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CORROSION AND CORROSION PROTECTION PROPERTIES OF
BINARY Fe-Al ALLOYS-INTERMETALLICS

SUMMARY

It is well known that corrosion and corrosion protection properties of Fe-rich iron
aluminides and Al-rich intermetallics which are the major constituents of aluminized
steel, depend on the phases formed on the substrate, the sequences of the phases, the
nature of the hostile environment and the extent of damage on the surface. This study
aims to investigate the corrosion resistance and simultaneous corrosion protection
properties of binary Fe-Al compounds that constitute the aluminized layer. For this
purpose, both Fe-rich and Al-rich Fe-Al phases, produced by the CA-EMIT process,
were used to determine their electrochemical corrosion behaviors in both acidic (0.5M
H>S04) and chloride (200ppm CI" with pH4 adjusted by H>SO4) containing media.
Electrochemical experiments were performed, as Open Circuit Potential (OCP) and
Potentiodynamic Polarization measurements. Considered the electrochemical
corrosion potential of each phase, a galvanic series was created in chloride-containing
media. To be examined the reliability of the galvanic series in terms of corrosion
protection provided, galvanic pairs were created by forming cracks on the surface of
samples. These samples treated such that the relevant phase was exposed to the media
while the IF-steel remained the substrate exposed through cracks. Aluminizing was
realized on IF-steel substrates with selected temperatures by varying the AC substrate
voltages in a cathodic arc physical deposition unit. Treated surfaces were tested using
electrochemical potentiodynamic polarization experiments in both sulfuric acid and
chloride containing media. The samples surfaces were examined by X-Ray
Diffractometer (XRD), Scanning Electron Microscopy (SEM), Electron Dispersive
Spectroscopy (EDS) and Optical profilometer. Accordingly, Al-rich phases
(Fe2Als-FesAlis, FeaAls) and Fe-rich phases (FesAl-FeAl) were formed on the
substrates at the processing temperature of 1100, 1150, and 1200°C, respectively. In
0.5M HS0s, Fe-rich phases produced by the CA-EMIT method exhibited corrosion
resistance similar to Fe-rich bulk iron aluminides in terms of improved passivation
behavior in the presence of Al in the alloy. The increasing Al contents of the layers
improved passivation behavior. Some cracks that occurred during electrochemical
experiments in 0.5M H2SO4 were interpreted as an indication of their susceptibility to
environmentally induced cracking. In the simulated acid rain environment (200ppm
CI" adjusted pH 4 by H2SOs), a galvanic series was created in the nobility order:
FesAl-FeAl>IF-steel>Fe,Als-FesAliz>FexAls.  The  Al-rich intermetallic  layers
provided, to IF-steel substrate, both barrier corrosion protection by exhibiting passive
behavior up to breakdown potential and cathodic protection by sacrificing themselves
in the event of cracks. On the other hand, the Fe-rich intermetallic layer with the lack
of passivation failed to act as a protective barrier, and in the presence of paths that
allows electrolytic conduct between the substrate, it may create a problem of
accelerating the corrosion of steel with galvanic action.
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IKILi Fe-Al ALASIMLARININ-INTERMETALIKLERININ KOROZYON
VE KOROZYONDAN KORUMA OZELLIKLERI

OZET

Demirce zengin Fe-Al alasim grubu (demir aliiminitler), ticari ve yaygin kullanimda
onemli bir bagartya sahip olmayan ancak en ¢ok arastirilan alasim gruplarindan biridir.
Bu alagimlara olan ilgi, alagimlarin yer kabugunda en c¢ok bulunan iki metalden
meydana gelmeleri sayesinde kolay ulasilabilirlikleri ve maliyetleri; paslanmaz celik
ve nikel esasl alagimlara alternatif olmalar; ikili sistemde iki diizenli yapinin (D03
and B2) bulunmasi; ve 6zellikle kiikiirt iceren yiiksek sicakliktaki atmosferlere karsi
gosterdikleri yiiksek sicaklik korozyon direncinden kaynaklanmaktadir. Demir
aliminitlerle ilgili ¢aligmalar, 1930'larda Oak Ridge Ulusal Laboratuvari'nda (ORNL),
bu alagimlarin milkemmel yiiksek sicaklik oksidasyon direnglerinin kesfinden sonra
ilerletildi. Ancak alasimlarin zayif mekanik 6zellikleri, 1960'larda bu g¢aligmalarin
durdurulmasima neden oldu. 1980'lerde, alasimlama veya iiretim yOntemlerinde
modifikasyonlar yoluyla mekanik 6zellikleri iyilestirme ¢abalariyla yeniden baslatilan
caligmlar, 2000 yilinda, oda sicakliginda zayif siineklik/tokluk, paslanmaz celiklere
kiyasla zayif sulu ortam korozyon direnci, ve oOzellikle kloriir iyonlar1 igeren
ortamlarda hidrojen gevrekligi sorunlarinin iistesinden gelinemedigi i¢in terk edildi.
Bugiin, 6zellikle Avrupa'da bu sorunlarin agilmasi i¢in ¢abalar (alasimlama ve tane
boyutu kiiciiltme ile) devam etmektedir. Bu gelistirilmis alagimlar ticari olarak kitlesel
formda, komiir gazlastirma sistemleri, yiliksek giiclii dizel motorlari, tiirbin kanatlari
ve niikleer reaktorlerde 1s1 yiiklii parcalarda kullanilmaktadirlar.

Kitlesel olarak {iretilen Fe-Al alagimlari, cesitli altliklar {izerine kaplama olarak da
iiretilmektedirler. Demir aliiminitlerin kaplama olarak iiretimi dogrudan kaplama veya
difiizyon ile miimkiindiir. Fiziksel buhar biriktirme (PVD), termal si¢ratma, ticari
dogrudan iiretim yontemlerindendir. Fe-Al alasimlarinin Fe esasli malzemeler {izerine
kaplanmasinda en yaygin kullanilan yontem, aliiminyumlama olarak bilinen difiizyon
esasli islemdir. Paket sementasyonu, sicak daldirma, kimyasal buhar biriktirme (CVD)
ve camur flizyonu, ticarilestirilmis cesitli difiizyon esasli kaplama yontemleridir.
Yakin zamanda gelistirilen katodik ark plazma destekli difiizyon yontemi (Katodik
Ark Electron/Metal Iyon Islemi-CA-EMIT), arastirma grubumuzda ¢eliklerin
kontrollii aliminyumlanmasinda basarili bir sekilde uygulanmistir. Bu yontemde,
altliga uygulanan c¢evrimsel AC hizlandirma gerilimi sayesinde, kaplama ve 1sitma
islemleri ayn1 anda uygulanir. Bu sayede, altligin iizerinde istenilen kalinlik ve sirada,
hem demirce hem de aliiminyumca zengin fazlarin genis bir bilesim araliginda elde
edilmesi saglanir.

Kitlesel ve kaplama demir aliiminitlerin literatiirde var olan yiiksek sicaklik korozyon
ozelliklerinin yani sira, genisleyen kullanim alanlari ile beraber yas (elektrokimyasal)
korozyon davraniglarinin anlasilmasi gerekliligi ortaya c¢ikmustir. Kitlesel demir
alliminitlerin elektrokimyasal korozyon davranislar1 iizerine yapila ¢alismlar, icerdigi
aliminyum miktar1 %40 Al’ a (aksi soylenmedik¢e atomik oran kabul edilecektir)
kadar olan demirce zengin fazlar iizerine yogunlasmis ve ¢ogunlukla siilfiirik asit
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ortaminda gerceklestirilmistir. Bilesen elementlerin, alagimin elektrokimyasal
davranis1 lizerindeki etkisini incelemek amaciyla cesitli caligmlar yapilmistir. Bu
kapsamda yapilan ¢alismalarda demirin aliiminyum ile alagimlanmasi, siilfiirik asit
ortaminda, alasimin pasiflesme 6zelligini iyilestirmektedir. Pasiflesme davranigindaki
bu iyilesme, artan aliiminyum igerigi ile daha da gelismektedir. Yiizeyde koruyucu
pasif film tabakasinin olusumunu desteklemek i¢cin Al igeriginin %10’ u, uygun
korozyon direncini kazandirmak i¢in %19’ u asmasi gerekmektedir. Ancak %19
siniria ulagildiktan sonra artan Al igerigi korozyon davranisinda %19 Al igerigine
kiyasla belirgin bir gelisme saglamamaktadir. Demir aliimintlerin aktif korozyon
bolgesinde sergiledikleri elektrokimyasal davranisglari {izerine yapilan ¢aligmlara gore,
aktif korozyon hiz1 demirin yiizeyden ¢ozeltiye ¢oziinmesi tarafindan yonetilir. Pasif
bolgede sergilenen davranis i¢in dnerilen mekanizmalar farkli olsa da ortak kani, tam
pasiflesmenin hem demir oksit/hidroksitlerin hem de aliiminyum oksit/hidroksitlerin
birlikte var olmasi ile gerceklestigi yoniindedir. Alasim elementlerinin demir
alimintlerin elektrokimyasal davranisi {izerine etkisine iliskin ¢aligmalara gore,
alasima C eklenmesi sonucu olusacak karbiir fazlarinin etrafinin segici ¢oziinmesi
alasimin korozyon direncinde gerilemeye neden olur. Demirce zengin demir
alliminitlerin kloriir igeren ortamlardaki elektrokimyasal davraniglari iizerine yapilan
sinirli sayidaki caligmalarda, alasima Mo ve Cr eklenmesi sonucu olusan, koruyucu
Al>O3 filmini destekler nitelikte olan Cr.O3/MoOs filmleri, daha pozitif kirilma
potansiyeline dolayisiyla daha iyi korozyon direncine imkan verirler.

Demirce zengin demir aliiminidlerin aksine aliiminize g¢eligin ana bilesenleri olan
aliminyumca zengin intermetaliklerin yas korozyon davranisina iliskin ¢aligmalar
sitnirhidir.  Celigi elektrokimyasal bozulmadan korumak igin uygulanan yiizey
kaplamalarinin bir sonucu olan aliiminize ¢eligin sicak damgalama, pisirme kazanlar1
gibi uygulamalarda miikemmel yliksek sicaklik oksidasyon direnci sergilemesi,
aliiminize ¢eliklerin yas korozyona kars1 performanslarini ele almay1 da gerektirir. Bu
kapsamda yapilan ¢alismlarda, aliiminize ¢eligin korozyon davranisi; altliga saglanan
bariyer korumasi ve altlik-kaplama arayiizeyine elektrolitin niifuz etmesine sebep olan
bir hasarin varliginda saglanan katotik koruma olmak iizere iki bakimdan
incelenmistir. Yapilan ¢alismalar, atmosferik ortam1 temsil etmek i¢in genellikle CI
iceren ortamlarda gerceklestirilmistir. Simdiye kadar yapilan ¢alismalarda, aliiminize
celiklerin elektrokimyasal korozyon davranislarini, dis yilizeyde olusan saf Al tabakasi
ve altindaki aliiminyumca zengin fazlarin davranisi belirler. Yiizeydeki saf Al tabakasi
saglam oldugu siirece korozyon davranisi bu tabaka tarafindan belirlenir. Ancak bu
katmanin hasara ugramasi durumunda, yiizeydeki saf aliminyum tabakasinin altindaki
tabakalarin niteligi ve bunlarin aralarindaki etkilesim dnem kazanir.

Genel olarak aliiminize ¢eligin korozyon ve korozyondan koruma 6zellikleri, althigin
iizerinde olusan fazlara, bu fazlarin sirasina, korozif ortama, ve yiizeyde meydana
gelen hasarin boyutuna baglidir. Ancak demirce zengin ve yiizeyinde saf Al katmani
bulundurmayan aliiminyumca zengin fazlarin korozyondan korunma davranislari
hakkinda dogrudan tahminde bulunmak miimkiin degildir.

