocite    

FKM-02 - Nail for a jointing load 
bearing, main timber beams, indoor Goethite     

FKM-03 - Door lock piece from the 
main entrance, partially open to 
atmosphere  

Goethite  
 Lepidocrocite    

FKM-04 - Male hinge from the main 
entrance door, partially open to 
atmosphere 

Goethite  
 
 

Lepidocrocite   Quartz 

FKM-05 - Female hinge from the 
main entrance door, partially open to 
atmosphere 

Goethite  
 Lepidocrocite    

FKM-11 - Nail embedded in building 
stone, partially open to atmosphere Goethite      

FKM-07 - Nail from the Ottoman 
layer, buried  Lepidocrocite    

FKM-08 - L shaped iron piece from 
the Ottoman layer, buried  
(collected magnetic particles) 

Goethite  
 Lepidocrocite    

FKM-09 - Iron piece from the 
Ottoman layer, buried Goethite  Lepidocrocite Hematite  Quartz 

FKM-10 - Nail from the Ottoman 
layer, buried 
(collected magnetic particles) 

Goethite 
 Lepidocrocite    

T-N-05 - Nail from a timber column, 
exterior 

Goethite  
 Lepidocrocite    

T-W-01 - Iron hinge pin from the 
entrance hall’s window, partially open 
to atmosphere 

Goethite 
 Lepidocrocite    

T-D-01 - Iron crossbar from the main 
entrance door locking, partially open 
to atmosphere 

Goethite 
 Lepidocrocite   Quartz 
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4.5 Examination of morphological and compositional characteristics of the 

corrosion layers by using µ-Raman Spectroscopy 

Etched cross-sections of the corroded iron objects were analyzed in the images 

obtained by µ-Raman spectroscopy. The typical samples of iron objects from 15th, 

16th and 19th centuries have been observed and compared for their corrosion minerals 

and the layering in the corrosion. Although mapping of the corrosion products 

determined by Raman spectroscopy has not been conducted, the analyses were 

performed on a line starting from metal towards TM by taking several Raman spectra 

of the locations.  

4.5.1 Raman Analyses of the 15th Century Samples 

Corrosion characteristics of the 15th century iron objects were examined on two 

selected objects. The SEM image of door lock piece (GMH-Me-02) from the 15th 

century hammam building shows a compact and distinct corrosion layer (Figure 

4.83a and b). Starting from the metal body towards TM, 19 points were analyzed 

(Figures 4.84 a, b, c, d and e). The first 5 points were around the reaction front (RF). 

At point 1, akageneite (β-FeOOH) and goethite (α-FeOOH); at point 2, goethite (α-

FeOOH) and at point 3, hydrated iron (III) oxide or oxyhydroxide have been 

observed. At point 4, goethite (α-FeOOH) has been very well identified and lastly, 

at point 5, the presence of abundant hydrated iron (III) oxide or oxyhydroxide 

together with some hematite (α-Fe2O3) have been observed (Figure 4.84 e). Goethite 

is the most abundant phase observed together with hydrated iron (III) oxide or 

oxyhydroxide, hematite and akaganeite in RF.  
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(a) GMH-Me-02 (750x) 

  
(b) 

Figure 4. 83 SEM image of a door lock piece (GMH-Me-02) after etching with nitric 
acid in alcohol (a) and the first five points located around RF of the same sample (b) 
(15th cc). 
 
 

  
(a) 

 
(b) 

 
(c) (d) 

 
(e) 

 
Figure 4. 84 Raman spectra of the first five points located around RF in the corrosion 
layer of a door lock piece (GMH-Me-02): goethite is the most abundant phase 
together with hydrated iron (III) oxide or oxyhydroxide, hematite and akaganeite.  
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The second 5 points were in the ICL after the RF (Figure 4.85 a). At points 6 to 8 

hydrated iron (III) oxide or oxyhydroxide, together with some hematite (α-Fe2O3), 

and at points 9 and 10 goethite (α-FeOOH) have been identified (Figure 4.85 b, c, d 

and e). Hydrated iron (III) oxide or oxyhydroxide, goethite and hematite are the 

phases observed. 

  

 
(a) 

 (b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 

 
(f) 

 
Figure 4. 85 Raman spectra of the second five points located in the ICL after RF in 
the corrosion layer of a door lock piece (GMH-Me-02): hydrated iron (III) oxide or 
oxyhydroxide and goethite are the most abundant phases with some hematite.  
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The following 4 points (P11-12-13 and 14) were in the ICL (Figure 4.86 a). At points 

11 and 14 hydrated iron (III) oxide or oxyhydroxide together with some hematite (α-

Fe2O3), at point 12 goethite (α-FeOOH) and at point 13 magnetite (Fe3O4) have been 

clearly detected (Figure 4.86 b, c, d, e). Hydrated iron (III) oxide or oxyhydroxide, 

hematite, goethite and magnetite are the iron oxides observed. 

 
 

  
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 
Figure 4. 86 Raman spectra of the third region with four points located in the ICL of 
a door lock piece (GMH-Me-02): Hydrated iron (III) oxide or oxyhydroxide, 
hematite, goethite and magnetite are the iron oxides observed.  
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The following 3 points (p15-16 and 17) were in the ICL (Figure 4.87 a). At points 

15, 16 and 17 magnetite (Fe3O4) have been the iron oxides observed (Figure 4.87 b, 

c and d).  

 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 
Figure 4. 87 Raman spectra of the fourth region with three points located in the ICL 
of a door lock piece (GMH-Me-02): magnetite.  
 
 
The last 2 points (p18 and 19) of the door lock piece from the 15th century (GMH-

Me-02) were close to the TM layer (Figure 4.88 a). At point 18, some hydrated iron 

(III) oxide or oxyhydroxide, while at point 19, goethite (α-Fe00H) has been 

identified (Figure 4.88 b, c).  The overall corrosion layers of the door lock piece 

(GMH-Me-02) and its layering are summarized in Table 4.28. 
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(a) 

 

 
(b) 

 
(c) 

 
Figure 4. 88 Raman spectra of the fifth region with two points located close to the 
TM of a door lock piece (GMH-Me-02): goethite is the most abundantly observed 
iron oxide together with hydrated iron (III) oxide or oxyhydroxide.  
 
 
Table 4. 28 Iron oxides followed by µ-Raman analyses in the corrosion layer of a 
door lock piece (GMH-Me-02) (15th cc).  
 

Location Minerals Observed in the Corrosion Layer 

Reaction Front RF  → ICL → ICL-TM Border (OSL)  → TM 

Interior of the 

Hammam 

building – 

partially open 

to atmospheric 

conditions 

Akageneite  
(β-FeOOH)  
 

Goethite  
(α-FeOOH) 
 

Hydrated iron 
(III) oxide or 
oxyhydroxide  
 

Hematite  
(α-Fe2O3) 

Hydrated iron 
(III) oxide or 
oxyhydroxide 
 

Hematite  
(α-Fe2O3)  
 

Goethite  
(α-FeOOH) 

Hydrated iron 
(III) oxide or 
oxyhydroxide 
 

Hematite  
(α-Fe2O3)  
 

Goethite  
(α-FeOOH)  
 

Magnetite 
(Fe3O4) 

Magnetite 
(Fe3O4)  

Hydrated 
iron (III) 
oxide or 
oxyhydrox
ide 
 
Goethite  
(α-Fe00H)  
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The SEM image of the plaster nail from interior (GMH-Me-04) from the 15th century 

hammam building shows a compact and distinct corrosion layer with low corrosion 

thickness, ~75 µm (Figure 4.89 a, b). Starting from the metal body towards TM, four 

steps with 20 total points have been analyzed (Figures 4.90, 4.91, 4.92, 4.93 and 

4.94). The overall corrosion layers of the door lock piece (GMH-Me-04) and its 

layering are summarized in Table 4.29. The steps have been organized in such a way 

that each step follows the previous one. Each step covers a fixed area of almost equal 

dimensions. The first step covers the reaction front (RF) and includes µ-Raman 

analyses of 5 points. At point 1 up to point 4 goethite (α-FeOOH) is the main phase 

identified with its typical characteristic peaks at 390 cm-1, 300 cm-1, 680 cm-1, 245 

cm-1 and 1320 cm-1 in decreasing intensity (Figures 4.90 a, b, c and e). At point 5 

(P5), presence of abundant hydrated iron (III) oxide or oxyhydroxide together with 

goethite (α-FeOOH) has been noticed (Figure 4.90 d) with a high intensity 

symmetrical peak observed at 702 cm-1, together with typical peaks of goethite. 

 

 
(a) GMH-Me-04 (2000x) 

 
(b) 

 

Figure 4. 89 SEM image of a plaster nail (GMH-Me-04) after etching with nitric acid 
in alcohol (a) and µ-Raman microscopic image of first five points located around RF 
of the same sample (b) (15th cc).  
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(a)  

 

 
          (b) 

 
(c) 

 
       (d) 

 

 
(e) 

 
Figure 4. 90 µ-Raman spectra of the first five points located around RF in the 
corrosion layer of a plaster nail from interior (GMH-Me-04) (a, b, c, d, e): goethite 
is the most abundant phase from p1 to p4 (a, b, c, e); presence of hydrated iron (III) 
oxide or oxyhydroxide together with some goethite (d). 
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The second step involves 5 points in ICL after the RF (Figure 4.91 a). At points 6 to 

8 goethite (α-FeOOH) is the main phase (Figure 4.91 b-d). At point 9 located next to 

a large pore, lepidocrocite (γ-FeOOH) is the main phase observed with its typical 

strong peak at 254 cm-1 (Figure 4.92 a). At P10 not very far from the P9, goethite (α-

FeOOH) is observed (Figure 4.92 b). It can be concluded that at step 2, being in ICL 

next to the reaction phase, goethite is the main phase observed. However, presence 

of lepidocrocite is also seen. 

  
 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

Figure 4. 91 µ-Raman spectra of the second 5 points located in the ICL after RF in 
the corrosion layer of a plaster nail from interior (GMH-Me-04): Goethite is the most 
abundant phase.  
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(a) 

 
(b) 

 
Figure 4. 92 Raman spectra of the second 5 points located in the ICL after RF in the 
corrosion layer of a plaster nail from interior (GMH-Me-04) (a, b): Lepidocrocite is 
observed at p9 (a), Goethite together with lepidocrocite is observed at p10 (b).  
 
 
The following 6 points (P11 to P16) in the ICL have been analyzed (Figure 4.93a). 

In all six points, goethite (α-FeOOH) is the only oxide phase identified (Figure 

4.93b).  

 
 
 
 
 

(a) 

 

 
(b) 

 
Figure 4. 93 µ-Raman spectra of the third area where 6 points are located in the ICL 
of a plaster nail from interior (GMH-Me-04) (a, b): Goethite is the phase observed.  
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The fourth area consisting of 3 points (p17, p18 and p19) have been the points close 

to the TM (Figure 4.94 a, b). At point 17, lepidocrocite (γ-FeOOH) (Figure 4.94 c), 

at points 18 (p18) and 19 (p19) hydrated iron (III) oxide or oxyhydroxide have been 

identified (Figure 4.94 d, e). The following 1 point (P20) has been located in the TM 

(Figure 4.94 b). At the p20 goethite (γ-FeOOH) has been identified (Figure 4.94 f).  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
Figure 4. 94 µ-Raman spectra of the fourth area where 3 points are located close to 
the TM in the corrosion layer (a, c, d, e) and the fifth area where 1 point is located in 
the TM (b, f) of a plaster nail from interior (GMH-Me-04): Lepidocrocite (c), 
hydrated iron (III) oxide or oxyhydroxide (d, e) and goethite (f) are the phases 
observed.  
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Table 4. 29 Iron oxides found by µ-Raman analyses in the corrosion layer of a plaster 
nail (GMH-Me-04) (15th cc).  
 

Location 
Observed Corrosion Minerals 

Reaction Front RF  → ICL → ICL-TM border (OSL)  → TM 

Interior of 

the 

Hammam 

building – 

Indoor 

Goethite  
(α-FeOOH) 

Hydrated iron 
(III) oxide or 
oxyhydroxide  

Goethite  
(α-FeOOH) 

Lepidocrocite  
(γ-FeOOH)  

Hydrated iron 
(III) oxide or 
oxyhydroxide  

 

 

Goethite  
(α-FeOOH)  

Lepidocrocite  
(γ-FeOOH)  

Hydrated iron 
(III) oxide or 
oxyhydroxide 

Goethite  
(α-
FeOOH)  

 

4.5.2 Raman Analyses of the 16th Century Samples 

Corrosion characteristics of the 16th century iron objects have been examined on the 

following selected seven objects: Two nails from the dome (MSH-KAP-01 and -03), 

one iron piece convenient to anchoring (MSH-KAP-02) from interior of the 

hammam building and two nails – one for stone and one for timber jointing from 

interior (MSH-KAP-09 and -12). The SEM image of the nail from the dome of the 

Hammam (MSH-KAP-01) from the 16th century shows a compact and distinct 

corrosion layer (Figure 4.95 a, b). The inner corrosion layer is very well observed in 

the 16th century nails in optical microscopic images and characterized as a compact 

isotropic light-colored band of quite uniform thickness. Between the band and the 

metal there is a reaction-front of 10 µm thickness (Figure 4.95 b). This sample with 

unique ribbon-like g corrosion layer has been first examined with its borderlines of 

the sublayers that form the distinct corrosion layers. They form the transition zones 

in the main corrosion layer. Later on, each sublayer has been examined in more 

detail. Compositional properties of each sublayer have been identified by µ-Raman 
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spectroscopy (Figure 4.95 a, b). Each sublayer has been examined in 3 or 4 points 

(Figures 4.96, 4.97 and 4.98).  

 

 

 
(a) MSH-KAP-01 (2000x) 

 

 
(b) MSH-KAP-01 (1200x) 

 

Figure 4. 95 A digital microscopy image  (a) and SEM image (b) of the corrosion 
layer belonging to a nail (MSH-KAP-01) (16th cc): Sub-layers are identified as RF: 
Metal-ICL interface; ICL: inner corrosion layer (~50 μm); OSL: original surface 
limit; TM: transformed media. ICL-TM interface includes OSL.  
 
 
Reaction front (RF) appears as a thin, black colored layer of ~10-µm thickness next 

to the metal body which is rich in magnetite (Figure 4.96 b). At transition step RF to 

the ICL magnetite +maghemite and hematite rich areas have been observed (Figure 

4.96 c). At the transition step of ICL to TM, hematite is the most abundant phase 

(Figure 4.96 d).  
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(a) Points at RF, RF-ICL and ICL-TM 

border  
(b) Magnetite 

 
(c) Magnetite + Maghemite + Hematite 

 

 
(d) Hematite 

 
Figure 4. 96 µ-Raman spectra of the nail (MSH-KAP-01) at the RF and the transition 
zones: points of measurement (a); reaction-front (p2) having magnetite (M) (b); RF-
ICL transition zone (p3) showing magnetite (M), maghemite (Mh) and hematite (c); 
ICL-TM transition zone (p1) showing hematite (H) (d). 
 
 
ICL excluding RF appears to be an isotropic band of ~40 µm composed of goethite 

(α-FeOOH) in all steps and points analyzed (Figure 4.97 a, b).  
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 (a) Points at ICL 

 

 
(b) 

 
Figure 4. 97 µ-Raman spectra of a nail (MSH-KAP-01) at ICL: measurement points 
(a); presence of goethite in ICL (b). 
 

 

After passing the transition zone of ICL-TM rich in hematite, it has been observed 

that the transformed media has a variable composition with abundance of goethite 

together with magnetite +maghemite and lepidocrocite (Figure 4.98 a, b, c and d). 

Typical fingerprints of main corrosion products of each point on the nail from 

exterior (MSH-KAP-01) by using Raman Spectroscopic Analysis is given in Table 

4.30. 
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(a) 

 
(b) 

 
(c) 

  
(d) 

Figure 4. 98 µ-Raman spectra of a nail (MSH-KAP-01) at TM: measurement points 
(a); presence of goethite, magnetite + maghemite, lepidocrocite (b); presence of 
goethite, magnetite + maghemite (c); and presence of goethite (d). 
 

 
Table 4. 30 Iron oxides followed by µ-Raman analyses in the corrosion layer of a 
nail (MSH-KAP-01) (16th cc).  
 

Location 
Observed Corrosion Minerals 

   RF          RF-ICL  →         ICL                ICL-TM   →  TM 
      (OSL) 

Exterior of 
the Hammam 
building – 
Outdoor 

Magnetite  
(Fe3O4) 
 

Magnetite  
(Fe3O4) 
Maghemite  
(γ-Fe2O3 
Hematite 
(α-Fe2O3) 

Goethite  
(α-FeOOH)  

Hematite  
(α-Fe2O3) 
Goethite  
(α-FeOOH) 
Lepidocrocite 
(γ-FeOOH)  
Magnetite 
(Fe3O4) 
Maghemite 
(γ-Fe2O3) 
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The second object analyzed by µ-Raman was an iron piece convenient to anchoring, 

(MSH-KAP-02) from interior of the 16th century hammam building. The SEM image 

of the iron object shows a compact and distinct corrosion layer with high corrosion 

thickness, ~750 µm (Figure 4.99 a). Starting from the metal body towards TM, four 

steps with 11 total points have been analyzed (Figures 4.99, 4.100, 4.101 and 4.102). 

The steps have been organized in such a way that each forward step followed the 

previous one. The first step covers one point at the reaction front (RF). At point 1 in 

the reaction front, goethite (α-FeOOH) is the main phase identified with its typical 

characteristic peaks at 392 cm-1, 301 cm-1, 685 cm-1, 556 cm-1 and 1300 cm-1 in 

decreasing intensity (Figure 4.99 b, c).  

 

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 4. 99 SEM image of the corrosion layer at an iron object (MSH-KAP-02) (a) 
(16th cc); measurement point at RF (b); and µ-Raman spectrum indicating presence 
of goethite (c). 
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In the second step, starting from RF towards ICL, from point 1 (P1) to point 4 (P4), 

presence of hydrated iron (III) oxide or oxyhydroxide have been identified (Figure 

4.100).  

 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 4. 100 µ-Raman spectra of an iron object (MSH-KAP-02) at RF towards ICL: 
measurement points (a); and presence of hydrated iron (III) oxide or oxyhydroxide 
at P1 to P4 (b, c, d). 
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In the third step, 4 points from ICL have been analyzed. From point 1 to point 4, the 

phase shows similar weak Raman spectra as in the previous step and, as a result, the 

phase can be called “hydrated iron (III) oxide or oxyhydroxide” (Figure 4.101). 

 

 

 
(a)  

(b) 
 

 
(c) 

 
(d) 

 
 

Figure 4. 101 µ-Raman spectrum of an iron object (MSH-KAP-02) at ICL: 
measurement points (a); and presence of hydrated iron (III) oxide or oxyhydroxide 
from P1 to P4 (b, c, d). 
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In the fourth step, 2 points from ICL towards TM have been analyzed. At point 1 and 

at point 2, presence of abundant goethite (α-FeOOH) is noticed (Figure 4.102) with 

a high intensity peak observed at 387, 299 cm-1 and 680 cm-1.  

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 4. 102 µ-Raman spectrum of an iron object (MSH-KAP-02) at ICL towards 
TM: measurement points (a); and presence of goethite at p1 and p2 (b, c). 
 
 
Typical fingerprints of main corrosion products of each point on iron object (MSH-

KAP-02) from the interior of the hammam building by using Raman Spectroscopic 

Analysis is given in Tables 4.31. 
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Table 4. 31 Iron oxides followed by µ-Raman analyses in the corrosion layer of an 
iron object (MSH-KAP-02) (16th cc).  
 

Location 
Observed Corrosion Minerals 

   RF          RF-ICL  →           ICL                    ICL-TM   →      TM 
          (OSL) 

Interior 

of the 

hammam 

building 

– Interior  

Goethite  
(α-FeOOH) 

Iron (III) 
oxyhydr/ 
oxide 

Iron (III) 
oxyhydr/oxide  

Goethite  
(α-FeOOH) 
 

- 

 
 

The SEM and digital microscopic image of another dome nail from exterior (MSH-

KAP-03) from the 16th century hammam building show a compact and distinct 

corrosion layer with an average thickness of ~100 µm (Figure 4.103 a, b). Starting 

from the metal body towards TM, eight steps with 14 total points have been analyzed 

by µ-Raman (Figures 4.104, 4.105, 4.106, 4.107, 4.108, 4.109 and 4.110). The steps 

have been organized in such a way that each forward step followed the previous one. 

The first step covers the reaction front (RF) and include the analyses of 2 points 

(Figure 4.104 a). At point 1 magnetite (Fe3O4) and at point 2 hydrated iron (III) oxide 

or oxyhydroxide are the main phases identified. Magnetite is verified by its main 

peak at 675 cm-1 and its typical peak at 550 cm-1 (Figure 4.104 b). Presence of 

hydrated iron (III) oxide or oxyhydroxide has been noticed with a high intensity 

symmetrical peak observed at 673 cm-1, 548 cm-1, 388 cm-1 and 1315 cm-1 (Figure 

4.104 c) (Hanesch, 2009; Bellot-Gurlet et al, 2009; Mazetti and Thistlethwaite 

2002).   
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(a) MSH-KAP-03 (550X)  

 
(b) MSH-KAP-03 (560X) 

Figure 4. 103 SEM image (a) and digital microscopic image (b) of a dome nail 
(MSH-KAP-03) after etching with nitric acid in alcohol (16th cc).  
 
 

 
(a) 

  
(b)  

 

 
(c) 

Figure 4. 104 µ-Raman spectra of the 2 points located in RF viewed by SEM and 
digital microscope (MSH-KAP-03): measurement points (a), magnetite at point 1 (b) 
and hydrated iron (III) oxide or oxyhydroxide at point 2 (c). 
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The second step involves 2 points in ICL after RF (Figure 4.105 a). At point 3, 

magnetite (Fe3O4) with some goethite (α-FeOOH) are the main phases identified 

(Figure 4.105 b). Magnetite has been verified by its strong peak at 693 cm-1 together 

with its typical peak at 550 cm-1. Goethite appears with its strong peak at 395 cm-1 

and the existence of the peak at 1335 cm-1. At point 4 goethite (α-FeOOH) is the 

main phase (Figure 3.15 c) with its well-formed crystal structure, identified by the 

strongest peak at 395 cm-1, and its other typical ones at 300 cm-1 and 683 cm-1.  

