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Themetalurgical properties of the artifacts wareestigatedn terms otheir Brinell
hardness measuremsgrglemental composition kgpark emission spectrommgtind

the microstructure of the main metal bodies by using a metallographic microscope
and digitd microscopeThecorrosion layers were examined polished and ethced
crosssections using {Raman spectrometer and SEAMDX. Powdered samples

scraped from the corrosion layers were studied B{pXnd HIR.

All iron objects examined have corrosion layenstheir surface where the corrosion
products are mainly goethite and rarely hematite formed in open air environments
namely urban, rural (interior, exterior) and burial environmérte goethite
formationon the iron objects favorablein open air atmospheric conditiodaring
repeated wetlry cyclesat around pH 8. The corrosion layers of thebjectsare
further classified as perfect, medium and imperfestrosionlayersdepending on
their thickness and compactness. Theynaostly composed ohanasized goethite
particleswith good crystallinityand are free of impurities.The perfectcorrosion
layershave finer nanaized particles with good crystallinity that is thought to be an
indication of good stability for goethite in compaon to its amorphous state. The
protective ability of thecorrosionlayer is closely related with fine size of goethite
particles and its compactnebk&naosized goethite particles appear to have the super
paramagnetic property affecting the compactnessoafosionlayer on the iron

object.

The microstructural properties of thiestorical objects seem to have some influence
on perfectcorrosionlayer formation. Objects having perfezdrrosionlayers have
finer ferrite grain sizeSome elements in the composition of the objexish as
manganese, carbasilicon, phosphoroussulfur, chromum and nickelere further

discussed for theinfluencein the formation of protectiveorrosionlayer.

Keywords: Historical Steel, Corrosion Products,Goethite Formation

Microstructure u-RamanSpectroscopy
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Demirobjelertizerine at mosf er i k kkoorkauz yl car dtaa bod kuaklaanr €
tabald ar én i -demmirioksitina 2 Ik at raénrééal aanrnma K, tdemiimal ar é
drunlerinin korozyon direnciniozun bir zaman dilimiicis a]J | an mas ayd & c a
demir eserl erin b aReéydnelik gerlekmeder konuaundakk | e ml e

-al ékmal arda °nem takémaktadeéer .

Osmanl é d%Ymaemi mtusandahi@aksamlaé ,;uzun sureli atmosfie
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Samsun, Tekkek?©y"' dekkuil |baanzéél ema@eriiparicalak o n ut | ¢

incel enmi kKtir.
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Eserlerin metalurjik 6zellikleri, Brinell sertlid e ] e, erhigyanspektrometrisi ile
belirlenen elementelb i | e k imetdlografik mikroskop ve dijital mikroskop
kull anél arak ana metteaels pgd%v d edl reeaknntregl treéri@i k@ vy
Korozyon pablaktaé lam&k v e peRamah spekiméewesik esi t | er d
ve SEMEDX kull anéel arak incelenmi«xtir. Korozyc

numuneletise XRD ve FTIRanalizlerii | e i ncel enmi Kt i r .

A- ek hava ort ainh demieabjdlerin ybzaylenundé korozyon

t abak @aamem Ben zamamotit ve nadien hematitb i | e Kk iorhidrnud eu

g°r ¢l mBemir pjderin ¢ zer i nde g %it-iitn ogl eur keukneun Kart |
t ekr ar | &umuaddngidesld sea-ké k hava at mosdpHrZBk kokul | a
ci var eénda s apémar abpdyin lzemrelékikoeodyonrtabai | ar € ayr éc a

k al e ndolduk duwumuna@ore mikemmel, ortaMeozukg ©t it t abakal arée ol
séneéefrmamnmMgk emme | getofurnlablalkayldapy@@pipk r i st al
olupnano boyutl u g°t inaktap @r sad easkendktédkn danerol uk
Amorfg°®tit par-acéklaré il e karke&lhawtrénfgel dej é
daha dengelidirG° t i t tabakasénén koruyucu ©°zellifji
boyutu vedoluluk durumui | e yakéndAwnr a&chda boyiluhgotd i r .

par - ac éskg paerré npeanr,amany et i k detnizobjélzarifdeki sahi p ol |
getit t domlakidarem@inuéestekleyehi  er bir parametredir.

Demir objelerinmi kr oyapeésal °czelliklerinin, m¢ Kk e mme
Uzerindede etkisi oldj u g°r ¢l mektedi r . M¢ ke mme | gotidt
objelerindahakiicik boyuttderrittanéd er i nden ol uk t¢uajl ve kgntard¢al me k t
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ve ni kel gi bi baaé geltae me rntalbearkiars ékidernu you u K u mu

t arnéékktéd rr
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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

i mportant to i mprove contemporary mater.
their maintenance. Due to high demand on the iron / steel use as building materials
and goods, theicorrosion 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 thproduction stages of iron / steel components consume huge
amount of energy and produce carbon emissions to the atmosphere that contributes
the global warming, the lontgrm use of iron products is of economic and ecological

importance.

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

i mprove the performance of histooc mateads mat er
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 Kel é- Al i Paka Hammam :
Classical Period and other iron components from dusterical dwellings in Foca,

Izmir and in Tekkekoy, Samsun representing late Ottoman period (beinfy 18t

centuries) were e@mined. In addition to those objects that were kept in open

atmospheric conditions, some iron objects from the excavations in Focga, Izmir



belong to the layer indicates the 19th century Ottoman period were also studied. The

list of the samples and theirgtgiptions 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 railingsere 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 malgrand 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 ohistorical monuments can be found. Howeygudies 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. Thewsmgnt and main objectives of the
research are explained under the respective subheadings.

The term Airono used in the text refers bot
or medium carbon content in its composition. In the thesis, iron componemnt®refe
the materials used in thhistorial 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 ésatinia 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 algs benefits

from the experiences of the past.



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 andesexposure 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 (Ahlstrom et al, 2018, Aramendia et al, 2014,
Morcillo et al, 2013 and 2014, Oh et al, 9 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 tastorical steel
artefacts prove to be resistant to atmospheric corrosion without serious degradations
(Balasubramaniam, 2000; BellGwrlet et al 2009; Monnier et al 2010; Waseda and
Suzuki 2005). Although there have been many valuable studies ocom@sion 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 longerm.

Considered as the classical period of the Ottoman archibedtull6th 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

cener s (Tanyeli, 1990) and some of t he
(Tanyeli and Geckinli, 1991) is mentioned, there are not many studies focusing on

the material properties, deterioration conditions and provenance of iron components

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

have been practiced are rarely done. For the important structures, such as mosques
(S¢l eymani ye Cami ve Kmareti) (¢cel i k, 2 (
documented and material purchadermation 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 longerm exposure to atmosgtic conditions, quite a number of
iron artefacts in Ottoman periddstorical buildings seem to be in rather good state



of preservation. For this reason, it is thought that studies on some the Ottoman period
iron objects may give important clues on therfation of protective corrosion layer.
Some investigations on medievaktorical iron objects have been performed not
only in terms of interactions between metal and its environment, but also the
materials and technological properties (BelBirlet et aR009; Monnier et al 2011;

Balasubramaniam and Kumar 2000).

Within the analysis techniques;Raman studies have a special importance due to
the technique proved to be a very powerful analytical method to identify and localize
iron corrosiorphases, 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). TherefeRaman is

included along with the othanalytical 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 condiths. Their corrosion layers are studied in more detail.

Exposed iron components in Ottoman peha&lorical buildings visually seem to be

in quite a good state of preservation in spite of their exposure to the atmospheric
conditions for centuries. Inigcontext, 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 compason and microstructure. It is thought that the knowledge on
ancient iron technology and corrosion characteristics will be useful for the

conservation ohistoriali r on obj ects and for todayé6és iron

Throughout the study, the followingeathe goals and objectives that support the

main aim:



- to identify the individual corrosion products, their relative abundance, and
distribution in the corrosion layers in order to explain the {tawmg 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 tludbjects,

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

- to explain the formation and importance of named goethite particles as
protective layer,

- to find out the contribution of composition antetallographic 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,

- tomake a contributiontotherigt er m corrosi on control ¢
steel industry by examining the corrosion layer formation orhisterical

iron objects.

1.3 Disposition

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

Experimental Methosl 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 wmderstanding the perfect protective layer
formation. Aims and objectives were presented very briefly. Finally, the content of

the thesis was described in the disposition part.



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 protectiv
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 19thesntur
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
thar 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 thrd 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 descriptiorof 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 asllvas digital microscope and
morphological and mineralogical analysis of corrosion layers, by using XRD, FTIR,
SEM-E D X a-Ratnanespectroscopy were done.

The fourth chapter was titled as Experimental Results that present the results of the
abovementionel experiments and analyses together with relevant stereomicroscope,

metallography microscope, digital microscope and SEM images, as well as spark
emission analyses, SERDX analyses, tRaman spectroscopy analyses with

location images, PAI calculations, XRilagrams and FTIR spectra.



In the fifth chapter, a brief discussion was made on the comparative and combined
results of the analyses performed ontitstorical iron constructional elements from
15th, 16th and 19th century historical structures to dasdheir 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, possildavironment for the formation of
protective layer on iron objects, recommendations, and further studies were

presented in the conclusion chapter.









use of iron elements in thobkestorical buildings, detailed laboraty investigations
on their metallurgical and corrosion characteristics are rather rare (Aydiz, 2006,
Bilgi, 2004, Celik, 2009, Eruz, 2004, Tanyeli 1990, Tanyeli et al, 1990).

In this chapter, some previous studies in literature done on the use of ireteahnd
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 corroson 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 alujagthite as
main protective coating,

- Importance of pRaman spectroscopic analysis in corrosion studies in
combination with other analytical methods such as FTIR, XRD, -EEM

and digital microscopy.

2.1Use of Iron and Steel as Construction Components idistorical 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):
A Non-structural iron elements

A Structural iron elements

10



Non-structural iron elements are window railings with/without ballso(lk ma | & /

I o k marené&camponents of timber window frames and doors, iron pipelines (the

ol dest example being a fountain made/ bui
(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, dootock parts, nails, chains, etc. (Tanyeli 1990, Tanyeli and

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

Structural iron el ements are identified
rods (gergiler), auxiltaampsibteiaanms g lyeamare!
Ogeleri), jointing elementsi{aj | ant ) loa8 dealing rcolumnst (ak éy é c é
kolonlar), buttresses p@yanda for roofing, balconies and cantilevers € k),ma
supporting systems (simple support, column supports, iron rings/grosupigorts

(simitli mesnetleme sword supportsk(é | & - | & ))nhtensionestvdrds, nren
frameworks in domes, infrastructure collar bearasl (t yap é Kkluanca k| a ma l
roofing collar beam&(r t ¢ k u K)dTaryeli 4890, Banyéli and Tanyeli 1993,

Uluengin 2005, Celik 2009, Batur 2009).

2.2 Ottoman Period Iron Metallurgy

In this subchapter 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 cuant iron ore deposits and ore types in Anatolia have been briefly

reviewed.

2.2.11ron 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

hade ossed the Dardanell es and started to ¢
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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 EuropeDanék man 2007) .

During Mehmed 116s reign, the Ottoman congqu
to an increase in mineral reserves and in their diversity along with military and

political achievements. After the conquest of the Balkan area, espeacidlhe i

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 ofte 16th century. The iron production and metallurgy achieved its highest

l evel i n 15406s and 155006s i n comparison t
(Eruz 2004). The Balkans and Rumelia were the main suppliers for Istanbul and its

environs. lron techriogy and its trade started to slow down in the years between

15801640 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 attentioimportant iron production centers in Anatolia were

within the Erzincan province, Sivas, Bil eci l
Sakarya. However, Rumel&ulgaria, Bosnia (Dobnice, Kostendil, Sofia, Etrebolu,

Samakov, Filibe astiaviaaa(kEkazrar é)al aigg and
Ker kl ar el i-alalsehad a nkaforyrgle in the iron production industry

because of their accessibility to Istanbul (Eruz 2004). Maps (Figures@ 22) are

given to show the most important iron ore depoaitd production centers in the

Ottoman period (Tanyeli 1990).

12
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Figure 2.1 The most important iron ore deposits and production centers in Rumelia
in the Ottoman period (Tanyeli 1990)
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Figure 2.2 The important iron ore deposits and production centers in Anatolia in the
Ottoman periodHttp://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 ol dest text mentioning iron r
A T a-r Gamki k-ieNurii f Os mani 0 written by Ahmed Ef en:
his study, he meins the iron collar beams. The construction notebooks of

AS¢l eymani ye Cami ve Kmaret. Knkaat éo (Sul e
from thehistorical archives have been extensively studied by several authors such as

O.L.Barkan (1972979)andS.Gei k (2009) . I n addition, M. E
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 importantggro ct i on centers i n Anat ol
Erzincan province and Bilecik in Marmara Region. The other main centers were
Gerecgan (Kockeéeran) i n Van province and Di\
produced (Tanyeli 1990, Eruz 2004). However, there is nagaénformation about

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

show that iron materials were sent to | stan
the 16th and 17th centuries (Tanyeli, 1990, Tanyeli and Tar§@8)1

Il n the 16th century, there were 67 iron blo
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 a

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 comsumpti

center.
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The other i mportant production centers w
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 actve starting from the 15th century.