Bu c¢alismada, aliiminize tabakayr olusturan, hem demirce hem de aliiminyumca
zengin fazlarin korozyon ve es zamanli korozyondan koruma &zelliklerinin
incelenmesi amaclanmistir. Bu amag¢ dogrultusunda, CA-EMIT yontemi ile iiretilen
demirce ve alliminyumca zengin Fe-Al fazlari, elektrokimyasal korozyon
davraniglarinin incelenebilmesi i¢in hem asidik (0.5M H>SO4) hem de asit yagmurunu
temsil etmek icin kloriir iceren ortamlarda (200ppm CI°) elektrokimyasal deneye tabi
tutulmustur.
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Aliiminyumlama islemi, sicakligini ayarlamak i¢in AC hizlandirma voltaji uygulanan
IF-celigi iizerine, Ar ortaminda gergeklestirilmistir. Islem siiresince katot akimi sabit
(90A) tutulmustur. Islem géren numuneler, agik devre potansiyelleri dlgiildiikten sonra
elektrokimyasal potansiyodinamik polarizasyon deneyine tabi tutulmustur. Deney
oncesinde ve sonrasinda nihai yiizeylerin mikroyapilari, taramali elektron mikroskopu
(SEM) ile incelenmis, X-isimn1 difraksiyonu (XRD), enerji dagilimlhi X-1s1m
spektroskopisi (EDS) analizleri yapilmig ve optik profilometrede ii¢ boyutlu
gorilintiileri alinmustir. Altliga ulasan olast bir hasar varliginda sergilenecek olan
elektrokimyasal korozyon ve korozyondan koruma davranisini incelemek amaciyla
kloriir igeren ortamdaki korozyon potansiyellerine gore bir galvanik seride siralanan
numunlerin ylizeylerinde altliga ulagacak ¢atlaklar olusturulmus ve elektrokimyasal
deneyler tekrarlanmistir.

Buna gore, islem sicakliginin 1100 ve 1150°C’ de 90 dakika boyunca tutuldugu
numunelerin yiizeyinde aliiminyumca zengin fazlar (sirasiyla FexAls-FesAliz ve
Fe;Als) olusurken, 1200°C’ de 30 dakilada aliiminyumca zengin fazlarin kararl
oldugu sicakligin iizerine ¢ikildigr i¢in demirce zengin fazlar (FesAl-FeAl)
olusmustur. Sicakligin 1100 °C’de tutuldugu islemde, yiizeyden altliga dogru sirasiyla
FexAls-FesAlrs, FexAls+FeAly, FeAl,+FeAl, FesAl+FeAl, FesAl+a-Fe(Al), a-Fe(Al)
fazlar1 olugmustur. Sicakligin 1150°C’de tutuldugu islemde bu siralama: Fe;Als,
Fe;AlstFeAl,, FesAl+FeAl, FesAl+a-Fe(Al), a-Fe(Al) olmustur. Sicakligin 1200
°C’de tutuldugu islemde ise siralama soyledir: FesAl+FeAl, FeAl-a-Fe(Al), a-Fe(Al).

CA-EMIT yontemiyle iiretilen demirce zengin faz, 0.5M H>SO4’ te, demirce zengin
kitlesel demir aliiminitlere benzer korozyon direnci sergilemistir. Alagimda Al
bulunmasi, alagimin siilfiirik asit ¢ozeltisindeki pasivasyon davranigini iyilestirmitir.
Aliiminyumca zengin intermetalikler, daha yiiksek Al icerikleri sayesinde
sergiledikleri daha diisiik pasif akim yopunluklar1 bakimindan daha iyi pasiflesme
davranigi sergilemislerdir. Artan Al miktari ile pasif akim yogunlugu azalma egilimi
gostermektedir. Aktif korozyon bolgesinde (anodik ¢6ziinme) alagimlarin korozyon
potansiyeli artan Al miktar1 ile daha aktif bolgeye dogru kaymis olup demir ve
aliminyumun potansiyel degerleri arasinda kalmistir. Fe-Al fazlarinin bu bolgedeki
korozyon hizlar1 ise IF-geligininkinden daha fazla olup artan aliiminyum miktar1 ile
artmaktadir. Bununla birlikte, korozyon deneyi sirasinda bir miktar ¢atlama meydana
gelmigtir. Bu durum, fazlarin c¢evresel olarak desteklenen catlamalara karsi
hassasiyetlerinin bir gostergesi olabilir.

Temsili asit yagmuru ortaminda (200ppm CI"pH4 H>SOs ile ayarlanmig), numunelerin
korozyon potansiyellerinin siralanmasiyla iiretilen galvanik seride asalet sirasi:
FesAl-FeAl> IF-steel> FeoAls-FesAlis> FeyAls olarak bulunmustur. Aliminyum ve
aliminyumca zengin fazlar pasiflesme davranisina atfedilen oyuklanma potansiyeli
degerine sahipken, IF-celigi ve demirce zengin fazlar i¢in bu deger bulunamamustir.
Aliiminyumca zengin intermetalik tabakalar, IF-celik alt tabakaya, oyuklanma
potansiyeline kadar gosterdikleri pasif davranig sayesinde hem bariyer korozyon
korumasi hem de ylizeyden alt katmana ulasan kusurlar olmast durumunda kendilerini
feda ederek katodik koruma saglamiglardir. Ote yandan, pasiflesme davranisi
sergilemeyen demirce zengin intermetalik tabaka, koruyucu bir bariyer gorevi
gostermedigi gibi alt tabaka ile arasinda elektrolitik baglantiya izin veren yollarin
varliginda, galvanik etki ile ¢eligin korozyonunu hizlandirmasi bakimindan bir
problem yaratabilir.
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1. INTRODUCTION

The iron-rich Fe-Al alloy group (iron aluminides) is one of the most researched groups
of alloys without significant success for commercial and widespread use. The interest
in these alloys aroused from availability and cost because they are the alloys of the two
most redundant metals in the earth crust and potential alternatives to stainless steels
and nickel alloys. Additional reasons for this interest are the presence of two ordered
structures (D03 and B2) in this binary system, their lightweight compared to steels and
nickel alloys and high-temperature corrosion resistance, especially to sulfur-bearing
high-temperature atmospheres. When talking about these alloys, the extensive efforts
of (Oakridge National Laboratories, USA) ORNL on the development of Fe-Al alloys
should be mentioned. Iron aluminides-related studies were enhanced after their
excellent high-temperature oxidation resistance that is discovered at Oak Ridge
National Laboratory (ORNL) in the 1930s. However, the poor mechanical properties
led to the abandonment of these studies in the 1960s. In the 1980s, studies were
resumed with efforts to achieve improved mechanical properties through alloying or
modifications in production methods [1]. The studies were also abandoned in 2000
without significant success because the efforts put forth did not overcome the poor
ductility/toughness at room temperature and creep behavior, weak wet corrosion
resistance compared to stainless steels, especially in chloride-containing media and
very high susceptibility towards hydrogen embrittlement problems satisfactorily.
Today efforts are still continuing to overcome these problems (alloying and grain
refinement based), especially in Europe (Germany, Spain, Poland and Czechia). These
improved alloys are commercially available in cast form for coal gasification, high
power diesel engines, turbine blades applications. heat loaded pieces in nuclear

reactors [2,3]

Another way of producing iron aluminides is to produce these alloys as coatings on
different substrates. Production of iron aluminides as a coating is possible with direct
overlay coatings or diffusion methods. In direct overlay coating, physical vapor

deposition (PVD), thermal spraying, overlay welding (or joining) are commercialized



methods for depositing these alloys on different substrates. The most widely used
method for the production of Fe-Al alloys on iron-based materials is the
diffusion-based processes known as aluminizing [4,5]. There are several methods
commercially available for diffusion-based coatings, such as pack cementation [6], hot
dipping [7,8], chemical vapor deposition (CVD) [9], slurry reaction coating [10].
Among these, hot dipping is the only method that is conducted in atmospheric
conditions. In all the other methods, substrate and the depositing materials are
protected from the atmosphere either by packing or utilization of vacuum. In addition
to these a cathodic arc plasma aided diffusion (Cathodic Arc Electron/Metal Ion
Treatment-CA-EMIT) method that is recently developed by our research group is
successfully used for controlled aluminizing of steels. In this method coating and
heating process is applied simultaneously by using AC bias voltages applied to the
substrate [11]. This method allowed us to produce phases with a large variation of the
composition, i.e. both Fe-rich and Al-rich phases in the desired sequence and thickness

on the substrate.

There are many studies in the literature concerning the high-temperature oxidation
properties of bulk and coated iron aluminides for determining their potential use in
adverse high-temperature environments [12—15]. The extension of the usage of iron
aluminides also brought forth the necessity of understanding their wet
(electrochemical corrosion) behavior. The studies on electrochemical corrosion of
bulk iron aluminides are concentrated on iron-rich phases containing Al up to 40%
(will be considered as atomic percent unless otherwise indicated). In the scope of the
electrochemical behavior of bulk iron aluminides in sulfuric acid environments,
several studies were conducted to interpret the effects of constituent elements on
relevant behavior. According to the common remark, alloying Fe with Al improves
both passivation and repassivation behavior in the sulfuric acid environments in a trend
of further improvement with an increasing amount of Al. It has been revealed that Al
content must exceed 10% to promote the formation of the protective passive film and
19% Al to provide proper corrosion resistance. Further increased Al content failed to
provide a significant difference in corrosion resistance, compared to 19% Al [16-18].
The studies on the electrochemical behavior of iron aluminides in the active corrosion
region demonstrated that the active corrosion rate is governed by the dissolution of

iron from the surface to the solution [19]. Although they differ from each other by the



proposed passivation mechanism, the results of overall studies agreed on the fact that
complete passivation is provided by both Al oxides/hydroxides and Fe
oxides/hydroxides [20—22]. Within the studies on the effect of an alloying element on
electrochemical behavior, the addition of C to Fe-rich iron aluminides in a sulfuric
acid environment caused a regression in corrosion resistance due to the selective
dissolution of carbide phases [23]. In the limited studies conducted in Cl- containing
environments, in which the effect of alloying on the electrochemical behavior of
Fe-rich iron aluminides has been investigated, with the addition of Mo and Cr an
improved electrochemical behavior by means of nobler breakdown potential (Ep) was

obtained due to the cooperation of Al,03-Cr203/MoO3 [24,25].

Contrary to Fe-rich iron aluminides, studies on the wet corrosion behavior of Al-rich
intermetallics which the major constituents of aluminized steel, are very limited. The
widespread use of steel requires surface coatings to protect steel from electrochemical
degradation. Aluminized steel ensures excellent high-temperature oxidation resistance
in applications such as hot stamping, cooking pans, plates, ovens, heaters etc. Thus
their performance against wet corrosion should also be considered. The
electrochemical behavior of aluminized steel is examined in terms of provided barrier
protection to the substrate and cathodic protection behavior in the presence of a path
that allows electrolyte penetration to the coating and substrate interface. Studies
conducted within this scope have generally been carried out in environments
containing Cl" in order to simulate the atmospheric environment with chloride
contamination. In studies conducted so far, it has been observed that the corrosion
behavior of aluminized steels is dominated by the behavior of the free-Al layer formed
on the outer surface and the aluminum-rich phases underneath [6,26-32]. As long as
the top aluminum layer is intact, the corrosion behavior is governed by this layer.
However, in cases where defects extending through the coatings are present, the nature
of the layers below the pure top aluminum layer (free Al layer) and the interplay among
them should be taken into consideration. In the study of De Graeva et al. [26], a
galvanic series is created by measuring the corrosion potentials of pure Al, Fe and
Fe-Al alloys and intermetallics. Accordingly, Ecor,Al < Econsteel < EconrFeAls < Ecorr
FexAls, were obtained. In another study conducted by Maki [28], it is indicated that
the additives used in production processes to control the formation mechanism of

phases vary corrosion behavior of aluminized steel. Typel hot-dipped aluminized steel



exhibited worse corrosion protection properties than Type2 hot-dipped aluminized
steel due to the fact that in Typel Al dissolved selectively around acicular Fe>AlgSi

phases, which are more noble compared to Al, in the atmospheric environment.

Overall, the corrosion protection behavior of aluminized steel depends on the phases
formed on the substrate, the sequences of the phases, the nature of the hostile
environment (Cl” content) and the extent of damage on the surface. On the other hand,
within the presence of Fe-rich layers and the absence of free-Al layer, it is not possible
to straightforward estimation on electrochemical corrosion protection behaviors. There
is a need for a deeper investigation on both the corrosion behavior of Fe/Al-rich
aluminized steel without the free-Al layer in the atmospheric environment and the
Al-rich iron aluminides in the sulfuric acid environment. To obtain the phase sequence

in the desired order and controlled thickness is essential to achieve this purpose.

