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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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Demir objeler üzerinde atmosferik koĸullarda oluĸan korozyon tabakalarēnēn ve bu 

tabakalarēn i­eriĵindeki demir oksit fazlarēnēn tanēmlanma araĸtērmalarē, demir 

ürünlerinin korozyon direncinin uzun bir zaman dilimi için saĵlanmasēnda ve ayrēca 

demir eserlerin bakēm ve koruma iĸlemlerine yönelik ilerlemeler konusundaki 

­alēĸmalarda ºnem taĸēmaktadēr. 

Osmanlē dºnemi tarihi yapēlarēnda bulunan demir aksamlarēn, uzun süreli atmosferik 

koĸullara maruz kalmalarēna raĵmen gºrsel olarak olduk­a iyi durumda olduklarē 

izlenmektedir. Bu ­alēĸmanēn amacē, bazē Osmanlē dºnemi tarihi yapēlarēnda 

kullanēlan demir aksamlarēn metalürjik ve korozyon ºzelliklerini araĸtērmak, 

teknolojik ve korozyon ºzellikleri hakkēnda bilgi edinmektir. 

Bu ­alēĸmada, Klasik Dºnemi temsil eden hamam yapēlarēndan (~1450 yēlēnda 

yapēlan Gazi Mihal Hamamē ve ~1580 yēlēnda yapēlan Kēlē­ Ali Paĸa Hamamē) alēnan 

bazē demir objeler ile ge­ Osmanlē dºnemini (19. yy) temsil eden, Fo­a, Ķzmir ve 

Samsun, Tekkekºy'deki bazē tarihi konutlarda kullanēlmēĸ olan ­eĸitli demir parçalar 

incelenmiĸtir. 
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Eserlerin metalurjik özellikleri, Brinell sertlik deĵerleri, emisyon spektrometrisi ile 

belirlenen elementel bileĸimleri, metalografik mikroskop ve dijital mikroskop 

kullanēlarak ana metal gºvdelerinin mikro yapē tespit ­alēĸmalarē ile araĸtērēlmēĸtēr. 

Korozyon tabakalarē, parlatēlmēĸ ve daĵlanmēĸ kesitlerde µ-Raman spektrometresi 

ve SEM-EDX kullanēlarak incelenmiĸtir. Korozyon tabakalarēndan kazēnan toz 

numuneler ise XRD ve FTIR analizleri ile incelenmiĸtir. 

A­ēk hava ortamlarēnda bulunan tüm demir objelerin yüzeylerindeki korozyon 

tabakasēnēn hemen her zaman götit ve nadiren hematit bileĸiminde olduĵu 

gºr¿lm¿ĸt¿r. Demir objelerin ¿zerinde gºtit oluĸumu i­in gereken ĸartlar, 

tekrarlanan ēslak-kuru döngüler ile a­ēk hava atmosferik koĸullarēnda ve pH 7-8 

civarēnda saĵlanabilmektedir. Demir objelerin üzerindeki korozyon tabakalarē ayrēca 

kalēnlēk ve doluluk durumuna göre mükemmel, orta ve bozuk gºtit tabakalarē olarak 

sēnēflandērēlmēĸtēr. M¿kemmel gºtit tabakalarē ­oĵunlukla iyi kristal yapēya sahip 

olup, nano boyutlu gºtit par­acēklarēndan oluĸmakta ve safsēzlēk i­ermemektedir. 

Amorf gºtit par­acēklarē ile karĸēlaĸtērēldēĵēnda m¿kemmel gºtit tabakalarēnēn i­eriĵi 

daha dengelidir. Gºtit tabakasēnēn koruyucu ºzelliĵi, gºtit par­acēklarēnēn ince 

boyutu ve doluluk durumu ile yakēndan iliĸkilidir. Ayrēca, nano boyutlu götit 

par­acēklarēnēn, s¿per paramanyetik ºzelliĵe sahip olmalarē, demir obje üzerindeki 

gºtit tabakasēnēn doluluk durumunu destekleyen diĵer bir parametredir. 

Demir objelerin mikroyapēsal ºzelliklerinin, m¿kemmel gºtit tabakasē oluĸumu 

üzerinde de etkisi olduĵu gºr¿lmektedir. M¿kemmel gºtit katmanlarēna sahip 

objelerin daha küçük boyutta ferrit tanelerinden oluĸtuĵu gºr¿lmektedir. ¢alēĸmada 

ayrēca, objelerin bileĸiminde bulunan mangan, karbon, silikon fosfor, kükürt, krom 

ve nikel gibi bazē elementlerin koruyucu gºtit tabakasēnēn oluĸumundaki etkileri de 

tartēĸēlmēĸtēr.  