  
 

 
 

(a) 
 

 
(b) 

 
(c) 

 
Figure 4. 105 µ-Raman spectra of the 2 points located in the ICL after RF (MSH-
KAP-03): measurement points (a); magnetite with some goethite at p3 (b); and 
goethite is the main phase observed at p4 (c).  
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The following 2 points (p5 and p6) in the ICL have been analyzed (Figure 4.106 a). 

In point 5, hydrated iron (III) oxide or oxyhydroxide are the phases observed with 

the strong peaks at 703 cm-1 having a shoulder peak at 687 cm-1, 535 cm-1 and 1325 

cm-1 (Figure 4.106 b). In point 6, goethite (α-FeOOH) with a well-formed crystal 

structure is identified with its strongest peak at 396 cm-1 and all of its typical peaks 

are sharp and visible (Figure 4.106 c).  

 

 
 

 
(a) 

 

 
(b) 

 
(c) 

 
Figure 4. 106 µ-Raman spectra of the successive area where 2 points are located in 
the ICL (MSH-KAP-03): measurement points (a); hydrated iron (III) oxide or 
oxyhydroxide at p5 (b); and goethite at p6 (c).  
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The fourth step consists of 2 points (p7 and p8) in ICL (Figure 4.107 a). At point 7, 

hydrated iron (III) oxide or oxyhydroxide with its enlarged peak at 681 cm-1, goethite 

(α-FeOOH) with its strongest peak at 394 cm-1, 1321 cm-1 and lepidocrocite (γ-

FeOOH) with its strongest peak at 253 cm-1 have been identified. The location is 

observed as a low crystallinity / amorphous phase (Figure 4.107 b).  At point 8, 

goethite (α-FeOOH) and lepidocrocite (γ-FeOOH) with a well-formed crystal 

structure have been identified with their strongest peak at 396 cm-1 for goethite, 252 

cm-1 for lepidocrocite and all of their typical peaks are sharp and visible (Figure 

4.107 c).  

 

 
(a) 

 
(b) 

 
(c) 

 
Figure 4. 107 µ-Raman spectra of the successive step where 2 points are located in 
the ICL (MSH-KAP-03): measurement points (a); hydrated iron (III) oxide or 
oxyhydroxide, goethite and lepidocrocite at p7 (b); and goethite and lepidocrocite at 
p8 (c).  
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The fifth step consists of 2 points (p9 and p10) in the ICL towards the TM (Figure 

4.108 a). At point 9, hydrated iron (III) oxide or oxyhydroxide with its sharp peak at 

686 cm-1, 503 cm-1, 388 cm-1 and 1350 cm-1 (Figure 4.108 b) (Hanesch 2009) and at 

point 10, maghemite (γ-Fe2O3) with some magnetite (Fe3O4) with its enlarged peak 

at 683 cm-1, mixing of goethite (α-FeOOH) with its strongest peak at 394 cm-1 and 

lepidocrocite (γ-FeOOH) with its strongest peak at 253 cm-1 have been identified 

(Figure 4.108 c) (Monnier et al, 2010). All of their typical peaks are also sharp and 

visible and the point has a well-formed crystal structure.  

 

 
(a) 

 
(b) 

 
(c) 

 
Figure 4. 108 µ-Raman spectra of the successive area where 2 points are located in 
the ICL (MSH-KAP-03): measurement points (a); hydrated iron (III) oxide or 
oxyhydroxide at point 9 (b); and maghemite, magnetite, goethite and lepidocrocite 
are the phases observed at point 10 (c).  
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The sixth step consists of 2 points (p11 and p12) close to the TM (Figure 4.109 a). 

At point 11 goethite (α-FeOOH) with its strongest peak at 388 cm-1 and lepidocrocite 

(γ-FeOOH) with its strongest peak at 251 cm-1 have been identified (Figure 4.109 b). 

At point 12 goethite (α-FeOOH) has been identified (Figure 4.109 c). All of its 

typical peaks are also sharp and visible and the point has a well-formed crystal 

structure. 

 

 
(a) 

 
(b) 

 
(c) 

 
Figure 4. 109 µ-Raman spectra of the successive area where 2 points are located in 
the ICL close to TM border of a nail (MSH-KAP-03): measurement points (a); 
goethite and lepidocrocite at point 11 (b); and goethite at point 12 (c).  
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The seventh step consists of 1 point (p13) in the TM (Figure 4.110 a). At point 13 

goethite (α-FeOOH) is identified (Figure 4.110 b) with its peaks at 390 cm-1, 685 

cm-1, 301cm-1, 1305 cm-1, 553 cm-1, 1000 cm-1, 1115 cm-1, 479 cm-1 and 250 cm-1.  

In the eighth step consisting of 1 point (p14) in the TM (Figure 4.110 c) lepidocrocite 

(γ-FeOOH) is identified with its strongest peak at 253 cm-1, 308 cm-1, 1306 cm-1, 655 

cm-1 and 529 cm-1 (Figure 3.110 d).  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 4. 110 µ-Raman spectra of the successive areas where 2 points are located in 
the TM of a nail (MSH-KAP-03): measurement points (a, c); goethite at point 13 (b); 
and lepidocrocite at point 14 (d).  
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The overall corrosion layers and typical fingerprints of main corrosion products of 

each point on the nail (MSH-KAP-03) from the exterior by using Raman 

Spectroscopic Analysis have been given in Table 4.32. 

 
 
Table 4. 32 Iron oxides followed by µ-Raman analyses in the corrosion layer of a 
nail (MSH-KAP-03) (16th cc).  
 

Location 
Observed Corrosion Minerals 

Reaction Front RF  → ICL → ICL-TM border (OSL)  → TM 

Exterior of 

the hammam 

building – 

Outdoor 

Magnetite 
(Fe3O4) 
 
Hydrated 
iron (III) 
oxyhydr/ 
oxide  
 

Magnetite 
(Fe3O4) 
 
Goethite  
(α-FeOOH) 

Maghemite 
(γ-Fe2O3)  
 
Magnetite 
(Fe3O4)  
 
Goethite 
(α-FeOOH) 

Hydrated 
iron (III) 
oxyhydr/  
oxide  

Goethite  
(α-FeOOH) 
 
Magnetite  
(Fe3O4) 
 
Maghemite  
(γ-Fe2O3)  
 
Lepidocrocite 
(γ- FeOOH) 

Goethite  
(α-FeOOH) 
 
Lepidocrocite    
(γ-FeOOH)  

Goethite   
(α-FeOOH) 
 
Lepidocrocite 
(γ-FeOOH)  
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The optical microscopic and Raman microscopic images of a nail (MSH-KAP-09) 

from the interior of a 16th century hammam building show a compact and distinct 

corrosion layer with an average thickness of 260 µm (Figure 4.111 a and b). Starting 

from the metal body towards TM, five steps with 24 total points have been analyzed 

by µ-Raman (Figures 4.112 – 4.116).  

 

 
(a) MSH-KAP-09 (550X)  

 
(b) MSH-KAP-09 (560X) 

Figure 4. 111 SEM image (a) and digital microscopic image (b) of a nail (MSH-
KAP-09) after etching with nitric acid in alcohol (16th cc).  
 
 
The first step covers the reaction front (RF) towards ICL and include the analyses of 

6 points (Figure 4.112 a). At point 1, goethite (α-FeOOH) with its strongest peak at 

388 cm-1 is observed (Figure 4.112 b). At point 2, hydrated iron (III) oxide or 

oxyhydroxide and goethite (α-FeOOH) are the phases identified (Figure 4.112 c). 

The presence of hydrated iron (III) oxide or oxyhydroxide seems to be more probable 

with the broad peak at 692 cm-1 and a peak at 1328 cm-1 and goethite is confirmed 

with its strongest peak at 388 cm-1. The point 2 is considered as a site having a poorly 

crystallized hydrated iron III oxide or oxyhydroxide transforming to a more stable 

phase goethite. Point 3 and 4 are the sites with reactive phase magnetite represented 

with its strongest peaks at 670 cm-1 and 550 cm-1 (Figure 4.112 d). At point 5, 

maghemite (γ-Fe2O3) with some magnetite (Fe3O4) and goethite (α-FeOOH) are the 

phases identified (Figure 4.112 e). At point 6, goethite (α-FeOOH) with its strongest 

peak at 388 cm-1 has been identified and it appears with a well-formed crystalline 
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structure (Figure 4.112 f). The reaction front (RF) is concluded to have abundance 

of reactive phases as magnetite, maghemite and a combination of poorly crystallized 

iron (III) oxide or oxyhydroxide phases and some stable oxyhydroxide phase 

goethite.  

  

 
(a) 

 
                         (b) 

  
(c)  

 
                        (d) 

  
(e)  

 
                       (f) 

 
Figure 4. 112 µ-Raman spectra of the two points located in RF towards ICL of a nail 
(MSH-KAP-09): measurement points (a); goethite at point 1 (b); hydrated iron (III) 
oxide or oxyhydroxide and goethite at point 2 (c); magnetite at point 3 and 4 (d), 
maghemite, magnetite, goethite at point 5 (e); and goethite at point 6 (f). 
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The second step is analyzed at 4 points in ICL after RF (Figure 4.113 a). At point 1 

and 4, hydrated iron (III) oxide or oxyhydroxide with some goethite (α-FeOOH) 

having its strong peak at 395 cm-1 are the main phases identified (Figure 4.113 b). 

Hydrated iron (III) oxide or oxyhydroxide is confirmed by enlargement of the peak 

at 670 cm-1 and the broad peak between 1380 - 1580 cm-1. The Raman signatures 

indicated show the probable combination of maghemite, feroxyhyte and 

ferrihydrites. At point 2 and 3, goethite (α-FeOOH) is the main phase (Figure 4.113 

c, d) with its well-formed crystal structure, identified by the strongest peak at 390 

cm-1, and its other typical peaks at 302 cm-1 and 685 cm-1.  

 

 
 

(a) 
 

(b) 

 
(c)  

(d) 
 
Figure 4. 113 µ-Raman spectra of the successive four points located in the ICL after 
RF in the corrosion layer of a nail (MSH-KAP-09): measurement points (a); hydrated 
iron (III) oxide or oxyhydroxide with some goethite at p1 and p4 (b); and goethite is 
the main phase observed at p2 and p3 (c, d).   
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The following 4 points (p1 to p4) in the ICL were analyzed (Figure 4.114 a): In p1, 

lepidocrocite (γ-FeOOH) with the strongest peaks at 251 cm-1 and all its sharp, 

typical peaks (Figure 4.114 b). In p2 and p3, magnetite (Fe3O4) with a well-formed 

crystal structure is identified with its strongest peak at 666 cm-1; all of its typical 

peaks are sharp and visible (Figure 4.114 c, e). Goethite (γ-FeOOH) with the 

strongest peak at 388 cm-1 is observed at point 4 (Figure 4.114 d). 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 4. 114 µ-Raman spectra of the successive area where 4 points have been 
located in the ICL of a nail (MSH-KAP-09): measurement points (a); lepidocrocite 
at p1 (b); magnetite at p2 and p3 (c); and goethite at p4 (d).  
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The 4th step with 5 points (p1 to p5) in the ICL towards TM were analyzed (Figure 

4.115 a): At point 1 maghemite (γ-Fe2O3) with the strongest peak at 714 cm-1 with 

its shoulder peak at 671 peaks cm-1 (Figure 4.115 b) is identified. From point 2 to 5, 

hydrated iron (III) oxide or oxyhydroxide together with goethite (α-FeOOH) is 

observed. Hydrated iron (III) oxide or oxyhydroxide is confirmed by enlargement of 

the peak at approximately 670 cm-1 - 720 cm-1 and the broad peak between 1340 - 

1580 cm-1. (Figure 4.115 c). Goethite appears with its strongest peak at 388 cm-1 with 

its other typical peaks (Figure 4.115 c). 

 

 

 
(a) 

 
         (b) 

 
(c) 

 
Figure 4. 115 µ-Raman spectra of the successive area where 5 points are located in 
the ICL of a nail (MSH-KAP-09): measurement points (a); maghemite at point 1 (b); 
hydrated iron (III) oxide or oxyhydroxide together with goethite at point 2 to 5 (c). 
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The 5th step with 5 points (p1 to p5) close to the TM were analyzed (Figure 4.116 a): 

From point 1 to 5, goethite (α-FeOOH) together with hydrated iron (III) oxide or 

oxyhydroxide is observed. Goethite appears with its strongest peak at 391 cm-1 and 

its other typical peaks. Hydrated iron (III) oxide or oxyhydroxide is confirmed by 

enlargement of peak at 670 cm-1 and the broad peak between 1340 - 1580 cm-1 

(Figure 4.116 b). Typical layering of main corrosion products of each point on the 

nail (MSH-KAP-09) from the interior by using Raman Spectroscopic Analysis have 

been given in Tables 4.33. 

 

 

 
(a) 

 
(b) 

 
Figure 4. 116 µ-Raman spectra of the successive area where 5 points are located in 
the ICL close to TM of a nail (MSH-KAP-09): measurement points (a); goethite with 
hydrated iron (III) oxide or oxyhydroxide at all points (b). 
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Table 4. 33 Iron oxides followed by µ-Raman analyses in the corrosion layer of a 
nail (MSH-KAP-09) (16th cc).  
 

Location Observed Corrosion Minerals 
Reaction Front RF  → ICL → ICL-TM border (OSL)  → TM 

Interior of 
the 
Hammam 
building – 
Indoor 

atmospheric 

condition 

Magnetite 

Hydrated iron 
(III) oxide or 
oxyhydroxide 

Maghemite 

Goethite 

 

Hydrated iron 
(III) oxide or 
oxyhydroxide 

Goethite 

Lepidocrocite 

Magnetite  

Goethite 

 

Maghemite  

Hydrated iron 
(III) oxide or 
oxyhydroxide 

Goethite 

Hydrated iron 
(III) oxide or 
oxyhydroxide 

Goethite 

 
 

The digital microscopic and Raman microscopic images of a timber jointing nail 

(MSH-KAP-12) used for a stone building from interior of a 16th century hammam 

building show a compact and distinct corrosion layer having a thickness in the range 

of ~200 µm (Figure 4.117). Starting from the metal body towards TM, 10 points in 

three steps were analyzed by µ-Raman (Figures 4.118 – 4.120). Typical layering of 

main corrosion products of each point on the nail (MSH-KAP-12) for timber jointing 

from the interior by using Raman Spectroscopic Analysis have been given in Table 

4.34. 

 

 
(a) MSH-KAP-12 (500X)  

 
(b) MSH-KAP-12 

Figure 4. 117 Digital microscopic (a) and Raman microscopic (b) images of a timber 
jointing nail (MSH-KAP-12) after etching with nitric acid in alcohol (16th cc).  
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The 1st step covers the reaction front (RF) including ICL with the analyses of 3 points 

(Figure 4.118 a), besides those, 1 point (p4) following the p3 was analyzed (Figure 

4.118 b). Magnetite (Fe3O4) with its strongest peak at 670 cm-1 is observed in all 3 

points. (Figure 4.118 c). In point 4, hematite is identified with its main peaks at 297 

cm-1, 413 cm-1 and 1325 cm-1.  

 

 
(a) 

 
 

 

 

 

(b) 

 
 

(c) 

 
(d) 

 
Figure 4. 118 µ-Raman spectra of the 1st area where 4 points are located in the RF 
towards ICL of a nail (MSH-KAP-12): measurement points (a, b); magnetite at p1 
to p3 (c), and hematite at p4 (d). 
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At the following 2nd step in the ICL close to RF, wustite is observed at the analyzed 

4 points with its peak at ~650 cm-1 (Fig 4.119 a, b, c).   

   

 
 

(a) 
 

(b) 

 
(c) 

 
Figure 4. 119 µ-Raman spectra of the successive area where 4 points are located in 
the ICL of a nail (MSH-KAP-12): measurement points (a); wustite at p1 (b); wustite 
at p1 to p4 (c). 
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In the ICL towards TM, the other 2 points were analyzed: Hematite is observed at 

the analyzed 2 points with its peaks at ~1324 cm-1, 297 cm-1, 224 cm-1 and 410 cm-1 

indicating a well crystallized phase (Fig 4.120 a, b, c). 

 

 
(a) 

 
(b) 

 
(c) 

Figure 4. 120 µ-Raman spectra of the successive area where 2 points are located in 
the ICL towards TM of a nail (MSH-KAP-12): measurement points (a); hematite at 
p1 to p2 (b, c). 
 
 
Table 4. 34 Iron oxides followed by µ-Raman analyses in the corrosion layer of a 
nail (MSH-KAP-12) (16th cc).  
 

Location Observed Corrosion Minerals 
Reaction Front RF  → ICL → ICL-TM border (OSL) →TM 

Interior of the 
Hammam – 
Indoor  

Wustite 

 

Magnetite 

 

Hematite 

 
- 
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Iron oxides layering in the corrosion of the objects taken from Kiliç Ali Pasha 

Hammam Building constructed in the 16th century after Raman Spectroscopic 

Analysis documented together starting from RF towards TM (Table 4.35). In order 

to be clear and comprehensible, some abbreviations have been used in the following 

table. 

 
Table 4. 35 Iron oxides followed by µ-Raman analyses in the corrosion layers of the 
objects from Kiliç Ali Pasha Hammam building (16th cc).  
 

Location 
Observed Corrosion Minerals 

RF          RF-ICL  →         ICL               ICL-TM   →  TM 
      (OSL) 

Exterior of 
the Hammam 
building – 
Outdoor 

MSH-KAP-01 

Magnetite  
(Fe3O4) 
 

Magnetite  
(Fe3O4) 
Maghemite  
(γ-Fe2O3) and 
Hematite 
(α-Fe2O3) 

Goethite  
(α-FeOOH)  

Hematite 
(α-Fe2O3) 
 

Goethite  
(α-FeOOH) 
Lepidocrocite  
(γ-FeOOH)  
Magnetite  
(Fe3O4) 
Maghemite  
(γ-Fe2O3) 

Interior of the 
Hammam 
building – 
Interior  

MSH-KAP-02 

Goethite  
(α-
FeOOH) 

Iron (III) 
oxyhydr/oxide 

Iron (III) 
oxyhydr/oxide  

Goethite  
(α-FeOOH) 

 

- 

Exterior of the 
Hammam 
building – 
Outdoor  

MSH-KAP-03 

 

Magnetite 
(Fe3O4) 
Hydrated 
iron (III) 
oxyhydr/oxi
de  
 

Magnetite 
(Fe3O4 
Goethite  
(α-FeOOH) 

Maghemite 
(γ-Fe2O3) 
Magnetite 
(Fe3O4) 
Goethite  
(α-FeOOH) 

Hydrated 
iron (III) 
oxyhydr/
oxide  

Goethite  
(α-FeOOH) 
Magnetite  
(Fe3O4) 
Maghemite  
(γ-Fe2O3)  
Lepidocrocite 
(γ- FeOOH) 

Goethite  
(α-
FeOOH) 
Lepidocro
cite    
(γ-
FeOOH)  

Goethite   
(α-FeOOH) 
Lepidocrocit
e (γ-
FeOOH)  
 

Interior of the 
Hammam 
building – 
Indoor  

MSH-KAP-09 

 

Magnetite 

Hydrated 
iron (III) 
oxyhydr/ 
oxide 

Maghemite 

Goethite 

Hydrated iron (III) 
oxyhydr/ oxide 

Goethite 

Lepidocrocite 

Magnetite  

Goethite 

 

Maghemite  

Hydrated iron 
(III) oxyhydr/ 
oxide 

Goethite 

Hydrated 
iron (III) 
oxyhydr/ 
oxide 

Goethite 

Interior of the 
Hammam 
building – 
Indoor 

MSH-KAP-12 

Magnetite 

Hematite 

 

Wustite 

 

Hematite - 
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4.5.3 Raman Analyses of the 19th Century Samples 

Corrosion characteristics of the 19th century iron objects were examined on the 

selected 10 samples. 8 of them were taken from the dwellings and excavations in 

Foça, Izmir and 2 from the dwelling of Tekkekoy, Samsun.  

The selected samples from Foça were a nail (FKM-02) for jointing load bearing main 

timber beams; a door lock piece (FKM-03) from main entrance; a male hinge (FKM-

04) and a female hinge (FKM-05) from the main entrance door; 3 nails (FKM-07, 

10, 11) and an L shaped iron object (FKM-08) from the Ottoman excavation layer 

representing the buried conditions.  

The samples from the dwelling in Tekkekoy were a nail (T-N-04) at the interior door 

frame and a crossbar (T-D-01) from the interior of the dwelling used for locking the 

main entrance door. 

 To begin with, regarding the dwelling in Foça, digital microscopic and SEM views 

of the nail (FKM-02) used for the jointing main load bearing timber beams show a 

compact corrosion layer having 67.5 µm thickness (Figures 4.121 a and b). 

Examination from the metal body towards TM was done at 6 points (Figures 4.121, 

c, d, e and f). At points 1, 2 and 3, hematite (α-Fe2O3) is the main phase with its 

characteristic peaks at 296 cm-1, 413 cm-1, 228 cm-1 and 1323 cm-1. At points 4 and 

6, the weak Raman spectrum is dominated by a large band around 720 cm-1 and the 

broad peak between 1361 - 1516 cm-1 (Figure 3.18 b). The spectrum is difficult to 

decipher due to a poor crystallization state; as a result, the phases can be defined as 

hydrated iron (III) oxide or oxyhydroxides (Bellot-Gurlet, 2009). For this nail (FKM-

02) embedded in the structural timber beam, hematite is the abundant phase observed 

with hydrated iron (III) oxide or oxyhydroxide marbling towards the exterior of the 

corrosion layer (Table 4.36).  
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(a) FKM-02 (1000X)  

 
(b) FKM-02 (1000X) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
Figure 4. 121 Digital microscopic (a) and SEM (b) images of a nail (FKM-02) at 
load bearing timber beam after etching with nitric acid in alcohol (19th cc). µ-Raman 
spectra of the 6 points located in the RF towards ICL: hematite at p1 to p3 (c, d);and  
hydrated iron (III) oxide or oxyhydroxide at p4 to p6 (e, f). 
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Table 4. 36 Iron oxides followed by µ-Raman analyses in the corrosion layer of the 
nail (FKM-02) (19th cc).  
 