The aim of this study is to investigate the corrosion resistance and simultaneous
corrosion protection properties of each binary Fe-Al compounds that constitute the
aluminized layer. For this purpose, aluminized samples that are produced by the
CA-EMIT technique is used. This technique allows us to produce Fe-Al alloys with
the required composition to a large extent because of the precise controlling ability of
the diffusion parameters (flux of diffusing species and temperature). Thus within the
study, both iron-rich and aluminum-rich Fe-Al phases that are produced by the
CA-EMIT process are used for determining their electrochemical corrosion behaviors

in both acidic and chloride containing media.



2. IRON ALUMINIDES

At the beginning of the 20th century, ordered intermetallic alloys emerged as a result
of the search for new materials to fill the insufficient properties of steel and superalloys
[2]. In an intermetallic compound, different atoms settle in specific lattice points and
involved strong bonding [33]. Intermetallic compounds have attracted considerable
attention due to their superior physical and mechanical properties which arises from
their bonding and order properties [34]. Most striking features of these intermetallic
compounds are, their high melting temperatures, high thermal conductivities,
significant wear and corrosion resistance at elevated temperatures, good tensile and
yield strength at high temperatures, higher fatigue resistance than superalloys [35]. On
the other hand, Intermetallic compounds suffer from poor ductility at room
temperature and a decrease in strength above the critical temperature where deviation
from long-range ordering begins. However, by controlling microstructure either by
changing production methods, alloying or heat treatment, intermetallic compounds are
attempted to stripping off from poor mechanical features and became candidate for
structural applications [3]. With their high-temperature corrosion resistance which
arises from the protective film formed on their surface, superior to other intermetallics,
aluminides are draw attention within intermetallic alloys. Moreover, among these,
transition metal aluminides exhibit lower density than superalloys. Another feature of
these aluminides is that their favorable magnetic, electrical and optical properties. Iron
aluminides attracted substantial interest as an alternative to Ni and Cr based
superalloys and other commercial high temperature alloys due to economic concerns
such as the fact that they contain the most common elements in nature, ease of
production and lack of strategic and rare elements (Ni, Cr, Nb) [3,36]. When oxidation
and sulfidation resistance superior to Ni and other Fe based alloys and all given above
taken into consideration, iron aluminides have been considered as most promising
candidates by researchers [37]. In addition to their high temperature corrosion
behaviors, recently, studies on electrochemical behavior of iron aluminides are
conducted to compare them with stainless steel. Iron aluminides also exhibit analogous

tensile strength with ferritic and austenitic steel. Deviations on stoichiometry to the



Al-rich side of FeAl (B2) give rise to constitutional vacancies (as high as 10-?) on the
structure and thus changing on the high temperature strength and creep resistance
[33,38]. the studies on iron aluminides started in the 1930s with recognition of their
excellent oxidation resistance, have been suspended in the 1960s due to as said
ductility and strength drops at ambient and elevated temperatures, respectively. The
discontinued studies were resumed in the late 1980s by Oak Ridge National Laboratory

(ORNL) as part of a program to conduct studies for fossil fuel conversion [1].

2.1 Iron Aluminum Binary Phase Diagram

The binary iron-aluminum (Fe-Al) phase diagram, which has been studied using
different techniques such as dilatometer measurement, measurement of specific heat
and electrical resistivity, elastic modulus and magnetic property measurements, X-ray
diffraction methods, has recently been studied in depth with TEM. In 1982, the first
recognized binary Fe-Al phase diagram was reported [36]. The information gathered
about the binary phase diagram were assessed by Kubaschewski [39], and afterward
the widely accepted form of the phase diagram was created by Kattner and Burton
(Figure 2.1) [40]. Relying on the DTA results, Stein and Palm [41] corrected some
invariant reaction temperatures and critical temperatures in the diagram of Kattner and

Burton. (Figure 2.2) [37].
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Figure 2.1 : Fe-Al Binary phase diagram assessed by Kattner and Burton [40].
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Figure 2.2 : Revised phase diagram by Stein and Palm [41].
The dashed lines in the binary diagram represents the solubility lines that are still not
fully determined, first or second-ordered transitions from disordered phases to ordered

phases and Curie temperature nominated as Tc [42]. In the Table 2.1, the reaction

temperatures revealed by Kattner and Burton are given together with the suggested

corrections in the subsequent studies [41,43]

Table 2.1 : Comparison of reaction temperatures data in the literature.

Reactions Temperature [40] Temperature [41,43]
L + FeAl < FesAlg 1232 1231
L < FesAlg + Fe,Als 1165 1157
L + FexAls <> FesAlrs ~1160 1150
FesAlg + FeaAls <> FeAl 1156 1145
L & FesAliz+ (Al) 655 654
FesAlg < FeAl + FeAl, 1102 1095
L < o-Fe(Al) - 1540+1
L < Fe)Als 1169 ~1158
vFe < a-Fe(Al) 912 -
FeAl < FesAl 552.5 545+2
a-Fe(Al) & FeAl 1310 1318+1

There are numerous metastable non-equilibrium phases in the phase diagram of Fe-Al
binary system because of the large difference in the atomic radius of Fe and Al, and

different crystal structures of Fe (BCC) and Al (FCC) at room temperature.



Accordingly, only 0.04% Fe can be dissolved in Al while solubility of Al may reach
to 20% Al in Fe [44]. Stable phase regions in the binary phase diagram are liquid phase
(L), A2 disordered solid solution (a-Fe(Al)), y-Fe(Al), B2 ordered solid solution
(FeAl), D0s3-ordered solid solution (FesAl), € phase (FesAls) and phases with narrow
solubility ranges, FeAl», FeoAls, FeAls, Al solid solution with capacity of dissolving
0.04% Fe. Crystal structures, compositional ranges of all existing phases with their
label and stability in the Fe-Al binary system are given in Table 2.2
[36,40,42,43,45,46]. Stabilities of related phases are designated as S (stable till low
temperatures), S*(stable from high temperatures to 400°C (unknown below it), HT

(stable only at high temperatures), and M (metastable).

Table 2.2 : Crystallographic and compositional data for Fe-Al Phase diagram
[36,40,42,43,45,46].

Phases L;g;lrin S?rruycsttSrle Riﬁglep(oasti"t/i%) Prototype Stability
Liquid L - 0-100 - HT
o-Fe(Al) ‘;1;2 ((1;;1))21 BCC/A2 0-45 W S
v-Fe(Al) vFe FCC 0-1.3 Cu S-HT
AlFe FeAl BCC/B2 23.3-55 CsCl S
AlFes3 FesAl BCC/D03 23-34 BiF3 S
AlgFes (g) FesAlg BCC/D82 56-64.4 CusZng S-HT
Al Fe FeAl, Triclinic 65.8-67.1 FeAl, S*
AlsFe FexAls Orthorhombic 70-73 Fe;Als S*
&ligg Fe:Als  Monoclinic 745766 FeAls S
Al Al FCC 99.998-100 Cu S
Metastable Phases
AloFe; - - 68.5 - M
AleFe - - 74.3 - M
! Paramagnetic

2 Ferromagnetic



It is possible to consider the Fe-Al phase diagram in two main portions as the iron-rich
region up to FeAl and the region rich in aluminum [38]. Figure 2.3 [37] shows the

phase diagram of the binary system in the composition range of Fe-rich side.
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Figure 2.3 : Fe- rich portion of the phase diagram [37].

The phase diagram deduced that disordered o-Fe(Al) solid solution with the
Strukturbericht symbol A2, can dissolve different amounts of Al depending on
temperature, up to 45% at high temperatures. The phase diagram can be separated into
three portions at lower temperatures as follows: The region where the disordered solid
solution of a-Fe(Al) stably exists, up to 18.75% Al concentration at room temperature;
the zone which Fe3Al intermetallic phase formed at temperatures below 545°C, at a
concentration of approximately 25% Al; the region at the ongoing Al concentrations,
in which imperfectly ordered FeAl phase is stable over a wide compositional range
[37,38,43]. Figure 2.4 reveals that there are a-Fe(Al)+FeAl and a-Fe(Al)+FesAl dual
phase regions, besides a-Fe(Al), FeAl and FesAl single phase regions [47,48].

Crystal structures of disordered solid solution and ordered phases (FeAl-FesAl) are
represented in the Figure 2.5 [37] respectively. In the disordered A2 phase (a-Fe(Al)),
Fe and Al atoms take places randomly in the BCC crystallographic positions namely,
as Al atoms are added Fe atoms are substituted by Al atoms. At increasing Al

concentrations, Al atoms settle in BCC lattice sites in two different types of ordering.



In the B2 crystal lattice of ordered FeAl phase which has CsCl type structure, in the
FesoAlso stoichiometric composition, body center of the cell is occupied by the Al
atoms, while the Fe atoms are settling the corners of the cubic cell. In the D03 structure
of ordered F3Al phase which is also BCC based, Wyckoff positions of 8c (1/4,1/4, 1/4)
and 4b (1/2,1/2, 1/2) are occupied by Fe atoms whereas Al atoms are positioned at
4a (0, 0, 0) for the ideal stoichiometric composition [37,49-52]. Although the ideal
stoichiometric compositions of B2 ordering and DO; ordering are 50Fe-50Al and
25Fe-75Al respectively, both phases have solubility at wide ranges as seen in the phase
diagram. Existence of the lattice defects cause deviation from the ideal stoichiometry
[36,42] The perfect ordering of both structures is possible only when they have their

stoichiometric composition [53].
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Figure 2.4 : A closer look at the iron-rich part of the binary system at around
25% Al[48].
There are transitions for ordering (A2/B2 and B2/D03) and magnetic transformations
(para/ferro) in the Fe rich portion of the diagram. The transition between disordered
A2 and ordered B2 is second ordered in the composition range of 23-45% Al and the
transition temperature rises with increasing content. Just before ferromagnetic
transition line, the transition of A2/B2 becomes first-ordered. While the Curie
temperature decreases with increasing amount of aluminum for both A2 and D03, this
reduction is more striking for D03 is due to the fact that the ferromagnetic transition

temperature decreases significantly by chemical ordering. The transition between D03
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and B2 is second-ordered [41,42,45]. At temperatures above the B2-D03 ordering
transition, where the B2 structure is stable, the FesAl composition has a B2 structure,
thus if quenching performed from these temperatures, there would be retained B2
phase at room temperature. At the stoichiometric compositions of FezAl, ~550°C is the
transition temperature (Tc) between B2 and D03 structures. When the increase in the
amount of aluminum that increases the stability of the B2 phase reaches about 36-37%,
the D03 phase disappears. There is a wide range of solubility of imperfectly ordered
B2 phase in the Fe3Al phase at temperatures between 550-700°C, in which stability
increases up to the highly ordered FeAl composition [38].

Figure 2.5 : The unit cells of the disordered and ordered structures (Fe, red; Al, blue;
Fe or Al, shaded violet) [37].

In the Al-rich portion of the binary diagram, in addition to FesAls (g), FeAls, Fe;Als,
and Fes4Al;3 phases; FeAl phase which is stable in the Fe-rich side of the diagram, has
stability region. Besides stable phases Fe2Aly and FeAls are two metastable phases take
place in the Al-rich portion of the diagram. In contrast to FeAl with the simple cubic
crystal structure, triclinic, orthorhombic and monoclinic complex structures are hold
by FeAl, Fe;Als, and FesAlis phases, respectively [43]. The FesAls phase, which was
designated as € phase until it was determined to have a CusZng type BCC structure, is
a high temperature phase [54,55]. In accordance with literature, it is accepted that,
FesAlg phase formed from liquid and FeAl by peritectic reaction, transforms to FeAl
and FeAl; by eutectoid reaction. The phases in the Al-rich portion of the diagram have
an extremely tight homogeneity ranges, that 65.8-67.1% Al for FeAl, 70-73% Al for
FexAls, 74.5-76.6% Al for FesAlis [43]. The actual composition of FesAlis phase,
which was previously referred to as FeAls in the literature, was found by Black

[43,56,57].
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2.2 Application Areas of Iron Aluminides

Due to their appealing properties as follows: Relatively low density, excellent
corrosion, high temperature oxidation and sulfurization resistance, remarkable wear
resistance, ease of fabrication, and lightweight relative to stainless steel and Ni-based
alloy, higher electrical resistance than commercially available materials used as
heating elements [35], aluminides draws attention for industrial applications [58,59].
Iron aluminides can be used as in bulk form or as a coating for applications in various
environments and are used in industry sectors such as aviation, automotive, marine
and energy. In high temperature and corrosive conditions, metallic compounds are

coated with iron aluminides to protect them from environmental damage. [37,60].