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

Kuzice in Bulgaria. Some of those materials were ahen-@ewnir), ahern ham

(raw irontham demir), ahen cubuk (bar irorgubuk demir), parehaahen (iron

piecesdemir parca), celik sézdeéer maak(édrmai n- edfredqgd |) , - e
(European steeAv r up a - eilkubpei (Jome beark ukbe ki-ri ki ),
blazurk (big roof tileblyuk kiremit), kened buzurk (big clamgblyik kened),

keneal-i frengi (European clampAvrupa kenedi), misma@ s a] € Kk -Kigiknal | na
civi), mismaré - € buk (athiknabpe r- invaiislis) , et c. (Tanye
The nails were ordered from Kuzice whereas the other iron materials were provided

by Samakov¢ el i ks research indicates that th

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

In the Ottoman period, iron trade with Western Europe dates back to the 14th
century. St ar t i nirgn ifgot tade inclbding dll ®tlied sirategit h e
materials that are essential for weapons and war were banned by the Christian Rulers
to Ottoman Turks and Muslims (lnalcék, 1
those materials continued from the West rydiry Genoese and Venetian merchants
throughout centuries. The Ottoman authorities encouraged those trades by giving
some privileges to the aboweentioned merchants. Bartolomeo de Giano who lived

in Istanbul in 1438 wrote letters to Venetian authoritiemtioning 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 erek&(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 suppliées Batkans
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and Venice. For example, the Ottoman army used cannons supplied by Dubrovnik
in the Kosovo battle in 1389 against Christians (Ayduz, 2006). During the reigns of
Selim the Ist and Suleiman the Ist, Frankish steel was bought to cast the cannons a
written in the Tophane 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 casteth place. Those iron materials were kept in imperial foundry warehouses
and stores. Another accounting book indicates that during the reign of Sefindthe

in the year 1597, a request was made to the Venetians to send 1000 kantar (54000
kg) iron (steelXo 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 #doslim experts
(foundrymen) worked in the foundries. In fact, the French ambassador to Istanbul of
the period 154-48 reports that besides Jewish masters, German, French, Spanish,
Venetian, Genoese and Sicilian experts worked at Tophamére or at the Imperial
Cannon Fandry (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)sbusraall

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

For the Ottomans an important iron mining and iron material production center was
Samakocuk (Demirk?©y) which is in present K
regarding Demirkdy mentiathat 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 wuntil the |l ast quarter of the 19t h
on iron production in th&7th century were found in the excavations in Demirkdy

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

bell ows, heavy hammer and anvi |l , heap of S
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2007, Danéekman, et .2013)] After theD10tl6 centubyaitrseemsna n et
that the state did not operate any iron production centers in those regions and that

those centers have been operated by priv.

In the 18th century, iron products for Istanbull @s environs were mainly obtained
from Southwest 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 techypatogroduction centers

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

intensified with Western Europe (Daneékmal

2.31ron Ore Deposits in Anatolia at Present

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

Those deposits are active mainly in the following regiolsi v r i | i1 , Bi nge©°l
Mi nes) , Erzincan, Mal atya, Kay s eure , Kesi
2.3 and Table 2.1). The iron ore deposite classified in terms of their capacity as

below (DPT Report, 2001):

1) Si v a-Mal@ya-Erzindan Region: The largest iron ore region of Turkey
due to its content and higirade. It is also expected to be the iron mining center of

Turkey inthe 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- Kesikkoprii Region: The main iron ore source ttoe Karabuk 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 ssscBingol- Geng-

Avnik; Sakarya- Karasu- ¢ a md aj ; PayaMekks&Ek¢sgzpBat &) 6
Adéy adkhan-Bul am; Kahr-Bemant Majy a+«Saamrde kYaoyzag a t
etc. The mentioned deposits mostly require enrichment processes to elimgnate th

impurities they contain.

Di vrijJi (Sivas) is the |l argest iTron product:i
magnetite ores are processed there. Divrifiji
and skarn minerals. The main iron ore minerals inéserves of Anatolia are given

in Table 2.1. Iron ores in nature aragnetite (FeD4), hematite (FeOs), limonite

( FeOOH.2HO),go e t h iFaOOH)Eidérite (FeCQ) andpyrite (FeS) minerals.

MTA (Turkish General Directorate of Mineral Research &xgloration) 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, Swedenlmaine.

However, Tur key aink edu ramp e éasnkeal ichdils stesle v e nt h
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 ingotdirssh&d

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 worl dés most i mpoard ant engir
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 county in steel industry throughout history, an additional concern is the
importance of conservation of iron objectshistorical structures. The survival of

iron objects in manyistorical structures in Turkey up to present day prove their

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

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

properties ohistorical 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

Si vas -Malatya Rggion Mainly: hematite and magnetite

Kayseri- Adana Region Mainly: hematite, goethite and sidentéh
somesiderite, pyrite, limonité

Ankara-Kér k e hi r R Mainly: magnetite and pyritevith hematite,
goethite, chalcopyrite and marcasite

K- el Regi on Mainly: hematite with limonite and siderite

Payas Kilis Region Mainly: hematite, goethitemaghemite with
quartz, berthierine and diasphotite

Giresun Region Mainly:  magnetite  with  pyrite  an
chalcopyrité

Sakarya ¢ a md aj R e g Mainly: hematite, chamosite, sidefite

Canakkale Ba |l & k e s i r Mainly: hematit¢®, magnetite, pyrite and
chalcopyrité

Kitahya Region Mainly: magnetite, hematite, pyrite, marcasi
iimenite, limonité®

Ay d-&Krz mi r Re gi ¢Mainly: hematite, magnetite with limonite ar
pyritet!

Ker kl ar el i D e m Mainly: hematite and magnetitegether with
goethitelimonite'?

Sources:lY & | d & ZTiringa, @tlal) 2009°Kog, et al, 2008'Ar & k a n®Kog¢,1 9 6 9 ,

et al 1991,°Kurt, 2014, 'MTA Report 1980%Ertin, 2001,°¢ aj | an, et al ,
0Cengiz, 2018'%¥ z t u n a | '&Firingal & &, D19
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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
geogrphy 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, consta 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 shehras,
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 wakshops 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, coldr 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 treaifment
materials, followed by melting and shaping processesuf€ig.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 te®e clo

to the sources such as fuel (charcoal) and water power.
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Figure 2.4 Four mainstages oproduction procesfr iron goods (Hodges 1964).

In Anatolia, during the late Hittite and Iron age, the earliest smettiethod was

bloomery smelting. The process continued with shaping the iron by forging or
casting at the smithy (Tylecote, 1976, Yal -
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

continuel into the postedieval period but began to be superseded by blast furnace
smelting around |l ate 15th century (Tyl ecot ¢
smelting furnaces continued to be used: bloomery furnaces for wrought iron and blast

furnaces (yiksek ér én) f or producing pig iron (Tylec
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 resylpig 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 furnacéhe bloom then needs to be purified with repeated heating

and hammering, the process being called forging.

The ancient metallurgy and metalwork in Anatolia dates back to very early ages
from the 9th millennium B.C., towards the 2nd millennium B.@sdescribed by
Yal - eén ( 220d8iBey, et 2lQ2008)) 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 productsmaenty

weapons, tools, sculptures (figurines) and
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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 f&gurin
arrowheads and fibulas were casted. Other iron products were usually produced by
hammering at the smithy (Bilgi, 2004, Yal

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

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
around700°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 anl 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 stderging, 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 formeddes (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 overheated (hot shortness) in presenchkigh sulfur content or ledseated (cold
shortness) in presence of high phosphorous content coming from the ores. As a
result, those materials need to benrelted. Thinning (drawing) and bending
processes continue on anvil by hammering. When needefin&theshape 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 buildingsgtéiom the 15th

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

Ottoman period, findings fDemirkOyfoandresaat excav at
and workshops are of special i nlf2eB,est ( Daneéi
Ozbal 200, Danékman and Ozbal, 2010) . The e X

(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 pupl vy necessary for foundry process
Danékman and Ozbal 2010) . Smal | foundries a
were operated by private sectors as-soitractors. However, the blasirnaces

were operated by the state. The alitarchaeometric studies done on the findings

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

use of blast furnaces and bl oomery furnaces
2006, Danékman and Ozbal 2010).

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

wooden water wheel, iron blower, iron ingots of blast furnaces and sfi&egy

ingots (bloom) from the bloomery furnaces were found during the 208

excavation seasons in Demirkdy (Bak man et al , 2 8,@MZbal Oz bal et

20000, Danékman and Ozbal 2010). Rectangular n
the excavations. In addition, documents from the Ottoman archives indicate supply

of nails for the construction of some buildingsmday Sar ay township (Dan
al 2007). The microstructural investigations performed on the bloom samples

revealed some coal and slag composed of wustites@30 FeO), fayalite and

anorthite containing regions (Ozbal et al, 200 Danékman a.nfde Oz b al 20
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, 20@). The nail artefacts with a squasbaped body having ferritic structur

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

methods used in the Ottoman period (Ozbal et aB,20@bal 2A.0). Such nails were
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produced from rectangular iron profiles and the head of the nail was shaped by
placing it inb 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 peark gr ai ns ( Danéekmall). et al ,
Archive documents indicate that those dash ingots were sent to Istanbul for
casting nests (yuvalak) or humB)aSomes ( Dan¢
slags from the 2002006 excavation season®em classified in two groups: one

being fidense, gray sl ago composed-of wygst
rich slago having higher iron oxide cont
et al, 2007, Ozbal 2m). The findings from the excavatis in 2008 were dated to

the 19th and to the beginning of the 20th century (OzbHD)2@Gome slag analyses

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

Another important Archaeometrical analyses study was performed on seven
constructionairon components composed of a clamp (kenet), a portico tightener
(revak gergisi), a dowel (zévana), a repse
railing balls (pencere parmakl ék topu) c
buildings to obtain knoledge 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 workabildf 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 iseré@ strength. Silicon ratios of

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

(Si02 ve CaCO0O3) was used during the smelting process and the smelting process

was done by mixing iron ore and charcoal in bloomery type feséTanyeli 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 15@8th century, no sigficant 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 ofre2 to
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 periesdme relevant studies were done on

cannon humbaras and weapons manufactured 1in
the 17th and the 19th centuries (Bak, 2011)
produced for the needs of Erzurum and its environs. Howdnesrvtere 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 adamps 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 suak beams increased in buildings. However, the main
improvement in technology took place in the 18th century with the use of fossil coal
Acoked enabling to reach higher temperatur
obtained. The ease of production increasbd 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 resistancstesl 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 angrdfiles started to besed in the
multistorey structures. The aboeweentioned 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 oncrete were the lecture halls of Seririyat Hospital of the Mekteb
Tébbiye in Haydarpaka (Il stanbul), and t hq
Mektebi Tebbiye. The construction of the m
1900. The flooring element&ere 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 InduBeiadlution in Europe
(Seyitdanl éojlu 2009) . Tanzi mat supporte
major investments in the first half of the 19th century particularly in Istanbul, but
problems related to planning, qualified personnel, cost, marketinigaarsgbortation

did not consent the developmentsto belbngved ( Seyi tdanl éojl u
the problem of qualified personnel for blacksmithing, foundry, machinery,
architecture and the carpentry needs of the industry, an industrial school imllstanb

was founded in 1868. The early form of T
Zeytinburnu (Kstanbul) where a wide varie
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

ball s, weapons, hel mets, ar mor s, et c. (S
zoneo was built in Bakeérk®°y (lstanbul) w
was construet d . Il n 1844, additional iron foun

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

iron casting workshop was opened in Baghdad betweenli®42. During the same

period, there were also a numbar iron factories and workshops affiliated to
Tophane (Il stanbul) and a foundry in Sam
periods, those production centers had some operational problems due to their
dependency on foreign resources in terms of machiseare parts and qualified

personnel.

From the abowenentioned studies, some information on production methods of iron

and steel goods such as forging or casting, production location, hardness,
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microstructure and chemical composition carghthered. 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 eleteristics 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 expased

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,-loygroxides, carbonates,

sulfides, sulphates and others depending oméwndogical history of their location

(vyeldez, 2010, Schwertmann and Tayl or, 1989
production of iron objects are known as magnetite@be , h e mBeiOk),t e (U

| i mo nFeO@H.2HW) , g o €¢O0OH)t silerife (FeCfand pyrite (Fes

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 areoseg to, their
compositional and microstructural properties. Iron in the corrosion layers can exist
as Fé' or F&* valances or their epresence. In most cases, it is in trivalent state
(FE) such asFeld ma tgioteRe@QHY kpidockbcit¢ -FeOOH),

ma g h e mFeiO# as (vell as in combination of two #gand three valent (F8

states as in magnetite g&) and less commonly in two valent state as wiustite (FeO)
and iron hydroxide (Fe(OH)

In iron oxides, F& and Fé* interact withother negatively charged ions such & O

/ 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 whéfeh&e five
unpaired and Fé& 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, optickand spectroscopic behavior of iron oxides and their thermodynamic
properties. The migration of free charge carriers in4mgther electrons in the empty
conduction band ftype) or vacancies in the full valance bandtype) - cause
electrical condudctity 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 fyes 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 laghtly 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 empiybithls.
Hematite and maghemite havaype semiconductivity with an approxiately 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 trartsform
other oxides. Magnetite is the most conductive iron oxide with11023-1 an1

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 asthgte, lepidocrocite,
akaganeite and feroxyhyte have very low conductivity (ce® 10tcgm®) and their
conductivity increase with the heating to ca. 140°C which causes dehydration and
produce Fe2+ on the surface, initiating some electron changes bdte2erand
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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 sizedependent chemical and photochemical reactivity of goethite (Zhang et
al, 2011). Goethite having patrticle size betwee3Bnm, appears to show direct
band gap (3-R.5 eV) behavior (Zhang et al, 2011). Similar conclusions are noted in
other nao sized iron oxyhydroxides and iron oxides such as the decrease of band
gap of hematite from 2.95 to 2.18 eV with increasing nanopatrticle size from 7 nm to
120 nm (Chernyshova, 2010). Those results indicate that nano sized particles of
goethite have relately 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 redstrith

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 corttact wi

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

and that interface iIis called fdAa double | aye
model in which oppositely charged ions are adsorbed in a single layer 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 #fAthe slip surf adoao. The c¢h:
around it, up to the slip surface boundary, move as a single piece.

The potenti al at this slip surface is <call
chemistry for observing the behavior of dispersive systems in liquids. It is affected

by both the srface 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 doub# 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 mottial is pH dependent, since the H+ ion is the potential

determining ion (Salopek et al, 1992).

For magnetite, zetpotential is positive in acid media up to pH 4 and it is negative

in poor acid or alkaline media (Salopek et al, 1992). The stabilityeo$tispension

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 totairon in solution. In the pH range 4 to 10 and in the absence

of complexing or reducing agents, total iron concentration (FeT) is&(Tornell

and Schwertmann, 2003). Goethite is the least soluble iron oxide, followed by
hematite and lepidocrocite neaeutral pH being 7.8. Its formation is the most

favorable at that pH (Figure 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. Tleemation of feroxyhyte demonstrate that

the enthalpy of formation ( pHA) for poo
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, méhg point and their important thermodynamic parameters

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

such as ent hal

pH

of

f or mat.

on

( PHA) ,

and Table 2.3. K dissociation constas 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 vadamand valance states of iron in sub

lattices (Shokrollahi, 2017). Magnetic property is directly related t&©H#e bond

angle (Coey, 1988). In Be- Fe* ion pair with 90° bond angle, those phases have

weak antiferromagnetic properties while at 2280° bond angle they have strong

antiferromagnetic properties similarly to%én 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 taed magnetic

susceptibility, influenced by temperature, is positive and smd&lqD). They are

further classified as ferromagnetic, ferrimagnetic, antiferromagnetic,-speyaetic
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and supeparamagnetic. Both fefrrand ferre magnetic substances asgongly
attracted by a magnetic field. While for ferromagnetic substances the alignment of
electron spins is parallel with positive susceptibility (010f), 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
susceptibity (0-0.1). Supeiparamagnetic 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 smeagnetic iron oxides having
amorphous and poortyrdered structure containf2Fe bonds and the iron carrying

a magnetic moment supports supgchange reactions (Coey and Readman, 1973).