Location 
Observed Corrosion Minerals 

RF          RF-ICL  →         ICL               ICL-TM   →  TM 
      (OSL) 

Interior of the 
dwelling – 
Embedded in 

timber  

FKM-02 

Hematite  
(α-Fe2O3) 

Hematite  
(α-Fe2O3) 

Hematite  
(α-Fe2O3) 

Hydrated iron 
(III) oxide or 
oxyhydroxide 
 

- 

 
 
Another sample from Foça dwellings is a door lock piece (FKM-03) from the main 

entrance which shows a compact corrosion layer by stereo and Raman microscopic 

views (Figure 4.122). Starting from the metal body towards TM, 8 points in 2 steps 

were analyzed (Figures 4.123 and 4.124). At points 1 and 2 in the RF and at the 

transition phase towards ICL, hydrated iron (III) oxide or oxyhydroxide with its 

peaks by a large band around 710 cm-1 and the broad peak at 1330-1350 cm-1 is 

observed at a poorly crystallized phase (Figure 4.123 b, c). At point 3 in the ICL, a 

goethite phase with hydrated iron (III) oxide or oxyhydroxide is detected with its 

main peaks at 391 cm-1, 300 cm-1, 689 cm-1 and 1314 cm-1.  At the following point 

in the ICL (p4), a well crystallized goethite with main peak at 388 cm-1 and magnetite 

+ maghemite rich areas are clearly identified (Figure 4.123 d, e). In the 2nd step, 3 

points were analyzed. At 2 points (p6 and p7) in OSL and close to TM, a well 

crystalized corrosion layer is identified with its peaks at 399 cm-1, 300 cm-1, 686 cm-

1 and 1305 cm-1 (Figures 4.124 b, c). At point 8 in TM, hydrated iron (III) oxide or 

oxyhydroxide with its peaks by a large band around 701 cm-1 and the broad peak at 

1330-1550 cm-1 is observed at a poorly crystallized phase (Figure 4.124 d). The iron 

oxides layering in the corrosion of the door lock piece (FKM-03) by µ-Raman 

Analysis is summarized at Table 4.37. A noticeable goethite phase is observed 

between the reaction front and the transformed media composed of hydrated iron 

(III) oxide or oxyhydroxides.     



 
 

219 

 
(a) FKM-03 (100X): 100 µm  

 
(b) FKM-03 

Figure 4. 122 Stereo microscopic (a) and Raman microscopic (b) images of a door 
lock piece (FKM-03) after etching with nitric acid in alcohol (19th cc).  
 
 

 (a) 

 (b) (c) 

 (d)  (e) 

Figure 4. 123 µ-Raman spectra of the 4 points located in the RF towards ICL of a 
door lock piece (FKM-03) (19th cc): measurement points (a); hydrated iron (III) 
oxide or oxyhydroxide at p1 and p2 (b, c); goethite with hydrated iron (III) oxide or 
oxyhydroxide at p3 (d); goethite with magnetite+maghemite at p4 (e). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
Figure 4. 124 µ-Raman spectra of the 3 points located in the ICL towards TM of a 
door lock piece (FKM-03): measurement points (a); goethite at p6 and p7 (b, c); and 
hydrated iron (III) oxide or oxyhydroxide at p8 (d). 
 
 
Table 4. 37 Iron oxides followed by µ-Raman analyses in the corrosion layer of a 
door lock piece (FKM-03) (19th cc).  
 

Location 
Observed Corrosion Minerals 

RF          RF-ICL  →         ICL               ICL-TM   →  TM 
      (OSL) 

Interior of the 
Dwelling – 
Door lock 
piece 

FKM-03 

Hydrated iron 
(III) oxide or 
oxyhydroxide 

Goethite  
(α-FeOOH) 
Hydrated iron 
(III) oxide or 
oxyhydroxide 

Goethite 
(α-FeOOH) 
Magnetite 
(Fe3O4) 
Maghemite 
(α-Fe2O3) 

Goethite 
(α-FeOOH) 
 

Hydrated iron 
(III) oxide or 
oxyhydroxide 
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Another sample analyzed from the Foça dwellings is a male hinge (FKM-04) used 

in the main entrance door. It shows a compact corrosion layer observed by stereo 

and Raman microscopic views (Figure 4.125 a and b). Starting from the metal body 

towards TM, 4 points in 2 steps were analyzed (Figures 4.126 a and b). At points 2 

and 3 in the RF and ICL, a goethite phase is detected with its main peaks at 391 cm-

1 and 300 cm-1 together with hydrated iron (III) oxide or oxyhydroxide having a large 

band around 686 cm-1 and 1314 cm-1 (Figure 4.126 c and d).  At point 5 being a point 

in OSL, a goethite phase with its main peaks at 390 cm-1 and 301 cm-1 is detected 

together with hydrated iron (III) oxide or oxyhydroxide by the presence of a large 

band around 701 cm-1 and 1321 cm-1 (Figure 4.126 f).  At point 4 on TM, hydrated 

iron (III) oxide or oxyhydroxide with its peaks by a large band around 720 cm-1 and 

the broad peak at 1450 cm-1 is observed as a poorly crystallized phase (Figure 4.126 

e). The µ-Raman results of FKM-04 are summarized in Table 4.38. Goethite is found 

to be the main phase surrounded by hydrated iron (III) oxide or oxyhydroxide in a 

diffused way.     

 

 

(a) FKM-04 (100X)  

 

 

(b) FKM-04 

 

Figure 4. 125 Stereo microscopic (a) and Raman microscopic (b) images of a male 
hinge (FKM-04) (19th century) after etching with nitric acid in alcohol.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
Figure 4. 126 µ-Raman spectra of the 4 points located in the RF towards TM of a 
hinge piece (FKM-04) (19th century): measurement points (a, b); goethite with 
hydrated iron (III) oxide or oxyhydroxide at p2, p3, and p5 (c, d, f); hydrated iron 
(III) oxide or oxyhydroxide at p4 (e).  
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Table 4. 38 Iron oxides followed by µ-Raman analyses in the corrosion layer of a 
hinge piece (FKM-04) (19th cc).  
 

Location 
Observed Corrosion Minerals 

RF          RF-ICL  →            ICL           ICL-TM   →  TM 
      (OSL) 

Interior of the 
dwelling –  
Hinge from a 
main entrance 
door  
FKM-04 
 

Goethite  
(α-FeOOH) 
 
Hydrated iron 
(III) oxide or 
oxyhydroxide 

Goethite  
(α-FeOOH) 
 
Hydrated iron 
(III) oxide or 
oxyhydroxide 

Hydrated iron 
(III) oxide or 
oxyhydroxide 

Goethite  
(α-FeOOH) 
 
Hydrated iron 
(III) oxide or 
oxyhydroxide 

 
 
The next object analyzed from the Foça dwellings is a female hinge (FKM-05) used 

in the main entrance door. It shows a compact corrosion layer by stereo microscopic 

and SEM views (Figure 4.127 a and b). Starting from the metal body towards TM, 3 

points were analyzed (Figures 4.128 a). At point 1 in the RF, a goethite phase is 

detected with its weak main peaks at 396 cm-1 and 301 cm-1 together with hydrated 

iron (III) oxide or oxyhydroxide having a large band around 690 cm-1 and ~1320 cm-

1 (Figure 4.128 b).  At point 2 in the ICL, hydrated iron (III) oxide or oxyhydroxide 

having a large band around 695 cm-1 and ~1321 cm-1 is detected together with a 

poorly crystalized goethite phase having its weak main peaks at 386 cm-1, 304 cm-1 

and 250 cm-1 (Figure 3.18 c). At point 3 close to TM, hydrated iron (III) oxide or 

oxyhydroxide with a noticeable presence of maghemite (γ-Fe2O3) having a large 

asymmetric band around 720 cm-1 and broad bands ~1314 cm-1 to 1558 cm-1 is 

detected together with a poorly crystalized goethite phase having its main peaks at 

391 cm-1, 304 cm-1 and 250 cm-1 (Figure 4.128 d).  The iron oxides layering by µ-

Raman Analysis in the corrosion of the iron hinge piece (FKM-05) is summarized in 

the Table 4.39.      
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(a) FKM-05 (100X)  

  
(b) FKM-05 

 
Figure 4. 127 Stereo microscopic (a) and SEM (b) images of a female hinge (FKM-
05) after etching with nitric acid in alcohol (19th cc).  
 
 

 
(a) 

  
(b) 

  
(c) 

 
(d) 

 
Figure 4. 128. µ-Raman spectra of the 3 points located in the RF towards TM of a 
female hinge piece (FKM-05) (19th cc): measurement points (a); hydrated iron (III) 
oxide or oxyhydroxide with some goethite at p1, p2 and p3 (b, c, d). 
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Table 4. 39 Iron oxides followed by µ-Raman analyses in the corrosion layer of a 
female hinge piece (FKM-05 (19th cc).  
 

Location 
Observed Corrosion Minerals 

RF          RF-ICL  →         ICL               ICL-TM   →  TM 
      (OSL) 

Interior of the 
Dwelling –  
Female hinge 
from a main 
entrance door  
FKM-05 
 

Poorly crystalline 
goethite (α-FeOOH) 
 
Hydrated iron (III) 
oxide or 
oxyhydroxide 

Poorly crystalline goethite 
(α-FeOOH) 
 
Hydrated iron (III) oxide 
or oxyhydroxide 

Poorly crystalline 
goethite  
(α-FeOOH) 
 
Hydrated iron (III) 
oxide or oxyhydroxide 

 

 

A nail (FKM-07) representing the object in a burial condition from excavations of 

an Ottoman layer shows a thick corrosion layer with a thickness between ~475 m 

having cracks and porous regions in it, as observed by digital microscopic and SEM 

views (Figure 4.129 a and b). A gray colored area covering 2 points in the ICL were 

analyzed (Figures 4.129 c and d). In this area, a well-formed goethite phase is 

detected with its main peaks at 392 cm-1, 301 cm-1, 685 cm-1 and 1320 cm-1 (Figure 

4.129 e and f). Raman Analysis in the corrosion of the nail (FKM-07) is summarized 

in the Table 4.40.  
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(a) FKM-07 (200X)  

 
(b) FKM-07 (70X) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
Figure 4. 129 Digital microscopic (a) and SEM (b) images of a buried nail (FKM-
07) after etching with nitric acid in alcohol (19th cc). µ-Raman spectra of the 2 points 
located in the ICL: Measurement points (c, d); goethite at p1 and p2 (e, f). 
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Table 4. 40 Iron oxides followed by µ-Raman analyses in the corrosion layer of a 
buried nail (FKM-07) (19th cc).  
 

Location 
Observed Corrosion Minerals 

RF          RF-ICL  →         ICL               ICL-TM   →  TM 
      (OSL) 

Ottoman layer 
excavation –  
A buried nail 
FKM-07 

 Goethite 
(α-FeOOH) 

 

 

 

 

Another sample analyzed from the Ottoman layer of the Foça excavations is an L 

shaped iron object (FKM-08). It shows a compact corrosion layer by Raman 

microscopic views (Figure 4.130 a). Starting from the metal body towards TM, 16 

points were analyzed in 8 steps. Raman Analysis in the corrosion of the iron object 

(FKM-08) is summarized in the Table 4.41.   

 

A fine grain powdered corrosion layer on the surface of the sample collected with a 

magnet was also analyzed. Powder samples are identified as goethite having its main 

peaks at 385 cm-1 and 299 cm-1 together with some magnetite having its peaks at 667 

cm-1 and 549 cm-1 (Figure 4.130 a and b).  Although the efficiency of magnetite 

signals in µ-Raman is quite low, the result shows the presence of magnetite as a 

major component in the corrosion layer together with goethite. 
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(a) FKM08-corrosion powder  
(b) 

 
Figure 4. 130 µ-Raman microscopy image of powder samples collected by a magnet 
on the surface of the iron object (FKM-08) (a); µ-Raman spectrum of goethite 
together with magnetite (b).  
 

The 1st step covers 4 points in the RF (Figure 4.131 b). P1 and p2 are well crystallized 

goethite phase with its main peaks at 390 cm-1, 300 cm-1, 682 cm-1 and 1315 cm-1 

(Figure 4.131 c). At p3 and p4 towards RF-ICL border, a well crystallized goethite 

phase is also observed with its main peaks at 393 cm-1, 301 cm-1, 685 cm-1, and 1292 

cm-1 (Figure 4.131 d). The reaction front is integrated with ICL. Next to the metal, 

there is a compact goethite layer in ICL that continues with some light gray marbling 

towards TM. At the 2nd step, those light gray marbles (p5) are characterized with a 

large band around 669 cm-1 and ~1396 cm-1 and identified in a general way as 

hydrated iron (III) oxides or oxyhydroxides indicating several phases at poor 

crystallization state (Figure 4.131 e and f) (Berlot-Gurlet, et al, 2009). 
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(a) FKM-08 

 
(b) FKM-08 p1 to p4  

   
(c) 

 
 (d) 

 
 

(e) FKM08-p5  
  

(f) 
 
Figure 4. 131 Raman microscopic image of an L-shaped iron object (FKM-08) from 
the Ottoman layer excavation (19th cc) (a); µ-Raman spectra taken at the 4 points 
located in the RF towards ICL: measurement points (b); goethite at p1 and p2 (c); 
goethite at p3 and p4 (d); µ-Raman spectra taken at a marble located in ICL: 
measuremnt point (e); hydrated iron (III) oxide or oxyhydroxide at p5 (f). 
 
 
The 3rd step is represented with 1 point, p6, in ICL (Figure 4.132 a). It also consists 

of a well crystallized goethite phase with its main peaks at 391 cm-1, 301 cm-1, 684 

cm-1, and 1300 cm-1 (Figure 4.132 b). The 4th step covers 3 points from p7 to p9 in 

ICL (Figure 4.133 a). P9 shows a well crystallized goethite phase. P7 and p8 have 
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the main peaks at 220 cm-1, 291 cm-1, 391 cm-1, 496 cm-1 and 1316 cm-1 with relative 

intensities fitting to hematite. Those µ-Raman traces also include the major peak of 

lepidocrocite at 250 cm-1 (Figure 4.133 b). Therefore, p7 and p8 are identified as 

hematite with some lepidocrocite as well as magnetite with its specific peak at 662 

cm-1. The peak at 662 cm-1 is attributed to magnetite due to a considerable presence 

of magnetite in the powder sample belonging to the corrosion layer.  

 

 
 
 
 
 

(a) FKM-08 p6 
 

(b) 
 
Figure 4. 132 µ-Raman spectrum taken in the ICL of an iron object (FKM-08): 
measurement point (a); goethite at p6 (b). 
 
 

 
 (a) FKM-08 p7 to p9 

 
(b) 

 
Figure 4. 133 µ- Raman spectra taken at 3 points located in the ICL of an iron object 
(FKM-08): measurement points (a); goethite at p9 and hematite with some 
lepidocrocite as well as magnetite at p7 and p8 (b). 
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The 5th and 6th steps cover 2 points, p10 and p11, in ICL (Figure 4.134 a and b). P10 

is a well crystallized goethite phase with its main peaks at 390 cm-1, 301 cm-1, 685 

cm-1 and 1300 cm-1 (Figure 4.134 b). P11 represents a goethite phase with its main 

peaks at 390 cm-1, 300 cm-1, and 1300 cm-1 together with a magnetite phase having 

its peaks at 674 cm-1 and 553 cm-1 (Figure 4.134 d).   

 

 

 
 
 

 
 
 

 
(a) FKM-08, p10  

(b) 
 
 

 
 
 
 

 
(c) FKM-08, p11 

 
(d) 

 
Figure 4. 134 µ-Raman spectra taken at 2 points located in the ICL of an iron object 
(FKM-08): measurement points (a, c); goethite at p10 (b); goethite (G) and magnetite 
(M) at p11 (d). 
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The 7th step covers 2 points, p12 and p13, in ICL towards TM (Figure 4.135 a). At 

both points, a well crystallized goethite phase with its main peaks at 391 cm-1, 300 

cm-1, 684 cm-1 and 1302 cm-1 is characterized (Figure 4.135 b). The 8th step includes 

3 points, p14, p15 and p16, near TM (Figure 4.135 c). At p16, a goethite phase with 

its main peaks at 391 cm-1 and 302 cm-1 together with a magnetite / maghemite phase 

at 684 cm-1, 546 cm-1 and 1411 cm-1 is observed (Figure 4.134 d).  

  
  

 
 
 
 
 
 

(a) FKM-08, p12-13 
 

(b) 

 
 

 (c) FKM-08, p14-15-16  
(d) 

 
Figure 4. 135 µ-Raman spectra taken at 5 points located in the ICL near TM of an 
iron object (FKM-08): measurement points (a, c); goethite at p12 and p13 (b); 
goethite and magnetite / maghemite at p16 and hydrated iron (III) oxides or 
oxyhydroxides at p14 and p15 (d). 
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Table 4. 41 Iron oxides followed by µ-Raman analyses in the corrosion layer of an 
L-shaped iron object (FKM-08) (19th cc).  
 

Location 
Observed Corrosion Minerals 

       RF   →     RF-ICL    →         ICL         →        ICL-TM   →  TM 
          (OSL) 

Excavation –  
buried 

condition 
L-shaped 
iron object 
FKM-08 

Goethite  
 
 

Goethite  
 
Hydrated iron 
(III) oxide or 
oxyhydroxide 

Goethite  
 
 

Goethite  
 
Hematite 
Lepidocrocite 
Magnetite 

Goethite 
 
Magnetite 

Goethite  
 
 
 

Goethite  
 
Magnetite / 
Maghemite 
 
Hydrated iron 
(III) oxide or 
oxyhydroxide 

 
 
Another sample analyzed from the Ottoman layer of the Foça excavation is a nail 

(FKM-10) from burial condition.  The corrosion layer on the iron object was scraped 

off and the mixture of the corrosion layer collected in powder form by a magnet. The 

collected sample was then analyzed in 5 locations consisting of 17 points in total. 

The 1st location of the powder sample covers 2 points (Figure 4.136a). P1 and p2 are 

a well crystallized goethite phase with its main pain peaks at 390 cm-1, 300 cm-1, 684 

cm-1 and 1302 cm-1 (Figure 4.136b).  

 
 
 
 
 
 
 
 

(a) FKM-10, step 1  
(b) FKM-10, p1 and p2  

Figure 4. 136 µ-Raman microscopy image at the 1st location of the powder sample 
collected by a magnet on the surface of the iron nail (FKM-10): mesurement points 
(a); goethite at p1 and p2 (b). 
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At the 2nd location, 4 points were analyzed from p4 to p7 (Figure 4.137 a).  Well 

crystallized goethite phases are observed with main goethite peaks at 389 cm-1, 299 

cm-1, 682 cm-1 and 1302 cm-1 in p4 and p5. P6 and p7 are identified as amorphous 

phases revealing goethite having its main peaks at 389 cm-1 and 299 cm-1 together 

with some magnetite. Magnetite is detected with its peaks at 682 cm-1 and 552 cm-1 

(Figure 4.137b).   

 

 
 (c) FKM-10, step 2 

 
 

(b) FKM-10, p4 to p7 

 
 

(c) FKM-10, p6 to p7 
 

Figure 4. 137 µ-Raman microscopy image at the 2nd location of the powder sample 
of an iron nail (FKM-10): measurement points (a); goethite at p4 and p5 (b); goethite 
together with magnetite at p6 and p7 (b, c). 
 



 
 

235 

At the 3rd location, 5 points were analyzed from p8 to p12 (Figure 4.138 a).  At p8 

to p10, well-formed magnetite phases are seen with main magnetite peaks at 669 cm-

1 and 549 cm-1 together with a poorly crystallized goethite phase having its main 

peaks at 394 cm-1 and 303 cm-1 (Figure 4.138 b). P11 and p12 reveal a well 

crystallized goethite phase with its main peaks at 388 cm-1, 299 cm-1, 671 cm-1 and 

1310 cm-1 (Figure 4.138 c).   

 

 
 

(a) FKM-10, step 3 

 
 

 (b) FKM-10, p8 to p10 

 
 
 

(c) FKM-10, p11 and p12 

Figure 4. 138Figure 4.138 µ-Raman microscopy image at the 3rd location of the 
powder sample of an iron nail (FKM-10): measurement points (a); magnetite with 
some goethite at p8 to p10 (b); goethite at p11 and p12 (c). 
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At the 4th location, 4 points were analyzed from p13 to p16 (Figure 4.139 a).  At p13, 

a well-crystallized goethite phase is seen with its main peaks at 394 cm-1, 300 cm-1 

and 668 cm-1. A poorly crystalized phase of goethite, together with a hydrated iron 

(III) oxides or oxyhydroxides phase having peaks at 668 cm-1 and 1599 cm-1 is 

observed at p15. At p16, lepidocrocite is identified as an additional phase with its 

main peak at 251 cm-1 together with some goethite having its peak at 394 cm-1 and a 

common peak at 1304 cm-1 (Figure 4.139 b).   

 

 

 
  
 
 
 
 
 
 

(a) FKM-10, step 4 

 
 

(b) FKM-10, p13 to p16 
 
Figure 4. 139 µ-Raman microscopy image at the 4th location of the powder sample 
of an iron nail (FKM-10): measurement points (a); goethite at p13; goethite with 
maghemite (Mh) / magnetite (M) at p15 and goethite with lepidocrocite (L) at p16 
(b). 
 