Boilers and gas turbines in power generation plants are attractive usage areas for iron
aluminides which combine high-temperature corrosion resistance and
high-temperature strength. Iron aluminides are appropriate for tools as receptacles and
rotating tools used in molten salt applications, pipes and tubes in petrochemical
processing, respectively [61]. Turbocharger pieces and exhaust valves in automobile
industry [62], tools at sulfur-containing environment [25], radiant-burner tubes
operating at temperatures approaching 800-900°C, heat treatment columns of furnaces
for carbonization, walking beam furnace rails, porous filtration systems in coal
gasification plants, are among functional applications of iron aluminides [58].
Additionally their magnetic permeability, and electrical resistance, makes iron

aluminides suitable for magnetic and electronic parts [1].

Although iron aluminides are already used in several areas, they are candidates for
numerous applications namely; as cutting blade materials for cutlery or industrial
cutting applications [63], arsenic and antimony oxides filtering system at high
temperatures [64] catalyst for sodium chlorate electrosynthesis [65]. Furthermore,
iron aluminides can be recognized as lunar engineering material because of that they

are formed as a by product of the oxygen and silicon production in the moon [66].

In addition to their engaging physical and mechanical properties, iron aluminides have
become candidates for use in aqueous environments with and instead of stainless steel
due to economic concern and their corrosion resistance in hostile environments. Such
applications are pipes and tanks used in seawater disposal, apparatus for nutrition (in

place of hazardous heavy metals), artificial body parts in contact with liquid body
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substances [17]. Besides, lately, iron aluminides have been involved to hot stamped
parts as heat-treated and non-treated aluminized steels, to bring into preferable process

efficiency, much better high temperature and wet corrosion properties to process inputs

[5].

2.3 Production Methods

Iron aluminides can be produced in bulk or as coatings on the surface of a base
material, thus gaining advanced properties with the mechanical properties of the
substrate material and the surface properties of iron aluminides. Production of iron

aluminides as a coating is possible by directly overlay coating or diffusion [4,5].

2.3.1 Production of bulk iron aluminides

In iron aluminides’ bulk production, melting is the traditional method. Induction
melting (IM) is the method by which Fe-Al alloys are formed from pure elements.
IM-based, Vapor induction melting (VIM), air induction melting (AIM) and
electroslag remelting (ESR) methods are utilized in production, the first being at the
laboratory scale and latter at the industrial scale [67]. Moreover, there is Exo-Melt™
a process developed industrially to produce particularly nickel and iron [68]. Electron

beam melting and arc melting are also among the methods to produce alloys [69].

Although the melting method is economical, it has some difficulties, such as the
difference between the melting points of aluminum and iron, voids arise from
generated hydrogen, difficult control of the reaction, heat releasing nature of the
formation reaction. Mechanical alloying is another method considered to overcome
these obstacles [61]. Spark plasma sintering and self-propagating high-temperature
process are methods within the powder metallurgy which is widely included in

investigations for the synthesis of iron aluminides [37].

2.3.2 Production of iron aluminides by overlay coating

In overlay coating, the base material content is not included in the coating or is
included in a negligible amount. As a result, completely different compounds from the
substrate can be obtained in the coating layer. Such overlay coating processes are
physical vapor deposition (PVD), thermal spraying, overlay welding (or joining) [4,5].

In the literature, overlay welding proses is used by means of laser cladding and
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electrospark deposition to obtain relatively thick coatings in the form of stoichiometric
and non-stoichiometric FesAl and FeAl phases. Within the scope of the thermal
spraying, studies on iron aluminides produced by using high-velocity oxygen fuel and
cold spraying methods exist. In addition to studies on oxidation and wet corrosion
resistance (in Hank' s solution, NaOH, NaCl and H>SO4 solutions) of iron aluminides
produced by high-velocity oxygen fuel [70-73] there are studies on the cavitation
resistance of Fe-40Al coating produced by cold spraying [5].

2.3.2.1 Physical vapor deposition (PVD)

With the physical vapor deposition (PVD) in which a coating formed by the deposition
of atomized or vaporized metal atoms on the substrate material, dense and adherent
layers can be obtained. We can divide the PVD method into two groups based on
evaporation and sputtering, the first of which are thermal evaporation, e-beam, laser
and cathodic arc PVD, while the ones belong to sputtering type are diode, triode,
magnetron and ion beam sputtering processes. There are studies on iron aluminides
produced by magnetron sputtering and cathodic arc vapor deposition (CA-PVD),
which are different PVD methods. In regards to CA-PVD, the vacuum chamber
(anode) and the coating source (cathode) are connected to a DC power source that
provides low voltage and high current. With sudden short-circuit of the cathode with
an anode at higher voltages, triggering is provided. Eventually, the source of coating
material is simultaneously vaporized and ionized by the electric arc formed on it [74].
In the study of Paldey and Deevi [75], oxidation resistance of 430C steel is developed
after coated by CA-PVD which has Fe-40Al and Fe-45Al cathodes.

2.3.3 Production of iron aluminides by diffusion

There are several diffusion based methods for the production of for iron aluminides:
Pack cementation [6], hot dipping [7,8], chemical vapor deposition (CVD) [9], slurry
reaction coating [10], CA-EMIT [11].

2.3.3.1 Pack cementation

The pack cementation which is in other saying in-situ CVD method is utilized to coat
steel base material with the desired element. In this method, which is one of the most
prevalent iron-aluminide coating methods, it is ensured that the steel is aluminized by

diffusion. Within the process, the substrate to be coated is embedded in cement which
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consists of Al/Al alloys, activators, and an inert filler material (mostly Al,O3); after
being placed in a sealed crucible, it is heated in a furnace to high temperatures in an
inert atmosphere. It was observed that the FeAl; and Fe;Als phases formed on the
surface of low carbon steel treated with this method improved the aqueous

environment corrosion behavior of the steel [6].

2.3.3.2 Hot dipping

The method of coating iron and steel with aluminum or Al-Si alloys by hot dipping is
a common way to increase their corrosion resistance. The FeAl,, FexAls and FeAls
phases formed as a result of immersion of the material to be coated into molten
aluminum or aluminum alloy vary depending on the temperature, holding time and the

type of alloy [7,8].

2.3.3.3 Slurry reaction coating

Although this method is similar to pack cementation, instead of gas formation, there
is an exothermic reaction of the metallic powder melt on the substrate. The method is
harmful to health due to Cr®", which occurs as the product of acidic chromates used as
binders. Fe;Als is the most common phase produced by slurry reaction coating. In the
study that iron aluminides produced by this method exhibits significant oxidation
resistance in steam environment, there was traces of Kirkendall pores arise from

different diffusion rates of constituent elements in FeAl and Fe;Als [10].

2.3.3.4 Chemical vapor deposition (CVD)

The precursor used in CVD method is AICl;. This compound in gas form is produced
by flowing of halogen gases through heated Al pellets. When the precursor gas is
introduced into the chamber with the help of carrier gas, it is reduced on the heated
substrate as a result of chemical reaction leaving behind metallic aluminum layer,
where the diffusion processes are initiated. CVD method provides a uniform coating

of complex shaped parts in a contaminant free manner [9].

2.3.4 Cathodic arc electron/metal ion treatment (CA-EMIT)

CA-EMIT method is a cathodic arc-based method with an acquired supplemental
diffusion feature, developed by Oncel and Urgen [11]. The hardware of the method

(Figure2.6) consists of a vacuum chamber, aluminum cathodes and suitable power
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supplies for evaporating the target and biasing the substrate. The originality of the
process arouses from the usage of an AC bias power supply which allows heating the
substrate to the desired processing temperature in a controlled manner. During the
positive cycle of the AC bias voltage, emitted electrons are directed to the surface of
the target, causing the substrate material to be heated. Contrary to ions, electrons
provide heating without sputtering from the surface of the material. By controlling the
bias voltage, the temperature of the surface is adjusted. On the other hand, in the
negative cycle of the bias voltage, metal ions flow through the target surface and the

coating process is performed.

With this procedure which enables coating and heating at a single process, by
controlling the temperature of the substrate along with the ionization of coating
material, i.e. controlling diffusion, the phases with a wide range composition and in
different thicknesses in the desired sequence are obtained. Additional benefits of this
method to other diffusion-based methods are as follows: Energy retrenchment as
eliminating walls heating subject to heating directly the substrate; eliminating of the
need for an additional presence of a heating source as it keeps the temperature of the

substrate under control; absence of harmful gas emissions as in methods of pack

cementation and CVD [11,74].
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Figure 2.6 : Schematic demonstration of (a) CA-EMIT equipment, and (b) example
diagram for Time vs. AC Voltage [76].

2.4 Diffusion in Iron Aluminum Binary System
The understanding of diffusion mechanism between aluminum and iron is essential in

order to obtain the desired phases in the desired thickness and order. Some of the
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phases that form is more brittle (e.g. FeoAls), and may cause undesirable effects in the
system (such as the onset of cracks in the presence of a possible impact, or corrosion

progress).

In the production of iron aluminides by diffusion, depending on the temperature, the

solid iron is in contact with aluminum in the solid, liquid or gas state.

The diffusion in which liquid aluminum is contacted with solid iron, such as hot
dipping begins with the diffusion of iron atoms towards liquid aluminum and a
diffusion dissolution interlayer is formed with the reaction of 2Fe+5Aliq=Fe2Als. In
this interlayer, the Fe;Als phase begins to grow towards iron. This phase, which is in
the form of a continuous thin layer on the surface as aluminum diffuses along the
direction of [001], grows as a tongue-like structure at the base with the vertical
diffusion of the iron due to the crystal structure distortion. This growth prevents further
diffusion of iron and dissolution of Fe;Als into the liquid aluminum takes place. As a
result of Fe;Als+Alnig=2FeAls reaction that takes place. During cooling FeAls phase
adjacent to FexAls phase begins to form on the surface. In the latter stages of cooling,
FeAls in the form of proeutectic dots and needle-like begins to precipitate in the

aluminum layer [77].
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Figure 2.7 : Diffuison in solid iron-gas aluminum system [78].

In solid-gas systems, on the other hand, constant aluminum layer is absent on the
surface, instead, aluminum is carried to the surface in vapor form. Thus, formation
takes place from phases located at iron rich side of binary phase diagram. In the
CA-EMIT process which is used in this thesis study, solid-gas interaction is involved.
In systems where this interaction exists, as represented in the Figure 2.7, diffusion
controlled by three different mechanisms namely, flowing rate of aluminum vapor to
the surface in the first stage, diffusion rate of aluminum in the iron in the second stage,

diffusion rate of aluminum in formed Fe-Al phases in the third stage
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In the first stage of the process, the aluminum vapor that flows through the surface
diffuses into the solid iron and gives rise to the formation of aluminum solid solution
(a-Fe(Al)). With progressed diffusion, FesAl and FeAl phases formed respectively
depending on aluminum concentration, slows the diffusion rate. Putting it differently,
parameters of diffusion controlling are aluminum concentration (activation),
temperature, and behavior in formed phases. As the activity of aluminum on the
surface of the iron increases, its diffusion increases simultaneously and it becomes
independent at a saturation point. With increasing temperature, the activity of
aluminum thus diffusion coefficient increases. In the third stage, which involves a
transition from disordered to ordered, the aluminum enriched structure causes the
diffusion to slow down. It is stated in the study of Hirano and Hishinuma that with the
decrease of disorder in the o-Fe(Al) solid solution in the temperature range of
800-1000°C the disorder decreases and as a consequence the activation energy of

interdiffusion increases [79].
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Figure 2.8 : Activation energy for interdiffusion of BCC Fe-Al solid solution in
ordered and disordered states [79].