Magnetite (FeO4), being the most magnetic and naturally occurring mineral on
earth, isferrimagnetic when attracted to a magnet and can be used a permanent
magnet i t s el-FeOs) M algohaeferrimagaetic( naaterial with strong
magnetization properties like magnetite. Although hematite is the polymorph of
maghemite, it has antiferragnetic properties. All oxfaydroxide polymorphs
goethite, lepidocrocite and akaganeite are antiferromagnetic with weak
paramagnetic properties at room temperature (Cornell and Schwertmann, 2003).
Among the 1iron o0xy hydaOs)xpredntssferrombgmetio x y hy t
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 thetimag
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 um decreases performance of
magneic separation and becomes suparamagnetic (Shao et al 1996, Hirt et al
2002, GratCrespo et al, 2010, Jin et al, 2022). Particles of goethite smaller than 15
20 nm are supgparamagnetic at room temperature (Janot et al, 1973). The studies

also mentiorthat 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 limoite (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 swdids and the pore space, typically
expressed as g/cm3. Magnetite, hematite, maghemite and wustite have higher bulk
density ranging between 5.5.70 g/cm3 in comparison to FeOOH polymorphs with
different structures which have lower bulk density in rdwege 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 4.8.5 MH. Polymorphs of
oxyhydroxidesand wiistite 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 areolam, 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 obree iron oxides, hydroxideand
oxyhydroxides found in nature (BD: Bulk density; MP: Melting Point).

Mineral Chemical BD MP Hardness Color Magnetic
Formula and glcm®  °C (HMm) Properties
% Fe
Magnetite Fe04 15.2- 71583 1556.0 1Grayish SNaturally
72% 5.2 1597 black, iron strong
black magnetic
Ferrimag
netic
Hematite 2UFe0s 252 21565 25.56.5 L2%Reddish ®Antiferro-
70% 71350 gray, blackish magnetic
red, brown to
cherry red
black
Maghemite  o-FeOs; 5.2 1539- 146.0 L4Dark brown, 8Strongly
70% 1565 ‘reddish magnetic,
brown, Ferrimag
Yplueish netic
black
Goethite 10-FeOOH 4.1 5350 15.0-5.5 Brown, "SAntiferro
60-63% 243 reddish brown, -magnetic
brownish
yellow,
ocher yellow
Lepidocrocite o-FeOOH 139 45.0 Red, "SAntiferro
62.85% 44 5- yellowish -magnetic
4.1 brown,
blackish
brown
Ferrihydrite  Fe03A 0 .. F 3.8 L4yellow ’Superpara
%66.21 44.0 brown, dark  -magnetic
4Fe0014(OH), brown
Feroxyhyte  0-FeOOH L44.2 L4Brown, "SFerro
62.85% “yellow-brown magnetic

Sources ‘www.webmineral.com?https://pubchem.ncbi.nim.nih.goviHirt et al
(2002)*nttps://www.mindat.org www.chemicalbook.corfShao et al (1996)
'Cornell and Schwertmann, 20FShokrollahi (2017)
www.sciencedirect.com/topics/eashd-planetarysciences/limonite *°Dekkers
et al (2017)i Waters et al (2008) 1*https://geology.com/minerals/
Bhttps://www.minerals.ngt “*https://rruff.info/-
Bhttps://www.cs.mcgill.ca/~rwest/wikispeedia/wfveol/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 Poirfitpntinued)

Mineral Chemical BD MP Hardness Color Magnetic
Formula and g/lcm3  °C (HM) Properties
% Fe
Limonite 'FeOOH.NHO  “2.7- 134.05.5 %Brown,red SWeakly
48% 4.3 brown, ocher paramagne
yellow, tic
yellowish
brown,
brownish
yellow,
Akaganeite  b-FeOOH,CI  43.52 L4yellowish "Antiferro-
55.75% 13.64 brown, rusty  magnetic
brown
Wiistite FeO 15,70 1377 “%.055 'Gray,*black  "Antiferro-
77.73% magnetic
Siderite FeCQ 143,96 43.754.25 “¥ellowish  CAntiferro
48% -3.93 13354 brown, brown, -magnetic
yellowish
gray, gray,
greenish gray,
white

Sources:'www.webmineral.com?https://pubchem.ncbi.nim.nih.goviHirt et al
(2002)*https://www.mindat.org Swww.chemicalbook.corfShao et al (1996)
'Cornell and Schwertmann, 20FShokrollahi (2017)
www.sciencedirect.com/topics/eashd-planetarysciences/limonite *°Dekkers
et al (2017) Waters et al (208) - 1*https://geology.com/minerals/
Bhttps://www.minerals.nét- “https://rruff.info/-
Lhttps:/iwww.cs.mcgill.ca/~rwest/wikispeedia/wpcd/wp/p/Pyrite.htm

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

inTable 2.3 indicating enthalpy of formati or
( pGA), standard mol ar entropy (SA) and mol
Magnetite is the most stable compound of iron oxides having the lowest enthalpy of
formati elil 5(ggHAYJI / mo | and Gi bb6sl0®Ber gy of f
kd/mol followed by hematite, maghemite, akaganeite and goethite (Cornell and
Schwertmann, 2003). G668t RBi tkd / mad eHA \P&EIAu & a
488.6 kJ/mol that are similar to the valaé¢epidocrocite and feroxyhyte. In natural

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

oxides in Fe3+ form.
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Table 2.3 Some important thermodynamic characteristics of iron ore minerals

Mineral Chemical pH nG S Co
Formula kJ/mol kJ/mol kJ/mol K IliJ/moI
Magnetite FesOq 1.1115.7 1-1012.6 '146.1 1150.3
Hematite UFeOs 1.8242 1-7427 874 11039
Maghemite >-FeOs 1.805.8 1-7251 1914 1104.0
Goethite UFeOOH 1.5590.3 1-488.6 '60.5 174.3
Akaganeite b-FeOOH 15576 1-752.7 3818 1500
Lepidocrocite  2-FeOOH 1.556.4 1-486.3 1625 176.2
Ferrihydrite iEZ%ﬁ(%mf 88303 16990 1222 9717
Feroxyhyte U-FeOOH 4.552.6  4-478.1 4650 -
Wastite FeO 1.266.3 1.2446 1'54.3 1500
Fayalite FeSiO, €.14782 5-13m.0 ©151.0 %1319

Source: *Cornell andSchwertmann (2003) 2https://pubchem.ncbi.nlm.nih.gov/
3Snow et al (2011) “Majzlan et al (2008) *www.webmineral.com®Robbie et al
(1982)- "https://www.mindat.ori 8Majzlan et al (2004)°Snow et al (2013)

The solubility of iron oxides is very low, Kso ranging from*4@ 1044 Kso values
suggest that hematite is less soluble than goethite andrdee of solubility is
akaganeite, ferrinydrite, 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, 199@. He(ll)

oxides are more soluble than Fe(lll) 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 studiglsow 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 nanoscalelldle 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 solybdit the iron oxide crystals
increase when particle size decreases e.g., Kso increases by two orders of magnitude
when patrticle size decreases from 1 um to 10 nm for both hematite and goethite
particles commonly found in nature. Goethite is more stablelieenatite down to

a particle size of ca. 0.15 pum (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 solubditygh that
indicates that coarsgrained 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 cgbhoges of water

and water films, goethite becomes thermodynamically stable relative to hematite and
water at surface areas greater than about 15imZparticle size 60 nm, assuming
spherical particles) (Navrotsky et al, 2008). Under wet conditions lpreévan Earth
surface condition, goethite and other oxyhydroxides are competitive at nanoscale.
As a conclusion, the sizgriven 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 abovenentioned 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
mechaisms, 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 reconstuctive 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 involveshemical changes as dehydration;hgdroxylation 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 reega 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 sughemperature, 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 tbeyts 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 are¥atume. 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 th&ree energy formation afon 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 hema#i 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 coroosproducts 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; Asamd Kikuchi, 2003; Antunes et al, 2003;
Balasubramaniam, P@; Feron et al, 2004; Neff et al, 2004; Neff et al, 2006;
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Dillmann et al 2007; BelleGurlet et al, 2009Monnier et al 2010; Monnieret al

2011; de la Fuentat al, 2011; Morcilloet al, 2013; Aramendiat al, 2013 and
Aramendiaet al, 2014). The studies show the transformations of iron oXides

less stable phases to more stable ones generally as goethite or hematite phases of
different particle size and crystality 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, 2002) and with the increase in pressure goethite becomes more
stabke 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 unstaklgh respect to various ferrous containing solid
phases of whit 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 ad 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 hematitas 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 proroting 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 ofexmmon of ferrihydrite to
goethite at room temperature tak®®nths in the absence of #gCornell and
Schwertmann, 2003) but only days wheR'Fe present (Janet al, 2003; Pedersen

et al, 2005). The high pH and a high’H&€** ratio seem to favathe formation of
magnetite (Manret al, 1989; Jolivetet al, 1992; Pederseat al, 2005). The
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transformation of ferrihydrite into goethite occurs at room temperature, at pH 8 with
a low Fé' concentration whereas with a higher?Feoncentration magnié
formation is favored (Tronet al, 1992 and Joliveet al, 1992). Goethite and
hematite have been found to remain unchanged at 48 uhder microbially
mediated reductive conditions whereas ferrihydrite transforms into magnetite
(Zachara et al., 2@).

Transformati &re ODMH)ga et hietma t ( U-RcO@HWW | epi d
maghemite are simple dwdroxylation processes of the iron oxyhydroxides
dependent on the starting materials and their particle size as well as temperature and
annealingime (Bagin 1967; Hedley 1968; Sakash and Solntseva 1971; McClelland

and Goss 1993; Ozdemir and Dunlop 1993; Gehring and Hofmeister 1994; Gendler

et. al 1999, Gendleet al, 2005) . Al t AFe@QO¢htrargpformg th i t e (
hematite directly by déydroxylation, lepidocrocite transforms to hematite in three

steps via maghemite: i) desorption of molecular water, ithytioxylation of

|l epidocrocit ece@@mandaghemni tte ans tFe®s)dn of ma
hemat iF&®) (Gehbleret al, 2005). The removal of OH groups (de
hydroxylation) in lepidocrocite begins at 1455°C (Gehring and Hofmeister 1994)

and the maghemite starts to form above-280°C in the laboratory environment

(De Bakkeret al, 1991) and while it would require thousisnof years at ambient
temperatures (Gendlat 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. Hematiteragpéagh
temperatures above >450°C and maghemite undergoes complete transformation into
hematite at about 625°C (Ozdemir and Dunlop 1993). Further annealing may cause
those grains to recrystallize into larger grains beinig73,m 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 laylergeathered iron bars in
atmospheric conditions were also done by heat treatments (Rljpast 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, titeraad goethite. The
highest hematite yield was achieved at 850 °C during one hour heating of weathered
iron bars (Colpa®uiz et al 2020).

2.7 Precursors for Goethite and Hematite Formation

Iron oxides (goethite, magnetite or maghemite) that are faundriable conditions

in nature can be obtained in the laboratory by the mixing of alkali to an Fe(ll)/Fe(lll)
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 rusttal interface underneath the FeOOH
polymorphs (Misawaet al, 1971; Misawaget al, 1974 and Singhet al, 1985).
Possible formation routes of magnetite 3849 can be either precipitation from a
mixture of Fe(ll)/Fe(lll)n alkaline agueous solution or oxidation of Fe(ll) via green
rust (Fe(OH)) or interacton of Fe(ll) with ferrihydrite or with high temperature
reduction of Fe(lll) oxides (Cornell and Schwertmann, 2003). In alkaline aqueous
environments, magnetite predominates the layers in reducing conditions and
hematite is stable at oxidizing condition€ofnell 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 Evaes al, 1972):

FeA Fe&'+ 2e (eq. 2.1)
Fe* + 8FeOOH + 2eA 3Fe0s + 4H0 (eq. 2.2) or
4Fe0; + FE* + 26 <=> 3Fg0s (eq. 2.3)

As the rust dries and is permeated by oxygen, magnetiteoiadized to the ferric

forms(eq. 2.4 and eq. 2.5):
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2Fe04 + 1/120, <=>3 Fe&03 (eqg.2.4)or
4Fg04 + O, + 6 HO =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):

FeA Fe&'+ 2e (eq. 2.6)
1/2 &+ HO + 2e A 2(OHY) (cathodicreaction) (eq. 2.7)
Fe2+ + 2(OH) A Fe(OHY) (iron (1) hydroxide) (eq. 2.8)

Under slightly basic conditions magnetite (Fe304) readily forms (Misawa et al,
1971) (eq. 2.9):

6 Fe(OH) + O2A 2Fe0s; + 6H.0 (eq. 2.9)

Misawa, et al. (1974¢oncluded in their later studies that, based on FeOOH being a
good electrical conductor, it is also unnecessary to consider that the cathodic
reductionon atmospheric rusting is not the reduction of oxygen dissolved in water
film on rust, but the reductioof ferric rust to magnetite. Misawa, et al. (1971) also
mentioned that when the aqueous solution omtbtl surface is neutral or slightly
acidic, Fe(OH) cannot be formed, but various #éydroxy complexes may be
formed depending on the existing arsdn aqueous solutiomNastrazadani (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 metalrust interface below the air exped oxyhydroxides. Literature data
indicate limitedaccess of oxygen to the steel substrate as an essential requirement
for the formation oimagnetite. However, Nastrazadanis experimental work proves
to the contrary. Steel coupons at room temperatureeiriodp (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 fbe ma
constituentThereforethe presence of oxygen at room temperature is more tolerable

under wet conditions once theagnetite is formed under fast oxidative conditions.
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It appeared thato long as the rate of oxidation of iron at the anodic sites where
ferrous ions are producezkceeds the reduction rate of ferrous ions to ferric ions,
magnetite could form and stagable (Nastrazadani, 1990). Formatiorgfe OOH

on FexOs was reportedn highly basic environments with a chloride presence

(Nasrazadani, 1997; Albast 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 syntheliszZguizRamoset al, 2015).