 
The last location analyzed in the corrosion powder of FKM-10 consists of 3 points 

from p17 to p19 (Figure 4.140 a). At p17, a goethite phase is observed with its main 

peaks at 391 cm-1, 301 cm-1 and around 680 cm-1. A mixture of goethite, hydrated 

iron (III) oxides or oxyhydroxides phases with peaks at 726 cm-1, 553 cm-1 and an 
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additional peak at 1603 cm-1 are identified at p18. At p19, lepidocrocite is identified 

with its main peak at 251 cm-1 (Figure 4.140 b).  Raman Analysis in the corrosion of 

the iron nail (FKM-10) is summarized in the Table 4.42.   

 

  
 
 
 
 
 
 
 

(a) FKM-10, step 5 

  
 

(b) FKM-10 p17 to p19 
 
Figure 4. 140 µ-Raman microscopy image at the 5th location of the powder sample 
of an iron nail (FKM-10): measurement points (a); goethite at p17, goethite with 
hydrated iron (III) oxides or oxyhydroxides at p18 and lepidocrocite at p19 (b). 
 
 
Table 4. 42 Iron oxides followed by µ-Raman analyses in the corrosion layer of an 
iron nail (FKM-10) (19th cc).  
 

Location Observed Corrosion Minerals in the mixed powder sample of  
RF, ICL and TM at its 5 locations 

Excavation - 
buried 
condition,  
iron nail 
FKM-10  

Goethite  
 
 

Goethite  
 
Magnetite 
 

Goethite  
 
Magnetite 

Goethite  
 
Magnetite / 
Maghemite 
 
Lepidocrocite 
 
 

Goethite  
 
Magnetite / 
Maghemite 
 
Lepidocrocite 
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Another sample is a nail (FKM-11) partially open to atmospheric conditions and 

embedded in building stone tuff in Foça. The corrosion layer, ICL, is composed of a 

porous isotropic band of about 1300 microns without a clear reaction front next to 

the metal body (Figure 4.141a and b). During µ-Raman investigations, the corrosion 

layer of the nail (FKM-11) is divided into 7 steps from reaction front (RF) next to 

the metal towards outside (TM layer). The first 5 steps are in ICL and the last 2 steps 

are in TM. Each step is examined in 4 to 5 points, described as p1 to p4. µ-Raman 

data of the main corrosion products at those steps are shown in Figures 4.141 to 

4.147, respectively. Raman Analysis in the corrosion of the iron nail (FKM-11) is 

summarized in the Table 4.43.   

 

Following the metal body, maghemite and lepidocrocite are detected at p1 and p4 at 

the 1st step (Figure 4.141 c and d). Maghemite is observed with its main peaks at 693 

cm-1 together with a shouldered peak at 670 cm-1 and 1556 cm-1. Lepidocrocite is 

identified with its main peaks at 251 cm-1 and 1334 cm-1. It is followed by mostly 

goethite rich regions in p2 and p3 with its main peaks at  393 cm-1, 300 cm-1and 686 

cm-1 (Figure 4.141d). 
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(a) FKM-11 (50X) 

 
 

(b) FKM-11, step 1 

 
 
 

(c) FKM-11, step 1 – p1 

 
 

(d) FKM-11, step 1 - p1 to p4 
 
Figure 4. 141 SEM image (a) of a nail (FKM-11) from a dwelling in Foça (19th cc). 
µ-Raman spectra taken at 4 points located in the RF towards ICL: measurement 
points (b); maghemite (Mh) and lepidocrocite (L) at p1 and p4 (c); goethite at p2 and 
p3 (d). 
 
 

The 2nd step consisting of 4 points described as p1 to p4 in ICL after RF (Figure 

4.142a). In ICL next to RF, goethite is observed at p1 and p2 (Figure 4.142b and c). 

Goethite is detected with its main peaks at 390 cm-1, 299 cm-1, 683 cm-1 and 1305 

cm-1. At p3 and p4, maghemite/ magnetite is identified with their peaks at 693 cm-1, 

551 cm-1, 483 cm-1, 1337 cm-1 and 1576 cm-1, together with goethite by its specific 

peaks at 390 cm-1 and 300 cm-1 (Figure 4.142 d). 



 
 

240 

 
 
 
 
 
 
 

(a) FKM-11 

 
 

(b) FKM-11, p1 

 
 

(c) FKM-11, p1 to p3 

 
 
 
 
 

d) FKM-11, p3 and p4 
 
Figure 4. 142 µ-Raman spectra at the successive 4 points in the ICL next to RF: 
measurement points (a); goethite at p1 (b); goethite at p1 and p2, goethite with 
maghemite and magnetite at p3 (c); goethite with maghemite and magnetite at p3 
and p4 (d). 
 
 
The 3rd step consists of 4 points in ICL (Figure 4.143 a). A goethite phase is observed 

at p1 with its main peaks at 391 cm-1, 299 cm-1, 685 cm-1 and 1320 cm-1 (Figure 

4.143 b). Maghemite / magnetite is identified together with a goethite phase having 

their peaks at 707 cm-1, 552 cm-1, 478 cm-1, 391 cm-1, 301 cm-1, 1350 cm-1 and 1555 
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cm-1 (Figure 4.143 c). At the 4th point, a well-crystallized goethite phase is observed 

with main peaks at 391 cm-1, 299 cm-1, 685 cm-1 and 1330 cm-1 (Figure 4.143 d). 

 

 
 
 
 
 

(a) FKM-11 
 

 
(b) FKM-11, p1 

 
 

(c) FKM-11, p2 and p3 

 
 
 
 

d) FKM-11, p4 

 
Figure 4. 143 µ-Raman spectra at the successive 4 points located in the ICL: 
measurement points (a); goethite at p1 (b); goethite, maghemite / magnetite at p2 and 
p3 (c); goethite at p4 (d). 
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The 4th step consisting of 5 points in ICL (Figure 4.144 a). A goethite phase is 

identified at all points with its main peaks at 391 cm-1, 301 cm-1, 689 cm-1 and 1335 

cm-1 (Figures 4.144 b, c and d). At most points in this step the presence of sharp 

goethite peaks indicates its well crystallized state (Figure 4.144 d). Broader peaks of 

magnetite / maghemite and lepidocrocite observed in the previous steps are possibly 

due to their poor crystallization state. 

 

 

 
 
 
 
 
 

(a) FKM-11, step 4 

 
 

(b) FKM-11, step 4 - p1 

 
 
 

(c) FKM-11, step 4 – p2  

 
 

d) FKM-11, step 4 – p1 to p5 

 
Figure 4. 144 µ-Raman spectra taken at the successive 5 points located in the ICL: 
measurement points (a); goethite at p1 to p5 (b, c, d). 
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The 5th step consisting of 5 points in ICL close to TM (Figure 4.145 a). A poorly 

crystallized goethite phase is observed at p1 with its main peaks at 391 cm-1 and 300 

cm-1 (Figure 4.145 b). The 2 points (p4 and p5) before TM are characterized with a 

large band around ~710 cm-1 and two broader bands at ~1428 cm-1 and 1565 cm-1. 

They are identified as hydrated iron (III) oxides or oxyhydroxides indicating several 

phases at a poor crystallization state (Figure 4.145 c and d). 

 

 
 
 
 

(a) FKM-11 

 
 

(b) FKM-11, p1 

 
 

(c) FKM-11, p4 

 
 

d) FKM-11, p5 
 
Figure 4. 145 µ-Raman spectra taken at successive 5 points located in the ICL near 
TM:  measurement points (a); goethite at p1 (b); hydrated iron (III) oxides or 
oxyhydroxides at p2 to p5 (c, d). 
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The 6th step consists of 2 points in TM (Figure 4.146 a). At p1 and p2 together with 

maghemite and akageneite with main akageneite peaks at 306 cm-1 and 387 cm-1 are 

observed (Figure 4.146 b). Maghemite peaks are identified at 721 cm-1 and 1416         

cm-1 (Figure 4.146 b). Sharpness of their major peaks indicate their well 

crystallization state. 

 

 
 
 
 
 
 

 
(a) FKM-11 

 
(b) FKM-11, p1 and p2 

 
Figure 4. 146 µ-Raman spectra taken at successive 5 points located in TM: 
measurement points (a); maghemite and akageneite at p1 and p2 (b). 
 
 
At the 7th step in TM, 2 points were analyzed. Goethite and maghemite / magnetite 

in low crystallization state are detected in those 2 points, p1 and p2 (Figure 4.147 a). 

Goethite is observed with its peaks at 398 cm-1, 298 cm-1 and 1325 cm-1. Maghemite/ 

magnetite is observed by their peaks at 556 cm-1, 669 cm-1, 707 cm-1 and 1578 cm-1 

(Figure 4.147 b). Another location at the TM layer was analyzed in detail with 6 

points (Figure 4.147 c). At all those points maghemite and akageneite are identified. 

Akageneite is characterized with its main peaks at 309 cm-1 and 398 cm-1; maghemite 

peaks are identified at 721 cm-1 and 1418 cm-1 (Figure 4.147 d and e). The 

comparison graph of the first point in RF and the last point in TM is shown in figure 
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4.147 f. It is seen that in the reaction front maghemite and goethite are present in low 

crystallization state, while at the TM maghemite and akageneite are seen at a well 

crystallization state, as revealed by the sharpness of their peaks. Maghemite seems 

to be a transition phase towards or away from goethite.  

 

 
 

(a) FKM-11 
 

b) FKM-11, p1 and p2 

 
 

(c) FKM-11, at TM  
 

(d) FKM-11, at TM - p7 

 
(e) FKM-11, at TM - p8 to p12 

 
(f) FKM-11, at TM - p7 and L1 - p1 

Figure 4. 147Figure 4.147 µ-Raman spectra taken at successive 8 points located in 
TM of FKM-11: measurement points (a, c) ; akageneite and maghemite at p1 and 2 
(b); akageneite and maghemite at p7 to p12 (d, e); comparison of the first point at 
RF and last point at TM. 
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Table 4. 43 Iron oxides followed by µ-Raman analyses in the corrosion layer of an 
iron nail (FKM-11) (19th cc).  
 

Location 
Observed Corrosion Minerals 

       RF   →     RF-ICL    →         ICL         →        ICL-TM   →  TM 
         (OSL) 

Partially 
open to 
atmospheri
c conditions 
- Embedded 
in building 
stone tuff,   
iron nail 
FKM-11   

Maghemite  
 
Lepidocrocite 
  
Goethite 

Goethite   
 
Maghemite/ 
Magnetite 

Goethite   
 
Maghemite/ 
Magnetite 

Goethite Goethite 
 
Hydrated iron 
(III) oxides or 
oxyhydroxides 

Maghemite 
 
Akageneite 

Akageneite  
 
Maghemite 

 

 

Another group of samples collected to investigate corrosion characteristics of the 

19th century iron objects are from a dwelling of Tekkekoy, Samsun. A crossbar from 

the interior of the dwelling used for locking the main entrance door (T-D-01) and a 

nail (T-N-04) at the interior door frame were analyzed.  

 

The digital microscopic image of the door lock piece (T-D-01) shows a compact 

corrosion layer having a uniform thickness of ICL around 350 m (Figure 4.148 a). 

Examination from the metal body towards TM was done at 4 points in 2 steps 

(Figures 4.148 b and c). At points 1 and 2 mostly well crystalline magnetite with 

some maghemite in lower crystallization state is observed with their main peaks at           

541 cm-1, 668 cm-1 and 1324 cm-1 (Figure 4.148 d). At p3 and p4, hematite is the 

main phase with its characteristic peaks at 296 cm-1, 413 cm-1, 228 cm-1 and 1323 

cm-1 together with some lepidocrocite, detected with its main peak at 248 cm-1 

(Figure 4.148 d). The iron oxide layering of the door lock piece (T-D-01) is 

summarized in Table 4.44.   
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(a) T-D-01 (560X)  

 
 (b) T-D-01, p1 and p2 

  
(c) T-D-01, p3 and p4 

 
 

 (d) T-D-01, second step - p1 and p2 

 
(e) T-D-01, second step - p3 and p4 

Figure 4. 148 The digital microscopic image (a) of the door lock piece (T-D-01) after 
etching with nitric acid in alcohol (19th cc). µ-Raman spectra taken at 4 points 
located in RF towards TM: measurement points (b, c); magnetite and maghemite at 
p1 and p2 (d); hematite at p3 and p4 (e). 
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Table 4. 44 Iron oxides followed by µ-Raman analyses in the corrosion layer of a 
door lock piece (T-D-01) (19th cc).  
 

Location Observed Corrosion Minerals  
 RF   →    ICL   →  TM 

Interior –  
Door lock 
piece 
T-D-01 

Magnetite  
 
Maghemite 

Magnetite  
 
Maghemite 

Hematite Hematite 

 
 
The digital microscopic image of the nail from the door frame (T-N-04) shows a 

variable thickness of ~200 m (Figure 4.149 a). The nail was analyzed at 14 points 

in 5 steps starting from RF towards TM.  At p1 to p3 in RF a large band around 716 

cm-1 and ~1500 cm-1 is observed and identified as hydrated iron (III) oxides or 

oxyhydroxides indicating several phases at a poor crystallization state (Figures 4.149 

b and c). At p4 to p6 in the 2nd step towards ICL, a well crystallized goethite is 

detected at all 3 points with its sharp main peaks at 393 cm-1, 300 cm-1, 684 cm-1 and 

1319 cm-1 (Figures 4.149 d and e). 2 points (p7 and p8) at the 3rd step in ICL are 

analyzed and a well crystallized goethite phase is continued to be seen at those 2 

points with its sharp main peaks at 395 cm-1, 301 cm-1, 689 cm-1 and 1307 cm-1 

(Figures 4.150 a and b). At the 4th step in ICL, at p9, a goethite phase with its sharp 

main peaks at 383 cm-1, 301 cm-1, 689 cm-1 and 1307 cm-1 is identified (Figures 4.150 

c and d). Lepidocrocite having its peak at 249 cm-1 together with goethite is observed 

at p10 (Figures 4.150 c and d). 2 points (p11 and p12) towards TM are analyzed at 

the 5th step. P11 is a well crystallized lepidocrocite phase with its main peaks at 253 

cm-1, 389 cm-1 and 1303 cm-1 (Figures 4.151 a and b). Goethite is observed at p12 

with its main peaks at 393 cm-1, 310 cm-1, 683 cm-1 and 1303 cm-1 (Figures 4.151 a 

and b). The last step is at the border of TM and consists of 2 points. Lepidocrocite 

with its main peak at 251 cm-1 together with some goethite having its main peak at 

384 cm-1 are observed at p13 (Figures 4.151 c and d). This nail sample (T-N-04) 

shows that a reactive phase is composed of a phase with low crystallinity interpreted 

as hydrated iron (III) oxides or oxyhydroxides and followed by a compact goethite 
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phase at ICL with some well crystallized locations of lepidocrocite. The corrosion 

products of the steps from RF to TM are summarized in Table 4.45.  

 

 (a) T-N-04 (560X) 

  
 
 

(b) T-N-04, p1, p2 and p3 
 

(c) T-N-04, p1, p2 and p3 

 
 
 
 

(d) T-N-04, p4, p5 and p6 

 
 

(e) T-N-04, p4, p5 and p6 

Figure 4. 149 Digital microscopic (a) image of the nail (T-N-04) from the door frame 
of a dwelling in Tekkekoy, Samsun after etching with nitric acid in alcohol (19th cc). 
µ-Raman spectra taken at 6 points located in RF towards ICL: measurement points 
(b, d); hydrated iron (III) oxides or oxyhydroxides at p1 to p3 in RF  (c); goethite at 
p4 to p6 in RF - ICL border (e). 
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(a) T-N-04, p7 and p8 

 
 

(b) T-N-04, p7 and p8 

 
 
 
 
 

(c) T-N-04, p9 and p10 

 
 

(d) T-N-04, p9 and p10 
 

Figure 4. 150 µ-Raman spectra taken at the successive 4 points located in ICL: 
measurement points (a, c); goethite at p7 and p8 (b); goethite at p9 and lepidocrocite 
with goethite at p10 (d). 
 
 
 



 
 

251 

 
 
 
 
 
 
 
 

(a) T-N-04, p11 and p12 

 
 

(b) T-N-04, p11 and p12 

 
 
 
 
 
 
 
 
 
 

(c) T-N-04, p13 and p14 

 
 

(d) T-N-04, p13 and p14 

Figure 4. 151 µ-Raman spectra taken at the successive 4 points located in ICL 
towards TM: measurement points (a, c); lepidocrocite at p11 and goethite at p12 (b); 
lepidocrocite with goethite at p13 and goethite at p14 (d). 
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Table 4. 45 Iron oxides followed by µ-Raman analyses in the corrosion layer of a 
door lock piece (T-N-04) (19th cc).  
 

Location Observed Corrosion Minerals  
RF →    ICL →     TM 

Interior –  
Nail from a 
door frame 
T-N-04 

Hydrated iron 
(III) oxides or 
oxyhydroxides 

Goethite Goethite Goethite 
 
Lepidocrocite 

Goethite 
 
Lepidocrocite 

Goethite 
 
Lepidocrocite 

 
 
 
Iron oxides layering observed by µ-Raman Analysis in the corrosion of all samples 

collected from dwellings in Foça - İzmir and Tekkekoy - Samsun together with the 

results of the samples from Ottoman layer excavations in Foça - İzmir, all belonging 

to the 19th century are summarized in Table 4.46.  
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Table 4. 46 Iron oxides followed by µ-Raman analyses in the corrosion layers of the 
objects in dwellings of Foça – İzmir and Tekkekoy - Samsun together with the 
samples from Ottoman layer excavations in Foça - İzmir (19th cc).  
 

Location 
Observed Corrosion Minerals 

RF          RF-ICL  →         ICL               ICL-TM   →  TM 
      (OSL) 

Interior of the 
dwelling –Embedded 
in timber  
FKM-02 

Hematite  Hematite  
 

Hematite  
 

Hydrated iron (III) 
oxide or 
oxyhydroxide 
 

- 

Interior of the 
dwelling –  
Door lock piece 
FKM-03 

Hydrated iron 
(III) oxide or 
oxyhydroxide 

Goethite  
 
Hydrated iron (III) 
oxide or 
oxyhydroxide 

Goethite 
 
Magnetite / 
Maghemite 
 

Goethite 
 
 

Hydrated iron 
(III) oxide or 
oxyhydroxide 

Interior of the 
dwelling –  
Hinge from a main 
entrance door  
FKM-04 

Goethite  
 
Hydrated iron (III) oxide or 
oxyhydroxide 

Goethite  
 
Hydrated iron 
(III) oxide or 
oxyhydroxide 

Hydrated iron (III) 
oxide or 
oxyhydroxide 

Goethite  
 
Hydrated iron (III) 
oxide or oxyhydroxide 

Interior of the 
dwelling –  
Female Hinge from a 
main entrance door  
FKM-05 

Goethite  
 
Hydrated iron (III) oxide or 
oxyhydroxide 

Goethite  
 
Hydrated iron (III) oxide or 
oxyhydroxide 

Goethite  
 
Hydrated iron (III) oxide or 
oxyhydroxide 

Ottoman layer 
excavation –  
Nail from burial 
condition  
FKM-07 

 Goethite 
 

 

Ottoman layer 
excavation –  
L-shaped iron object 
FKM-08 

  

Goethite  
 
 

Goethite  
 
Hydrated 
iron (III) 
oxide or 
oxyhydro
xide 

Goethite  
 
 

Goethite  
 
Hematite  
 
Lepidocrocite  
 
Magnetite 

Goethite 
 
Magnetite 

Goethite  
 
 
 

Goethite  
 
Magnetite / 
Maghemite 
 
Hydrated iron 
(III) oxide or 
oxyhydroxide 

Ottoman layer 
excavation –  
Iron nail  
FKM-10 

Goethite  
 
 

Goethite  
Magnetite 
 

Goethite  
Magnetite 

Goethite  
Magnetite / 
Maghemite 
Lepidocrocite 

Goethite  
Magnetite / 
Maghemite 
Lepidocrocite 

Partially open to 
atmospheric 
conditions,  
embedded in 
building stone tuff -  
Iron nail  
FKM-11 

Maghemite  
 
Lepidocrocite 
  
Goethite 

Goethite  
 
Maghemite
/ Magnetite 

Goethi
te  
 
Maghe
mite/ 
Magne
tite 

Goethite Goethite 
 
Hydrated iron 
(III) oxides or 
oxyhydroxide 

Maghemite  
 
Akageneite 

Akageneite  
 
Maghemite 

Interior of a dwelling 
- 
Door lock piece 
T-D-01 

Magnetite  
 
Maghemite 

Magnetite  
 
Maghemite 

Hematite Hematite 

Interior of a dwelling 
–  
Nail from a door 
frame - T-N-04 

Hydrated iron 
(III) oxides or 
oxyhydroxides 

Goethite Goethite Goethite 
 
Lepidocrocite 

Goethite 
 
Lepidocrocite 

Goethite 
 
Lepidocrocite 
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4.5.4 Protective Ability Index (PAI) of the Corrosion Layer  

In this study, the Protective Ability Index (PAI) of the corrosion layers were roughly 

estimated and expressed as the ratio of isotropic goethite band thickness to the total 

thickness of other oxides and oxyhydroxides being magnetite, maghemite, hematite, 

lepidocrocite, etc. in the corrosion layer, distinguished by micro-Raman (Aramendia 

et al, 2014, Kamimura et al, 2006). If PAI value of an object is equal or greater than 

1 being the start value for protective condition, corrosion rate is less than 0.01 mm/y 

and if it is equal or greater than 2, corrosion stops and because a stable phase is 

reached (Kamimura et al, 2006).  

 

A representative area is selected to quantify the corrosion products in ICL. PAI 

values were then calculated for the iron objects from the 15th, 16th and 19th centuries 

to compare their protective capability and their achievement of a stable rust layer.  

 

PAI calculation of the 15th century iron objects were done on the selected two 

objects: a door lock piece (GMH-Me-02) and a plaster nail (GMH-Me-04) from an 

interior wall. The monument is in an urban environment and the PAI is calculated by 

equation for urban-industrial environment. The following data were used to calculate 

to find PAI value of each object (Table 4.47).  