According to Figure 2.8, in disordered states, activation energy for interdiffusion in
the range of 30-45 kcal/mol and increases to 70kcal/mol at ordered state. Besides,
self-diffusion activation energy of aluminum in a-Fe(Al) solid solution is determined

as 40kcal/mol which indicates iron diffusion is significantly slower than aluminum
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diffusion in BCC iron. The interdiffusion coefficient, which is affected by the
aluminum content at all temperatures, reaches its maximum value at the point where

the aluminum content causes the transition from disordered to ordered structure as seen

in the Figure 2.9 [79].
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Figure 2.9 : Temperature and composition dependence of diffusion coefficient in
Fe-Al solid solution [79].

In the study of Nishida et al. a marker was embed in iron surface before diffusion
annealing in aluminum vapor system at the temperature range of 800-1000°C. Upward
movement of marker indicated faster diffusion of aluminum than that of iron. Besides
as temperature increases, the marker position was found in higher aluminum

concentration regions which corresponded to the ordered phases. [80].
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3. CORROSION OF IRON ALUMINIDES

Iron aluminides have attracted attention in terms of their mechanical properties and,
being cheaper and accessible than strategic elements, as well as forming a protective
compact oxide layer on the surface in oxidizing environments and have been used in
elevated temperature applications. The use of iron aluminides as structural materials
at high temperatures has increased with the prevention of the sudden strength decrease
at high temperatures above 550°C, which restricts the industrial use of these materials,
and has become a rival to many alloys. Concomitantly these developments, iron
aluminides were taken to be utilized widely as structural material or coating in
high-temperature applications such as; high-temperature chemical and metallurgical
processes; any processes where combustion is embraced in the way that gas turbines,
engines, destructors; gasification processes as in coal gasification, heat loaded parts in
nuclear reactors. In addition to high temperature corrosion resistance, these materials
have started to be used in room temperature applications and aqueous environments
by forestalling the ductility drop issue at room temperature, which has given rise to the
tendency of iron aluminides to studies on aqueous environment corrosion. With the
improvements made, iron aluminides have been a candidate for use in applications
with aqueous media contact as in; waterworks parts as pipes and tubes; food industry;

biomaterials such as surgical materials or implants [2,17,71,81].

When all these are taken into consideration, it is convenient to approach the corrosion
behavior of iron aluminides under the titles of high-temperature corrosion and owing
to the developments made in recent decades, the aqueous environment namely

electrochemical corrosion.

3.1 High Temperature Corrosion

High temperature corrosion can occur in different ways namely oxidation,
carburization and halogen corrosion, sulfidation, molten salt corrosion, depending on
the conditions in which the materials are used and the overall corrosion reaction

characteristics. Most of the high temperature corrosion reactions depend on the
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oxidation reaction in that in the presence of corrosion attack the alloys form an oxide
layer on their surfaces which may protect them. Besides, oxygen activities are high
enough for oxygen to be involved in the corrosion reaction in most industrial settings
[82]. Although it was first stated in 1934 [83] that iron aluminides are a candidate
materials showing resistance to oxidation at elevated temperatures, the corrosion
behavior of iron aluminides in several different corrosive states is a more recent issue.
In recent studies, iron aluminides are considered corrosion resistant alloys for high
temperature use in a variety of aggressive environments. [84]. Due to their corrosion
resistances in these environments, iron aluminides have a fairly range of commercial
operation areas as structural materials or coatings at temperatures range between

600-1300°C [85].

3.1.1 Oxidation

The remarkably resistance of iron aluminides to corrosion is due to the fact that they
form a dense, protective and chemically stable alumina scale. Among these alumina
scale, a-Al,Os3, has lowest rate constant relatively even at temperatures as elevated
above 1000°C [86]. Alumina sustains its stability even in a lack of oxygen.
Furthermore, alumina, contrary to chromia formed on the surface of traditional
stainless steel and nickel-based alloys, persists at temperatures above 1000 ° C without

evaporation [87].

The equilibrium oxygen partial pressure of some metal oxides and oxygen partial
pressures in industrial processes are given in Table 3.1 and Table 3.2, respectively.
According to Table 3.1 and Table 3.2, it can clearly be seen that only alumina formers
can encounter the required stable oxide scale in goal gasification and petrochemical
plants. Based on the data in the table, although there is not much difference between
the alumina scales that nickel aluminides and iron aluminides form on their surfaces,

iron aluminides have some advantages as given below:

Thermal stability of iron aluminides is higher than nickel aluminides. In iron
aluminides, diffusion coefficient of aluminum is higher because of their ferritic
structure when compared to austenitic Ni3Al. The slow diffusion of aluminum in NizAl
results in aluminum depletion under the alumina scale and the generation of a

nonprotective nickel oxide layer [87].

22



Table 3.1 : Equilibrium partial pressures of some metal oxides [87].

Oxides PO»/P,O2
2/3A1203 1.6x10734
2/3Cr203 3.4x1022

2 NiO ox101!
Y5 FesOs 4.9x10°15
2/3Fe;03 9.5x10°14

Table 3.2 : Oxygen partial pressures of some high temperature processes [87].

High temperature processes Oxygen partial pressure in bar
Petrochemical plants 10-23-103¢
Gas cooled reactors 102°-1073°
Fluidized bed combustion 10°-10°
Coal gasification =102

Although oxidation rate of iron alloys is suppressed by small amount of added
aluminum (4%), the minimum aluminum concentration required to impede the
overgrowth alumina scale and internal oxidation at 800 °C, is about 14%. Since the
affinity of oxygen in aluminum is higher than iron (the standard Gibbs energy of
formation of a-Al>O3 is -1.582, 260 J/mol and ~6.5 times higher than which of FeO),
aluminum oxide formation occurs preferentially over iron oxide formation [36]. Fe
atoms may be oxidized at the beginning of process. It is important to have sufficient
aluminum concentration in the alloy to provide protection by forming a Fe-Al spinel
layer underneath the outer layer of FeoO3 and Fe;O4, and preventing the diffusion of
Fe ions to the outward. With the increasing amount of aluminum, firstly ALOj starts
to form instead of spinel and Fe>Os3 layer, afterwards, external formation of Al,Os takes
place [88]. These critical amount of aluminum concentrations can be reduced and
increased by adding chromium and nickel respectively [1,89]. Similarly, the oxidation
resistance of Fe;Al was modified with the add-on elements and it was stated that
5% Ti, 10% V and 2.3% Mo added to iron aluminide caused a decrease in oxidation

resistance at 1089K [83].

With the formation of the alumina scale, its adhesion to the underlying layer and its
strength became the determinants of the high temperature oxidation resistance of the

material. It has been observed that the scale contains porous transitional
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alumina (y-Al,03,6-Al,03 and 6-Al>O3) at the temperatures lower than 1200 °C, and
a-Al2O (corundum) in stable form of alumina at higher temperatures [12]. As the
temperature increases or as time progresses, metastable phases transform to stable
phase. Thus, the existence of Fe.Os contents relies on time, temperature, and Al

content in the alloy [36].

3.1.2 Sulfidation

Iron aluminides have an outstanding sufidation resistance in the sulfur bearing
environments. Since the sulfidation of iron aluminides at high temperature will differ
depending on the sulfur forms and the partial oxygen pressure in the environment [84],
the sulfur-containing media will be examined by divided into two titles as sulfur vapor

and mixture of H»-H>S; mixed-gaseous environments.

3.1.2.1 Sulfur vapor and mixture of H>-H,S

In studies conducted by adding aluminum to iron and iron-chromium alloys, it has
been observed that the addition of aluminum increases the sulfidation resistance of the
alloy remarkably in sulfur vapor or H>S/H, mixtures environments; besides, the
increase in the Al/Cr ratio supports this resistance [1]. Strafford and Datta [90] states
that preferentially usage of aluminum as an alloying element at these environments
arises from the fact that aluminum sulfide has higher thermodynamic stability than
iron sulfide (AG®9s = -130 kcal/mole and -65kcal/mole respectively), aluminum
undergoes sulfidation with a lower rate than iron and chromium do, and aluminum
sulfide has a relatively large molecular volume. Strafford and Manifold [91] proposed
a mechanism for iron aluminade with Swt% Al in the sulfur vapor environment (1atm)
and temperature range of 500-700°C that, in the first stage of sulfidation which is
parabolic stage, a compact layer of iron sulfide is formed by diffusing Fe* ions to the
scale/sufide interface while vacancies flows opposite direction. At this stage, although
thermodynamically formation of aluminum sulfide is possible, the diffusional growth
rate, which is a kinetic factor, is faster for iron sulfide. The movement of the vacancies
causes the formation of gaps at iron sulfide/alloy interface, as a result, the sulfur vapor
formed by the dissolution of iron sulfide reacts with the alloy and causes the iron
sulfide and aluminum sulfide scale to grow further. At the point where, outer growth
of iron sulfide scale becomes dependent on the diffusion of Fe*? ions through inner

FeS+ALS; layer to outer layer, Al>S;3 particles hinder the movement of Fe*? ions and
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outward FeS scale growth becomes linear. However, at the temperatures between
800-1000°C and the sulfur pressures higher than 1 torr, iron sulfide formation is not
hindered by AlS; thus, sulfidation rates increases sharply even though higher
aluminum content than 18 at%. Sulfidation resistance disappears with increasing
temperature because of the porous scale formation adjoined to alloy and mechanical
deformation of the surface of alloy by precipitates of internal sulfides [1]. Setterlund
and Prescott [92] revealed that alloying iron with aluminum increases sulfidation

resistance at 540°C in Hy/H>S environment in an empiric manner.

3.1.2.2 Mixed gaseous environments

In many industrial high temperature applications, sulfur coexist with oxygen, carbon,
chlorine and/or hydrogen. Flue gases containing SO, and high oxygen partial pressure
[p(O2)], syngas with high sulfur partial pressure [p(SO2)] and low oxygen partial
pressure [p(O2)], which are formed by gasification of coal, are some of them. In these
applications, even the low oxygen partial pressure is adequate to form an alumina layer
on FeAl and FesAl alloys. The adherence and integrity of the formed alumina layer
specify the corrosion behavior of alloys on which it forms. We can see from the studies
that in a mixed gas atmosphere containing sulfur and oxygen, the presence of Al,O3
layer provides an unrivaled corrosion resistance. In the study of Gesmundo at al., [93],
FeCrAl alloy was exposed to a H>S-CO, mixed gas atmosphere of high [p(SO2)]
(10 atm) and low [p(02)] (10-2° atm) at 700 °C, and was able to achieve a corrosion
resistance equivalent to FeAl alloy when only pre-oxidized. DeVan [94] supported the
claim that FeAl and Fe;Al alloys has sulifdation resistance better then Fe-Cr-Alloys
with the study in same pressure conditions at 800°C. Besides, in the low [p(O)] and
high [p(SOz)] atmospheres, iron aluminides have comparable means of corrosion
resistance with major heat resistance alloys as MoSi and TiAl. The corrosion behavior
of iron aluminides, in the combustion atmosphere is similar to seen in air and pure
oxygen environments with low [p(SO2)] high and [p(O:)] which are contrary to
described so far. In the environments of mixed gases with more than 1% SO» the

oxidation behavior of iron aluminides corresponds to that of pure oxidizing media [84].

3.1.3 Carburization

According to the limited studies on the carburizing of iron aluminides, in order for iron

aluminides to be resistant to corrosion as in a sulfur bearing mixed gas atmosphere,
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oxygen and carbon partial pressures are required to support the stability and formation
kinetics of the alumina layer. In the study of Smith et al, it is claimed that by the reason
of the alumina layer as an obstacle to carbide formation, resistance of FeAl alloys to
high temperature carburization is above of commercial heat resistant alloys [84]. In
applications at temperatures below 815°C, carburization is no longer a problem due to
its low kinetic factor, instead the metal dusting becomes a threat. With increasing
amount of Al and temperature, metal dusting resistance of iron aluminides, which
arises from alumina layer formation, is enhanced, according to literature [95]. Straul3
et al. have revealed that deterioration of FeAl arises from metal dusting in high carbon

activity conditions can be depressed by alloying 2-4% Cr [96].