Their magnetic property is beneficial for the use in cancer treatments. Magnetite is
obtained from the mixture of Fe{®H.O and FeCGl4H,O dissolved in distilled
water and byprompt addition of NEHOH 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 degg of magnetization. Increase in heating temperature
decreases the patrticle size. The nano particles of maghemite havinrtIHrim

size show superparamagnetic behavior and can be heated successfully under a low
magnetic field MuzquizRamoset 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 pronounded u
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 andontamination 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 NaOHeacted at 50°C 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 reconsivaatlissolution/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 gog¢h Those reactions (eg. 2.10, 2.11,
2.12 and 2.13) can be written as:

FeOs+ OH + HO =Fefs+ Fe(OH)3 (eq. 2.10)
2Fe(OH); + 1/2 @ + 2H" = 2U0FeOOH + 3HO (eq. 2.11)
0-Fe0s3 + 20H + 3H0 = 2Fe(OH), (eq. 2.12)
Fe(OH)s + H* = UFeOOH+ 2H0 (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 introductichefidsorptive

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 angbn 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(lll) oxide minerals, such as goethite and hematite (Hiemstra, 2013, Schwertmann
et al, 2004; Cudennec andeterf, 2006). Ferrihydrite was synthesized in the
laboratory either from Fe@®H,O or Fe(NQ)s.9H,0 mixing with NaOH bringing

pH to 6.5 and until the pH reaching 7.5 (Schwertmann and Cornell, 2067 aL,i

2011). Its synthesis process was performegi@ind 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(lll) salts, additspeed of NaOH is another
important parameter in the hydrolysis of aqueous Fe(lll) and the resulting particle
size. When the rate of addition decreases, SSA increases for goethite formation
(Villacis-Garciaet al, 2015). A typical transformation to goethifrom the initial
ferrihydrite precipitate occurs at 60 °C after 24 h. Goethite precipitates were
repeatedly washed, shaken, and centrifuged (Vil@eiciaet al, 2015). In other
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studies, goethite has also been obtained from ferrihydrite in alkalumosoht 373

K (100 C) after 5 days and lepidocrocite has also been obtained from oxidation of
Fe2 at pH 6 at room temperature in laboratory environment (Magl@h2003-1,

Cornell and Schwertmann, 2003). Goethite with different SSA starting from 40, 60,
80 and 100 rfig were prepared from the hydration of Fe(lll) salt solutions by the
controlled addition of NaOH and aging of the precipitate (Guyetdal, 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
(Schwetmannet al, 1985; MontedHernandezt al, 2011). VillacisGarcia 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 aburght constituent of terrestrial soils, its particles generally show high
SSA in nature with strong affinities for surface binding of oxyanions and heavy
metals (Fendoret al, 1997; Villalobos and Leckie, 2001; Ante& al, 2005;
GranadosCorreaet al, 2011; Perelomoet al, 2011). Nevertheless, the adsorptive
power of goethite in relation to their particle size needs to be confirmed through other

adsorption measurements (Villac@arciaet al, 2015).

Ferrihydrite transforms to hematite by decompositbmagnetite 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(lll) 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, 1993Maghemite 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 henitat 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 goethié¢hegis in aqueous
solutions at different pH from strongly acid to slightly basic conditions (Wefers,
1966a, Schwertmanet al, 1985; Schwertmann and Cornell, 1991). Hematite has
been synthesized in aqueous solutions of different pH (from strongly atigtity

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
demmposition 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 Alsubstitution exists, higher temperatures are needed fer de
hydroxylation. Replacememwf 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 longerm corrosion, goethite phase is obsemex$t abundantly in

the historical steel objects. On theistorical 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 goethit@emspin time under
atmospheric conditions (Aramend#aal, 2012; Aramendi&t al, 2014; Yamashita

et al, 1998).
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3.1Monuments, Sampling and Nomenclature

In this study nail and beam samples from the Ottoman pdristbrical 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 p e
Hammam) and the last group represents the late Ottoman period (Tekkekdy

dwellings, Foca dwellings arsbme excavated material from Foca). 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 Hamam was constructed by Gazi Mihal Bey

around 1450 as cifte Hammam, andisontheEdikea p € k ul e hi ghway, next
Gazi Mihal Mosque. Stone and brick were used as main building materials for the
squareplanned Hammam. The samples were found parthpegitled in the

pozzolanic lime mortar of the brick masonry abbreviated as GMH (Gazi Mihal

Hammam).

Nails and indoor iron elements from Kél e-
provided by the restorers during the restoration work performed at the Hammam.

KE é - Al i Paka Hammam -186688 ¥y Mimar $inan anckis ween 158
located in Tophane, Istanbul as a part of a Killiye Comipkexnosque, a hammam,

a turbe, a medrese and a fountain, following the order of Grand Admiral (k&pdan

Derya) Kéel Ehe AméntPiakmed Paka had wanted th
monument from Sinan to show his endurance a
is known as one of Sinands #metervideiamdpr essi ve
17-meterhigh dome. The samples were fourattly embedded in the pozzolanic

lime mortar of the brick masonry abbreviated as MSKP ( Mi mar Si nands K¢

Al i Paka Hammam) .
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When the two abovenentioned hammam constructions are compared, Edirne Gazi

Mihal Hammam was built 130 years prior to the Istanb Kél &€ - Al i Paka
(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, Athemighier whi c

was restored by Mualla Ey¢bojlu Anrnhegger
1971 (¢okujrak and Gen-er, 2018), the Hal
deteriorated condition (Akut, 2012, Figurt

been recently restored and restarted to operate as a Hammam.

As to the dwellings in FogaKz mi r ( Fi gur e 13Saf3syn (Fgurd T e k k ¢
3.4), they have been constructed almost in the same period ¢2888) and the

information gathered from the anadgsof the samples from the dwellings have been

used as a good example for the comparison of their technological properties. The

19th century dwellings from FogaK z mi r  a n d- Sdmsun kwere Used as

family residential houses until recently. A few beand nail samples were collected

from the 19th century stone masonry dwellings from both towns and a few others

were provided by the Foca archaeological excavation team. Excavation materials
were taken from the Ottoman laebuga and
conditionso for analyses. Beams and nail
represent iron components exposed to atmospheric environment, whereas excavated
material from Foca show Ottoman iron kept in burial conditions, approximately 150

yeas 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) samplds foun
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 Theiron objects, theicodinganddescription

No Building Code Code Description
1 Gazi Mihal Ma. GMH stands for Gazi Mihal Hammaiin
Hammam GMH-Me-01 MeMetali 01 Sampl ebs s
MSH indicating Mimar (Architect) Sina
Kal - |/ who was the architect of thdammami
2 Hammam MSH-KAP-001 KAP indicating Keél
the Hammami 001 Sampl e
number.
3 Foga_ FKM-001 FKM "represents Foca Dwelllpg (Kont
Dwellings Metali 001 Sampl eds sce
4 Tekkekoy T-NsignifesTe k k ek °y Dwe |
. T-N-001 A
dwellings 001 Sampledbs seque
. T-W symbolize Tekke
5 Tekk_ekoy T-W-001 windowmetaif 001 Sampl eb
dwellings
number
6 Tekk_ek('jy T-D-001 T-D means Te 'f kek?©°y
dwellings metalil 00l1Sampl ebs sequ
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Figure 3.1 Gazi Mihal Hammam, EdirnéPhoto taken by Nurdan Yuc&012)

Table 3.2 List of samplesrom Gazi Mihal Hammam, Edirnend their description
(15thco):

No Sample Code Description

Pipe piece collected
1 GMH-Me-01 from the basin of the Q_’ )

bath —i |
GMH- 01 GNH-02-

2  GMH-Me-02 Door/window locking
rest iron piece, Indoo

3  GMH-Me-03 Plaster nail (1) from - 5
wall, indoor GMH-03 GMA-0y \
|

4 GMH-Me-04 Plaster nail (2) from
wall, indoor
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(b)

Figure 32Keél e - Al i Paka Hammam, Tophane, 1| stanbu
(Photo: Nurdan Yucel, 2013), b) Interior of the Hammam after restoration
(https://mediacdn.t24.com.tr/media/stories/2018/04/raw_misiganirrustalik
donemiesererindenkilic-ali-pasahamaminarestorasyorodulu_200100738.jpg
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Table 3.3 List of studied sampldsr om Keél é -

and their description (16tr):

Al i Paka

Ha mman

No Sample Codg

Description

5

MSH-KAP-01

Nail used for stone building.
collected from dome, squart
shape (1), outdoor

MSH-KAP-02

Iron piece, used for jointing
of other metals (chains or
hooks) to the wall, indoor.

MSH-KAP-03

Nail used for stone building.
collected from dome, squart
shape (2), outdoor

MSH-KAP-04

Nail used for timber jointing
square shape, indoor

MSH-KAP-05

Iron hinge, from main
entrance timber door,
partially open to atmospher:

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 stonéuilding,
square shap@door

16

MSH-KAP-12

Nail used for timbejointing,
square shape, indoor

17

MSH-KAP-13

Nail used for timber jointing
square shape, indoor

;
J

O —

’—.b

. ) |

MSH-KAP-04
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(b)

Figure 3.3 Dwellings from Focga, 1zmir: a) A dwelling currently under restoration,
b) An uninhabited dwellinglPhotos: Nurdan Yucel, 2015)
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Table 3.4 List of studied samplesom Foca dwellings, Izmiand their description

(19th ).
No Sgr;]é)ée Description
Window guard iron piece
18 | FKM-01 |from a stone dwelling,
outdoor
Nail for jointing load
19 | FKM-02 bearing, main timber beam:s
indoor w
20| P03 | S eeindoor
Male hinge for main ‘ :
21 | FKM-04 |entrance doompartially open
fo atmosphere | Oy
22 | EKM-05 Female hinge for main -
entrance door, indoor
23 Nail, Ottoman layer, burial 2 R ey —
FKM-06 -
condition :
24 i Nail, Ottoman layer, burial
FKM-07 1 - ondition d i S
L shaped iron piece, '
25 | FKM-08 |Ottoman layer, burial
condition
burial condition
Nail, Ottoman layer, burial
27 | FKM-10 | ¢ ondition — e e
Nail, dwellingsembedded in
28 | FKM-11 |building stone tuff, partially
op(_an to atmosphere | Saiy
29 | EKM-12 Nail, Ottoman layer, burial B | A\
condition
30 | EKM-13 Nail, Ottoman layer, burial
condition
31| FkM-14 Nail, Ottoman layer, burial
condition
32 | EKM-15 Nail, Ottoman layerburial
condition
Door & wall jointing iron bar
33 | FKM-16 |with diamond shaped head,
partially open to atmospher
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(b)

Figure 3.4 Dwelling from Tekkekdy, Samsua) North and east view, b) South view
from main entrancgPhotos: Nurdan Yucel, 2015)
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Table 3.5 List of studied sampleffom Tekkekoy Dwelling, Samsuand their

description (19ttcc).

No Sample Codeg

Description

34 TIiNTO1

[ron nail from
timber column,
outdoor

35 TI1NTO02

Iron nail from
main entrance
door frame,
indoor

36 TiN7TO03

I[ron nail from
lath & plaster,
outdoor

37 TINTO04

Iron nail from
door frame,
indoor

38 Ti N7TO05

I[ron nail from
timber column,
outdoor

39 TI1 NTO6

Iron nail from
lath & plaster,
outdoor

40 TWT 01

Iron hinge pin
from entrance
hall 6s |
window, partially
open to
atmosphere

41 Ti D101

Iron crossbar for
main entrance
door locking,
partially open to
atmosphere
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3.2Methods of Analyses

In the study, the samples have been examined initially usingestnuctive methods

such as visual analysis and other investigation techniques in théJ NUE&Terial

Conservation Laboratory, METU Central Laboratory, METU Metallurgical
Engineering Laboratory and Material ds Labor
Foundry. Besides, some destructive analysis methods have been applied due to the

nature of the argsis 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 exaation methods in this study are:
i. Dimensional and weight identification,

ii. Color identification, to give some clue about the composition of corrosion

products,

iii. Hardness, to understand what treatment the object has undergone and to give

information about the material 6s perfor mar

iv. Metallography and phase calculations, to obtain a picture of the composition,

grain distribution and stature 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, SEMEDX and tRAMAN spectroscopy to identify and prove the

morphological and mineralogical characteristics of the corrosion layers.

The first step was about forming arventory 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 procedirage 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 thmptes 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 elementa/ere measured with the Mitutoyo brand digital calipers with 0.01

mm precision. The weights of the samples were determined by the CH200JL

brand and 0.0001 g sensitivity analytical balance.

3.2.2 Preparation of Samples to be Used for Analyses:

Due torestricted amounts of samples taken from the monumentssgossns
through the metal body and corrosion layer as well as powdered samples representing
the corrosion layer were prepared for each iron component.-€zoens were used

for metallographe examinations, hardness, spark emission spectroscopy analyses,
SEM andnRaman 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 bodiethd¢ogeth their
corrosion layers were obtained by cutting the nails in the mentioned directions and
polishing the cut surface$he cut surfaces were polished by abrading wiiibon

carbide papersaving 80,120, 240 and 600 grits successigalgMetkon(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 crossections were used to carry out several analysels

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% #HiN@thanol)and
polished with felt by hand. The analysemtinued on polished and etched surfaces
with metallographic examinations, hardness, spark emission spectroscopy analyses,
SEM and micreRaman analysis.

Powdered samples:
Full depth of the iron corrosion layers from the samples were scrapecdeaching
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 microstructicefferent 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 S5030x magnificatio with
iIMSQ 6.2.1 20030 analyses software and a
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 brandligital microscope. It has been noted that while working
with the digital microscope, quick observation without additional work on samples

is possible. The brand creates feflbcused field images of high depth, even at high
magnification while the opti¢dechnology and preciseaxis 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 theoreticallatealcul

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 tablé BCallisterandRethwisch,1997).
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Table 3.6 Summary of the different phases theoretically calculaig@ercentagbey
using the C content of the samples:

Carbon

Century (©) Fraction Fraction of

of the Sample's Content of Total proeutectiod| Eutectiod

Structure Code (w/w%) | pearlite | ferrite | Cemenite alpha ferrite

140

century | GMH-Me-02 0,121| 0,134 0,985 0,015 0,866 0,119
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

16h MSH-KAP-05 0,016| -0,008 1,001 -0,001 1,008 -0,007

Century 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
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

1" FKM-05 0,002 -0,027 1,003 -0,003 1,027 -0,024

century | 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 SEMEDX Analysis:

Crosssections were further examined by a Scanning Electron Microscope coupled
with EDX analysis unit (SEMEDX) (Manufacturer: Tescon, Model: Vega II) for
metallographic characteristics, corrosion layer thickness amaoitshology. 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 @nalyse
were performed by EDX unit on the cressction views of corrosion layers and

metal body as spot and area analyses.