 
Table 4. 47 Corrosion layer thicknesses and PAI values of the 15th century objects. 

Sample ID Criteria Result 
A door lock piece (GMH-
Me-02) 

Total thickness of ICL including RF ~150 µm 
Total thickness of goethite layer (α) 50 µm 
Total thickness of other oxides (γ) 100 µm 
PAI Value calculated (α/γ) 0.5 

A plaster nail (GMH-Me-04) Total thickness of ICL including 75 µm 
Total thickness of goethite layer (α) 52.5 µm 
Total thickness of other oxides (γ) 22.5 µm 
PAI Value calculated (α/γ) 2.3 

 

Consequently, the protective goethite band of the two objects sampled from a 15th 

century monument differ from each other. Even though they were exposed to the 
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same atmospheric conditions, they have quite different PAI values, being around 2.3 

for the plaster nail (GMH-Me-04) and around 0.5 for the door lock piece (GMH-Me-

02). The plaster nail has a stable protective corrosion layer composed of a uniform 

goethite band in ICL. On the other hand, the door lock piece, having a PAI value is 

smaller than 1, furthermore, it does not have a stable protective corrosion layer and 

has some active phases in ICL. It is possible that the door lock piece has been 

replaced by a more recently dated object which doesn’t belong to the 15th century 

monument. 

 

PAI calculation of the 16th century iron objects were done on the selected five 

objects: two nails from the dome (MSH-KAP-01 & -03), one iron object used for the 

jointing of other metals (e.g., chains) from the interior of the hammam building 

(MSH-KAP-02) and two nails of which one has been used for stone and one for the 

timber jointing of the interiors (MSH-KAP-09 & -12). The monument is in an urban 

environment and the PAI is calculated by equation for urban-industrial environment. 

The following data were used to calculate to find the PAI value of each object semi 

quantitatively (Table 4.48).  
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Table 4. 48 Corrosion layer thicknesses and PAI values of the 16th century objects. 
Sample ID Criteria Result 
Nail used for stone building, 
collected from dome (MSH-
KAP-01) 

Total thickness of ICL including 
RF 

50 µm 

Total thickness of goethite layer 
(α) 

40 

Total thickness of other oxides (γ) 10 
PAI Value calculated (α/γ) 4 

Iron piece, used for jointing of 
other metals to the wall such as 
chains or hooks (MSH-KAP-02) 
Interior 

Total thickness of ICL including 
RF 

750 

Total thickness of goethite layer 
(α) 

375 

Total thickness of other oxides (γ) 375 
PAI Value calculated (α/γ) 1 

Nail used for stone building, 
collected from dome (MSH-
KAP-03) 

Total thickness of ICL including 
RF 

100 µm 

Total thickness of goethite layer 
(α) 

50 

Total thickness of other oxides (γ) 50 
PAI Value calculated (α/γ) 1 

Nail used for stone building, 
square shape (MSH-KAP-09) 
Interior 

Total thickness of ICL including 
RF 

250 

Total thickness of goethite layer 
(α) 

125 

Total thickness of other oxides (γ) 125 
PAI Value calculated (α/γ) 1 

Nail used for timber jointing, 
square shape (MSH-KAP-12) 
Interior 
NO GOETHITE  

Total thickness of ICL including 
RF 

200 µm  

Total thickness of goethite layer 
(α) 

0 

Total thickness of other oxides (γ) 200 µm 
PAI Value calculated (α/γ) 0 

 
 

Consequently, the protective goethite band of the 16th century objects have been 

observed to be similar to each other. Both objects (MSH-KAP-01 and 03), exposed 

to outdoor atmospheric conditions have a stable goethite proactive layer, having a 

PAI around 2.5 for the nail (MSH-KAP-01) and around 1 for the second nail from 

the dome (MSH-KAP-03). The nail (MSH-KAP-01) having a higher stable 

protective corrosion layer than the other nail from the dome is composed of a uniform 

goethite band in ICL together with a well observed layering of RF, ICL, OSL and 
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TM. In the structure of the corrosion layer of the other iron object (MSH-KAP-02) 

from the interior, hydrated iron oxide and goethite are observed. For this reason, its 

PAI value was calculated as 1 and the goethite band has started to act as protective 

layer. The nail from the interior (MSH-KAP-09) has a PAI value of 2.1, being greater 

than 2 and the corrosion layer has a stable goethite proactive band. The timber 

jointing nail (MSH-KAP-12) does not show any goethite in its corrosion layer. The 

main phases in the ICL are magnetite, wustite and hematite which have been formed 

during a long period of time. In this study, the PAI equation for iron objects 

embedded in timber is defined as follows:  

 

𝛼"
𝛾"⁄ 𝑃𝐴𝐼 =  

𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝐹𝑒3𝑂4 + 𝐹𝑒𝑂)

𝑚𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝛾 − 𝐹𝑒𝑂𝑂𝐻 +  𝛽 − 𝐹𝑒𝑂𝑂𝐻 +  𝛾 − 𝐹𝑒2𝑂3)
  

 

Nail used for timber jointing, 
square shape (MSH-KAP-12) 
Interior 
 
NO GOETHITE 

Total thickness of ICL including RF 200 µm  
Total thickness of magnetite and 
wustite layer (α”) 

100 

Total thickness of other oxides (γ”) 100 µm 
PAI Value calculated (α”/γ”) 1 

 

 

Consequently, the PAI value of the nail (MSH-KAP-12) has been calculated as “1” 

with the new equation developed for the objects embedded in organic environments 

such as timber. Therefore, a wustite band formed of nanoscale particles has started 

to act as a protective band.  The well preservation of the object also supports this 

opinion. Wustite remains stable for a prolonged periods due to a protective ligand; 

oleic acid reacts with the iron facilitating the nucleation of FeO nanocrystals. All 

objects from the 16th century have a PAI value greater than 1 and a stable protective 

corrosion band in ICL.  

 

Ten iron objects from the 19th century were examined. Eight of them were from the 

dwellings and excavations in Foça, Izmir and two from the dwelling of Tekkekoy, 

Samsun. The selected samples analyzed from Foça were a nail for jointing main 
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timber beams (FKM-02), a door lock piece from the main entrance (FKM-03), a male 

hinge (FKM-04) and a female hinge (FKM-05) for the main entrance door, three 

nails (FKM-07, 10, 11) and an L-shaped iron object (FKM-08) from the Ottoman 

excavation layer representing the buried conditions.  

 

The samples coming from the Tekkekoy dwelling were a nail at the interior door 

frame (T-N-04), and a crossbar from the interior of the dwelling used for locking the 

main entrance door (T-D-01). The objects from the dwellings in Foça and Tekkekoy 

are at the seaside, in a rural environment and their PAI is calculated by the equation 

regarding this environment. For the Ottoman layer excavation objects, the PAI is 

calculated by the equation for buried conditions. The following data were used to 

calculate to find the PAI value of each object from 19th century (Table 4.49).  

 

The majority of the 19th century objects have a well-formed goethite band in ICL 

with variable PAI values in the range of 0.6 to >2. They are all in a good state of 

preservation. The timber jointing nail (FKM-02) embedded in timber but exposed to 

atmospheric conditions for a long period of time as a ruin does not show any goethite 

in its corrosion layer. The above-mentioned PAI equation proposed for the organic 

environment is used for the PAI value calculation. Its PAI value is 1 and the nail can 

be considered to be protected by a hematite band. The PAI values of the door lock 

piece (FKM-03) and the female hinge (FKM-05) both from the main entrance door 

were calculated as 1 and the goethite band has started to act as protective layer. The 

objects in buried condition (FKM-07, 08 and 10) have PAI values being >2, 2 and 

>1 respectively with a protective goethite band in their ICL observed by µ-Raman. 

The nail (FKM-11) being at partially open to atmosphere has PAI value of 2 indicates 

that the nail has reached a stable goethite proactive layer. Two objects from a 

dwelling in Tekkekoy also reveal different PAI values from each other. The nail (T-

N-04) has a stable protective goethite band with a PAI value of 2. The PAI value of 

has found 1 meaning that start of a protective condition occurred in the corrosion 

layer. Although goethite is not detected in the ICL of the door lock piece (T-D-01) 
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by the restricted µ-Raman analysis carried out only at 4 points, FTIR results of the 

whole corrosion layer show the presence of both goethite and lepidocrocite almost 

with equal peak intensities. For this reason, the object is assumed to have a lower 

PAI value in comparison to the other 19th century object from Tekkekoy. Since the 

object is in good state of preservation, the estimated PAI value 1 may not reflect the 

protective properties of the goethite band in ICL. It is possible that lepidocrocite is 

largely located in the transformed media (TM). 

 

Table 4. 49 Corrosion layer thicknesses and PAI values of the 19th century objects.  
 

Sample ID Criteria Result 
Nail for jointing main timber 
beams (FKM-02) 
NO GOETHITE 

Total thickness of ICL including 
RF 

150 µm 

Total thickness of hematite layer 
(α”) 

75 

Total thickness of other oxides (γ”) 75  
PAI Value calculated (α”/γ”) 1 

Door lock piece from the main 
entrance (FKM-03) 

Total thickness of ICL including 
RF 

200 µm 

Total thickness of goethite layer (α) 100 
Total thickness of other oxides (γ) 100 
PAI Value calculated (α/γ) 1 

Male hinge from the main 
entrance door (FKM-04) 

Total thickness of ICL including 
RF 

80 µm 

Total thickness of goethite layer (α) 30 
Total thickness of other oxides (γ) 50 
PAI Value calculated (α/γ) 0.6 

Female hinge from the main 
entrance door (FKM-05) 

Total thickness of ICL including 
RF 

112.5 
µm 

Total thickness of goethite layer (α) 62.5 
Total thickness of other oxides (γ) 50 
PAI Value calculated (α/γ) 1.3 
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Table 4.49 Corrosion layer thicknesses and PAI values of the 19th century objects 
(continued). 
 

Nail from the Ottoman layer 
(FKM-07) 
Buried 

Total thickness of ICL including 
RF 

475 µm  

Total thickness of goethite (α) 475 
Total thickness of other oxides (γ) 0 µm 
PAI Value calculated (α/γ) >2 

L-shaped iron piece from the 
Ottoman layer (FKM-08) 
Buried 

Total thickness of ICL including 
RF 

100 µm 

Total thickness of goethite and 
magnetite layer (α) 

67 

Total thickness of other oxides (γ) 33  
PAI Value calculated (α/γ) 2 

Nail from the Ottoman layer 
(FKM-10) 
Buried 

Total thickness of ICL including 
RF 

100 µm 

Total thickness of goethite and 
magnetite layer (α) 

50 

Total thickness of other oxides (γ) 50 
PAI Value calculated (α/γ) 1 

Nail from a dwelling 
embedded in building stone 
(FKM-11) 
Partially open to atmosphere 

Total thickness of ICL including 
RF 

1300 µm 

Total thickness of goethite layer (α) 850  
Total thickness of other oxides (γ) 450  
PAI Value calculated (α/γ) 2 

Iron crossbar from the main 
entrance door locking (T-D-
01) Partially open to 
atmosphere 
NO GOETHITE 

Total thickness of ICL including 
RF 

350 µm 

Total thickness of hematite layer 
(α”) 

175 

Total thickness of other oxides (γ”) 175 µm 
PAI Value calculated (α/γ) 1 

Iron nail from the door frame 
(T-N-04) 
Interior 

Total thickness of ICL including 
RF 

200 µm 

Total thickness of goethite layer (α) 135 
Total thickness of lepidocrocite, 
akaganeite, magnetite (γ) 

65 

PAI Value calculated (α/γ) 2 
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4.6 Compositional characteristics of the corrosion layers in powder form by 

using X-ray powder diffraction (XRD) spectroscopy 

The powdered corrosion products scraped from the surface of the samples and 

reduced to powder in agate mortar were directly measured by X-Ray Powder 

Diffraction (XRD) (Bruker, Model: D8 Advance Diffractometer with a SolX 

detector). XRD is a complimentary technique for both FTIR and Raman 

spectroscopic analyses. The analyses have been performed by XRD using CuKα 

radiation, adjusted to 40kV, 40mA.  The XRD traces were recorded at 2 values 

from 2° - 70° and the instrument was set to scan speed of 2 seconds at 0.02° intervals. 

In general, the angular range of 10° - 60° at 2 is sufficient to identify the corrosion 

products formed with a particle size greater than 30 nm and are difficult to identify 

nanophase particles (Cook et al 1999).  Due to broad and overlapping peaks of 

nanophase particles and being masked behind the high intensity peaks of large 

particles oxides, XRD is quite limited in corrosion product identification. It is not 

easy to distinguish between maghemite (γ-Fe2O3) and magnetite (Fe3O4) because of 

their similar crystal structure and latice parameters while akaganeite is easily 

identified at d= 1.6361 Ấ which is isolated from the diffraction peaks of all other 

iron oxides (Cook et al 1999).  

 

Iron oxide minerals are represented by a variety of minerals that range from well to 

poor crystalline state. XRD allows the estimation of the particle size through the 

analysis of full width at the half maximum (FWHM) for the important peaks 

(Speakman, 2007). The relationship of the crystallite size with FWHM is indicated 

in Table 4.50.  
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Table 4. 50 The relationship with the crystallite size and the full width at half 
maximum derived from XRD analyses (Speakman, 2007). 
 

Crystallite Size FWHM (deg) 
100 nm 0.099 
50 nm 0.182 
10 nm 0.871 
5 nm 1.745 

.  
 
As an experimental work to study the long-term transformation characteristics of 

magnetite which is a well-crystallized iron oxide, it was expected to undergo some 

changes in aqueous media where the transformation products are closely related to 

the pH of the environment. The XRD peaks at 2ϴ data is documented for the most 

observed and important iron corrosion products in Table 4.51 (XRD Source: Mineral 

Powder Diffraction File Databook (Sets 1-42), 1993, JCPDS and www.mindat.org).  

The further analysis of the XRD data is made to better clarify the major and minor 

phases by using a full-profile search–match program by the Rietveld method 

(Luttoretti et al, 2019). 

 

The typical samples of the iron objects from the 15th, 16th and 19th centuries are 

observed and compared for their corrosion minerals in the corrosion phase as a 

mixture of corroded layers on the metal bodies. The samples were prepared in the 

laboratory to verify the XRD spectrum. The results are summarized in Table 4.52. 

 
 

 

 

 

 

 

 

 

http://www.mindat.org/
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Table 4. 51 XRD peaks at 2ϴ data for most common iron oxides and common 
minerals observed (XRD Source: Mineral Powder Diffraction File Databook (Sets 
1-42), 1993, JCPDS and www.mindat.org). 
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Individual interpretation of XRD results will be given in the following paragraphs 

for groups of objects representing indoor and outdoor conditions, major corrosion 

products, indicating the relative intensities of XRD peaks and crystallinity. X-ray 

powder diffraction results of surface corrosion layers are summarized in Table 4.47 

for the 15th, 16th century and the 19th century iron objects.  

Corrosion characteristics of the 15th century iron objects were examined on one 

selected object: a plaster nail (GMH-Me-03) from the interior wall. The XRD traces 

were recorded at 2Θ values 2–70°. The instrument was set to a scan speed of 2 s at 

0.02° intervals. Goethite (XRD pattern d: 4.148 (100), 2.445 (45), 2,705 (35), 1.717 

(20)), lepidocrocite (XRD pattern d: 6.26 (100), 3.29 (90), 2.48 (80), 1.937 (70)), 

hematite (XRD pattern d: 2.706 (100), 2.532 (70), 1.691 (45), 1,829 (40)), magnetite 

(XRD pattern d: 2.532 (100), 1.484 (40), 1.620 (30), 2.941 (30)), maghemite (XRD 

pattern d: 2.5177 (100), 2.953 (35), 1.4758 (34), 1.6073 (24)) and ferrihydrite (XRD 

pattern d: 2.5 (100), 2.23 (80), 1.97 (80), 1.48 (80)) as iron oxides can be observed 

(Figure 4.152). The Rietveld search-match method with elements Fe, O, H and Si 

reveals the presence of nano crystallized iron oxides with the formula FeOOH and 

some silicates while the search with the elements Fe, O and H, gives the presence of 

nano crystallized iron oxides with the formulas FeOOH, Fe2O3 and Fe3O4. It is 

concluded that the XRD analysis shows that goethite is the major phase of surface 

corrosion layer with minor amounts of other phases such as lepidocrocite, magnetite, 

maghemite, ferrihydrite and hematite together with quartz. Goethite peaks are well 

formed and rather broad, the broadening at FWHL is about 0.5 deg. indicating that 

the crystallite size of goethite in indoor atmospheric condition may be in the range 

of 10 -50 nm.  
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Corrosion characteristics of the 16th century iron objects were examined on the three 

selected objects from Kılıç Ali Pasha Hammam, İstanbul: two nails from its dome 

(MSH-KAP-01 and 03) representing outdoor atmospheric conditions and a jointing 

iron piece (MSH-KAP-02) showing indoor conditions. The XRD traces were 

recorded at 2Θ values 2–70°. The instrument was set to a scan speed of 2 s at 0.02° 

intervals.  

In the nail (MSH-KAP-01) from the dome, goethite (XRD pattern d: 4.138 (100), 

2.442 (45), 2,676 (35), 1.714 (20)), lepidocrocite (XRD pattern d: 6.26 (100), 3.27 

(90), 2,442 (80), 1.937 (70)), hematite (XRD pattern d: 2.676 (100), 2.519 (70), 

1.694 (45), 1,840 (40)), magnetite (XRD pattern d: 2.51 (100), 1.484 (40), 1.615 

(30), 2.926 (30)) and maghemite (XRD pattern d: 2.51 (100), 2.956 (35), 1.4758 

(34), 1.6073 (24)) as iron oxides together with calcite impurities can be observed 

(Figure 4.153). The XRD analysis shows that goethite is the major phase of the 

surface corrosion layer with minor amounts of other phases such as lepidocrocite, 

magnetite, maghemite, hematite, together with abundant amount of calcite coming 

from transformed media. The Rietveld search-match method was applied to raw data 

of XRD pattern but probably due to decreased efficiency with nanocrystalline 

systems of greater complexity, no result was obtained. In addition, the method needs 

to be improved for the clay minerals inclusions in the system (Lutterotti et al., 2019). 

Goethite peaks are well formed and rather broad. The broadening at FWHL is about 

0.5 deg. indicating that the crystallite size of goethite in outdoor atmospheric 

condition may be in the range of 10 -50 nm showing a variable particle size of its 

nanocrystals.  

In the nail (MSH-KAP-03) from the dome representing outdoor conditions, goethite 

(XRD pattern d: 4.138 (100), 2.437 (45), 2,693 (35), 1.709 (20)), lepidocrocite (XRD 

pattern d: 6.17 (100), 3.29 (90), 2.437 (80), 1.930 (70)), hematite (XRD pattern d: 

2.70 (100), 2.510 (70), 1.694 (45), 1,840 (40)), magnetite (XRD pattern d: 2.53 

(100), 1.471 (40), 1.615 (30), 2.926 (30)), maghemite (XRD pattern d: 2.51 (100), 

2.956 (35), 1.471 (34), 1.609 (24)) wustite, ferrihydrite (XRD pattern d: 2.18 (100), 

2.49 (80), 1.52 (60)) and ferrihydrite (XRD pattern d: 2.5 (100), 2.21 (80), 1.96 (80), 
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1.471 (80)) as iron oxides together with quartz and calcite can be identified (Figure 

4.154). The Rietveld search-match method with elements Ca, C, O and Si reveals the 

presence of some silicates and calcite while the search with the elements Fe, O and 

H, gives the presence of nano crystallized iron oxides with the formulas FeOOH, 

FeO, Fe2O3 and Fe3O4. It is concluded that the XRD analysis shows that goethite is 

the major phase of the surface corrosion layer with minor amounts of other phases 

such as lepidocrocite, magnetite, maghemite, wustite, ferrihydrite and hematite 

together with quartz and calcite impurities at TM. Goethite peaks are well formed 

and rather broad, the broadening at FWHL is about 0.8 deg. indicating that the 

crystallite size of goethite in indoor atmospheric condition may be 12 nm.    

In the nail (MSH-KAP-02) from the interior wall jointing iron piece representing 

indoor conditions, goethite (XRD pattern d: 4.138 (100), 2.437 (45), 2,693 (35), 

1.709 (20)), lepidocrocite (XRD pattern d: 6.17 (100), 3.29 (90), 2.437 (80), 1.930 

(70)), hematite (XRD pattern d: 2.70 (100), 2.510 (70), 1.694 (45), 1,840 (40)), 

magnetite (XRD pattern d: 2.53 (100), 1.471 (40), 1.615 (30), 2.926 (30)), 

maghemite (XRD pattern d: 2.51 (100), 2.956 (35), 1.471 (34), 1.609 (24)), wustite 

(XRD pattern d: 2.18 (100), 2.49 (80), 1.52 (60)) and ferrihydrite (XRD pattern d: 

2.5 (100), 2.21 (80), 1.96 (80), 1.471 (80)) as iron oxides together with some quartz 

and calcite are distinguished (Figure 4.155). The Rietveld search-match method with 

elements Ca, C, O and Si reveals the presence of some silicates and calcite while the 

search with the elements Fe, O and H, gives the presence of nano crystallized iron 

oxides with the formulas FeOOH, FeO, Fe2O3 and Fe3O4. It is concluded that the 

XRD analysis shows goethite and lepidocrocite as major phase of the surface 

corrosion layer with other phases such as magnetite, maghemite, wustite, ferrihydrite 

and hematite together with quartz and calcite impurities at TM. Goethite peaks are 

well formed and rather broad, the broadening at FWHL is about 0.4 deg. indicating 

that the crystallite size of goethite in indoor atmospheric condition may be in the 

range of 10 -50 nm.  
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Corrosion characteristics of the 19th century iron objects were examined on eight 

selected objects from Foça, Izmir. The objects represent different atmospheric 

conditions: a nail (FKM-02) used for jointing timber beams from the interior of a 

dwelling; both a main entrance door male hinge (FKM-04) and a nail (FKM-11) from 

building stone representing partially open to outdoor atmospheric conditions and 

iron pieces (FKM-06, FKM-08, FKM-09 and FKM-10) collected from the Ottoman 

layer excavations showing the buried conditions. The XRD traces were recorded at 

2Θ values 2–70°. The instrument was set to a scan speed of 2 s at 0.02° intervals.  