3.1.4 Halogen corrosion (gaseous corrosion by chlorine and hydrogen chloride)

According to the systematic literature study conducted by Natesan [97], it has been
observed that in a mixed gas atmosphere containing approximately 2% HCI, FesAl has
sufficient high temperature corrosion resistance. He also claimed that corrosion
resistance of iron aluminides decreases barely in a H>S-H> -H>O atmosphere with HCL.
Contrary to the behavior in H2S-H>-H>O atmosphere, the corrosion resistance of the
FesAl alloy containing 5% Cr in the combustion gas atmosphere in the presence of
HCl is superior to the alloy containing 2% Cr [84]. In the study of Saunders et al. [98]it
is observed that in H>S-H>-H2O-HCI atmosphere at 450 and 500°C, Fe;Al-Cr alloy
exhibits better corrosion resistance then Fe-16%Al-5%Cr alloy. However, although
Fe;Al alloys exhibit good corrosion resistance at high temperatures and these
atmospheres, with exposure to acidic condensates with cooling, a significant

degradation occurs [99].

3.1.5 Hot corrosion

Hot corrosion arises from deposited salts, on materials in contact with salt melts, can
occurs in many industrial environments as in heat-transfer and energy-storage in solar
and nuclear energy systems, fuel cells, batteries in high temperature applications, heat
treating industry and metallurgical extraction industry [37,82]. Although, there is lack
of corrosion resistance of iron aluminates in the presence of molten sufates in SO»
mixed gas environment, it has been observed in the study conducted by Gleeson et al.
[100] that the alloying with Cr will decrease the corrosion rate; however, the studies

on alloying in the literature are limited [59]. The moderate corrosion resistance of
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Fe;Al alloys in the environment where melt alkali sufates exist, superior to corrosion
resistance in the presence of CaSO4 deposits formed in the fluidized coal combustion
atmosphere. During combustion, sulfur and/or chlorine react with other foreign
substances in the fuel and feed the salt vapor, and accumulate on the parts during
cooling. In many cases, ashes from the combustion of minerals also gathered as the
content of these deposits [82]. According to studies on effects of alloying, in the
simulated flue gas atmosphere with 0.25-1% SO: (14%CO2-10%H>0-4%0, and
balance N»), in the presence of ashes as Fe;Os, KoSO4, NaxSOy; at 650-700°C,
FesAl-Cr alloy (2% Cr) exhibited lower corrosion resistance whereas FesAl-Cr alloy
(5% Cr) had the same resistance with 347 stainless steel. However with increasing
exposure time, Fe3Al-Cr alloy (5% Cr) exhibited best corrosion resistance in all [101].
With regard to the studies at highly oxidizing environment of chemical air separation
which involves molten NaNO3-KNOs3-Na,O, (at 650°C), as amount of aluminum
content increased, corrosion resistance increased outstandingly. Furthermore, it is
claimed that iron aluminides, especially when they have higher amount of aluminum
then 30%, exhibit superior corrosion resistance to stainless steels, nickel-base alloys,
refractory metals [ 102]. At temperatures lower than 600°C in the NaNO3-KNO3-Na,O»
atmosphere in the absence of Na,O» which accelerates corrosion rate, it is expected

that iron aluminides exhibit remarkable corrosion resistance [82].

3.2 Electrochemical Corrosion of Bulk Iron Aluminides

Iron aluminides are become more widely used since progress was made on their room
temperature mechanical properties through addition alloying elements and achieved
microstructural control by modifications in production methods [17,81,103]. Iron
aluminides are exposed to several different aqueous environments including their
common use in sulfur-containing applications; chlorine-containing seawater
atmosphere; in liquid body substances as being biomaterials, replacing stainless steels;
and in the food industry, replacing crucial metals such as Cr and Ni [17]. With respect
to the systematic literature researches, studies have been carried out on the
electrochemical corrosion behavior of different compositions of iron aluminides in
various electrolytes such as acidic, basic, chloride and sulfur-compound solutions with
different approaches and the effect of alloying elements on this corrosion behavior has

been investigated [16-25,70-73,103—131]. In Table 3.3, the studies on the

27



electrochemical corrosion behavior of iron aluminides in the aqueous environment are

listed, each with references, as the environment in which they are examined, the

composition of the alloy, and the applied approaches. Below, respectively; the

mechanism of electrochemical corrosion resistance of iron aluminides; the

electrochemical behavior of iron aluminides; the effect of alloying elements on this

behavior; and the comparison of iron aluminides with rival stainless steel and

aluminum rich steels are included.

Table 3.3 : Studies on the electrochemical corrosion behaviour of iron aluminides in

aqueous environments.

Alloy Ref
(at.%) Electrolyte Approach Method
Ropagyration Rapid scratched
Fe-25A1  0.25M H,SO4 kinetics and P \ [104]
. electrode technique
mechanism
Fe-25A1  0.25M HySO4 Effect Qf alloying Potenthdyr}amlc [107]
with C polarization
Passive film . .
Fe- 0.5 M H.S0., formation Potentiodynamic .,
24.4A1 . polarization
mechanism
Dependence to Potentiodynamic
Fe-26Al 0.5 M H2SO0s, surface oY [130]
Polarizaton, EIS
crystallography
. Potentiodynamic
Fe- 0.5 M H>SOq4 bxfggaanri(s)?ic polarization, [19]
24wtAl (deareated) L Polarization resistance
polarization )
(Rp) tecnique
IM H2504, Dependence to
IM NaOH, H, passive film Potentiodynamic
Fe-28A1 0.05 M Na,SO; PP YT [71]
+ 500 ppm stablh.ty, effect of polarization
NaCl alloying element
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Table 3.3 (continued) : Studies on the electrochemical corrosion behaviour of iron
aluminides in aqueous environments.

Alloy
(at.%) Electrolyte Approach Method Ref
Effect of
intermetallic . )
Fe-73A1 0.01-0.1-0.6M particles on Mlcroelectr'ochemwal [115]
NaCl . testing
localized
corrosion
Cl: 50 Repassivation Cyclic
Fe-28Al ppm/thiosulfate behavior, effect of potentiodynamic [118]
10 ppm alloying elements polarization, EIS
Hank’s Dependence to Anodic polarization,
fe26.674 solution crystal structure EIS [103]
Fe-8Al IM NaOH Dependence to
0.005 M pH, passive film Potentiodynamic
Fe-15A1 . [21]
Fe-22Al H2S04/0.5 M formation cyclovoltammogramms
Na2S04 mechanism
Ptentiodynamic
Fe- Artificial Corrosion polarization, linear [117]
76wtAl seawater dependence to pH polarization resistance,

EIS

3.2.1 Electrochemical corrosion behavior of bulk iron aluminides

According to systematic researches, passive film formation, which is one of the

fundamentals of corrosion resistance of iron aluminides, is prepossessed by the

addition of a remarkable aluminum [123]. In reference to the Pourbaix diagram (Figure

3.1), the thermodynamic stability of aluminum provided by a protective and insoluble

oxide/hydroxide film can be deduced as a function of pH and potential at room

temperature and in Cl" free near neutral solutions [132].

Temperature, secondary phases or precipitates in the bulk material or oxide layer, solid

solutions of aluminum and additions, diversify said passivity [133]. It would be

prudent to begin to examine the electrochemical corrosion behavior of iron aluminides

from the effects of their constituent elements, Fe and Al, on the polarization behavior.
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Figure 3.1 : Pourbaix diagram belongs to Al at 25°C [132].

According to the comparison of the polarization curves of Fe3Al based iron aluminide,
pure Al (99.99%) and Armco Fe in Figure 3.2 obtained from the study carried out in
0.25 M H>SOq4 [107], although all materials differ in terms of their transition from
active state to passive state, all materials have passivated. While pure aluminum
passivated just above its open circuit potential (OCP), iron was actively dissolved and
then suddenly passivated and iron aluminide went through an ordinary transition. The
coordination of iron with lower current density in the passive region and aluminum
with passivity in a wider potential range; it appears to have a supporting effect on the
alloy. In the low potential region close to the corrosion potential of the iron aluminide,
the reduced active dissolution rate due to the Al>O3 film formed by passivation of Al
was supported by the presence of iron oxide at high potentials, and as a result, the
current density in the passive region of the iron aluminide was lower than that of pure
iron. However, the larger difference between corrosion potential (Ecor) and passive
potential (Epass) of iron aluminide than that of stainless steel, higher anodic critical
current density (ici=20mA/cm?) than its limiting current density (ir=0.1A/cm?) for

oxygen reduction, are disadvantages for self-passivation of iron aluminides in
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ventilated environments. In the meantime, it is seen that the transpassive behavior of
iron aluminides (the transpassive potential is superior to equilibrium potential for
oxygen formation 0.96 Vsce at a measured pH of 0.6 and 1 atm assuming oxygen

partial pressure) is parallel to that of iron.
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Figure 3.2 : Polarization curves of FezAl and constituents of it in 0.25 M H2SO4
[107].
Similarly, in the study carried out by Chiang et al. [16] the passivation behavior of
Fe-Al alloys containing Al in the range of 3.4-41.7% was investigated in 0.1 N H2SO4
solution. According to the potentiodynamic polarization curves in the Figure 3.3, when
the Al content exceeds 18%, the alloy reaches a lower passive current density (ip),
indicating a relatively stable passive film. Furthermore, it is suggested that for the alloy
containing 19.5% Al, the decrease in the passive potential (Epass) and the significant
increase in difference between breakdown potential (Ep) — passive potential (Epass),
compared to the alloy containing 18.7% Al, evidence that more than 19% Al enhances

passivation noteworthily.

According to a potentiostatic polarization based study of Frangini et al. [22] who have
worked a lot about this; While B2-FeAl (24.4%Al) and Fe that were settled in the
passive region potential in 0.5 M H2SOs, were displaying similar behavior in terms of
the change in current density, with time (log(i)/log(t) is = -1) at the region where the
transition has begun, B2-FeAl reached steady-state case faster than pure iron did.
Therefore, they attributed the former to oxide growth mechanisms that are high ion
conduction [134] and place exchange [135], and the latter to that passive layer
formation is supported by Al addition to Fe.
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Figure 3.3 : Polarization curves of Fe-Al alloys with different amount of Al content
(3.4-41.7%) and pure Fe in 1N H2SO4 [16].

An experiment [104] was established with rapid scratched electrode method to
eliminate the oxide layer that is always present on the surface, in order examining the
re-passivation kinetics. The typical current transient curves obtained from the study
are given in Figure 3.4, and the results can be explained by correlating with Figure 3.2

since the selected materials and conditions are repetitions of the first study given

above.
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Figure 3.4 : Repassivation kinetics of FesAl, Fe and Al from 0.25 M H2SO4[104].

Whereupon the passive film is demolished by surface scratching, the suddenly rising
current due to anodic dissolution, begins to fall with repassivation. The repassivation
current density of iron is quite large, followed by that of aluminum and Fes;Al,
respectively. The discrepancy between the lower passive current density of Fe than Al
and its slower repassivity than the others, put FesAl with low passive current density

and high repassivation rate, ahead of Fe and Al.
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After having an idea about the kinetics of Fe and Al on polarization, in the grand
scheme of things of the electrochemical corrosion behavior of iron aluminides: In
1974, aqueous corrosion of iron aluminates was mentioned for the first time [126]. The
corrosion behavior of Fe-Al alloys containing 6-16% Al was investigated by the
method of mass loss (not electrochemical in this respect) in seawater electrolyte. It was
claimed that it should contain at least 10wt.% Al for corrosion resistance and the most
durable alloy was subjected to erosion corrosion test. Immediately afterward, in 1976,
for the first time, an electrochemical study [124] was carried out in a sulfuric acid
environment with 2wt.% Al-containing cast iron, and in 1977 the same researcher
repeated the experiments [116] using cast iron containing 25wt.% Al and obtained

Figure 3.5.
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Figure 3.5 : Potentiokinetic polarization curves of cast iron containin 2.25wt.%Al
and 25.74wt.%Al1 [116].

According to the potentiokinetic polarization curve, due to the dissolution of iron, there
are two anodic peaks which are not for the alloy with a high percentage of aluminum,
since the protective aluminum oxide layer presents in Al-rich alloy prevents iron

dissolution.