3.2.5 Hardness Test

The Brinell hardness test is preferred for
the method is considered to be raestructive. Hardness measurements have been

performed to all samples before etching the surfaces. A Heckert WMPA brand test

instrument wih a HBW2.5/187.5B measurement range was used for hardness
measurements. The instrumdbmbdanditssdaler capaci
was 0.01 mm. The Brinell hardness of the sa
6.2.1 20030 software.

3.2.6 Analysis ly 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 Heeen placed on a spectrometertaghtly where the
ignition process has been performed. During the analysis, OBLF WiN analysis
software was used by seilsphteirmg dtah & . matt e it ihal

the ignition process, the software evalgdte 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 perforoetbdhe 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 -Raman spectrometry (Manufacturer: Bruker, Model:
MultiRAM), FTIR spectrometry (Manufacturer: Bruker, Model: Alpha P) and X
Ray Difractometer (XRD) instrumériManufacturer: Bruker, Model: D8 Advance

Diffractometer with SolX detector).
pH-Raman Spectroscopy

Examination of crossections including the corrosion layer and the metal body itself
have been conducted by usingRaman spectrometry (Manufacturer: Beu
Senterra Il, Model: MultiRAM). It is important to note that Raman microscopy is
extensively used by material scientists. The SENTERRA Il supports the researcher
with utmost precision and offers up to 3 excitation lasers as well as an optional

couplingto FT-Raman for minimized fluorescence.

The SENTERRA Il 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 andioraj unknown substances

resulting from the examination due to the high spatial resolution down to the

nanometer range.

M-Raman spectroscopic analyses were conducted directly on the etched and polished
crosssections (see section sample preparation).cbnesion 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 parte aample.

pM-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 0.2m\Backscattered Raman signals were collected with a
cooled CCD dtector.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 proveabe at optimum level as a resultaofjreat number of

tests performed at interval§he interpretations of Raman spectra have been
performed by comparisons with literature (&hal, 1999; Aramendiat al, 2014;
Monnier et al, 2010; Colomban, 2011, Bssl, 2011; Hanesch, 2009; Nedt 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, Raimeuses 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 moBetft. methods are
universally applicable and permit the selective analysis of indivicaréicfes even
having a size of a few micrometefs 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 785em. Wh
compared to the Hriicroscopy, 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 waviength. Accordingly, the optimal sample wavelength can be selected for
any sampleeeba, 2022

During the FTIR analyses, the powdered corrosion products were directly measured
by the use of the ATR unitor each spectrum, 32 scans were run betweerdd00

cmt. 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 askaganeite and hematite have been used for calibration purposes and to verify

the spectrum.
XRD Spectroscopy:

Powdered samples of the corrosion layers were studied by uskay>XPowder
Diffraction (XRD) (Bruker, Model: D8 Advance Diffractometer with a %ol
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 uSinigo0 radiation, adjusted to 40kV,
40mA. The XRD traces were recorded8) values from 22 70° andthe instrument

was set to a scan speed of 2 secon@9&r intervals.

As mentioned before, in natural environments, iron oxide minerals are represented

by a variety of minerals that range frowell 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-temng
transformation characteristics of magnetite which is a-arg#itallized 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" togegFe208) with

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, Wasedad Suzuki2005). 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, hemag¢pidocrocite in the
corrosion layer, distinguished by-Raman which is a uniqgue method for phase
identification. The objects were analyzed starting from RF towards TM step by step
during rRaman analysis. The step thicknesses were identified byirdjvitie
number of steps to the total thickness. The composition of minerals at each thickness
were identified by gRaman. If the mentioned thickness would include more than
one mineral, the individual thickness of each mineral was found by dividingepat st
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
(Aramendieet al, 2014):

for seasidé rural environment (equation 1);

| 550 AOID dop QORI (O
U o y YN v T N o, Iy v v gy Ry v gy 7
[ AOIRA WO QEGQ0 U D OQUL 0 aHT

for urbani industrial environment (equation 2);

ey GOIR GOp QOB O
U o , AN v T Ny Ay~ v n, e gy MmN N~
[ AOIRI OwoQEGQL LD AL L 'O0GHT | oo
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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

U*/ o* . Al t hough magnet i tcan be gohsidéreditosbe s o me
protective because of its high stability. The following formula was used to identify

the PAI values for each iron object in burial condition (Aramemdial 2014)

(equation 3):

| 2 550 GOI God QEGOG 'O "0B)T
Z U O r e r oo 1 e O hY e, L3} \LJ A4 L4 7, ”"n, U e Al ”, ”n U L4
[ ARIRI QW QEGQL LY "OQ0VL QP Oo

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

laye r s , named as Uo/ 20, i s proposed. The i
reveal any goethite during the analysis but showed wustite and/or hematite. Wustite

which is commonly observed iron oxide, has an unusual prolonged stability at
nanoscale (Yiret al, 2007). Wustite and magnetite are less noble but more effective

as cathodic surfaces than hematite. (Ahlstgiral, 2018). The following formula

was used to identify the PAI values for each iron object embedded in timber

(equation 4):

AOIR GOOTEE "0Q0

€, 060 -
GOIMDI dwdQEAQO P OQ0 0P 0o

reY

FTIR results were also used as an alternative data to-cgeantify the main
corrosion phases of iron artefacts for the calculation of Rthl tve above equations
(Venerandaet 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. Howevempastant 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 gavkim
the Raman spectroscopic analysis results, the layers are well observed and it is easy

to define the thickness of each dalers.

PAIl was calculated with the first equation for the objects at sedsid&al

environment and with the second owe the urbari industrial environment. For

buri al iron objects, Dill mannds equation
embedded in timber, PAI calculations were done by using equation 4. PAI results

bigger than 2 were accepted to show the good stataldlity of the corrosion layer
(Yamashitaet al, 1998) . PAI values were used to

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 performankistofical

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 thicknesdaweiing,
compactness and mineralogical composition starting from main body towards

exterior.

Overal composition of each corrosion layer is studied by the analyses of the
powdered samples using XRD and FTIR whereas microstructure and ttey st

of the corrosion on the samples are studiesltinbymRaman & SEMEDX in order

to define mineral and amnphous phases that were formed during the corrosion
process and the distribution of those phases.

The experimental results are given in the-sabtions named below:

i) Basic visual and dimensional characteristics,

i) Results of metal bian dbyyspask ermissiemspentitoraeter ¢ 0 mp «
and EDX,

i) 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, FTHRRaman
Spectroscopy and SEHEDX,

vi) Protective Ability Index (PAI) calculations: Combined results of corrosion layer

thickness and goethite layer thickness.
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4.1Basic 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 frdmstorical buildings constructed at

different geriods in history: namelyaf® ent ury monument fAGazi Mi h a
ald'century monument, AKeél é&-"cehturydwBlmgsa Ha mamé o
inFogca-Kz mi r andSameuk.k ek oy

Table 4.1 Visual and dimensional characteristics of iron samples from Gazi Mihal

Ha ma mé , (13hdcc)r n e
L: Length, D: Diameter at migoint; T: max. thickness; W: Width

Sample Code and _ Surface Color Dimension Weight
o Location . .

Description sincm in grams
GMH-Me-02 partially Variable: from L=12.0
iron lock piece open to reddishbrown  T=0.3 33.94
from door / window  atmosphere to yellow w=11
GMH-Me-03
iron nail (1) . . L=6.5;

_ Interior Reddishbrown 8.11
Embedded in mortar/ D= 0.45
plaster
GMH-Me-04 _

_ Variable: from

Iron nail (2) . L=4.2;

_ Interior black to 2.04
Embedded in mortar/ D=0.37

ast reddishbrown
plaster
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Table 4.2Vi sual and
Paka Hamma@é6thct)st anbul
L: Length, D: Diameter at migoint; T: max. Thickness; W: Width.

Di mensi onal

characteri sti

Sample Code and Location Surface Color pimensions Welght
Description incm In grams
MSH-KAP-01 Variable:

Iron nail, (1) from reddish L=6.95

body with square  Exterior  brown, Deody= 1.10  42.6
crosssection, orange to DineadF 1.85
collected from yellow

dome

MSH-KAP-02 Variable: L=14.3

Iron jointing Interior from reddish W= 1.0 90.9
element for future brown to D(ing= 1.3 '
connections orange D(ring exty= 2.7
MSH-KAP-03 Variable:

Iron nail, (2) from reddish L=9.3

body with square  Exterior  brown, to Dpody= 1.3 107.8
crosssection, darkbrown  D(neasF 2.3-2.5
collected from black

dome

MSH-KAP-04 Variable:

Iron nail, from reddish L= 20

used for imber |nterior  brown, to D=1 68.6
jointing, body with dark brown

square cross black

section,

MSH-KAP-05

Iron hinge;main Dark brown L=18x3.2
entrance timber Interior black T=1.1 426
door jointing Ww=3.1

element

MSH-KAP-06 Variable: L=148

Iron ring piece for from reddish T=1 3

towel hanging with Interior brown, to Do T _ 4022
wall anchoring dark brown- 18'2‘5’ ;Xt7x 'gt')_

section black ' '
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Table 4.2Vi s ual
Paka

and

Di

mensi onal
Ha mma (@6th ct)Edntamumed) u |
L: Length, D: Diameter at migoint; T: max. Thickness; W: Width.

characteristics

SampleCode | . Surface Color  pimensions Weight

and Description incm In grams

MSH-KAP-07 Variable: from L=13.1

Iron nail, body Interior reddishbrown, T=10.6 450

with quadrangle to dark brown W=21.9 '

crosssection -black Deay= 2.41.85

MSH-KAP-08 Dark brown  L=6.76

Iron nail used for Exterior black Dibody= 0.46 450

lead sheets of Dibody= 0.98

dome D(headr 3.65

MSH-KAP-09

Iron nail, body , L=12.6

with square  terior - Darkbrown % 54 g5 106.9
) black _

crosssection, Wheadr 3.5

triangle head

MSH-KAP-12 Variable: from L=12.4

Nail, body with , reddishbrown, Tmax= 1.1

square cross Interior to dark brown W=0.5 81.5

section black D(headr 2.82.2

MSH-KAP-13

Nail, body with - Variable: from | _

square cross Interior reddishbrown L=14.3 81.7

section used for to dark brown Pmax)= 1.2

timber jointing
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Table 4.3 Visual and Dimensional characteristics of iron samples from Foca
Dwellings, Focd 1zmir, (19th cg.
L: Length, D: Diameter ad migoint; T: max. Thickness; W: Width.

Sample Code and

Surface Color

Dimensions Weight

Description Location in cm in grams
L ¢totay= 25.0
FKM-01 Variable: from D(max= 1.95
Iron bar, two pieces, Exterior reddishbrownto (1%piece); 333.6
for window guard dark brown Dmax= 1.7
(2" piece)
FKM-02
Iron nalil, for jointing Variable: from L=14.0
the main timber Interior  reddishbrown to  Tpody= 0.84 58.9
beams, body with dark brownblack Deady 1.5
square crossection
Variable: from L=15.6
FKM-03 . _ reddishbrown,  W=3.3
Iron door lock piece, Interior _ 601.4
¢ ) orange to yellow T=0.7
rom main entrance _
D(ring) - 30
FKM-04
Iror_1 hinge piece, for Variable: from L(iOtal): 30.0
main entrance door, . . T=1
... Interior  reddishbrown to _ 1100
L-shaped, body with W=3.8
darkbrown-black _
rectangular cross L (L-shapef 7
section
FKM-05 Variable: from L=15.5
Iron hinge piece, for Interior  reddishbrownto T=0.7 2013.2
main entrance door dark brownblack W= 3.2
FKM-06
Iron nail body, Variable: from =52
anchoring two Interior  reddishbrown to _ 42.6
D=1.2
stonessquare cross dark brownblack
section
FKM-07 _
lron naiL body with - Val‘li?.ble: from L=8.5
square crossection Buried reddishbrown to T(body): 1.2 53.2
excavated from orange D(headr 2.0

Ottoman layer
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Table 4.3 Visual and Dimensional characteristics of iron samples from Foca

Dwellings, Focd Izmir (19th cc)(Continued)
L: Length, D: Diameter at migoint; T: maxthickness; W: Width.

: . Weight
Samp!e pode and Location  Surface Color Dimensions in
Description in cm
grams
FKM-08 Variable: from
Iron piece, Lshaped . reddishbrown, L=3.9x8.3
excavated from Buried dark brown, Dodyr= 1.5 54
Ottoman layer orange to yellow
::rlcjrl:ﬂg)?egce one side Variable: from
! : reddishbrown, L=17
flat, one side round, Buried dark brown to  Winao= 2.2 72.4
excavated from orange
Ottoman layer g
FKM-10 . Variable: from _
Iron nail, body with : L=9.9
. . reddishbrown,
square section, Buried T=0.9 50.8
dark brown to
excavated from D(headr 2
orange
Ottoman layer
FKM-11
Iron nail piecepody Partially Varla_lble: from )
with square cross ooen to reddishkbrown, L=6.3 20.4
section situated a‘?mos here dark brown Toody= 1.2 '
between two stones of b black to orange
a stone ho
FKM-12
Iron nail, body with Variable: from L=09.6
square crossection,  Buried reddishbrown  T=1 39.1
excavated from to dark brown D(heads= 2.6
Ottoman layer
FKM-13 . Variable: from _
Iron nail, body with ! L=16
: . reddishbrown, _
square crossection,  Buried T=1.3 140.3
dark brown to
excavated from D(headr 2.3

Ottoman layer

orange
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Table 4.4 Visual anddimensional characteristics of iron samples from Tekkekoy
Dwellings, Tekkekoy Samsun(19th cc).
L: Length, D: Diameter at migoint; T: maxthickness; w: Width; W: Weight.