 

Anahtar Kelimeler: Tarihi Demir, Korozyon Ürünleri, Gºtit Oluĸumu, Mikroyapē, 

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 materialsô 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 todayôs 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 Kēlē­ Ali Paĸa 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 ï 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 ñironò 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 componentsô 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 

(S¿leymaniye Cami ve Ķmareti) (¢elik, 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 todayôs 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 todayôs 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 ɛ-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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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): 

Å Non-structural iron elements 

Å Structural iron elements 
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Non-structural iron elements are window railings with/without balls (lokmalē / 

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

oldest example being a fountain made/built for Nakĸidil 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 (zēvana), tie-

rods (gergiler), auxiliary beams (yardēmcē kiriĸler), transition elements (ge­iĸ 

ögeleri), jointing elements (baĵlantē ºgeleri), load bearing columns (taĸēyēcē 

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

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

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

frameworks in domes, infrastructure collar beams (altyapē kuĸaklamalarē) and 

roofing collar beams (ºrt¿ kuĸaklamalarē) (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 (Danēĸman 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 (Danēĸman 2007).  

During Mehmed IIôs 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 1540ôs and 1550ôs 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 Kērklareli and 

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

Samakov, Filibe and Tatarpazarē), Yugoslavia (Eĵri Palanga and Kratova) and 

Kērklareli (Demirkºy) - 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).   
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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 1700ôs is 

ñTarih-i Cami-i ķerif-i Nur-i Osmaniò written by Ahmed Efendi (¢elik, 2009). In 

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

ñS¿leymaniye Cami ve Ķmareti Ķnĸaatēò (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. Erdoĵan (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 Kiĵi in 

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

Gerecgan (Kockēran) in Van province and Divriĵi (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 Kiĵi in 

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

In the 16th century, there were 67 iron bloomeries (demir ergitme ocaĵē) 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 Niĸ 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 Eĵripalanga 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 sēzdērma (drain steel-akētma ­eliĵi), ­elik-i frengi 

(European steel-Avrupa ­eliĵi), kiriĸ-i kubbe (dome beam- kubbe kiriĸi), kiriĸ-i 

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

kened-i frengi (European clamp- Avrupa kenedi), mismar-ē saĵēĸ (small nails-küçük 

çivi), mismar-ē ­ēbuk (timber nails-ahĸap ­ivisi), etc. (Tanyeli 1990, ¢elik 2009).  

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

by Samakov. ¢elikôs 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 1370ôs 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 (Inalcēk, 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 



 

 

16 

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 (Demirkºy) which is in present Kērklareli. 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 (Daniĸman 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 (Danēĸman, 
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2007, Danēĸman, et. al. 2006, Daniĸman 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 (Danēĸman, 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 (Danēĸman, 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 ï Divriĵi, Bingºl (Avnik 

Mines), Erzincan, Malatya, Kayseri, Kesikkºpr¿, Balēkesir and Adapazarē (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 Divriĵi - 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 - ¢amdaĵ; Payas; Ķ­el; Bitlis - Meĸes¿r¿ - ¥k¿zyataĵē; 

Adēyaman - Çelikhan - Bulam; Kahraman Maraĸ - Beritdaĵē and Yozgat - Sarēkaya, 

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

impurities they contain. 

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

magnetite ores are processed there. Divriĵi 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 

(Ŭ-FeOOH.2H2O), goethite (Ŭ-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 Europeôs first-ranked and worldôs 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 worldôs 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 Divriĵi - Malatya Region Mainly: hematite and magnetite1 

Kayseri - Adana Region  Mainly: hematite, goethite and siderite with 

some siderite, pyrite, limonite2 

Ankara - Kērĸehir Region Mainly: magnetite and pyrite with hematite, 

goethite, chalcopyrite and marcasite3 

Ķ­el 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 - ¢amdaĵ Region Mainly: hematite, chamosite, siderite7,  

Çanakkale - Balēkesir Region Mainly: hematite,8,9, magnetite, pyrite and 

chalcopyrite9 

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

ilmenite, limonite10 

Aydēn - Ķzmir Region Mainly: hematite, magnetite with limonite and 

pyrite11 

Kērklareli Demirkºy Region Mainly: hematite and magnetite together with 

goethite-limonite12  

Sources: 1Yēldēz, 2010, 2Tiringa, et al, 2009, 3Koç, et al, 2008, 4Arēkan, 1969, 5Koç, 