The correlation of iron aluminides with pH was investigated in a study conducted by
Schaepers and Strehblow [21], by cyclic voltammogram responses of alloys containing
8-15-22% Al, in H2SO4/Na>SO4 solution with pH of 3.8 and in a borate buffer solution
with pH of 9.3. Although the polarization behavior of the alloys is similar in alkaline
solution, this situation is different in acidic solution. While the low current density in
alkaline solution prevents deduce the Al assistance on passivation behavior, the

increasing current density in acidic solution decreased at -0.1 Vsug after a few scan
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rates later for the alloy containing higher amount of Al, since the oxide layer was
preserved. In the study, it was concluded that the increasing amount of Al in acidic

environments supports passivation.

In the manner of passivation of iron aluminides and breaking of the passivity, a study
was conducted by De Cristofaro et al. [131], with FeAl intermetallic containing
24wt.% Al in borate buffer solutions, containing sulfates, chlorides, and a mixture of
the two. According to the voltammetry results, a typical oxidation/reduction peak,
which coincides with the study of the Frangini [106], in which is attributed to the
anodic behavior of FeAl controlled by iron dissolution in the active corrosion zone and
oxidation of iron in the passivity zone, was observed. The result that the oxide layer
formed on the surface of the intermetallic in the borate solution with added sulfate is
nobler was associated with the passive layer accomplished by Fe (1) and Fe (2) in the
presence of sulfate while accomplishing by Fe (3) in the absence of sulfate. It has been
observed that alloying with Al supports passivation in this environment. However,
when more than 6x10#M NaCl was added to the buffer borate solution, FeAl (the iron
already suffered from the localized corrosion) that had not been suffered from
localized corrosion until then starts to suffer from pitting. The pitting corrosion
potential of FeAl is affected by Cl” concentration as a decrease with a linear slope of
0.40V/decade by increasing concentration. This highlights the importance of the

electrolyte and comprised ions, on the corrosion behavior.
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Figure 3.6 : Cylic anodic polarization behaviors of DO3 and B2 structures of iron
aluminde in aerated 200ppm CI" solution with pH=4 [25].
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Once again in a solution containing CI', which is for simulating severe acid rain, a
study was accomplished by Kim and Buchanan [25] to determine the corrosion
behavior of FesAl in the form of both B2 and DO0s structures. The localized corrosion
of D03 superior to that of B2, inferred from the lower passive current density and

higher breakdown potential, of D0s as in the Figure 3.6.

Another study on the effect of different structures on the corrosion behavior was done
by Garcia-Alonso [103] in Hank’s solution. According to the claim, all the structures
of alloy exhibited similar uniform corrosion properties, but disordered structures were
subjected to localized corrosion more than ordered ones. Moreover, FesAl in four
different structures, which exhibit close uniform corrosion behavior with 316L
stainless steel, also performed local corrosion resistance superior to 316L stainless
steel, but once suffered from pitting, their repassivation behavior was observed to be
poorer. In Figure 3.7, it is possible to see the crystallographic nature of the attack
occurring in 0.5M NaCl in ordered form of FesAl and the grains inside localized

corrosion [81].

Figure 3.7 : SEM image of pit formed on ordered FesAl in 0.5M NacCl [81].

Later on the studies about structure related corrosion properties, Brito et al. [130]
conducted a study on the relationship between the surface crystal structure of the Fes Al
(D03) alloy and its corrosion behavior. Single crystals of Fe-26Al with crystallographic
planes of (100), (110) and (111) were subjected to 0.5M H>SOs. If planes with higher
planar density exhibit better corrosion behavior due to their higher chemical stability,
this order would be (111) > (100) > (110). It was revealed that crystal orientation
affects electrochemical corrosion rate; however, according to icrit values obtained from
polarization curves, corrosion rate followed the order of (100) < (110) = (111) which

deny above assumption.
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As follows, the studies on the regressive effects of Al on cathodic potentials below the
open circuit potentials of iron aluminides are given, until now its contribution to the

passivation behavior above this potential has been described.

In a study [19] in which linear polarization resistance was used to determine the
corrosion current density corresponding to the open circuit potential, this regressive
effect of aluminum was investigated in 0.5M H>SO4 solution with B2-FeAl. Frangini
indicated that the addition of aluminum causes an increase at corrosion rate, which is
deduced from that the hydrogen evolution reaction, initially drawn with a slope of 120

mV / decade as same for iron and B2-FeAl, decreased over time for the latter (Figure

3.8).
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Figure 3.8 : Sketched Evans diagram with electrode reactions on pure Fe and B2
FeAl [19].
Then, in the study performed by Shankar Rao et al. [107] in 0.25M H>SOj4 solution, it
was revealed that the hydrogen exchange current density of FesAl, hence the corrosion
rate, was greater than that of iron. It is worth mentioning here that the diffusivity of
liberated nascent hydrogen in the lattice of iron aluminide is very low and generally

decreases with increasing Al content in intermetallics[ 108].

Electrochemical impedance spectroscopy, a technique used for the last 3 decades to
study passive film behavior, was first applied in a study by Frangini and Lascovich
[111]. In this study, where the passive film properties formed on FeAl were examined
in terms of impedance at potentials corresponding to the full passivity region and the
thickness of the passive film, the experiment was set up in 0.5M H>SOj4 solution. At a
low-frequency corresponding to 70 Hz, the presence of two time-constants deduced

from the breaking point of both the phase shift and the impedance (Figure 3.9), are
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predicated to the charge transfer on scale-solution interface and ion conduction within
the passive film. Above 1.0 VSCE, the reduction in passive film thickness together
with the reduction in capacitance is an indication of the initial non-porous structure
and subsequently losing compactness. The ion conduction in the film on the alloy
surface predominantly in regions of low electric field strength, which is propounded
via iR is taken as a function of the potential change, shows that passive film exhibits

Ohm’s type behavior.
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Figure 3.9 : Bode (A) and phase shift (+) diagrams of FeAl pasivated at 1.0 V and
equivalent circuit [111].

The protection provided by the alumina layer formed on the surfaces of iron
aluminides in high temperature applications led to the idea of using this inert layer at
low temperatures. For this reason, in the study conducted by Lépez and Escudero
[120], the aqueous corrosion resistance of iron aluminides that both is highly alloyed
and one is strengthened by oxide dispersion (ODS), by the form of heat-treated (at
1100 degrees for 2 hours) and untreated, were examined in a solution containing CI
(pH= 7.4). In the study, by using AC impedance, the resistance of charge transfer (R:)
and apparent capacitance (Cap) values were obtained for samples that were oxidized
by heat treatment and untreated. However, contrary to the expected improvement, low
protectiveness was found, attributed to the presence of oxides other than alumina in
the layer. Again, in a later study conducted by Escudero and Lopez [125], the corrosion
behavior of highly alloyed Fe-40Al in Hank’s solution after pre-oxidizing was
investigated. Although the resistance in the bode diagram was higher for all frequency
values for the sample with an oxide layer on it, a complete corrosion protection could

not be mentioned due to the discontinuity of the oxide layer.
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3.2.2 Effect of alloying elements on corrosion behavior of bulk iron aluminides

Alloying with an element other than iron and aluminum has been used to improve
mechanical properties as strength drop at high temperatures, poor ductility at low
temperatures, and oxidation behavior, of iron aluminides. This later gave rise to the
approach to investigate the effect of alloying elements on aqueous corrosion behavior
[81]. Within the scope of this approach, in line with the contributions of the Cr add-
on; in the study conducted by Kim and Buchanan [25] to examine the pitting and
crevice corrosion behavior of Fe-28Al, in H2SO4 solution containing 200ppm CI; it
was revealed that the corrosion behavior changes positively, in the point of breakdown
potential shifting to noble directions with direct proportion to the add-on. In his study,
Balasubramaniam [136] applied the mixed-potential theory for the first time to iron
aluminates in order to clarify the contribution of Cr addition, by positioning the
experimental polarization results for Fe-25A1 and Fe-28Al-5Cr on the Evans diagram
theoretically. But this theory has not gained much thrust in published works related
with corrosion behavior of iron aluminides after this. In addition to bulk material
alloying with Cr, studies have also been carried out on the corrosion behavior of iron
aluminides if Cr is included in the process from solution. In a chloride borate solution,
Frangini et al. [24] compared the pitting corrosion resistance of Fe-Cr steel (12-24%
Cr) with that of FeAl, on which a passive film formed by consecutive cycles of
oxidation/reduction reactions in an alkaline chromate solution. The analogous pitting
potential of stainless steel and iron aluminide, despite higher Cr in the passive film
formed on the former than formed on the latter; was attributed to the simultaneous

existence of Cr and Al

Mo positively affects the corrosion resistance and adhesion of the alumina layer
formed on the surface, respectively, of stainless steel and iron aluminides. In this
respect, one of the studies, by Choe et al. [114], it was investigated how positively
effect Mo and Cr additions improve the corrosion of Fes;Al in 0.25M H>SOq. 1t is
revealed that alloying with Mo accompanied by Cr improves the corrosion behavior,
in regards to cause an increase in corrosion potential and decrease in active, passive
and critical current densities. Since the addition of Mo makes it difficult to adsorb CI-
ions on the surface, as expected, it was observed according to the cyclic polarization
test that pitting and repassivation potentials were increased by Mo addition more than

that were increased by Cr addition, in 0.1M HCI solution. Related images can be seen
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in Figure 3.10. In addition to Mo and Cr, the corrosion resistance of iron aluminides
alloyed with B was also subject to this study. Boron, which could not provide an
improvement in corrosion behavior according to the polarization curve, increased
intergranular and granular corrosion by settling at the boundaries according to the EPR

(electrochemical potentiokinetic reactivation) test.

Figure 3.10 : Optical micrographs of iron aluminides after CPP test in 0.5M HCI
(a)Fe-28Al, (b) Fe-28A1-6Cr, (c) Fe-28 Al-6Cr-1Mo, (d) Fe-28A1-6Cr-0.02B [114].
The passive film behavior of Fe-Al-Cr alloys with different amounts of Mo addition
has been investigated in thiosulfate—chloride solution (simulation of sulfur bearing
environment) by AC impedance method at the states of breakdown, passivation and
repassivation, by Choi and Kim [118]. It was deduced that alloys alloyed with Mo
exhibit higher R thus, higher resistance to corrosion. Furthermore, they revealed that
best pitting potential is gathered in coexistence of Mo and Cr in agreement with Choe

et al. [114].

With the recognition of the forward hydrogen embrittlement properties of FezAl-
Fe3 AlC dual-phase compared to that of single-phase, studies were carried out with the
expectation that the C addition will affect the electrochemical corrosion behavior in
the same way [23,107,129]. According to Figure 3.11 gathered from the study in which
the effect of different amount of C additions to corrosion behavior of FesAl (16 wt.%
Al) in 0.25 M H>SO4 solution was examined, corrosion rate increases proportionally
with C content. The regression on corrosion behavior was attributed to the selective
dissolution (Figure 3.12) of the second phase carbides (Fe3;AlC), which precipitated in
the Fe; Al matrix and had an increasing volume fraction in proportion to the increasing

amount of C [107].

39



20

—-0.05%C
__0.14%C
—0.5%C

tZe

16 |

12

08 -

[T} S S N I N NI R R -
50 45 40 35 30 -25 -20 -15 -10 -05

log i (A cm?)

Figure 3.11 : Polarization behavior of iron aluminides containing different amount
of Cin 0.5N H2SO4[107].

Figure 3.12 : SEM micrograph of iron aluminide (containing 1% C) immersed in
0.5N H2SO4[107].

According to a study that is a continuation of former study, the reduction of Al content
from Fe-Al-C alloys did not cause a change in corrosion rate in the active region,
although it negatively affected the corrosion behavior in terms of causing an increase
in passive current density and in critical current density, just as in Fe-Al binary alloys
[23]. There is a striking point in these studies that the carbide phases are selectively
dissolved in alloys with high Al content, while the situation is changed as a uniform
dissolution for alloys with low Al; is not arises from increased corrosion resistance of
the carbide phase, but the reduced corrosion resistance of the matrix phase as a result

of the decrease of Al only from the matrix phase [23,107].