Samp!e _Code anc Location Surface Color Dlmensmns Welght
Description incm in grams
T-N-01 Variable: from  L=8.3
Iron nail from Exterior thin black to D(body=0.7 24.3
timber column reddishbrown  Deads 1.2
I;Z)I:‘I]-(I‘)lgﬂ from . . L=7.6
. Interior Reddishbrown  Dpodgy= 0.4  10.2
main entrance, D 1.0
timber door frame (head)™ L.
T-N-03: Variable: from =34
Iron nail from Exterior black, dark D_ o 02 10
timber lath and brown to reddisk D(bOdy): 0.5 '
plaster brown (head)= -
T-N-04 Vgrlable:. from L=7.8:
. . thin reddish T
Iron nail from Interior D(body=0.5 9.4
door frame brown to dark D(heaa)= 1.0
brown (head)= =
T-N-05 Vgrlable:.from L=9
) . thin reddish _
Iron nail from Exterior D(bodyy=0.5 111
timber column brown to dark D(headr 0.9
brown (heady= -
T-N-06 Variable: from =37
Iron nail from Exterior black, dark D_ ' 02 0.7
timber lath and brown to reddisk D(b"dy)__o A '
plaster brown (headj=%-
T-W-01 . )
Iron hinge pin Partially Vgrlable._from L=14.0
thin reddish -
from open to Dpody= 0.5  20.4
) . brown to dark d
awindow in the  atmosphere b D(headr 0.7
. rown
main entrance
T-D-01 . ) L=20.3
Iron crossbar of . Variable: from T=0.8
Interior dark brown to _ 183.2
the entrance door . H=2.8
reddish brown _
lock W=25

77



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
energydispersive Xray 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 t@et 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 supplgrggemission spectrometé&hemical
analysis of some samples such as GMet03, GMHMe-04, MSHKAP-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 suctbas (@), silicon

(Si), phosphorous (P), sulfur (S), manganese (Mn), aluminum (Al), nickel (Ni) and
chromium (Cr) of the main bodies for the samples ftb15th, 16th and 19th
centuries were given in Tables 4.5 and 4.6 respectively. frefrbth centuryonly

one sample was tested and its results were included in the same table of the samples

belonging tahe 16th century.

The weight percentages of carbon were also utilized for the calculation of the
theoretical FeC (cementite) phase in the metallogcapharacteristics 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 energgispersive Xray spectroscopy (EDX). Bothetal bodies and
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grain boundries (Figures 4- 4.21) were analyzed and following results were
gatrered
Table 45 Weightpercentagesf someimportant elements in the composition of the

sample(GMH-Me-02) from the 15th enturyandthesamples fronthe 16th @ntury
analyzedoy spark emission spectrometer

>
c| 22 -
gl &g 16" Century Samples g5
s Os (MSH-KAP-) 2.3 |
mik 557
GMH 20
Moop | 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| 0006 | 0.000 | 0.0136| 0.0021 | 0.0111| 0.0007 | 0.0012| 0.006 | <%0%° | 0008 | 5431

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

\Y/ 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 Weightpercentagesf someimportant elements in the compositiontioé
samples from 19th centugnalyzediy spark emission spectrometer

Element 19" Century Samples % Standard
Deviation
FKM-01 FKM-02 FKM-03 FKM-04 FKM-05 (€3]

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

\Y 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

80



Table 4.6 Weightpercentagesf someimportant elements in the compositiorntioé
samples from 19th centugnalyzedoy spark emission spectromefeontinued)

19" Century Samples % Standard
Element Deviation
FKM-07 | FKM-08 | FKM-09 | FKM-11 | T-N-01 T-D-01 (H)*

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
\% 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

* Standard deviation for each element obtained from the recalibration standard

sample after 10 readings. All values are in w%.
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Carbon content of all samples belonging to 15, 16 and 19th centuries are in the range

of 0.002% (FKM02)to 1.5% (FKM01). They f al |l i n the definition
steel o having three further groups as | ow,
the range of 0.001 tel.5% Singh, 201%. Except the nail (MSHKAP-07) that has

0.42% carbon content being in the medium carbonerang iron bar (FKMD1) and

iron door hinge piece (FKN04) 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 fodyawgng 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 (GM&t02) and the highest one was
0.571% from the 16th century sample thd ((iISH-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 (@&M+02) and all

(MSH-KAP-09) and the highest amount, 0.351%, belongs to a door lock piece from

19th century (FKM03). 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 theiron objects in this study have a phosphorous content in the normal steel

guality range which is not more than 0.05%. Phosphorous may cause brittleness but

may 1increase its workability (Yeldeéez, 2010)
may change wittime.

Sulfur content is an important parameter for the deterioration performance of the iron

sampl es. Hi gh sul fur content causes brittle
content of the objects is in the range of 0.0043203%. The door lock piedeom

19th century (1D-01) has the lowest amount and theHaped iron piece from 19th

century from Ottoman layer excavation (FKB8) has the highest amount of sulfur.

Sulfur content in good quality steel should be between 0.02 % and 0.035 %. Thirteen

sanples have low sulfur content (0.00434034%) as specified for good quality
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steel. Those samples belong to the periods 15th, 16th and 19th cd@iledVie-
02 from the 15th century; MSKHAP-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% (¥W8H-01,-02,-05,-07,
FKM-02,-07,-08, -09). Among those objects, the three samples having the highest
sulfur amounts are an-s¢haped iron piece from 19th century Ottoman layer
excavation (FKM08) being 0.203%; an iron nail from a stone dwelling in Foca
(FKM-11) being 0.099% and an iron hanffom 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 MSHKAP-01) have sulfur conte 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 amountall 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 frothe 15th century (GMHMe-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 (MSAP-07), has the highest hardness

grade (281 HB). All other samples have a low maegare cont ent and
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 vatwben 0.001% 0,150%. Three

nails from 16th century (MSHAP-02,-05,-11) and two nails frorthe19th century
(FKM-02,-11) have the lowest nickel amount. A nail freime 16th century (MSH
KAP-12) has the highest nickel amount being 0,150%. Chromiuntewctnin the

composition of the samples vary between 0.001%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 frahe 19th century
(FKM-09, -05; T-D-01). The highest chromium amount 0,604% is observed in a nalil
from 16th century (MSHKAP-05).

Aluminum content in the composition of steels especially being 1% improves
considerably the corrosion resistance of the steel and decreases thi®coate 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 Kéel e- Al Paka Mos gkhAR-03). The samde§ haingc ent ur vy
the lowest aluminum content being 0,001% are MSKP-01,-07,-08,-12 from

the 16th centuryFKM-05 and FKM-09 fromthe 19th century. The oxidation rate

of F& Ali Si alloys is thre to four orders lower than that ofiiAd and Fé Si alloys

due to the presence of a dense aluminum oxide layer and a layer of iron silicides
below it, which acts as a secondary oxidation protection (Novak et al, 2019).

When magnesium contents of the sagsplare 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 nalil
from a dome (MSFKAP-01) and the highest amount, 0.0345%, belonga nhalil

from 19th century (FKML1).

All objects have minor element composition including carbon are in the following
range: 0.279% (for 15th century object (GNWe-02)) to 24057% (for 16th century
object (MSHKAP-07)). They are classified as low allsteel.
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4.2.2.Results of Elemental Compositions by Using SENEDX

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. Althougkhe obtained results from EDX are seguiantitative, they

are in parallel with spark emission spectrometer.

Two samples (GMHMe-0 2 and 04) from the 15th centu
analyzed by using SEMDX (Figure4.1 & 4.2). The main body of the dodock

piece (GMHMe-02), contains the elements Fe, O, Ca, Si, Mg, Al, K and CI (Figure

4.1) in its composition. A nail embedded in the interior wall plaster (@Weg-04)

contains Fe, O, Ca, Si, Mn, Al, Cr and S elements (Fig@)e Bhose 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 lotlg iron piece (GMHMe-02) from 15th
century: elemental analysezeastarting from metal body to TM Layer. b) EDX
analysis results: Fe, O, Ca, Si, Mg, Al, K and CI.
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Spectrum 1

() (b)

Figure 4.2 a) SEM image of aail (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, Crand 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 (MSKAP-01) has iron, silicon and manganese as
main elements in the metal body (Figur8 4nd Table 4). Shark (sword) like
shapes isonsidered as the locations in the body with the composition of manganese
sulfide (MnS) (Figure 41). The elemental analysis confirms the presence of main
elements as manganese and sulfur (Figudg ih. their composition. The EDX
analyses performed at gmaand grain boundries show only the presence of iron
without any segregation at grain boundries (Figubeadd 46). The EDX analyses

of four different pitting corrosion locations reveal the presence of iron, silicon,
manganese and oxygen (Figuré d4nd4.8). 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 ofimportant elements in the composition tbe nail
sample body (MSHKAP-01) (16th centuryby the EDX analysis.

Element WeightConc. % Atom Conc. %
Si 0.37 0.73
Mn 0.70 0.71
Fe 98.93 98.56

Yy o
S

P
.IJ

a el

ZBKU

Figure 4.3 SEM image (550x) of a nail head (MS&AP-01): Shark (sword) shage
images containing manganese sulfide (Ma&j ptting corrosion locationsaving
Fe, Si, Mn and O
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Figure 4.4 EDX spectrum of a nail head (MSKAP-01) at ashark (sword) shaple
location: Mn and S.
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Figure 4.5 EDX spectrum of a grain from a nail head (M8IAP-01): Feasthe
main element.
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Figure 4.6 EDX spectrum of a grain boundary from a nail head (M&P-01)
with no segregation.
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Figure 4.7 EDX spectrum ofa pitting corrosion locationn the nail head (MSH
KAP-01): Fe, Si, O, Mn and S.
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Figure 4.8 EDX spectrum ofa pitting corrosion locationn the nail head (MSH
KAP-01): Fe, Si, O ani¥in.

The sample from 16 century belonging to an object used for further anchoring
purposes from inside the hammam buildildSH-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 8) were examined. Iron, silicon, manganese, phosphorous,
sulfur, aluminum, calcium, magnesium and oxygen are obsanvegions 1, 2 and

7 (Figure 411). Region 3 contains the same element with 1, 2 and 7 with the
exception of magnesium and sulfur (Figurg). The elemental analysis performed

at location 8 which is a dark colored pitting corrosion location, showsrésemce

of iron, silicon, sodium, chlorine, sulfur and potassium which are probably the

alkaline salts moved into the body through capillaries (Figui® 4.1
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Figure 4.9 SEM image of the main metal bodyan iron sample head (MSKAP-
02). Numbers indicate tHecations ofEDX analy®s.

Fe

3000

1500

Figure 4.10 EDX spectrunrepresenting thpoints 4, 5 and 6 in the main bod§
theiron sample head (MSHAP-02): Feasthe mainelement.
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Figure 4.11 EDX spectrunrepresenting theoints 1, 2 and 7 in the main body
theiron sample head (MSIKAP-02): Fe, Si, Mn, P, S, Al, Ca, Mg and O.
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Figure 4.12 EDX spectrum ofhepoint 3 in the main bodgf theiron sample head
(MSH-KAP-02): Fe, Mn, O, Si, Al, P and Ca

92



2500 Fe

2000+

1500

1000

500+

ket

Figure 4.13 EDX spectrum othepoint 8 in the main bodgf an iron sample head
(MSH-KAP-02): Fe, Si, Na, Cl, S and K.

The sample representing a nail from the domib@16™ century hammam building
(MSH-KAP-03) was analyzed in the body and its pitting locations (Figurg.4The
bodyés EDX anal ysi s r e\Rgar¢ 45).inrthe pittings t he
location, iron, silicon, calcium, phosphorous, chlorine, sulfur, aluminum and oxygen

are the main elements observed (Figure64.The weight percentages of the
elements in the pitting locations show that the amount of alumisuhe second

important element after iron in the composition (Table 4.8).
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Figure 414 SEM image (1000X) of the main body: An iron nail head from the dome
(MSH-KAP-03).

Full scale counts: 1908 kap03 main body

Fe
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Figure 4.15 EDX analysisatthe main bodyf theiron sample (MSHFKAP-03): Fe
is the main element.
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Figure 4.16 EDX analysisatthe main body ofheiron sample (MSFKAP-03): Fe,
O, Si, Ca, S, P, Cland 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 percentagef someimportant elementin the
pitds composition

Element WeightConc % Atom Conc % CompndConc % Formula

@) 32.50 59.78 0.00

Al 3.35 6.93 12.00 Al203

Si 0.40 0.42 0.86 Sio2
0.56 0.54 1.29 P205
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 Fe203

Analysis of another nadbject from the interior of the aboveentioned 18 century
hammam building (MSHKAP-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 (fires ¥ aandb). In the second location, sulfur

is identified in addition to the elements in the first location (FighBeaandb). In

the weight percentages of the elements, calcium is the second important element

revealed next to iron (Tables 9 an@)).1A sword shape on the body was analyzed.

Iron, manganese and sulfur are also observed in its composition (Fi§urasdb;

Table 11). The mentioned sword shape is considered as a manganese sulfide (MnS)

location. Lastly, the @ location, which is gitting location, shows the presence of

i ron, sodi um, chl orine and potassium el eme
location: Fe, Na, K and CI (Figur&0 a and b). The weight percentages of the

elements in the composition were characterized as impuntigh very low

concentration levels, much lower than iron (Table 12).

(b)

Figure 4.17 a) SEM view from the main body of the sample head (M&&P-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 bodg the nail sample head (MSIHAP-12)
(16th ). Weightpercentagef theelements in its composition.

Element WeightConc. % 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 4.18a) SEMview of the main bodyn the nail sample head (MSKAP-12).
b) EDX analysis of the main body: Fe, O, Si, Ca, Aland S
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Table 4.10 EDX analysis of the main bodg an iron sample (MSHKAP-12) (16th
cc). Weightpercentagef elements in its composition

Element WeightConc. % 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

oum Eleclron Image 1

@ (b)

Figure 4.19 a) SEM view of a sword shagkimpurity in the main body of the iron
sample (MSHKAP-12), b) EDX spectrum ofhesword shaped impurityMin and S.
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Table 4.11 EDX analysis of the shark (sword) shaped formation in the main body
of theiron sample (MSFKAP-12) (16th &): Weightpercentag®f elements in its
composition.

Element WeightConc. % AtomConc. %
S 18.08 22.55
Mn 32.73 23.82
Fe 42.13 30.16

1 2 3 & S 6 7
Full Scale 229 cts Cursor: G457 (145 c1s) kew

(@ (b)

9 10

ui]

Figure 4.20a) SEM image of the pitting locations the main body of an iron nail
(MSH-KAP-12); b) EDX analysisf apitting location Fe, Na, Cl, and K.