The nail (FKM-02) for jointing main timber beams reveals goethite (XRD pattern d: 

4.109 (100), 2.439 (45), 2,688 (35), 1.723 (20)), hematite (XRD pattern d: 2.688 

(100), 2.499 (70), 1.694 (45), 1,840 (40)), magnetite (XRD pattern d: 2.526 (100), 

1.478 (40), 1.611 (30), 2.937 (30)), maghemite (XRD pattern d: 2.526 (100), 2.937 

(35), 1.478 (34), 1.611 (24)), ferrihydrite (XRD pattern d: 2.492 (100), 2.205 (80), 

1.960 (80), 1.478 (80)) and wustite (XRD pattern d: 2.150 (100), 2.492 (80), 1.523 

(60) as iron oxides together with siderite, calcite and quartz impurities (Figure 

4.156). The Rietveld search-match method with elements Fe, O, H and Si reveals the 

presence of nano crystallized iron oxides with the formula FeOOH and some 

silicates, while the search with the elements Fe, O and H gives the presence of nano 

crystallized iron oxides with the formulas FeOOH, Fe2O3, Fe3O4 and FeO. The XRD 

analysis shows that goethite is the major phase of the surface corrosion layer with 

some amounts of other phases such as magnetite, maghemite, ferrihydrite, wustite 

and hematite together with minor amount of quartz and calcite. Goethite peaks are 

well formed and rather broad, the broadening at FWHL is about 0.6 deg. indicating 

that the crystallite size of goethite in outdoor atmospheric condition may be in the 

range of 10 - 50 nm indicating a variable particle size of its nanocrystals. 

 

The main entrance door hinge (FKM-04) representing partially open to exterior 

atmospheric condition shows goethite (XRD pattern d: 4.169 (100), 2.445 (45), 

2,690 (35), 1.719 (20)), lepidocrocite (XRD pattern d: 3.283 (90), 2,47 (80), 1.920 

(70)), akageneite (XRD pattern d: 3.283 (100), 2.550 (55), 1.635 (35), 2.297 (30)), 
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hematite (XRD pattern d: 2.690 (100), 2.519 (70), 1.690 (45), 1,836 (40)), magnetite 

(XRD pattern d: 2.504 (100), 1.485 (40), 1.601 (30), 2.934 (30)), maghemite (XRD 

pattern d: 2.504 (100), 2.934 (35), 1.485 (34), 1.601 (24)), wustite (XRD pattern d: 

2.173 (100), 2.504 (80), 1.528 (60)), ferrihydrite (XRD pattern d: 2.504 (100), 2.216 

(80), 1.968 (80), 1.48 (70)) and feroxyhyte (XRD pattern d: 1.468 (100), 1.679 (100), 

2.545 (100), 2.244 (100)) as iron oxides (Figure 4.157). The Rietveld search-match 

method with elements Fe, O and H, gives the presence of nano crystallized iron 

oxides with the formulas FeOOH, Fe2O3, Fe3O4 and FeO (Lutterotti et al.,2019). The 

XRD analysis shows that goethite is the major phase of the surface corrosion layer 

with some amounts of other phases such as magnetite, maghemite, lepidocrocite, 

wustite, feroxyhyte, ferrihydrite and hematite.  Goethite peaks are well formed and 

rather broad, the broadening at FWHL is about 0.33 deg. indicating that the 

crystallite size of goethite in partially open to exterior atmospheric condition may be 

in the range of 10 -50 nm.  

The nail (FKM-11) embedded in building stone representing partially open to 

outdoor atmospheric condition reveals goethite (XRD pattern d: 4.1198 (100), 2.478 

(45), 2,672 (35), 1.700 (20)), lepidocrocite (XRD pattern d: 6.17 (100), 3.32 (90), 

2.478 (80), 1.935 (70)), akaganeite (XRD pattern d: 3.321 (100), 2.540 (55), 7.369 

(40), 1.635 (35)), magnetite (XRD pattern d: 2.540 (100), 1.489 (40), 1.615 (30), 

2.957 (30)), maghemite (XRD pattern d: 2.540 (100), 2.957 (35), 1.489 (34), 1.615 

(24)) as iron oxides together with quartz impurities from TM (Figure 4.158). The 

Rietveld search-match method with elements Fe, H, O and Si reveals the presence of 

some silicates and FeOOH, while the search with the elements Fe, O and H, gives 

the presence of nano crystallized iron oxides with the formulas FeOOH, Fe2O3 and 

Fe3O4. The XRD analysis shows that goethite is the major phase of the surface 

corrosion layer with some akaganeite and minor amounts of magnetite / maghemite, 

lepidocrocite together with quartz impurities from TM. Goethite peaks are well 

formed and rather broad, the broadening at FWHL is about 0.33 deg. indicating that 

the crystallite size of goethite in partially open to exterior atmospheric condition may 

be in the range of 10 - 50 nm.  
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The nail (FKM-06) from the Ottoman layer excavations representing buried 

condition shows goethite (XRD pattern d: 4.169 (100), 2.459 (45), 2,667 (35), 1.716 

(20)), lepidocrocite (XRD pattern d: 3.306 (90), 2,459 (80), 1.942 (70)), akageneite 

(XRD pattern d: 3.306 (100), 2.574 (55), 7.36 (40), 1.652 (35), 2.272 (30)), hematite 

(XRD pattern d: 2,667 (100), 2.509 (70), 1.689 (45), 1,827 (40)), magnetite (XRD 

pattern d: 2.509 (100), 1.469 (40), 1.600 (30), 3.025 (30)), maghemite (XRD pattern 

d: 2.509 (100), 3.025 (35), 1.469 (34), 1.600 (24)), ferrihydrite (XRD pattern d: 2.509 

(100), 2.205 (80), 1.942 (80), 1.469 (70)) and calcite (XRD pattern d: 3.025 (100), 

2.272 (18), 2.078 (18), 1.892 (17)) as iron oxides (Figure 4.159). The Rietveld 

search-match method was applied to raw data of XRD pattern, but probably due to 

decreased efficiency with nanocrystalline systems of greater complexity, no result 

was obtained. Goethite peaks are well formed and rather broad, the broadening at 

FWHL is about 1.2 deg. indicating that the crystallite size of goethite in buried 

condition may be in the range of 5 -10 nm.  

The iron piece (FKM-08) from the Ottoman layer excavations representing buried 

condition reveals goethite (XRD pattern d: 4.180 (100), 2.449 (45), 2.702 (35), 1.705 

(20)), lepidocrocite (XRD pattern d: 6.26 (100), 3.205 (90), 2.445 (80), 1.937 (70)), 

hematite (XRD pattern d: 2.702 (100), 2.519 (70), 1.705 (45), 1.840 (40)), 

ferrihydrite (XRD pattern d: 2.521 (100), 2.218 (80), 1.993 (80), 1.477 (80)), 

magnetite (XRD pattern d: 2.521 (100), 1.477 (40), 1.610 (30), 2.911 (30)), and 

maghemite (XRD pattern d: 2.521 (100), 2.911 (35), 1.477 (34), 1.610 (24)) as iron 

oxides (Figure 4.160). The Rietveld search-match method with elements Fe, O and 

H gives the presence of nano crystallized iron oxides with the formulas FeOOH, 

Fe2O3 and Fe3O4. The XRD analysis shows that goethite is the major phase of the 

surface corrosion layer with minor amounts of other phases such as lepidocrocite, 

hematite, ferrihydrite, magnetite and maghemite. Goethite peaks are well formed and 

rather broad, the broadening at FWHL is about 0.62 deg. indicating that the 

crystallite size of goethite in buried condition may be in the range of 10 -50 nm.     



 
 

278 

 Fi
gu

re
 4

. 1
59

 X
R

D
 sp

ec
tra

 o
f t

he
 c

or
ro

si
on

 la
ye

r p
ow

de
r i

nc
lu

di
ng

 IC
L 

an
d 

TM
 o

f t
he

 o
f t

he
 n

ai
l (

FK
M

-0
6)

 (1
9t

h 
cc

): 
go

et
hi

te
 (G

), 
ak

ag
an

ei
te

 (A
), 

m
ag

he
m

ite
 (M

h)
, m

ag
ne

tit
e (

M
), 

he
m

at
ite

 (H
) l

ep
id

oc
ro

rit
e (

L)
, f

er
rih

yd
rit

e (
Fh

), 
ca

lc
ite

 (C
). 

 

 



 
 

279 

 Fi
gu

re
 4

. 1
60

 X
R

D
 s

pe
ct

ra
 o

f t
he

 c
or

ro
si

on
 la

ye
r p

ow
de

r i
nc

lu
di

ng
 IC

L 
an

d 
TM

 o
f t

he
 o

f t
he

 n
ai

l (
FK

M
-1

1)
 (1

9t
h 

cc
): 

go
et

hi
te

 
(G

), 
he

m
at

ite
 (H

), 
m

ag
he

m
ite

 (M
h)

, m
ag

ne
tit

e 
(M

), 
le

pi
do

cr
or

ite
 (L

), 
fe

rr
ih

yd
rit

e 
(F

h)
. 



 
 

280 

The nail (FKM-09) from the Ottoman layer excavations representing buried 

condition shows goethite (XRD pattern d: 4.192 (100), 2.442 (45), 2,664 (35), 1.719 

(20)), lepidocrocite (XRD pattern d: 6.26 (100), 3.269 (90), 2,442 (80), 1.937 (70)), 

hematite (XRD pattern d: 2,664 (100), 2.503 (70), 1.692 (45), 1,856 (40)), magnetite 

(XRD pattern d: 2.503 (100), 1.481 (40), 1.615 (30), 2.967 (30)), maghemite (XRD 

pattern d: 2.509 (100), 2.967 (35), 1.481 (34), 1.607 (24)), wustite (XRD pattern d: 

2.174 (100), 2.503 (80), 1.523 (60)) as iron oxides together with minor amount of 

quartz impurities from TM (Figure 4.161). The Rietveld search-match method with 

elements Fe, H, O and Si reveals the presence of some silicates and FeOOH while 

the search with the elements Fe, O and H, gives the presence of nano crystallized 

iron oxides with the formulas FeOOH, Fe2O3 and Fe3O4. Goethite peaks are well 

formed and rather broad; the broadening at FWHL is about 0.33 deg. indicating that 

the crystallite size of goethite in buried condition may be in the range of 10 -50 nm.  

 

The nail (FKM-10) from the Ottoman layer excavations representing buried 

condition reveals goethite (XRD pattern d: 4.127 (100), 2.438 (45), 2.688 (35), 1.714 

(20)), lepidocrocite (XRD pattern d: 6.147 (100), 3.286 (90), 2.438 (80), 1.921 (70)), 

hematite (XRD pattern d: 2.688 (100), 2.521 (70), 1.690 (45), 1.840 (40)), magnetite 

(XRD pattern d: 2.521 (100), 1.470 (40), 1.609 (30), 2.946 (30)), maghemite (XRD 

pattern d: 2.521 (100), 2.946 (35), 1.470 (34), 1.609 (24)) and ferrihydrite (XRD 

pattern d: 2.50 (100), 2.227 (80), 1.518 (60)) as iron oxides together with minor 

amount of quartz and calcite impurities from TM (Figure 4.162). The Rietveld 

search-match method was applied to raw data of XRD pattern, but probably due to 

decreased efficiency with nanocrystalline systems of greater complexity, no result 

was obtained. The XRD analysis shows that goethite, lepidocrocite, and magnetite / 

maghemite is the major phase of the surface corrosion layer with minor amounts of 

other phases such as hematite, ferrihydrite. Goethite peaks are well formed and rather 

broad; the broadening at FWHL is about 1 deg. indicating that the crystallite size of 

goethite in buried condition may be in the range of 5 - 10 nm.   
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CHAPTER 5  

DISCUSSIONS 

In this chapter, the combined results of the analyses performed on the historical iron 

constructional elements namely, several nails, a beam, anchoring elements, door and 

window hinges, two door locks from 15th, 16th and 19th century historical structures 

are discussed to describe their metallurgical properties and corrosion performance. 

Metallurgical properties are interrelated with production techniques and 

microstructure, hardness, workability and elemental composition.  

Corrosion characteristics of individual objects are evaluated by detailed description 

of the corrosion layers and compared in terms of the thickness, sub-layering, 

compactness and corrosion products starting from main body towards exterior 

together with the related environmental conditions namely open air (urban, rural), 

interior and burial conditions.  

Finally, properties of protective corrosion layers being mainly composed of goethite, 

factors effecting the formation of protective corrosion layer such as the metallurgical 

properties of the objects, environment, duration of the exposure and the possible 

mechanisms for the corrosion products are discussed.  

5.1. Types and Properties of Protective Corrosion Layers on Historical Iron 

Objects  

All iron objects examined have corrosion layers on their surface where the corrosion 

products are mainly goethite and rarely hematite. Here, the corrosion layers of 

individual objects are evaluated and compared in terms of their thickness, 

compactness and corrosion products starting from main body towards exterior in 
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relation to their environment namely open air (urban, rural), interior or burial 

conditions.  

5.1.1  Classification of protective corrosion layers based on their thickness and 

morphological characteristics 

In this study, protective corrosion layers of the iron objects were classified based on 

their thickness and the compactness indicating the absence of pores and cracks in the 

layer. The average corrosion thicknesses covering inner corrosion layer (ICL) 

including reaction front (RF) next to the metal of the objects fall into three groups 

being perfect (less than 200 µm), medium perfect (between 201-500 µm) and 

imperfect (above 500 µm) (Figure 5.1).  
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Figure 5. 1 Average thickness of corrosion layers on the 23 iron objects and their 
classification: as perfect (<200 µm), medium perfect (201-500 µm and imperfect 
(>500 µm).  
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The 14 objects out of the 23 have perfect corrosion layers within the thickness range 

of 50-200 µm. The perfect corrosion layers are compact and almost free of cracks 

and pores (GMH-Me-02 and -04, MSH-KAP-01, -03, -06, -08 and 12, FKM-02, -03, 

-04, -05, -08, -10 and T-N-04). Those samples except two (FKM-08 and -10) are 

from indoor and outdoor conditions, the other two are in the burial condition. The 

two objects out of 14 were the nails embedded in timber and the perfect corrosion 

layer is mainly composed of hematite while the others are composed of goethite.  

The six objects out of the 23 have the medium perfect corrosion layers within the 

thickness range of 225-475 µm. The medium perfect corrosion layers being less 

compact than the perfect layer have fine cracks especially in the second halves of the 

ICL with some pores in them (GMH-Me-03, MSH-KAP-07 and -09, FKM-07, T-D-

01 and T-W-01). Those samples are both from indoor, outdoor and one in burial 

conditions. The corrosion layers are mainly composed of goethite except door lock 

piece (T-D-01) from the 19th century having mainly hematite in the ICL.  

The three objects out of the 23 have the imperfect corrosion layers within the 

thickness range of 750-1300 µm. The jointing element (MSH-KAP-02) from the 

interior of the hammam building has some fine cracks and pores in the compact body 

of ICL, a window guard iron piece (FKM-01) from a stone dwelling indicating 

outdoor atmosphere and the nail (FKM-11) embedded in lower parts of stone 

masonry wall has a less compact ICL with deep cracks in it. Therefore, those three 

objects (MSH-KAP-02, FKM-01 and FKM-11) represent both indoor and outdoor 

conditions. The corrosion layers are mainly composed of goethite at the inner part of 

ICL. The outer part of ICL of FKM-11 has akaganeite and maghemite in its 

composition. 

A time dependent evaluation on the perfectness of the corrosion layers showed that 

seven samples out of 14 are from the 15th and 16th century buildings and the other 

seven of them are from the 19th century buildings. Three out of six objects have 

medium perfect corrosion layers where one from 15th and two from 16th century. The 
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other three objects have imperfect corrosion layers coming from the 16th and 19th 

century buildings.   

Neither rural / urban atmosphere or outdoor / indoor conditions don’t seem to play 

any important role in the formation of perfect corrosion layers for the iron objects 

which were around 600 years old and some around 150 years old. Since majority of 

those objects have perfect corrosion layers, those protective corrosion layers must 

have formed in the early life of the objects and started to play their protective role. 

Urban atmospheric conditions may not have yet been quite a serious problem in early 

life of the objects. It is possible that some indoor iron elements could have been 

replaced in the later periods or re-used. The indoor conditions of the monuments may 

not probably be continuous due to their lack of maintenance. That may be why we 

don’t observe considerable difference between the corrosion layers formed at indoor 

and outdoor conditions. The outdoor objects which were mainly nails may reflect the 

history of corrosion in a more continuous way.  

The perfect, medium and imperfect corrosion layers were also examined for their 

particle size and crystallinity characteristics of goethite in their composition (Table 

5.1).  

Particle size of the goethite was obtained from the full width of the half maximum 

(FWHM) measurement (Speakman, 2007).  For all objects, goethite particles were 

nano sized in protective layers whether they were perfect, medium and imperfect 

corrosion layers. However, perfect goethite crystallites were in the finer range, the 

average being around 20 nm. The imperfect layers had the average particle size 

higher than the perfect layers being around 34 nm. The medium perfect layers had 

the average goethite particle size around 25 nm, in between the perfect and imperfect 

corrosion layers. 

The crystallinity of the goethite corrosion layers was evaluated by the characteristics 

of their FTIR spectra. There are two important criteria: i) peak separation – higher 

the separation, higher the crystallinity and ii) sharpness of the two-major OH bending 

bands namely δ-OH at 890 cm-1 and γ-OH at 790 cm-1. Sharpness of the δ-OH at 890 
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cm-1 of goethite was correlated with the degree of crystallinity (Cornell and 

Schwertmann, 2003) as well as the particle size together with XRD FWHM. Not 

forgetting that the FTIR spectra represents the powdered samples including both ICL 

and TM. Most of the time interference of the impurities are unavoidable. A better 

spectrum obtained can give more information about the properties of the protective 

corrosion layer. In majority of perfect corrosion layers, FTIR reflects the presence 

of good crystallinity of goethite by the presence of sharp peaks at 890 cm-1. It seems 

that it also an indication of finer particle size which is supported by XRD FWHM. 

Therefore, perfect corrosion layers have finer nano-sized particles and most likely 

with good crystallinity. The good crystallinity in nano size is thought to be indication 

of stability of goethite that has been experimentally supported by their higher band 

gap (Majzlan et al, 2008).  
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Table 5. 1 Summary of the analytical results on the properties of inner corrosion 
layers belonging to the iron objects from different historical periods (G: Goethite; L: 
Lepidocrocite; M-Mh: Magnetite-Maghemite; Hyd: Hydrated iron oxides or 
oxyhydroxides; W: Wustite; A: Akaganeite; POA: partially open to atmosphere) 
 

Sample 
ID Environment Century 

ICL 
Classifica-
tion 

Ave. 
Thickness 
of ICL  
(µm) 

FWHM 
(deg) 

Particle 
Size 
(nm) 

Main Iron Oxide Phase 
 

Crystallinity 
(Peak 
separation - 
boradening) 

PAI 
Result 

SEM, 
Huvitz, 
Stereo* 

XRD XRD Raman XRD FTIR FTIR Raman 

GMH-
Me-02 - 
Door lock 
piece   

Urban-
industrial; 
PAO 

15th  Perfect 150     
G/M/H
/ 
A/Hyd 

  G/L/
M Variable 0.5 

GMH-
Me-03 - 
plaster 
nail  

Urban-
industrial; 
indoor 

15th  Medium 
perfect 225 0,5 25   G/L/H/ 

M-Mh G/L Variable   

GMH-
Me-04 - 
plaster 
nail  

Urban-
industrial; 
indoor 

15th  Perfect 75     G/L/H
yd       3,5 

MSH-
KAP-01 - 
nail from 
dome  

Urban-
industrial; 
outdoor 

16th  Perfect 50 0,5 25 
G/M/H
/ M-
Mh/L 

G/L/H/ 
M-Mh 

G/L/
H Variable 4 

MSH-
KAP-02 - 
iron piece 
for 
jointing 
the 
metals to 
the wall  

Urban-
industrial; 
indoor 

16th Imperfect 750 0,4 32 G/Hyd 
G/L/H/
W 
M-Mh 

G/L Variable 1 

MSH-
KAP-03 - 
nail from 
dome  

Urban-
industrial; 
outdoor 

16th Perfect 100 0,8 12 

G/L/M
/ 
Mh/Hy
d 

G/L/H/
W 
M-Mh 

G/L Good 1 

MSH-
KAP-06 - 
Iron 
element 
for towel 
hanging 

Urban-
industrial; 
indoor 

16th Perfect 75               

MSH-
KAP-07 - 
Nail used 
for stone 
building 

Urban-
industrial; 
indoor 

16th Medium 
perfect 250               

MSH-
KAP-08 - 
nail for 
lead 
covering 
from 
dome 

Urban-
industrial; 
outdoor 

16th Perfect 200*               
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Table 5.1 Summary of the analytical results on the properties of inner corrosion 
layers belonging to the iron objects from different historical periods (G: Goethite; L: 
Lepidocrocite; M-Mh: Magnetite-Maghemite; W: Wustite; Hyd: Hydrated iron 
oxides or oxyhydroxides; A: Akaganeite; POA: partially open to atmosphere) 
(continued). 