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

10Cengiz, 2018, 11¥ztunalē, 1965, 12Tiringa, et al, 2019. 
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Figure 2. 3 Important iron ore deposits in Turkey  

(Source: http://www.haritaburada.com/turkiye-haritalari/turkiye-demir-madeni-

yataklari-haritasi/)  
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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, Yal­ēn, 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 1500ôs, two types of 

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

furnaces (yüksek fērēn) 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 ï 

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

Yal­ēn (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 (Yal­ēn, 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, Yal­ēn, 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 Kērklareli - Demirköy foundries 

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

Ozbal 2010, Danēĸman and Ozbal, 2010). The excavations in Demirkºy 

(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 (Danēĸman et al, 2006, 

Danēĸman 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 (Danēĸman et al, 

2006, Danēĸman 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 (Danēĸman et al, 2007, Ozbal et al, 2008, Ozbal 

2010, Danēĸman 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 (Danēĸman 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, Danēĸman 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 (Danēĸman et al, 2007, Ozbal 2010). 

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

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

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

being ñdense, gray slagò composed of w¿stite with some fayalite, the other as ñiron-

rich slagò having higher iron oxide content with high magnetic property (Danēĸman 

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 (zēvana), a repair bracing (onarēm kuĸaklamasē) and window 

railing balls (pencere parmaklēk 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 Kiĵi mine (Erzurum) between 

the 17th and the 19th centuries (Baĸ, 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 

ñcokeò 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 

Tēbbiye in Haydarpaĸa (Istanbul), and the hypocaust flooring of the Hammam in the 

Mekteb-i Tēbbiye. 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 

(Seyitdanlēoĵlu 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 (Seyitdanlēoĵlu 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 ñindustrial zoneò was first established in 

Zeytinburnu (Ķstanbul) 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. (Seyitdanlēoĵlu 2009). The second ñindustrial 

zoneò was built in Bakērkºy (Istanbul) where an iron workshop with two furnaces 

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

(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 (Kērklareli). 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 

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

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

limonite (Ŭ-FeOOH.2H2O), goethite (Ŭ-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 (Ŭ-Fe2O3), goethite (Ŭ-FeOOH), lepidocrocite (ɔ-FeOOH), 

maghemite (ɔ-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 ɋ-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 ɋ-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 ña double layerò. 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 ñthe slip surfaceò. 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 ñthe zeta potentialò, 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 (ȹHÁ) 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 (ȹHÁ), Gibbôs energy of formation (ȹGÁ), 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 



 

 

33 

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 (ɔ-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 (ŭ-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 Ŭ-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 1ɔ-Fe2O3 

70% 

15.2 1539 - 

1565 

1,4 6.0 

 

 

1,4Dark brown, 
4reddish-

brown, 
14blueish-

black 

8Strongly 

magnetic, 

Ferrimag 

netic 

Goethite  1Ŭ-FeOOH 

60-63% 

14.1 
124.3  

 

5350 

 

 

15.0-5.5  1Brown,  

reddish brown, 

brownish 

yellow,  

ocher yellow 

7,9Antiferro

-magnetic 

 

Lepidocrocite 1ɔ-FeOOH 

62.85% 

13.9 
44.5-

4.1 

 45.0 1Red, 

yellowish 

brown, 

blackish 

brown 

7,9Antiferro

-magnetic 

Ferrihydrite 1Fe2O3Å0.5H2O 

%66.21 
4Fe10O14(OH)2 

13.8 
44.0 

  1,4Yellow 

brown, dark 

brown 

7Superpara

-magnetic 

Feroxyhyte 1ŭ-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) ï 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
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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).  (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 1ɓ-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) ï 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 (ȹHÁ), Gibbôs energy of formation 

(ȹGÁ), standard molar entropy (SÁ) and molar heat capacity (Cp) at 298.15 K. 

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

formation (ȹHÁ) -1115.7 kJ/mol and Gibbôs energy of formation (ȹGÁ) -1012.6 

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

Schwertmann, 2003). Goethite has ȹHÁ value of -559.3 kJ/mol and ȹGÁ 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 
ȹfH  ̄

kJ/mol 

ȹfG  ̄

kJ/mol 

S̄  

kJ/mol K 

Cp  

kJ/mol 

K 

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

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

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

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

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

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

Ferrihydrite 
5Fe2O3Å0.5H2O 
7Fe10O14(OH)2 

8-830.3 1 -699.0 8122.2 9 71.7 

Feroxyhyte ŭ-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) ï 2https://pubchem.ncbi.nlm.nih.gov/ - 
3Snow et al (2011) ï 4Majzlan et al (2008) ï 5www.webmineral.com - 6Robbie et al 