Table 4.12 EDX analysis ofa pitting locationin the main body of an iron sample
(MSH-KAP-12) (16th «): Weightpercentagef 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 19 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 Foca (FKMZ2) and the nail (FKML1) embedded in building
stone from another dwelling in Foca hak@n and silicon as main elements in the

metal body (Figure 41.
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(b)

Figure 421a) SEMimageand EDX analysisf the main bodyn an iron nail (FKM
02): Fe and Si. bpEM image and EDX analysis tife main bodyn an iron nail
(FKM-11): Fe and Si.

4.3Results 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 Va{]). Observations are given in the following sections:

4.3.1Metallographic characteristics of metal bodies

Metallographic characteristics were investigated by microscopic observations of the
crosssections, Brinell hardness measurements and theoretiCgldementite) 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 crosections (Figures 4.22 4.29). The microscopical
observations and Brinell hardness measurements are summarized in Tdble 4.1
4.16. In addition, the theoretical FeC (cementite) phase calculation results are

documented in Table 431

Microscopical observation results and phase calculation results basedbom c
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
pearliteferrite to better interpret microscopic views of the samples. Those results are
summarized in tables 4#4.15-4.16 in terms of metallographic characteristics
versus hardness characteristics of individual samples belonging to three main
historical periods(15", 16" and 19' centuries).
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Table 4.13 The theoreticdy calculatedFeC (cementite) phageercentagesf the
samples from 15th, 16th and 19th ceigsir
Century Sample's code Carbon Fraction Total Cementite Fraction of Eutectiod

of the © of ferrite proeutecti ferrite
structure content pearlite od alpha
w/iw%

15th GMH-Me-02 0.121 0.134  0.985 0.015 0.866 0.119

century

16th MSH-KAP-01 0.155 0.180  0.980 0.020 0.820 0.160

Century  \sH-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 T-D-01 0.289  0.362 0.960 0.040 0.638 0.322

century  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 i d&ntury

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 (GMé&t03 and GMHMe-04)

from the same building have ferritic structure with fine grains (Figure-8)Isimilar

to the iron door lock piece which has 0.12% C in it. Cracks and inclusions are
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observed on thepolished surfaces of all mentioned samples. The hardness
measurement of only one of the samples froficEhtury could be taken due to the

fact that the other samples had insufficient surface areas for such measurements. The
hardness value of the dooclopiece (GMHMe-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.

200 pm

(@) GMH-Me-02 (200x), interior (b) GMH-Me-03 (200x), interior

(c) GMH-Me-04 (200x),interior

Figure 4.22 Microstructural images afamples taken by Huvitz digital microscope
after etching with nitric acid in alcoh¢, b, c)
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Table 4.14 Microstructual analyseand Brinellhardnessesults othesamplesrom
15th century

Average
Sample Code Microstructure Brinell
Hardness
(HBS)
GMH-Me-02 | T Ferritic structure. Ferrite grains are ~30
C ion / slag f ts. Corroded .
Door lock 1 re(;ri;ons;on slag fragments. Corrode 917 very soft
piece, interior 1 Deep cracks on the surface
1 Ferritic structure
GMH-Me-03 | § Corrosion / slag fragments. Corroded ND*
Nail, interior regions
1 Deep cracks on the surface
GMH-Me-0a | T No regular ferrite pearlite structure
- . 1 More stressed structure ND*
Nail, interior .
1 Corrosion / slag fragments

* ND: Not detected due to small size of the sample.

Four samples from 1Bcentury have mainly ferritic structure (Table 4.14) with
visible ferrite grain boundaries and some pearlite. The three samplé$KMB-

02, 03 and 05) are composed of ferritic structure only. The other samples (MSH
KAP-01, 09, 12 and 13) have around 98% ferrite andl@% pearlite in the
structure. Interior wall nail (MSHKAP-07) has the least total ferrite (94%) with the
highest amont 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
sampledrom 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 esestions. The major
elements in thecomposition are manganese and sulfur detected by-EBXL The

three samples (MSIKAP-01, 02, and 04) show mostly elongated slag streaks while

the nail from the dome (MSIHAP-03) shows some slag inclusions in dot form. The
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samples from the interior of ¢hhammam (MSHKAP-05 and 06) have large slag
fragments. The nail from the dome (M3AP-08) having nearly 100% ferritic
structure has little amount of dfirmed slag fragments. The three samples from the
interior of the hammam building (MSKAP-9, 12 and13) have ~98% ferritic
structure with little amount of corrosion / slag fragments on the surface. Nail samples
MSH-KAP-09 and MSHKAP-13 are observed together with deep cracks on the

surface probably due to forging.

Hardness measurements of eleven ied@ments 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: aedual (MSHKAP-01) with 125

HB; two nails from interior (MSHKAP-09 and MSHKAP-13) with 129 HB and

133 HB. Four nails are in the medium hardness range: two nails from the dome with
ferritic structure (MSHKAP-03 and MSHKAP-08) have hardness value 166 HB
and 177 HB respectively; a timber jointing nail (MB¥AP-04) from interior having
ferritic structure with some pearlite (20%) has hardness value 162 HB; a nait (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 (MSKAP-06) having pearlitiderritic structure at the
interior of the hammam has hardness in the soft range (138 HB), while a jointing
element (MSHKAP-02) with ferritic structure from the interior and a door hinge
(MSH-KAP-05) with ferriticpearlitic structure have hardness in medium range (160
HB and 180.2 HB successively). The hardness degrees of samplesK AFSE5

and 08 are quite similar, having 180dah77 HB medium hardness respectively.
MSH-KAP-05 has ferritic + pearlitic structure while MSKAP-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 imagesf the samplesaken by Nikon metallographic
microscope (a, ¢ and d) amdcrostructural imagef the sampldy Huvitz digital
microscope (b) after etching with nitric acid in alcoti@dth ).
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(€) MSHKAP-05 (100x), interior  (f) MSH-KAP-06 (200x), interior

(g) MSH-KAP-07 (500x), interior (h) MSHKAP-08 (100x), exterior

Figure 4.24 Microstructural image®f samplestaken by Nikon metallograjd
microscope (e, h) anohicrostructural images of samples takan Huvitz digital
microscope (f, gafter etching with nitric acid in alcoh@l6thcc).
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(i) MSH-KAP-09 (200x), interior (j) MSH-KAP-12 (500x), interior

100 pm

(k) MSK-KAP-13 (500x), interior

Figure 4.25 Microstructural imageof the sampldgaken by Nikon metallograjph
microscope (i) andMicrostructural images of the samples takenHuyitz digital
microscope (j, kpfter etching with nitric acid in alcohal§th ).
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Table 4.15 Microstructual analysesand Brinell hardnesgesults ofiron samples

from the 16th century
Average
. Brinell
Sample Code | Microstructure Hardness
(HBS)
MSH-KAP- 01 1 Mostly Ferritic structure (98%), %18 pearlitic structure
Nail f d 1 Equiaxial ferrite grain boundaries are visible but not 1257 soft
al r%n ome, elongated. Ferrite grains are ~10 to 40 um.
outdoor 1 Small amount of corrosion/ slagpfiments
1 100% ferritic structure. Ferrite grains are ~100 pm.
M?S;]KAiZéeoz 9 Equiaxial ferrite grain boundaries are visible and its sla 1607 medium
anch%rin impurities are oriented. hard
purpose int%rio 1 Forged and réeated.
' 9 Large amount of corrosion/ slag fragments
MSH-KAP- 03 | 11 100% ferritic structure. Ferrite grains are ~20 pm.
Nail f d 1 Equiaxial ferrite grain boundaries are visible and its slg 1667 medium
al r‘ig”' ome, impurities are not oriented hard
outdoor 9 Large amount of corrosion/ slag fragments
MSH-KAP-04 | T Mos_tly ferr_itic structure with some pearlite
Nail dqf 1 Ferrite grains are layered and elongated. 1621 medium
tim?ale;]'soeintir?r 9 Forged but not reheated after last forging. hard
inteJrior 9 9 Large amount of corrosion/ slag fragments. Deep crac
on the surface
MSH-KAP- 05 | 1 100% Ferritic structure 1801 medium
Iron hinge, 1 Ferrite grain boundaries are visible hard
interior 9 Large amount of corrosion/ slag fragments
1 %40 Ferritic- %60 Pearlitic structure
MSH-KAP-06 | ¢ Heavily corroded and cracked surface
Iron element for| { Equiaxial ferrite grain boundaries are visible, ~50um a 138- soft
towel hanging, its slag impurities are oriented.
interior 1 Forged and réeated.
9 Large amount of corrosion/ slag fragments
MSH-KAP-07 | T Total F:arrfite 94;’? 53_.tS|)q% tl?ea;lig:ic sttructure. I-||ighest
. amount of pearlite within the T&entury samples 2817 ve
slt\loa:lautfji(ljdfggr; 9 Finer ferrite grains (~10 um). Oriented slags. high hadnrgss
interior "| 1 Forged and reated.
1 Possibly, repair material dating from recent times
MSH-KAP-08 1 Mostly ferritic structure (99.7%), 2.7% pearlitic structur ) )
Nail used for Ferrite grains are ~60 pm. 177|hm3d|um
lead covering of 1 Corrosion/ slag fragments. Heavily corroded areas ar
dome
MSH-KAP-09 | 1 Mostly Ferritic structure (98.6%), 13% pearlitic structur
Nail used for | 1 Ferrite grain boundaries are visible. Ferrite grain size 1297 soft

stonebuilding,
interior

~75um.
1 No corrosion/ slag fragments
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Table 4.5 Microstructuralanalysesand Brinell hardness results afon samples
from the 16th century (continued)

Average

. Brinell
Sample Code | Microstructure Hardness

(HBS)

MSH-KAP-12 | 1 Mostly ferritic structure (98.1%), 17.1% pearlitic structy
Nail used for | 1 Corrosion/ slag fragments. Corroded areas. No orientg 1817 medium

timber jointing, noticed hard
interior 1 Ferrite grains are largénan the others around 30 pm.
MSH-KAP-13 | TMostly Ferritic structure (98.5%), 13.8% pearlitic
Nail used for structure 1337 soft
stone building, | T Cracks probably due to forging
interior 1 Least amount of corrosion / slag fragments

Iron samples collected from dwellings and excavations of an Ottoman Layer in Foca,
Izmir from 19" century have mostly 100% total ferrite, while two sampleg@m

bar of a window guardFKM-01) and an entrance door hinge (FKIM) have
pearlitic structure (88%) 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 wdikxamining a nail (FKML1) from the same century.

Hardness degrees of ten 19th century samples collected from Foca are in the range
of soft to mediurrhard (<94 HB to 199 HB). Considering the microstructure and
hardness values together, the door locke{&KM-03) having ferritic structure has
hardness in the soft range (129 HB). The iron bar from the window guard-(AKM

and the main entrance door hinge (FKM) have pearlitic structure and their
hardness values are in medium hardness range (156 HB54ndB respectively).

The hardness of the timber beam nail (FOR) is 133 HB and is in the soft range.

The buriedhail from the Ottoman layer (FKNJ7) is the hardest of all Fogca samples
(198.5 HB) being in the medium range. Hardness values of the digeatg ferritic
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structure (FKM08 and FKMO09) are in the softest range (115 HB and < 94 HB
respectively). The main entrance door hinge with ferritic structure (FB@)has a
hardness of 160 HB in the medium range. Hardness values of the two nails from the
Ottoman layer (FKM10 and FKM11) are in the soft range (101 HB and 117 HB

respectively).

(a) FKM-01 (200x), exterior (b) FKM-02 (500x), interior

100y

(c) FKM-03 (200x), interior (d) FKM-04 (200x), interior

Figure 4.26 Microstructural images of iron samples by Nikon metallogi@ph
microscope (a, ¢) and Huvitz digital microscope (baftigr etching with nitric acid
in alcohol (Bth ).

111



() FKM-05 (200x), interior () FKM-07 (20%), buried

(g) FKM-08 (200x), buried (h) FKM-09 (500x), buried

Figure 4.27 Microstructural images of iron samples by Nikon metallogi@ph
microscopdg) and Huvitz digital microscopg, f, h)after etching withitric acid
in alcohol(19th ).
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100 pm

() FKM-11 (200x), partially open to
(i) FKM-10 (200x), buried the atmosphere

Figure 4.28 Microstructural image of iron samgldoy Nikon metallograpic
microscope(i) and Huvitz digital microscope (j) after etching with nitric acid in
alcohol(19th cc)

A nail and a door lock piece {W-01 and TD-01 respectively) from the dwelling in
Tekkekoy, Samsun, have 98.4906% total ferrite and 14.9% 36% pearlite
respetively. The nail sample ¢N-05) has ferritic and pearlitic structure, but it has
more ferritic grains than the door lock piece§d01). The nail sample (N-05) has

little amount of corrosion / slag fragments. A window hinge samp/{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 nailsNFO1 and TN-05) have hardness
values of 219 HB ané10 HB respectively. The door lock pieceD¥01) from the

same dwelling has a hardness value of 202 HB and a window hinge-W0()

has the hardness value of 290 HB, being in very hard range.
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(k) T-N-01 (200x), exterior
() 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 metallogi@ph
microscop€], n) and Huvitz digital microscope (k, m) after etching with nitric acid
in alcohol(19th cc)

The nail from the 18 century Gazi Mihal Hammam has the lowest hardness (91 HB)
and has ferritic microstructure. The three nails (MS&P-01,-09 and-13) from the

16" century hammam have hardness values in the soft range. Their hardness values
are in the range of 125133 HB. They all have ferritic microstructure.&entury

nails (MSHKAP-03, -04, -08, -12) have hardness values of 162 HB to 181 HB in

the in the medium hardness range. Th& &&ntury nails (FKM02, FKM-10 and
FKM-11) from Foca have the lowest hardness values in the soft range between 101
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HB 1 133 HB. They also have ferritic structure. The door lock piece (fa8)from

Foca having a har@ss value of 129 HB being in soft range has also ferritic structure.
Some excavated iron components from the Ottoman layer of Foga have very low
hardness (FKMD8 114 HB and FKMD9 95 HB) and they have ferritic structure.
Thus, the results show that BrineHrdness values in the soft range are related with

the ferritic structure.