Sample ID Environment Century 
ICL 
Classifica
-tion 

Ave. 
Thickness 
of ICL  
(µm) 

FWHM 
(deg) 

Particle 
Size 
(nm) 

Main Iron Oxide Phase 
 

Crystallinity 
(Peak 
separation - 
boradening) 

PAI 
Result 

SEM, 
Huvitz, 
Stereo* 

XRD XRD Raman XRD FTIR FTIR Raman 

MSH-KAP-
09 - nail 
used for 
stone 
building 

Urban-
industrial 16th 

Mediu
m 
perfect 

260* 

  
G with 
M/ 
Hyd/ L 

    

MSH-KAP-
12 - nail 
used for 
timber 
jointing 
NO 
GOETHITE  

Urban-
industrial; 
indoor 

16th Perfect 200 

  

H with 
M/W 

    

FKM-01 - 
window 
guard iron 
piece from a 
stone 
dwelling 

Rural, 
seaside; 
outdoor  

19th Imperf
ect 

785*         G/L Good   

FKM-02 - nail 
for jointing 
main timber 
beams -  
NO 
GOETHITE  

Rural, 
seaside; 
indoor 

19th Perfect 150 0,6 20 H with 
Hyd 

G/H/W 
M-Mh G Low 1 

FKM-03 - 
door lock 
piece from the 
main entrance 

Rural, 
seaside, 
PAO 

19th Perfect 200*     
G with 
Hyd/  
M-Mh 

  G/L Low 1 

FKM-04 – 
male hinge 
from the main 
entrance door  

Rural, 
seaside, 
PAO 

19th Perfect 80* 0,33 35 G with 
Hyd 

G/L/H/
A 
M-Mh 

G/L Variable 0.6 

FKM-05 - 
female hinge 
from the main 
entrance door  

Rural, 
seaside,  
PAO 

19th Perfect 112.5     G with 
Hyd   G/L Low 1.3 

FKM-06 - nail 
from the 
Ottoman layer 
excavation  

Burial 
condition 19th     1,2 5   

G/L/H/
A 
M-Mh/ 

      

FKM-07 - nail 
from the 
Ottoman layer 
excavation  

Burial 
condition 19th Medium 

perfect 475     G   L - >2 
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Table 5.1 Summary of the analytical results on the properties of inner corrosion 
layers belonging to the iron objects from different historical periods (G: Goethite; L: 
Lepidocrocite; M-Mh: Magnetite-Maghemite; W: Wustite; Hyd: Hydrated iron 
oxides or oxyhydroxides; A: Akaganeite; POA: partially open to atmosphere) 
(continued). 
FKM-08 - L-
shaped iron 
piece from the 
Ottoman layer 
excavation 

Burial 
condition 19th Perfect 100 0,62 19 

G with 
Hyd/ H/ 
L/ M/ 
M-Mh 

G/L/H/ 
M-Mh G/L Variable 2 

FKM-9 - iron 
piece from the 
Ottoman layer 
excavation  

Burial 
condition 19th     0,33 35   G/L/H/W 

M-Mh G/L/H Low   

FKM-10 - nail 
from the 
Ottoman layer 
excavation  

Burial 
condition 19th Perfect 100 1 7 

G with 
M/ M-
M-Mh/ 
L 

G/L/H/ 
M-Mh G/L Low 1 

FKM-11 - nail 
from a 
dwelling 
embedded in 
building stone 

Rural, 
seaside; 
PAO 

19th Imperfect 1300 0,33 35 

G with 
M/ L/ 
M-Mh/ 
Hyd/ A 

G/L/A 
M-Mh G Low 2 

T-D-01 - iron 
crossbar for 
the main 
entrance door 
locking 
NO 
GOETHITE 

Rural, 
seaside; 
PAO 

19th Medium 
perfect 350     H with 

M-Mh   G/L Low 1 

T-N-04 - iron 
nail from the 
door frame  

Rural, 
seaside 
indoor 

19th Perfect 200     G with 
Hyd/ L       2 

 

5.1.2 Protective ability of corrosion layers for the 15th, 16th and 19th century 

objects in terms of their PAI Values, Rate of Corrosion, Average Particle Size 

of Goethite and Its Crystallinity   

In this study, the protective “Protective Ability Index” (PAI) of the corrosion layers 

were roughly calculated as the ratio of isotropic goethite band thickness to the total 

thickness of other oxides and oxyhydroxides in the corrosion layer based on the 

presence of the products tracked along with a line crossing the corrosion layers 

observed by the µ-Raman (Aramendia et al, 2014, Kamimura et al, 2006). PAI 

values were calculated in a semi-quantitative way and documented in Table 5.2 and 

Table 4.1. Importance and indication of PAI value is described as follows: If PAI 

value is equal or greater than 1, protective condition starts, if it is equal or greater 



 
 

294 

than 2, corrosion stops and a stable phase is reached (Kamimura et al, 2006). PAI 

value is used as one of the variables to evaluate the protective function of the goethite 

layer formed on the iron objects (Table 5.2). 

 

The protective goethite band of the two objects from a 15th century monument 

representing indoor conditions – a door lock piece (GMH-Me-02) and a plaster nail 

(GMH-Me-04) – both are classified as perfect corrosion layers with different PAI 

values. They are located in the urban environment. The door lock piece with a 

thickness of 150 µm has PAI value 0,5 indicated that the protective function of 

goethite phase is not yet completed. The plaster nail with a thickness of 75 µm has a 

PAI value of 3.5. So, the PAI values of the 15th century samples are quite different. 

The reason for that difference may be due to the installation of that door lock piece 

(GMH-Me-02) during the restoration of the hammam between 1961-1971 period. 

However, both objects have perfect corrosion layers with compact morphology.  The 

dominance of hydrated iron (III) oxide or oxyhydroxide compounds observed in the 

door lock piece (GMH-Me-02) together with goethite phase that has variable 

crystallinity observed by FTIR analysis, and the marbling texture of the corrosion 

layer revealed by SEM, may be the indications of the electrochemically reactive 

environment with many wetting - drying cycles experienced by the object (Monnier, 

2010).   

The two 16th century nails in outdoor conditions of urban environment (MSH-KAP-

01 and -03) have PAI values 4 and 1 belonging to perfect corrosion layers having 

thicknesses of 50 µm and 100 µm respectively. Three 16th century iron objects in 

indoor conditions of urban environment (MSH-KAP-02, -09 and -12) have PAI 

values 1 with imperfect, perfect and perfect corrosion layers morphology 

successively. Although the iron piece for jointing of other metals to the wall (MSH-

KAP-02) has an imperfect corrosion layer morphology, it is fully composed of 

goethite. That object can be considered having a corrosion layer with full protective 

function.   All objects from the 16th century have PAI values equal or greater than 1 

indicating full protective property of corrosion layer has been reached. These 
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findings help to prove the authenticity of the above-mentioned 16th century objects. 

In addition, the presence of hydrated iron (III) oxide or oxyhydroxide compounds as 

marbling texture observed by SEM in their corrosion layers and the variable 

crystallinity of goethite detected by FTIR may be the indications of the 

electrochemically reactive environment with many wetting - drying cycles 

experienced by the object (Monnier et al, 2010).  All objects from the 16th century 

have PAI values greater than 2 and a stable protective corrosion band in ICL. These 

findings help to prove the authenticity of the above-mentioned objects. 

For the 19th century objects at the seaside open air rural environment (FKM-02, -03, 

-04, -05, -11, and T-D-01, T-N-04), the PAI values are 1, 1, 0.6, 1.3, 2, 1, 2 

successively. They all have perfect corrosion layer morphology except the nail 

(FKM-11) with imperfect corrosion layer morphology and the door lock piece (T-D-

01) with medium perfect corrosion layer morphology. In addition, all those samples 

have the variable / low crystallinity of goethite detected by FTIR.  It seems that PAI 

numbers do not proportionally show the degree of protective ability. However, it 

exerts the importance of goethite layer for protection against further corrosion in a 

semi-quantitative way, e.g., the sample (FKM-04) having PAI less than 1 is with a 

perfect corrosion layer. One of the reasons for low PAI value in that sample may be 

due to difficulties in the quantitative detection of goethite and other iron oxides by 

µ-Raman. Typical intensity ratios of iron corrosion products in µ-Raman detection 

in comparable recording conditions were expressed as lepidocrocite (1) > wustite, 

hematite, goethite, hydroxy chloride, ferrihydrites, feroxyhyte (~1/3) > akaganeite 

(~1/4) >> magnetite and maghemite (~1/10) (Colomban, 2011). While the presence 

of goethite was not well revealed by µ-Raman, FTIR and XRD both showed 

abundant presence of goethite in the sample (FKM-04). The objects in buried 

condition (FKM-07, 08 and 10) from 19th century have high PAI values being >2, 2 

and 1 respectively with a protective goethite band in their ICL observed by µ-Raman. 

High protection of corrosion layer formed on the objects are observed for the buried 

condition. The surface soil in the archaeological site of Foça seems to be suitable for 
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formation of stable phases being well aerated and originated mostly from weathering 

of tuff. 

The comparison of PAI values calculated by µ-Raman is not fully in line with FTIR 

and XRD results. It must be kept in mind that µ-Raman analysis describes the 

corrosion products on the examined points of the sample while FTIR and XRD 

reflect the corrosion products in the powdered sample giving an overall composition 

of ICL mixed with TM. 

Although majority of protective corrosion layers are mainly composed of goethite, 

there are exceptions to that in some nails found embedded in timber. Their corrosion 

environment can be described as an environment with organic acids and natural 

resins. It was found that the protective corrosion layers in those nails were composed 

of wustite and hematite. Wustite together with magnetite and hematite is the densest 

phase because of its high Fe/O ratio indicating lack of oxygen (Colomban, 2011). 

Ahlström et al (2018) has studied the stability of wustite, magnetite and hematite 

coatings over steel in alkaline environment as well as chloride containing 

environment by electrochemical measurements. Hematite is the most stable phase 

over a wide pH range with a very low electric conductivity, roughly 10−9 Ω−1.cm−1. 

Magnetite is stable in alkaline and reducing conditions and has high electrical 

conductivity, 100-1000 Ω−1.cm−1. In alkaline environment steel and wustite are less 

noble in comparison to magnetite followed by hematite. In chloride containing 

environment steel and magnetite are less noble than wustite followed by hematite. 

Those comparisons lead us to the conclusion that the nail objects embedded in timber 

developing protective layers composed of wustite and hematite reflect a corrosion 

environment with organic acids and natural resins.  

The stability of the protective layers is also evaluated in terms of average goethite 

particle size calculated from XRD peaks. An indoor plaster nail (GMH-Me-03) from 

the 15th century having medium perfect corrosion layer has the average goethite 

particle size around 25 nm. The average goethite particle size of two outdoor nails 

(MSH-KAP-01 and -02) with perfect corrosion layer morphology are around 25 nm 
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and 12 nm respectively. The iron piece from the same monument (MSH-KAP-02) 

has imperfect corrosion layer with the average goethite particle size of 32 nm. The 

objects from the 19th century have the average goethite particle sizes between 5 nm 

to 35 nm. While goethite was found to be more stable than hematite down to 150 nm 

and up to 40°C in natural atmospheric conditions (Cornell and Schwertmann, 2003), 

this study shows that goethite formation occurs down to much finer particle sizes on 

iron objects being in the range of 5 to 35 nm. The decrease in particle size of goethite 

relatively increases its stability that is related to band gap values (Zhang et al 2011). 

Goethite having particle size between 9-38 nm, similar to the range of particles in 

this study, appears to have band gap values in the range of 3.1-2.5 eV and it is 

relatively larger than band gap of hematite at around the same size range (Zhang et 

al, 2011). It seems that the protective ability of the corrosion layer is closely related 

with fine size of goethite particles and its compactness. The presence of relatively 

unstable oxides or oxyhydroxides in the layer do not have much influence on the 

protective ability of the corrosion layer. Those oxide or oxyhydroxides may lead to 

the further formation of fine nano particles as a compact layer under repeated wetting 

and drying conditions.   

Crystallinity of goethite in the corrosion layers were examined by means of the two-

major OH bending bands namely δ-OH at 890 cm-1 and γ-OH at 790 cm-1 of goethite 

taking into account their broadening and separation. Most objects have variable or 

low crystallinity.  Varying crystallinity can be related to the average particle size 

(Cambier 1986). An outdoor nail (MSH-KAP-03) from the 16th century having the 

perfect corrosion layer morphology is the unique sample having good goethite 

crystallinity with very fine particle size, 12 nm. The assessment done on the results 

obtained from XRD and µ-Raman analysis together with FTIR analysis support that 

the δ-OH bending band’s sharpness is a better indicator of good crystallinity than the 

higher separation of δ-OH and γ-OH bending bands to indicate good crystallinity. 

Therefore, the sharp goethite peaks in FTIR indicate higher crystallinity. The 

samples having perfect corrosion layer (MSH-KAP-01, -03 from the 16th century 
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and FKM-02, -04, from the 19th century) are found to have the good crystallinity of 

goethite along with the presence of minor lepidocrocite. 

This study concludes that finer the particle size, sharper the FTIR peak intensities of 

goethite resulting higher crystallinity are the main qualifications of perfect corrosion 

layers composed of goethite. 

In addition, it is significant that goethite is almost always accompanied with 

noticeable presence of lepidocrocite. Its presence is verified by combined results of 

the XRD, FTIR and µ-Raman analysis in 15th, 16th and 19th century objects. The 

protective corrosion layers including a reactive lepidocrocite phase towards TM may 

show the importance of wet-dry cycles helping the growth of a protective corrosion 

layer towards TM. 

It is also possible to describe the goethite formation environment from the combined 

results of this study. There is always calcite available in the corrosion environment, 

the most pronounced one being the nail (MSH-KAP-01) having highest calcite peaks 

in its XRD traces. That sample has a perfect corrosion layer with a very thin and 

compact morphology. The pH of water or water film in equilibrium with air and in 

equilibrium with calcareous materials like mortars and plasters is most likely to be 

around 7.8 (Busenberg and Plummer, 1986). The historical iron objects in open 

atmospheric conditions having wetting-drying cycles may experience those 

conditions that lead to the goethite formation mechanisms.  

Finally, this study attempts to comment on the rate of corrosion of the historical iron 

iron objects being considerably low in comparison to the today’s weathering steel 

and other low carbon steel products. This rough evaluation is made by using the 

Kamimura’s estimations on the rate of corrosion in a relatively short time scale based 

on the thickness measurements of corrosion layer and divided by the years of 

exposure to atmospheric conditions (Kamimura et al, 2006). They found that the 

object being in normal atmospheric conditions, if PAI value is less than 1, corrosion 

rate is less than 1 mm/y (1000 µm/y).  If PAI value is equal or greater than 1, being 

the starting value for protective ability, corrosion rate is less than 10 µm/y and if it 
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is equal or greater than 2, corrosion stops and corrosion layer reaches a stable phase 

(Kamimura et al, 2006). Considering that information, corrosion layers of all iron 

objects in this study have reached their protective phase except the door lock piece 

(GMH-Me-02) from Gazi Mihal Hammam and a male hinge from the door (FKM-

04) having PAI values less than 1. Both objects can be the replacement objects during 

a possible restoration. It is known that Gazi Mihal Hammam was restored during 

1950-1960. If the door lock piece is assumed to be a replacement piece of the 

restoration as a new product, the rate of corrosion is approximately 2.5 µm/y. For the 

corrosion rates of the objects having the PAI value in the range of 1 - < 2, the average 

corrosion rate of the 16th century objects is approximately 0,76 µm/y, calculated 

through the ratio of the average corrosion layer thickness to the objects’ age. The 

19th century ones are around 1,33 µm/y. Those corrosion rates of the 15th, 16th and 

19th century objects are much lower than the corrosion rates specified by Kamimura 

et al (2006). In addition, they are much lower than the corrosion rate of weathering 

steel which is about 6 µm/y (Yamashita et al, 2004). Weathering steel is a kind of 

low-alloy steel characterized by a protective rust that is formed on its surfaces 

reducing the rate of corrosion (Kimura and Khira, 2005). The average corrosion rate 

of low alloy steel in urban atmospheric conditions is expected to be 2.29 µm/y 

(Doruk, 2014). The historical low alloy steel objects mainly the nails from the 

Ottoman Periods have rather low rates of corrosion in coastal urban atmosphere. The 

door lock piece of 15th century hammam, which is assumed to be a replacement 

object during a relatively recent restoration, exhibits a similar corrosion rate (2.5 

µm/y) expected from coastal urban atmospheric conditions (Doruk, 2014).  

In conclusion, historical iron objects have considerably lower corrosion rates in 

comparison to today’s weathering steel and other steel products. PAI values and 

corrosion rate calculations derived from the combined analysis of µ-Raman, FTIR, 

XRD together with SEM and several microscopical investigations are useful tools to 

investigate the authenticity of the iron objects through the examination of their 

corrosion layers. 



 
 

300 

5.2 Description of metallurgical properties of historical iron 

The metal bodies of all historical iron objects from the 15th, 16th and 19th centuries 

were examined to investigate their metallurgical characteristics.  In this section, the 

effect of the morphological characteristics and elemental composition of metal 

bodies are discussed to look for their contribution to the formation of perfect 

protective corrosion layers on the iron object.  

5.2.1 Characteristics of Goethite Layer and Elemental Composition of Metal 

Body:  

Steels are usually classified in terms of their level of carbon content and way of 

production. During production, some alloying elements may be added and / or some 

may come from iron ore itself such as silicon, phosphorous, nickel, chromium, 

sulfur, manganese, magnesium, copper and aluminum to impart the required 

properties. In this section, the elements in the composition of the iron objects and 

characteristics of the protective goethite layer are discussed to see whether some 

elements have importance in the control of corrosion.   

Carbon content: Carbon content of most objects fall in the range of low carbon steel 

(up to 0.30%) (Figure 5.2). No direct relationship was found with the amount of 

carbon content and thickness of protective corrosion layer. However, the influence 

of other alloying elements in the composition of metal body has to be examined 

individually for their role in protective goethite layer formation. The objects having 

perfect corrosion layer is expected to indicate threshold values of individual elements 

for corrosion control. 

Silicon content: Silicon content of the objects having perfect corrosion layer are as 

follows (Figure 5.2): 11 objects have silicon content being in the range of 0.003% - 

0.226%. The object (FKM-02) with perfect corrosion layer having the highest silicon 

content has the one with lowest carbon content (0.002%). Three objects having 

medium perfect corrosion layer have considerable amounts of silicon in the range of 
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0.056% -0.571%. The object (MSH-KAP-07) having highest silicon content 

(0.571%) falls in the medium carbon steel range. However, the other three objects 

fall in low carbon steel range. Three objects having imperfect corrosion layer have 

silicon content in the range of 0.161% - 0.233%. Two of them (MSH-KAP-02 and 

FKM-11) has the lowest carbon content (0.002%) while one of them (FKM-01) has 

the highest carbon content (1.5%). It seems that the objects having perfect corrosion 

layer have rather low silicon content, the upper limit being 0.226%. 10 out of 11 

objects having perfect corrosion layer have low carbon steel grade while one of them 

(FKM-04) within the high carbon steel grade.  

 

 

Figure 5. 2: Relationship between ICL thickness, silicon (Si) and carbon (C) contents 
of the objects from the 15th, 16th and 19th centuries. “*” indicates the objects with 
medium perfect corrosion layer. “**” indicates the objects with imperfect corrosion 
layer. 
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Phosphorous content: Objects having less than 0.05% phosphorous are known as 

good quality steels (Yıldız 2010).  The presence of phosphorous over 0.04% reduces 

the steel’s ductility, resulting in cold shortness (Singh 2016). Higher phosphorous 

from 0.07% to 0.12% is included in steels that are specifically developed for 

machining to improve the cutting properties of steel (Singh 2016). Five objects 

(GMH-Me-02, MSH-KAP-01, -08, -012, T-N-01) having perfect corrosion layer fall 

in good quality steel category being in the range of 0.007 – 0.052% (Figure 5.3). The 

other six objects having perfect corrosion layer have phosphorous content higher 

than that value (0.126% - 0.262%). Seven objects with medium and thick corrosion  

layer have phosphorous content being in the range of 0.007% - 0.282%. Three 

objects having imperfect corrosion layer have phosphorous content being 0.243% 

and 0.282%.  

When the perfect corrosion layer is considered, objects having phosphorous content 

below 0.05% falls in this category as well as the ones with higher than that value 

being up to 0.241%. The objects with the imperfect corrosion layer have high 

phosphorous content above 0.241% up to 0.282%.  

 

Figure 5. 3 Relationship between ICL thickness and phosphorous (P) content of the 
objects from the 15th, 16th and 19th centuries. “*” indicates the objects with medium 
perfect corrosion layer. “**” indicates the objects with imperfect corrosion layer. 
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Sulfur content: Amount of sulfur is an important parameter in relation to the 

weathering performance of the iron. High sulfur content causes brittleness in steel. 

Sulfur in good quality steel is generally kept below 0.05%, preferably, between 

0.02% and 0.035 % (Yıldız, 2010). It combines with iron to form FeS which is a 

low-temperature melting alloy and tends to concentrate at grain boundaries (Singh 

2016). Today, it is added to the steel composition up to 0.35% to improve its 

machinability but decreases the resistance against corrosion (Singh, 2016).  

 

Sulfur content of nine objects (GMH-Me-02, MSH-KAP-01, -03, -08, -12, FKM-03, 

-04, -05, T-N-01) having perfect corrosion layer fall in the range of good quality 

steel being between 0.009 – 0.047% (Figure 5.4). The two objects (FKM-02 and 

FKM-08) having perfect corrosion layer has steel content higher than that value 

(0.077%-0.203%). In total, nine objects have sulfur content less than 0.05% which 

is a threshold value for good quality steel category, one object (T-D-01) has the 

lowest sulfur content (0.004%) but it falls in the medium perfect corrosion layer 

group. This sulfur value (0.004%) is below the minimum value of good quality steel 

range. Two objects (MSH-KAP-07 and FKM-07) with medium perfect corrosion 

layer have sulfur content above the threshold value being in the range of 0.052% - 

0.06%. Both are above 0.05% which may be proposed as upper limit for a good 

quality steel. Three objects (MSH-KAP-02, FKM-01 and FKM-11) having imperfect 

corrosion layer have sulfur content higher than upper limit being 0.075%, 0.01% and 

0.099% respectively.  It is observed that the objects having sulfur content within 

good quality steel range (0.02%-0.05% S) have perfect goethite layer formation. 