(1982) - 7https://www.mindat.org ï 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 gï1 (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 
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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 (Ŭ-FeOOH) to hematite and lepidocrocite (ɔ-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 (Ŭ-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 (ɔ-Fe2O3) and iii) transition of maghemite (ɔ -Fe2O3) to 

hematite (Ŭ-Fe2O3) (Gendler et al, 2005). The removal of OH groups (de-

hydroxylation) in lepidocrocite begins at 142ï155°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 35ï72 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 Ą Fe2+ + 2e-      (eq. 2.1) 

Fe2+ + 8FeOOH + 2e- Ą 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 Ą Fe2+ + 2e-      (eq. 2.6) 

1/2 O2 + H2O + 2e- Ą 2(OH)- (cathodic reaction) (eq. 2.7) 

Fe2+ + 2(OH)- Ą 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 Ą 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 Ŭ-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 = ɔ-Fe2O3 + Fe(OH)-3   (eq. 2.10) 

2Fe(OH)-3 + 1/2 O2 + 2H+ = 2Ŭ-FeOOH + 3H2O  (eq. 2.11) 

ɔ-Fe2O3 + 2OH- + 3H2O = 2Fe(OH)-4    (eq. 2.12) 

Fe(OH)-4 + H+ = Ŭ-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 FeCl3Ā6H2O 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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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 (Kēlē­ Ali Paĸa 

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 ï Kapēkule 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 Kēlē­ Ali Paĸa Hammam (Figure 3.2) were 

provided by the restorers during the restoration work performed at the Hammam. 

Kēlē­ Ali Paĸa Hammam was built between 1580-1587 by Mimar Sinan and is 

located in Tophane, Istanbul as a part of a Külliye Complex ï a mosque, a hammam, 

a türbe, a medrese and a fountain, following the order of Grand Admiral (Kapdan-ē 

Derya) Kēlē­ Ali Paĸa. The mentioned Paĸa had wanted the construction of a 

monument from Sinan to show his endurance against ñsea and timeò. The building 

is known as one of Sinanôs 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 Sinanôs Kēlē­ 

Ali Paĸa 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 Kēlē­ Ali Paĸa 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 (Aĸut, 2012). Although it 

was restored by Mualla Ey¿boĵlu Anhegger, a restoration architect, between 1961-

1971 (¢okuĵraĸ and Gen­er, 2018), the Hammam has been observed to be in a very 

deteriorated condition (Aĸut, 2012, Figure 3.1) whereas Kēlē­ Ali Paĸa Hammam has 

been recently restored and restarted to operate as a Hammam.    

As to the dwellings in Foça ï Ķzmir (Figure 3.3) and Tekkekoy ï 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 - Ķzmir and Tekkekºy - 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 ñmaterial at burial 

conditionsò 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 ï 

Me Metal ï 01 Sampleôs sequence number 

2 Kēlē­ Ali Paĸa 

Hammam 
MSH-KAP-001 

MSH indicating Mimar (Architect) Sinan 

who was the architect of the Hammam ï 

KAP indicating Kēlē­ Ali Paĸa, the name of 

the Hammam ï 001 Sampleôs sequence 

number. 

3 Foça 

Dwellings 
FKM-001 

FKM represents Foça Dwelling (Konut) 

Metal ï 001 Sampleôs sequence number. 

4 Tekkeköy 

dwellings  
T-N-001 

T-N signifies Tekkekºy Dwellingôs Nail ï 

001 Sampleôs sequence number 

5 Tekkeköy 

dwellings 
T-W-001 

T-W symbolize Tekkekºy Dwellingôs 

window metal ï 001 Sampleôs sequence 

number 

6 Tekkeköy 

dwellings 
T-D-001 

T-D means Tekkekºy Dwellingôs door 

metal ï 001 Sampleôs sequence number 

 

 

 



 

 

53 

 

 

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 Kēlē­ Ali Paĸa 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 Kēlē­ Ali Paĸa  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 
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(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 ï N ï 01 

Iron nail from 

timber column, 

outdoor  

 

35 T ï N ï 02 

Iron nail from 

main entrance 

door frame, 

indoor    

36 T ï N ï 03 

Iron nail from 

lath & plaster, 

outdoor  

37 T ï N ï 04 

Iron nail from 

door frame, 

indoor   

38 T ï N ï 05 

Iron nail from 

timber column, 

outdoor 

39 T ï N ï 06 

Iron nail from 

lath & plaster, 

outdoor 

40 T ï W ï 01 

Iron hinge pin 

from entrance 

hallôs left 

window, partially 

open to 

atmosphere 

41 T ï D ï 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 Materialôs Laboratory of Samsun Makina Sanayi A.ķ. 

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 materialôs 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 m-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 