Table 4.16 Microstructuralanalysesand Brinellhardnesgesults ofiron samples
from 19th century

Average
Sample Code | Microstructure Hirrlgﬁle!ss
(HBS)
FKM-01 187.5 % Pearlitic structure with 12.5% cementite
1 Ferrite grain boundaries are particular. Ferrite grain
Iron bar of a are ~150 ym 156- medium
V\f’:g?no‘g gtlé?]f 1 Corrosion fragments in dot forms hard
dwelling, exterior 9 Corrosion fragment_s between ferrite graoundries,
' probably due to rolling crack
FKM-02 9 Mostly ferritic structure, ~10% pearlite
Nail for jointing 1 Ferrite grain boundaries elongated due to forging al
load bearing, mairy  observable. Ferrite grains are +50. 133- soft
timber beams, | 1 Corrosion/ slag fragments
interior
1 Ferritic structure. Ferrite grains are ~100 pum.
9 Ferrite grain boundaries oriented due to forming /
FKM-03 .
) forging method are observable
Door lock piece | ¢ Ferrite grains without normal cell structure 129- soft
from main 9 Corrosion fragments in dot forms
entrance, interior 1 Corrosion fragments between ferrite grain boundrie
187.5 % Pearlitic structure with 12.5% cementite
9 Ferrite grain boundaries oriented due to forming /
FKM-04 forging method are observable. Ferrite grains are ~
Male hinge for pm. 1647 medium
main entrance | Y Corrosion / slag fragments. Corrosion fragments in hard
door, interior forms
1 Corrosion fragments between ferrite grain boundrie
probably due to applied production technique
FKM-05 1 Ferritic structure. Ferrite grains are ~25 um.
Female hinge for| fFerrite grain boundaries oriented doefdrging are not 160- medium
main entrance easily observable hard
door, interior 1 Corrosion / slag fragments
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Table 4.8B. Microstructuralanalysesand Brinellhardnessesults ofiron samples
from 19th century (continued)

Average Brinell

Iron piece, from
Ottoman layer,

9 Corrosion / slag fragments with some deep local
corrosion areas

Sample Code |Microstructure Hardness
(HBS)
1 Ferritic structure with around 10% peatrlite
FKM-07 . : . .
) 9 Ferrite grain boundaries are observable. Ferrite N .
Nail, from ; 1997 medium
grains are ~120 pm
Ottoman layer, . hard
buried 9 Some corrosion/ slag fragments
1 Less elongation of ferrite grains
1 Ferritic structure. Ferrite grains are ~130 um
FKM-08 9 Ferrite grain boundaries oriented due to forging
L shaped iron method are observable 115- soft
piece, buried | { Ferrite grains without normal grain structure
9 Corrosion / slag fragments
1 Ferritic structure
9 Ferrite grain boundaries oriented due to forming /
FKM-09 forging method are observable

< 94-very soft

buried 1 Corrosion fragments in dot forms with some deep
corrosion fragments between ferrite graoundries
are observable
FKM-10 1 Ferritic structure
Nail, from 9 Elongated ferrite grain boundaries are observable
- . 101- soft
Ottoma_n layer, | { Deep local corrosion fragments between ferrite gr

buried boundries at the sampl

F,KM'll 9 Ferritic structure. Ferrite grains are ~100 pum
tNall,(;rorrlll_a { Elongated ferrite grain boundaries are observable 117 soft

stone dwelling, 9 Some dofformed corrosion fragments - S0
partially open to
atmosphere

T'N_'Ol 198.4% total ferrite with 14.9% pearlite. Ferrite grai . )

Iron nail, from are ~45 um 2191 medium
timber C(_)Iumn, 1 Probably heat treated hard
exterior

T'Nf05 9 Mostly pearlitic structure . )
Iron nail, from q Stressed structure 2107 medium

timber cqlumn, 9 Possibly repair material dating fromcent times hard
exterior

T-D-01 196% total ferrite and 36% pearlite. Ferrite grains &

Iron crossbar of |  ~30 pm . .

. . . . 20271 medium
main entrance |  Ferrite grain boundaries are observable hard
door locking, | {Large corrosion / slag fragments

interior

T-W-01 %100 pearlitic structure
Iron hinge pin, | Y Corrosion / slag fragments 29071 very high
from entrance | 7 Deep local corrosion fragments hardness
hall, interior | { Possibly repair material dating from recent times
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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 microseogews. 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 studiedridgaman spectroscopy, XRand

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 analyse®f 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:

4.3.2.1SEM-EDX and Digital Microscopic Views of Corrosion Layers

Etched crossections 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 19thnteries have been observed and compared
regarding the morphological characteristics of corrosion layers. The results are
summarized in Table 471421 and 4.2.
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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 (Figuré.3Qa). The inner corrosion layer (ICL) thickness of the
mentioned samplesibetween 10@00 um. The back scattered SEM view supports
the compact nature of ICL with a thickness of -BO® um. 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 structufeigure 4.3M). 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 (GMWe-03) presents a well observed

ICL with a compact structure havindhackness of 20250 um (Figure 4.3@). 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 interi@MH-Me-04) shows a lower ICL
thickness of 500 um (Figure 4.3d) where its inner part is also more compact
than the outer part. The inner part of the ICL of th# &&ntury iron objects is

observed to be more compact in comparison to the outerFiguiré 4.30a, b).
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SEMHV: 3000 KV WD: 34.48 mm | Srr———— VEGAN TESCAN
View field: 261.6 ym  Det: BSE 50 um ]
Date(m/déy): 01/07/17  guest werumc,

(b) GMH-Me-02 (750x), interior

m VEGAN TESCAN
View field: 142.8 ym  Det: BSE 20 pm -
Date(middy): 010747 guest

(c) GMH-Me-03 (500x), interior (d) GMH-Me-04 (2000x), interior

ramre /|

Figure 430 Digital microscopy images (a, ¢) and SEM images (b, d) of iron samples
after etching with nitric acid in alcoh@5th cc)

Two samples (GMHMe-02 and 04) ofthe f5c e nt ur y6s i ron obj ect :
by using SEMEDX (Figure 4.31 & 4.32). The dotwck piece (GMHMe-02) has a

considerably thick corrosion layer in comparison to the plaster nail (&Ad{94).

Its EDX analysis starting from the metal body through the TM layer shows that iron,

silicon, calcium, aluminum, potassium, magnesium, and cleoaire 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, siiamganese,
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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.

(a) ()

Figure 4.31a) SEM image of a dw locking iron piece (GMFMe-02): elemental
analysis areatarting from metal body to the TM layer. b) EDX analysis results: Fe,
Si, Ca, Al, K, Mg and ClI.

Figure 4.32a) SEM image of a plaster nail (GMMe-04): elemental analysis area
starting from metal body to TM Layer. b) EDX analysis: Fe, Si, Mn, Cr, Aland S.
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Table 4.17 Morphological characteristics and thickness of corrosion laperthe
samples from 15th century

Inner Corrosion

. - Layer (ICL
Sample Code Corrosion Layer Characteristics Tr):ickfness?
(um)
1 Compact and distinct corrosion layer
GMH-Me-02 1 The first half of the ICL free of cracks
Door lock 1 The second half has some fine cracks 100-200
piece, interior 1 Fe, Si, Ca, Al, P, Mg and Cl are observed in th

corrosion layer

Compact and distinct corrosidayer

The first half of the ICL almost free of cracks
The second half is observed to have some fine
cracks and pores

GMH-Me-03

. . 200-250
Nail, interior

=a =4 =4

Compact and distinct corrosion layer

The first half of the ICL free of cracks
GMH-Me-04 The second half has some fine cracks in its
Nail, interior compact structure

1 Fe, Si, Mn, Cr, Al and S elements in the corros
layer

E

50-100

Corrosion layers of six iron objects from thé"d&ntury belonging to a hammam
building were analyzed morphologically by using SEM and digital microscopy.
Digital microscopic viewof a nail sample used at the exterior of the dome at the
hammam building (MSHKAP-01) reveals a compact, very well obsengarosion

layer having a lightolored isotropic band in it (Figure 4.33a). Severatlaylrs 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 metgliGREr
corrosion layer (ICL), original surface layer (OSL) and transformed media (TM)

(Figure 4.33b). The ICL thickness is aroundh®®including 10nm thickness of RF.
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(a) MSHKAP-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 alcohdlL6th cc)

An iron object (MSHKAP-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-800 nm which is much
thicker than the corrosion layer observed at the nail (MARWP-01) from the

exterior of the dome.
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]

(2) MSHKAP-02 (2360x)

Figure 4.34 Digital microscope image (a) and SEM image (b) of an iron object after
etching with nitric acid in alcohdlL6th cc)

Anot her nail sample collected from the e
Ha ma mé -KARI&)has well identified and compact corrosion layer with ICL

thickness around 5050 nm (Figure 4.35 a, b). The sublayers are not well
distinguished as in the other nail from the exterior of the dome (MSP-01). Its

thickness and compactness are comparabtbhase of the exterior nail while the

corrosion layer of the interior iron object is less compact with some cracks and pores.

-
100pm  *

|. .‘ﬁ‘;,\ g S Bt
(a) MSHKAP-03 (560x)

Figure 4.35Digital microscopy image (a) and scanning electron microscopy (SEM)
image (b) of a nail sample after etching with nitric acid in alc¢bgth cc)
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Corrosion layer of an iron object embedded in mortar but used at theirtethe
hammam (MSHKAP-06) has a compact corrosion layer with some cracks and pores
in it (Figure 4.36). Its ICL thickness is around-500 nm 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 (MSHAP-07) is observedo have a compact corrosion
layer having the ICL thickness around 280 (Figure 4.37). The compact layer is

almost free of crdcand porous areas.

Another nail from the interior of the hammam building, (MBAP-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 b@®- 300mm, asobserved with SEM

and digitalmicroscopic 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 trangpd media (TM) are well observed. In
addition, in one of the samples (MS&AP-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 somsas with cracks and pores.
However, all interior iron samples have quite similar corrosion layer thicknesses with
the exception of the bent iron object (MBAP-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 (MSHKAP-07) after etching with nitric acid in alcohol (500x}.6th cc)

P g

SEM HV: 15.00 kV SEM MAG: 1.13 kx VEGAW TESCAN
Det: BSE WD: 27.00 mm 7
View fleld: 192.5 ym  genel

METU-MCL n
kap12 nallhead
Nurdan Yucel

(a) MSH-KAP-12 (1130x)

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 alcq&éth cc).
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Compositional characteristics of therrosion layers were examined for four

samples of the #&century iron objects by SEMIDX. Line scanning analysis

performed from the transformed media (TM) to the interiors is not sensitive to the

distance and gives semuantitative information aboutérelemental composition in

the defined area. For the nail from the dome (M&AP-01), starting from the metal

body, following RF, ICL, OSL and TM, the elemental composition has undergone

some changes. APoi nt 10 beforandhBoreacti ol
reaction front (RF) have the presence of iron, calcium, silicon, magnesium and
manganeseo (Figure 4.39, 4.40 and 4.41). I n
(Figure 3.16) Airono is the only el ement id
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.

1"‘“‘ :
el - , :
'a,’:}-;mETu © 2BKU

R
.

Figure 4.39 SEM imageof a nail head (MSHKAP-01) showing three main layers:
Metal, ICL including RF and TM Layers. Numbers indicate the EDX analysis
locations. Red arrow presents the area wheresiia@ was performed.
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1500
1000 5
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Fe
Si
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3 Mg
C
a T T T
i} 1 2 3 4 5 [ 7 8 9 10

Figure 4.40 EDX spectrum of an iron nail (MSKAP-01) at point 1 in reaction
front: Fe, Ca, Si and M(1L6th cc)

Fe
2000 4
1500
1000 +
B B
Fe
Fo Si Ca
c Mg Mn
a T T

Figure 4.41 EDX spectrum of an iron nail (MSKAP-01) at point 5 in reaction
front: Fe, CaSi and Mn(16th cc)
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Figure 442 EDX spectrum of an iron nail (MSKAP-01) at points 3 and 4 in inner
corrosion layer (ICL): Fe and (A6th cc)

@ 100
k=
3
o
Q
10 5
1 rrrrrrrrrrrrrrr rrrrvrrrr rr 11111 1T T T T T TT
0.00 928 1856 27.84 2713 4641 S5.69 64 97 74,25 8353
Microns
— 0O K: 83 — Mg K 32 — Sik a2
— P K G7 — S K B7 — Calk: 72
= Mn K: B4 Fe K: 1519

Figure 4.43 EDX line scan spectrum of an iron nail (MS&AP-01) starting from
transformed media (TM) to the main metal b@tlgth cc)
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The total corrosion layer of the sample used for eventual anchoring purposes from
inside the hammam buildingMSH-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 ,roedcium, 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 (Tabl8)1Starting from the transfmed 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 foonged

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 locaton (Tablel9). 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.

A METU

Figure 444 SEM of image of total corrosion layer rié& the metal bodgf an iron
sample (MSHKAP-02) (60x). Red arrowepresents the area where line scan is
performed.
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Figure 4.45 SEM image of reactiofront (RF) next to the metal bodp theiron
object (MSHKAP-02) (1503.

Ca

1500

Fe

1000 -

Ca

ke

Figure 4.46 EDX analysis othereactionfront (RF) next to the metal body (MSH
KAP-02): Ca, Fe, Mg, Na, O and S.
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Table 4.18 Weight percentag®f elements in the composition of RF (M$AP-
02)analyzedoy EDX (16th cc)

Element WeightConc. % Atom Conc. % CompoundConc. % Formula

o) 30.19 54.64 0.00

Na 1.70 2.15 2.30 NaO

Mg 2.51 2.99 4.16 MgO
s 0.60 0.55 1.51 SO
Ca 29.31 21.18 41.02 CaO
Fe 35.68 18.50 51.02 FeOs

1100

Counts

T T T T T T T T T
0.00 9.39 1877 2816 3755 4694 5632 6571 ThH10 8449
Microns
— CK 34 — OK: 73 — AIK: 38 — SiK:35

— PK: 35 — SK 38 — CIK: 33 Ca K: 750
— FeK: 19

Figure 447 EDX line scan spectrumf an iron object (MSHKAP-02) starting from
transformed media (TM) to main metal body: calcigithe most abundant impurity
in the corrosion layer.
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METU 2BKU

Figure 4.48 SEM image ofadeep crack inside the inner corrosion layer of an iron
object (MSHKAP-02) (6x).

Figure 449 EDX analysis at the crack (MSKAP-02): Fe, Ca, O and Al.
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