Although FKM-02 and FKM-08 have high sulfur content (0.077% and 0.203%), they 

also have a perfect goethite layer formation.  
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Figure 5. 4 Relationship between ICL thickness and sulfur content of the objects 
from the 15th, 16th and 19th centuries. “*” indicates the objects with medium perfect 
corrosion layer. “**” indicates the objects with imperfect corrosion layer. 
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making the low carbon steel harder (Figure 5.6). On the other hand, no direct 

relationship between the manganese content and the formation of goethite layer was 

found.   

 

 

 

Figure 5. 5 Relationship between ICL thickness and manganese (Mn) content of the 
objects from the 15th, 16th and 19th centuries. “*” indicates the objects with medium 
perfect corrosion layer. “**” indicates the objects with imperfect corrosion layer. 
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Figure 5. 6 Relationship between manganese (Mn) content and hardness of the 
objects from the 15th, 16th and 19th centuries. “*” indicates the objects with medium 
perfect corrosion layer. “**” indicates the objects with imperfect corrosion layer. 
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11) having the thickest imperfect corrosion layer has the highest magnesium content 

being 0.0345%. In this study, it is observed that when magnesium content of perfect, 

medium and imperfect protective corrosion layers is considered, the objects having 

low magnesium content have better formation of protective corrosion layer in low 

carbon steels.   

 

 
 

Figure 5. 7 Relationship between ICL thickness and magnesium (Mg) content of the 
objects from the 15th, 16th and 19th centuries. “*” indicates the objects with medium 
perfect corrosion layer. “**” indicates the objects with imperfect corrosion layer. 
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compositions of the objects does not show its contribution to the corrosion resistance 

of the objects.  

As a result, aluminum content of perfect, medium and imperfect corrosion layers is 

considered, there is seen that there is no direct relationship for the formation of 

protective corrosion layer for carbon steels with aluminum content being max. 

0.049%.  

 

 

Figure 5. 8 Relationship between ICL thickness and aluminum (Al) content for 
objects from the 15th, 16th and 19th centuries. “*” indicates the objects with medium 
perfect corrosion layer. “**” indicates the objects with imperfect corrosion layer. 
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of 0.010% - 0.150%. Two objects (FKM-02 and -08) with perfect corrosion layer 

having considerably high chromium content (0.129 and 0.104) have the lowest 

amount of nickel being 0.001% and 0.006% respectively. Four objects having 

medium perfect corrosion layer have considerable amounts of nickel in the range of 

0.012% -0.129%. While one of them has lowest chromium being 0.001%, the other 

three have chromium in the range of 0.148% - 0.38%. Three objects having imperfect 

corrosion layer have the lowest amount of nickel being 0.001% for two of them and 

one having 0.013% whereas they have considerable amount of chromium. The 

positive effect of nickel content is observed at their low percentages being around 

0,014% with no presence of chromium. On the other hand, the role of chromium 

content without the presence of nickel does not show important contribution on the 

perfect corrosion layer unless it is present at considerable amounts (0.104%) as in 

the object FKM-08. On the contrary, even if there is no nickel in the composition of 

the body, samples having lower and higher content of chromium that critical value 

have thick corrosion layer in the ICL (Figure 5.9).    

 

Figure 5. 9 Relationship between ICL, chromium (Cr) and nickel (Ni) contents of 
the objects from the 15th, 16th and 19th centuries. “*” indicates the objects with 
medium perfect corrosion layer. “**” indicates the objects with imperfect corrosion 
layer. 
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Mn and P contents:  Considering the quality of the corrosion layer formation, 

samples having perfect corrosion layer have manganese concentration below 0.80% 

and phosphorous below 0,25% (Figure 5.10). Their hardness is in the soft range. The 

manganese is an element that is thought to increase hardness of the soft steels above 

0.80% (Singh 2016) in agreement with this study. For the phosphorous, the although 

in the good quality steel the accepted value is below 0.05%, the objects with perfect 

corrosion layer have phosphorous content up to 0.24% which is a level that is thought 

to decrease ductility. In this study, it is seen that although the phosphorous content 

is above the threshold value (0.05%) for good quality steel, it doesn’t seem to affect 

the ductility and the corrosion performance up to 0.24% which is the limit found for 

the objects with perfect corrosion layer.         

When both phosphorous and manganese contents of perfect, medium and imperfect 

corrosion layers are considered, it is seen that there is a direct relationship between 

the formation of protective corrosion layer and these two elements in carbon steels 

with the newly found threshold values. They are successively below 0.80% for 

manganese and below 0.24% for phosphorous. Those two elements, do they 

complement each other that is when one of them is in low quantity the other one 

compensates it with its higher value?    

Mn and S contents: SEM-EDX analyses of the metal bodies shows the existence of 

sword shaped manganese sulfide (MnS) locations. Their abundance depends on the 

amount of manganese and sulfur in the composition. Amount of sulfur is an 

important parameter in relation to the weathering performance of the iron and in 

good quality steel, it is generally kept below 0.05%.  It is observed that the objects 

having sulfur content within good quality steel range (0.02%-0.05% S) have perfect 

corrosion layer formation except the nail (FKM-02) (Figure 5.11). Although FKM-

02 has higher sulfur content (0.077%) than the limit, it also has a perfect corrosion 

layer formation which may be due to the very low manganese content and as a result 

few sword-shaped manganese sulfides (MnS) in the body of the object (FKM-02). 

High sulfur is expected to cause cracking and decrease corrosion resistance. How the 

prevention of that drawback by sulfur may happen will further be discussed in 
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relation to metallographic properties of the object and some probable inclusions that 

may exist in the metal body such as Ca and Al. If the Ca/S ratio is around the 

stochiometric ratio, the formation of CaS inclusions with proper morphology that 

eliminate crack initiation is probable (Moon et al, 2013, Wang et al, 2019). The role 

of aluminum in that process may also be possible (3CaO+2[Al]+3[S]=3CaS+Al2O3) 

(Xu et al, 2016). Sulfur and aluminum contents may reveal the content of calcium 

that cannot be detected by the elemental analysis of this study.      

The object (T-D-01) having medium corrosion layer has both very low Mn and S but 

it has higher P content than the accepted range in good quality steel composition.  

Do manganese and sulfur have influence on the formation of perfect corrosion layer? 

Although all the objects having perfect corrosion layer, they have manganese and 

sulfur contents below the threshold value. Investigations of CaS and Al2O3 

inclusions needs to be further studied. 

 Mg and Si contents: When magnesium (Mg) contents of the samples are 

compared, objects have magnesium content ranging from 0.000% to 0.0345% while 

silicon contents of the samples are ranging between 0.003% to 0.571% (Figure 5.12). 

The lowest amount of magnesium (0.000%) belongs to a nail from a dome (MSH-

KAP-01) having the perfect corrosion layer and the highest amount of (0.0345%) 

belongs to a nail from 19th century (FKM-11) having the imperfect corrosion layer. 

The lowest amount of silicon (0.003%) belongs to an object from 15th century 

hammam building (GMH-Me-02) having the perfect corrosion layer and the highest 

amount of silicon (0.571%) belongs to a nail from 16th century (MSH-KAP-07) 

having the medium perfect corrosion layer. The results do not show any relationship 

with corrosion layer formation. However, the presence of those two elements may 

be related with the metallurgical process and/or raw materials’ characteristics.   

Al and Si contents: All iron objects have very low aluminum and silicon contents 

in their composition ranging between 0.001 to 0.034% being less than 1% for 

aluminum and 0.003% to 0.571% for silicon (Figure 5.13).  Fe-Al-Si alloys are 

known to develop a protective aluminum oxide layer with a silicon oxide layer below 
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it with almost no iron oxide corrosion layer (Novak et al, 2019). In our case with low 

alloy carbon steels, presence of minor amounts of Al and Si may still play some role 

in inhibition of oxidation and/or formation of protective corrosion layer. When the 

possibility of their influence on inhibition of oxide layer formation is considered, 

following observation is made: The objects (MSH-KAP-03, FKM-02 and T-N-01) 

with perfect corrosion layer and having relatively considerable amounts of Al and Si 

in their composition may have benefited from their presence.   

The objects (MSH-KAP-01 and MSH-KAP-12) from 16th century having perfect 

corrosion layer formation have similar silicon content with almost no magnesium 

and aluminum in their composition. Such a resemblance should also be further 

investigated in terms of their similar source together with other compositional 

properties as well as metallurgical properties. 

The manganese content and fraction of pearlite do not seem to influence corrosion 

layer formation while they have some influence on hardness. On the other hand, 

phosphorous content has an influence on hardness after a certain threshold (0.25%). 

Although sulfur and manganese may be abundant in the composition and hardness 

is expected to be high, that may not be the case since some other formations such as 

CaS2 and MnS spheres in the microstructure seen in SEM-EDX may prevent the 

increase on hardness.  

5.2.2 Cross examination of Data Multiple Factors Effecting Formation of 

Goethite Layer  

After assessment of minor elements contribution to the perfect protective layer, in 

this section, results of analyses on the metallurgical properties of iron objects in 

terms of microstructure, hardness and elemental composition are interpreted and 

discussed. In addition, compositional properties are compared with todays’ steel 

(e.g., weathering steel). The objects are classified in to three categories in terms of 

their hardness values as soft being up to 150 HB, medium hard between 150 to 250 

HB and hard above 250 HB (Figure 5.16).  
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Figure 5. 10 The average hardness classification of the 26 objects from the 15th, 16th 
and 19th centuries: soft (up to 150 HB), medium hard (151-250 HB) and hard (>251 
HB).  
 
 
There is no direct relationship with corrosion layer formation and hardness of the 

objects as seen in the Figure 5.11. However, the results show that Brinell hardness 

values in the soft range are related with the ferritic structure. The objects with the 

perfect corrosion layer formation have hardness in the soft and medium range (91 

HB to 219 HB) while the object having the thickest corrosion layer formation (FKM-

11) has the hardness in the soft range (117 HB). The hardest object (MSH-KAP-07) 

with the hardness value 281 HB has the medium perfect corrosion layer formation.  
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Figure 5. 11 Comparison of hardness and corrosion layer thickness of the objects. 
 

 

Figure 5. 12 Comparison between hardness and microstructure (in terms of total 
ferrite and fraction of pearlite contents) of the objects from the 15th, 16th and 19th 
centuries to investigate the effect on the formation of perfect corrosion layer. 
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Observations of the corrosion layers show that the iron samples from the exterior of 

the hammam exposed to atmospheric conditions have a compact corrosion layer 

where inner corrosion layer (ICL) and transported media (TM) are well observed. 

The corrosion layers of iron samples from interiors, despite being compact, include 

some areas with cracks and pores. The effect of microstructure and hardness values 

of the objects on the formation of perfect corrosion layers are evaluated in figure 

5.12. Eleven objects (GMH-Me-02, MSH-KAP-01, 02, -03, -08 and -12, FKM-02, -

03, -04, -08, T-N-01) with perfect corrosion layer formation have mainly ferritic 

structure ranging between 98% to 100% with visible ferrite grain boundaries having 

ferrite grain size between 25-60 µm. Their hardness value ranging from the 91-219 

HB. Four objects having medium perfect corrosion layer have ferritic structure 

ranging between 94% to 100% with visible ferrite grain boundaries having ferrite 

grain size between 10-120 µm. Their hardness value ranging from 129 HB to 281 

HB. MSH-KAP-07 is in the hard category being 281 HB. MSH-KAP-07 has the 

highest amount of pearlite within the 16th century samples. Possibly, repair material 

dating from recent times. Three objects having imperfect corrosion layer have ferritic 

structure ranging between 0% to 100% with visible ferrite grain boundaries having 

ferrite grain size between 100-155 µm. Their hardness value ranging from 117 HB 

to 160 HB. 

A nail and a door lock piece (T-N-01 and T-D-01 respectively) from the dwelling in 

Tekkeköy, Samsun, have 98.4% - 96% total ferrite and 14.9% - 36% pearlite 

respectively. The hardness values of Tekkekoy iron samples are in medium hard and 

very hard range (from 202 HB to 290 HB). Possibly repair material dating from 

recent time.  

The objects having perfect corrosion layer has fine grains with maximum 60 µm 

while the imperfect ones have the grain size above 100 µm.  The pearlitic structure 

may be related to the heat and the way of processing (production technology).  

When compared to two nails having perfect corrosion layer collected from the same 

location, there are some differences observed in terms of ferrite grain size, hardness 
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and compositional properties. The nail (MSH-KAP-01) with lower ICL thickness 

(50 µm) has lower hardness with smaller ferrite grains having manganese (Mn) and 

carbon (C) being higher than the nail (MSH-KAP-03). The nail (MSH-KAP-03) with 

respectively higher ICL thickness (100 µm) has hardness value within medium 

hardness range with coarse ferrite grain size having silicon (Si) and phosphorous (P) 

being more than the other nail (MSH-KAP-01). 
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CHAPTER 6  

CONCLUSION 

The study on the historical iron objects gives the opportunity to discover the reasons 

of the long-term durability related to the technological properties of those materials. 

The long-term corrosion characteristics of the Ottoman period low alloy steels, 

mainly as low carbon steels, were not well-known. In this thesis, corrosion layers of 

the 15th, 16th and 19th century low alloy steel objects were studied mainly by µ-

Raman analysis and supported by stereo and digital microscopes, SEM-EDX, XRD 

and FTIR analysis.  

All iron objects examined have corrosion layers on their surface where the corrosion 

products are mainly goethite and rarely hematite formed in open air environments 

namely urban, rural (interior, exterior) and burial environment. Neither rural / urban 

atmosphere nor outdoor / indoor conditions don’t seem to play any important role in 

the formation of perfect corrosion layers on the iron objects which were around 600 

years old and some around 150 years old. Majority of those objects have perfect 

corrosion layers that must have formed in the relatively early life of the objects and 

played their protective role since then. The outdoor objects which were mainly nails 

reflect the history of corrosion in more continuous way. 

The objects which had perfect, medium and imperfect protective layers, had nano-

sized goethite particles and were free of impurities. In the perfect protective layers, 

goethite crystallites were in the finer range, the average size being around 20 nm 

whereas the imperfect layers had the average particle size higher than the perfect 

ones being around 34 nm. The medium perfect layers had the average goethite 

particle size around 25 nm, in between the perfect and imperfect corrosion layers as 

estimated by the XRD FWHM measurements. The perfect corrosion layers have 
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finer nano-sized particles and appear to have good crystallinity revealed by their 

FTIR peaks. The good crystallinity in nano size particles is thought to be an 

indication of good stability for goethite in comparison to its amorphous state. 

Protective ability of corrosion layers can be expressed with their PAI values. If PAI 

value is equal or greater than 1, protective function starts, if it is equal or greater than 

2, protective function is more efficient and the corrosion layer becomes a stable 

phase (Kamimura et al, 2006). The PAI values being lower than 1 calculated for a 

15th century sample and a 19th century sample are quite different than their 

contemporary objects. The reason for those differences may be due to their 

installation as new objects at later periods. All other objects have the PAI values 

equal or greater than 1 indicating full protective function of corrosion layers and the 

layers formed stable phase. The PAI value calculations can also help to prove the 

authenticity of the objects together with the morphology of the corrosion layers. The 

objects in buried condition from the 19th century have high PAI values indicating the 

high protective ability of corrosion layer formed on the objects in burial condition. 

The surface soil in the archaeological site of Foça seems to be suitable for formation 

of stable phase with its well aerated and compositional properties formed mainly 

from weathering of ignimbrite (tuff) formations in the area. 

The dominance of hydrated iron (III) oxide or oxyhydroxide compounds together 

with goethite phase with variable crystallinity observed from FTIR analysis, and the 

marbling texture of the corrosion layers revealed by SEM may be the indication of 

electrochemically reactive environment with many wet - dry cycles experienced by 

the object. The protective goethite phases including a reactive lepidocrocite phase 

towards TM indicate the importance of wet - dry cycles helping the growth of a 

protective corrosion layer towards TM. 

The objects embedded in timber have developed protective layers composed of 

wustite and hematite reflecting an environment with organic acids and natural resins.  
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In this study, the goethite formation occurs down to much finer particle sizes on the 

examined historical iron objects being in the range of 5 to 35 nm. Nano-sized 

goethite appears to have band gap values in the range of 3.1-2.5 eV and that values 

are relatively larger than the band gap of hematite at around the same size range 

(Zhang et al, 2011). It seems that the protective ability of the corrosion layer is 

closely related with fine size of goethite particles and its compactness. Iron is a well-

known ferromagnetic metal and the iron objects can be considered as permanent 

magnets that have influence on the super-paramagnetic nano-sized goethite particles. 

The iron object itself may help to the compactness of nano-sized goethite particles 

formed on its surface. 

The presence of relatively unstable oxides or oxyhydroxides in the layer do not have 

much influence on the protective ability of the corrosion layer. However, those oxide 

or oxyhydroxides may lead to the further formation of fine nano particles and 

incorporate in the compact layer during repeated wet – dry cycles.   

This study concludes that finer the particle size, sharper the FTIR peak intensities 

showing higher crystallinity of goethite and its compactness are the main 

qualifications of perfect protective corrosion layers. 

It is also possible to describe the goethite formation environment from the combined 

results of this study. There is always calcite available in the corrosion environment. 

Therefore, the pH of water in equilibrium with air and in equilibrium with calcareous 

materials like mortars and plasters is most likely to be around 7.8 (Busenberg and 

Plummer, 1986). The historical iron objects in open atmospheric conditions having 

wet-dry cycles most likely experience those conditions that lead to the goethite 

formation mechanisms.  

The corrosion rates of the 15th, 16th and 19th century objects are much lower than the 

corrosion rates of today’s low alloy steel (Kamimura et al 2006). The 16th century 

objects have the average corrosion rate of 0,76 µm/y while the 19th century ones 

being around 1,33 µm/y.  The corrosion rate of weathering steel is about 6 µm/y 

(Yamashita et al, 2004). The average corrosion rate of low alloy steel in urban 
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atmospheric conditions is expected to be 2.29 µm/y (Doruk, 2014). The door lock 

piece of 15th century hammam, which is assumed to be a replacement object during 

a relatively recent restoration, exhibits a similar corrosion rate (2.5 µm/y) expected 

from low alloy steel in coastal urban atmosphere.  

Contribution of the minor elements in the composition and the microstructure of low 

alloy steel is of importance in the formation of perfect corrosion layer. It seems that 

the objects having perfect corrosion layer have rather low silicon content, the upper 

limit being 0.226% being as in low carbon steel grade. Objects with perfect corrosion 

layer have phosphorous content below 0.05% as well as the ones with higher than 

that value being up to 0.241%. The objects with the imperfect corrosion layer have 

high phosphorous content above 0.241% up to 0.282%. It is seen that although the 

phosphorous content of historical objects is above the threshold value (0.05%) of 

today’s good quality steel, it doesn’t seem to affect the ductility and the corrosion 

performance of the historical object up to 0.24% which is the limit found for the 

objects with perfect corrosion layer. The manganese content above 0.80% is known 

to have influence on hardness by making the low carbon steel harder. In this study, 

that threshold exist and it has influence on hardness but there is no direct relationship 

between the manganese content and the formation of corrosion layer.  All samples 

have low magnesium content ranging from 0.000% to 0.0345%. The objects having 

relatively lower magnesium content have better formation of protective corrosion 

layer observed in the historical low carbon steels. There is no direct relationship with 

the aluminum content and the formation of protective corrosion layer for the samples 

studied. The role of chromium content without the presence of nickel does not show 

important contribution on the perfect corrosion layer unless it is present at 

considerable amounts (0.104%).    

The objects with perfect corrosion layer and having relatively considerable amounts 

of Al and Si in their composition may have benefited from their presence.  

Some minor elements are found to have influence on hardness. However, there is no 

direct relationship with corrosion layer formation and hardness of the objects. 
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Manganese content and fraction of pearlite have some influence on hardness. 

Phosphorous content has an influence on hardness after a certain threshold (0.25%). 

Although sulfur and manganese are abundant in the composition of some objects, 

their hardness is not high, that may be due to formation of CaS2 and MnS particles 

in the microstructure observed by SEM-EDX and those formations may prevent the 

increase on hardness.  

The microstructural properties of the historical objects seem to have some influence 

on perfect corrosion layer formation. The objects having perfect corrosion layer has 

fine grains maximum size being 60 µm while the imperfect ones have the grains 

above 100 µm size.  The pearlitic structure may be related to the heat and the way of 

processing (production technology).  

The comparison of two nails from the same location, both having perfect corrosion 

layer, show some differences in their microstructure with ferrite grains, hardness and 

compositional properties. The object with lower corrosion layer thickness (50 µm) 

has lower hardness and it has smaller ferrite grains with manganese (Mn) and carbon 

(C) being higher than the other object with higher corrosion layer thickness (100 

µm). The object having corrosion layer thickness (100 µm) has silicon (Si) and 

phosphorous (P) contents higher than the nail with lower thickness (50 µm). 

The presence of goethite as the main protective corrosion layer on the historical iron 

object was investigated in terms of its formation and morphology in detail. The 

importance of nano-sized goethite acting as a protective corrosion layer needs to be 

further studied.  

6.1 Future Studies 

In this study, specifications of perfect corrosion layer composed of mainly goethite 

is rather well described in terms of its compact morphology, good crystallinity and 

finer nano particle size. Further study is needed on the proptective goethite layers to 
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investigate in more detail their morphology and particle size by SEM-EDX. The 

possibilities for the artificial formation of such a layer can be further investigated.  

Fine ferritic structure seems to support perfect corrosion layer formation. The 

importance of elemental composition that lead to fine ferritic structure will be further 

investigated on the historical samples by detailed elemental analysis of their metal 

body in relation to the microstructure.  

The current production of ductile iron pipes used for potable water transmission lines 

are lined with cement mortar internally to prevent their corrosion. This study inspires 

that  the formation of protective goethite layer for the contemporary ductile iron 

surfaces can be a better choice and environmentally friendly. In potable water 

transmission lines, pH is around 7-8 which is a good initial condition for goethite 

formation.  
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