ñMSQ 6.2.1 2003ò 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 materialsô 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 instrumentôs 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 ñMSQ 

6.2.1 2003ò 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 ñgray-spheroidalò. 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 400ï4000 

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 CuKὄ radiation, adjusted to 40kV, 

40mA.  The XRD traces were recorded at 2Q 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 "maghemiteò (g-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 ï rural environment (equation 1);  

 

‌
‎ὖὃὍ 

άὥίί ὪὶὥὧὸὭέὲ ‌ ὊὩὕὕὌ

άὥίί ὪὶὥὧὸὭέὲ ‎ ὊὩὕὕὌ ‍ ὊὩὕὕὌὊὩσὕτ
 

 

for urban ï industrial environment (equation 2);  

 

‌
‎ὖὃ

άὥίί ὪὶὥὧὸὭέὲ ‌ ὊὩὕὕὌ

άὥίί ὪὶὥὧὸὭέὲ ‎ ὊὩὕὕὌ ‍ ὊὩὕὕὌὊὩσὕτ ‌ ὊὩςὕσ
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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 

Ŭ*/ɔ*. 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):  

 

‌z
‎z ὖὃὍ 

άὥίί ὪὶὥὧὸὭέὲ ‌ ὊὩὕὕὌ ὊὩσὕτ

άὥίί ὪὶὥὧὸὭέὲ ‎ ὊὩὕὕὌ ‍ ὊὩὕὕὌ ‌ ὊὩςὕσ
  

 

 

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 Ŭò/ɔò, 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):  

 

‌ͼ
‎ͼὖὃὍ 

άὥίί ὪὶὥὧὸὭέὲ ὊὩσὕτ ὊὩὕ

άὥίί ὪὶὥὧὸὭέὲ ‎ ὊὩὕὕὌ ‍ ὊὩὕὕὌ ‌ ὊὩςὕσ
  

 

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 ï rural 

environment and with the second one for the urban ï industrial environment. For 

burial iron objects, Dillmannôs 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 objectsô 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 m-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 bodyôs 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, m-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 ñGazi Mihal Hamamēò, 

a 16th century monument, ñKēlē­ Ali Paĸa Hamamēò and some 19th century dwellings 

in Foça - Ķzmir and Tekkekoy - Samsun. 

Table 4. 1 Visual and dimensional characteristics of iron samples from Gazi Mihal 

Hamamē, 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 Kēlē­ Ali 

Paĸa 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 Kēlē­ Ali 

Paĸa 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 
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Table 4. 3 Visual and Dimensional characteristics of iron samples from Foça 

Dwellings, Foça ï 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 ï 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 houseôs fa­ade                                       

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 ï 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 



 

 

81 

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 ñplain carbon 

steelò 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 (Yēldēz, 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 (Yēldēz, 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 ñsoftò 

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 Kēlē­ Ali Paĸa 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 FeïAlïSi alloys is three to four orders lower than that of FeïAl and FeïSi 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 centuryôs 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.   
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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).  
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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 

bodyôs 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 

pitôs 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 bodyôs 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. 
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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). 

 

  



 

 

102 

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 



 

 

103 

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 ï 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 ï 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 ï 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 ï 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 ï medium 

hard 

MSH-KAP- 05 

Iron hinge, 

interior 

¶ 100% Ferritic structure 

¶ Ferrite grain boundaries are visible  

¶ Large amount of corrosion/ slag fragments 

180 ï 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 ï 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 ï 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 ï 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 ï 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 ï 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 ï 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 ï 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 ï 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 
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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 ï 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 sampleôs 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 ï medium 

hard 

T-N-05 

Iron nail, from 

timber column, 

exterior 

¶ Mostly pearlitic structure 

¶ Stressed structure 

¶ Possibly repair material dating from recent times 

210 ï 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 ï 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 ï 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 m-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 centuryôs 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 mm including 10 mm 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 mm 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 Kēlē­ Ali Paĸa 

Hamamē (MSH-KAP-03) has a well identified and compact corrosion layer with ICL 

thickness around 50-150 mm (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 mm 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 mm (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 mm - 300 mm, 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. ñPoint 1ò before the reaction front as well as ñpoint 2 and 5ò in 

reaction front (RF) have the presence of iron, calcium, silicon, magnesium and 

manganeseò (Figure 4.39, 4.40 and 4.41). In the ñpoints 3 and ñ4ò situated in ICL 

(Figure 3.16) ñironò 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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