40



3.2.3 Chemistry and mechanism of the passive film formed on iron aluminide

After, mentioning the corrosion kinetics of iron aluminides under the headings above,
when the sequence comes to the structure and chemistry of the passive film formed on
the surface, similar inferences have been made in studies conducted with different Al
contents in different environments [21,22,24]. Namely; Al (III) oxide / hydroxide
formation on the surface during passivation (Al enrichment); increased Al content in
passive film evenly by amount of Al in alloy; iron oxide formation accompanying the
that of aluminum oxide on the surface; formation of other oxides accompanying the
formation of alumina with the addition of alloying elements [81]. The XPS spectra
obtained from one of the studies carried out to clarify the structure of the oxide film
formed on the surface of iron aluminides exposed to electrochemical corrosion in line
with the XPS results of the layer on the surface of Fe;Al oxidized in the air, are given
below in Figure 3.13 The peak, in the binding energy of Al™ ion for oxidized iron
aluminide corresponds to Al,O3 (74.2 eV), this energy peak corresponds to Al,O3
(74.49 eV) and AIOOH (75.29 eV) for the one exposed to the electrochemical
environment. The peaks corresponding to Fe* ions (711+2 eV) are the same in both
cases. The uniformity of Fe peaks versus the diversity of Al peaks shows us the form

of these metals that can be found in the film [104].

Fe 2p3«2

Al2p,,

Fe (S0,),

Intensity (a.u)
Intensity (a.u)
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Figure 3.13 : XPS spectra for (a) Al2p3/2 and (b) Fe2p3/2 for oxidized (dashed line)
samples at 800°C and passivated (solid line) samples in 0.25M H>SO4 [104].

According to Frangini [24], for FeAl, while there are both Fe and Al oxides and
hydroxides on the near-surface, as descended towards the alloy these oxides are
replaced by only Al-rich oxide phases for the passivated surface in which a lower Al/Fe

ratio than in the oxidized film exists. In a study with a-Fe(Al), the film started to form
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as Al2O; and AIOOH on the surface and as passivation continued, these were replaced
by Fe/Al oxides and hydroxides, thus AI(III) enrichment occurred in the middle of the
film [21].

It is essential to unravel the chemical/electrochemical reactions that occur at the
beginning and in-process of passivation after an iron aluminide is introduced into the
environment, to comprehend the mechanism of the protective layer that forms, which

1s essential to sense the corrosion behavior.

In an acidic solution, when the iron aluminide is polarized anodically, the reactions
that take place depending on the amount of Al (FeAl-FesAl) at the very beginning of

the process are as follows (anode reactions and cathode reaction respectively).

FeAl + 6H'=Fe’" + A" + 3H, (3.1)
Fe;Al +6H'= + 3Fe* +APP* +3Hy + 3¢ (3.2)
FesAl +6H" = + 3Fe*" +AIP" +3H, + 6¢ (3.3)

2H;0 + 2¢" = Hs + 20H" (3.4)

Immediately afterward, AI** begin to accumulate on the surface as A:O3 (as below

3+/2+

reaction). Fe with more positive free energy [21] and higher mobility [22] than

A" (thermodynamic and kinetic factors respectively), goes into solution.

2A1*+2H,0 = ALOs + 6H" (3.5)

The logical entailment, in which the Al,Os film prevents further dissolution of Fe3*/2*,

related with the kinetic and thermodynamic factors given above, is amissed by the fact
that the porous structure of Al oxide formed in an acidic environment [ 107]. However,
with reaching the potential for pre-passivation, iron oxides take place to form on the

surface (equation 3.6, 3.7).

2Fe*" + 3H,0 = Fe>03 + 6H" (3.6)

Fe’"+ 3H,O =FeO + 2H" (3.7)
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The pores in the oxide layer on the surface are compensated with FeO/Fe>O3 and a
more protective film is constituted. With the onset of the presence of this protective
mixed oxide layer on the surface, the lowest current density in the passive zone is

reached.

AIOOH occurring at more positive potentials attributed to the below reaction.
AlO3 +3H,0 =2AI(OH)3 (3.9)

Since these mixed oxide/hydroxides decomposition occurs at potentials more positive

than the oxygen evolution, the reaction given below occurs in the transpassive zone.
2H,O =0, +4H" + 4e (3.9)

The passivation mechanism of iron aluminides is shown in Figure3.14 in which mixed

oxides expressed as a monolayer [81].
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Figure 3.14 : Represantative schema for passivation mechanism of iron aluminides
in acidic media [81].
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3.2.4 Comparative study between corrosion behavior of bulk iron aluminide and

stainless steel

The application areas of iron aluminides that intersect with those of stainless steel have
led to the idea that these alloys can also be used in place of stainless steel. This
possibility has encouraged studies on the use of iron aluminides as an alternative

material.

In the first study conducted in this context, Kim and Bunchanan [25] compared the
electrochemical behavior, in terms of pitting and crevice, of 304L stainless steel and
FesAl containing 28%Al. According to the study conducted in simulated acid rain,
FesAl exhibited worse corrosion behavior. Moreover, in the study conducted by the
same researchers, the active corrosion rate of Fe;Al in acidic and sulfur compound
solutions is relatively high, while in alkaline (1M/L NaOH) solutions they exhibit quite
similar behavior as both show passivation behavior at open circuit potential. In
Figure 3.15, electrochemical polarization curves of 430SS (Fe-18wt%Cr) and Fe-
16wt%Al in 0.25 M H»SO4 are given. As can be deduced from here, steel and iron
aluminide do not show similar properties in the active zone [81]. Although the value
corresponding to the critical current density value is slightly higher for iron aluminide,
this is negligible in view of the fact that the amount of Cr contained in the steel. This
resemblance is attributed to the fact that the rate of corrosion said steel in the active
corrosion region depends on the preferred dissolution of iron, as the same indicated
for iron aluminides by Frangini [19]. The onset of the differentiation in the behavior
of the two, corresponds to shortly before the initiation of passivation. It is clear that
steel makes transition to passive zone sooner which is ascribed to porous passive film
formed on iron aluminides. The chemical composition of the film formed on the
surface also has an effect on this, which in turn corresponds to the oxides of Cr and
oxides of Fe and Al for steel and iron aluminides respectively [33]. When it comes to
the region where passivation takes place completely, it is clear that stainless steel
exhibits this behavior in a narrower region than iron aluminide despite its lower
passive current density. The passivation zone withstands high potentials for iron
aluminides, allowing interference with the oxygen evolution reaction. However, this
transition will be in more active potentials for 430SS, which is associated with the

dissolution of Cr oxide.
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Figure 3.15 : Polarization behavior of Fe-16Al and Fe-18Cr alloys in 0.25M H2SO4
[81].

In order to explain the supporting effects of Cr and Al in terms of each other, a study
was conducted by Wolff et al. In stainless steel containing 40wt%Cr, Swt%Cr was
replaced with Al and although the corrosion behavior of these two showed similar
properties in sulfuric acid, it was observed that Al-free steel in the presence of CI
provided better local corrosion resistance [137]. This study is similar in approach to

the effects of alloying of iron alumina on corrosion behavior.

3.3 Electrochemical Corrosion of Aluminized Steel

In order to protect steel from environmental degradation, galvanizing is one of the
common methods used. It is known that the zinc layer exposed to the environment on
the steel provides cathodic protection to the steel by sacrificing itself in the presence
of cavity created by possible damage. Due to the decrease in zinc resources and
environmental factors, aluminizing has initiate to be considered as an alternative to
galvanizing. Considering that zinc is in a continuous dissolution state on the contrary
to aluminum that passivates and forms an inert structure, it should be kept in mind that
unlike zinc, which acts as a sacrificial anode, aluminum provides such protection only
in the circumstances of the protective film is broken. The corrosion behavior of
aluminized steel parts has been examined mostly in two terms, the first of which is the
corrosion behavior of the top layer in the host environment and the second is whether
this layer will protect the steel against corrosion in case of damages that expose

sublayer or substrate in service conditions or during production [6,26-29,32]. In both
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respects, since the electrochemical attack on the aluminized surface in contact with the
environment is the initial governing factor, understanding the electrochemical
behavior of bulk iron aluminides, which is accounted in the previous header, is a proper
reference for interpreting that of aluminized steel. In Table 3.4, the studies on the
electrochemical corrosion behavior of aluminized steel which is with different
methods, the approach to the investigation and electrolyte where it takes place are

presented with the references.

Table 3.4 : Previous stduies on electrochemical behavior of aluminized steel.

Alumination
Method Electrolyte Approach Method Ref.
Hot dipping 1M NaCl Effect of qqatmg Pote'ntlod.ynamlc.anc'l [27]
composition potentiostatic polarization
. Localized
Hot dipping IM NaCl Cathocﬁc potentiodynamic [26]
protection . .
polarization
o Atmospheric  Barrier/Cathodic Potendiodynamic
Hot dipping environment protection polarization/weight loss (28]
Pack Artificial Barrier/Cathodic Potendiodynamic (6]
aluminizing  sea water protection polarization-waight loss

Before proceeding to the electrochemical behavior of aluminized steels, it is useful to
explain the hot stamping which is assumed depending on its purpose as a production

method of aluminized steel or an application for produced version of it.

3.3.1 Hot stamping

Hot stamping steels are used as complex high strength structural components mainly
for automotive applications. The process (Figure 3.16) is basically the heating of the
steel to 900-950°C in the furnace followed by pressing and shaping, at 600-800°C and
quenching to 200°C by die cooling at the same time. Since the use of bare steel in this
procedure, which takes place in an atmospheric environment, will cause oxidation and
decarburization, and therefore undesirable effects on mechanical properties, either
lubricant oil is used or coated steels are preferred which also positively affect the

corrosion resistance.
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Figure 3.16 : Schematic representatin of hot stamping process [138].

Aluminized coatings are one of the favored coating kinds to ensure oxidation and
corrosion resistance and painting without phosphating. There are two types of
aluminized coatings used for hot stamping parts, the first is Al-Si alloy (Typel) close
to eutectic composition (7-11wt.% Si), the second contains pure aluminum (Type2).
These coatings are generally produced by hot dipping method. The second of these is
used in applications that require a mirror-like appearance, but the first coatings are
generally preferred in terms of providing phase control with the 15-Fe;SiAl; phase
acting as inhibition layer between substrate and coating. Schematic illustration of
aluminized steel (Typel) before hot stamping process is given in Figure 3.17a. The
presence of this phase slows down the formation of the hard and brittle Fe;Als phase
during the hot dipping process. During hot stamping process, iron content of coating
increases because of its interaction with substrate. Process time and temperature
increase the coating thickness increases as well. Final structure is mainly Al2O3 at the
top and five layers which is dependent to process time temperature and the pre-process
coating thickness. Those layers, from top to bottom are Fe>Als, 11-Fe2SiAlz, FeAls, 11
Fe>SiAl and diffusion layer (FesAl) (Figure 3.17b). The 11-Fe2SiAl; phase has island-
type morphology, although it gains more uniform distribution and layered morphology
with increasing process time, this increase affect process efficiency negatively. There
is also void formation in the coating, arising from different diffusion rates of iron and
aluminum in the different layers. Thus, the avoidance of the formation of brittle phases
and controlling their thickness is critical in this process for controlling the cracking.
Besides brittle phases, different thermal expansion coefficients of phases also give rise

to these cracks [138].

Kim and Choe proposed a method [139] as to use heat treated Typel prior to hot
stamping process as called aluminide coating. By this method they expected to
eliminate Fe;Als phase and obtain ductile phases to enable plastic deformation thus

formation without crack propagation, during process. Additionally, it has also been
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observed that these phases provide a good corrosion barrier in the absence of cracks

[140]. Proposed morphology illustrated in the Figure 3.17c [138].
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Figure 3.17 : Representative coating morphology of (a) aluminized coating prior to
hot stamping, (b) aluminize coating post to hot stamping and (c) aluminized followed
by heat treatment post to hot stamping [138].

3.3.2 Electrochemical corrosion behavior of aluminized steel

Since the main purpose of aluminizing steels is focused on atmospheric utilization,
studies on the electrochemical behavior of aluminized steels have mostly been carried

out in CI" containing environments [6,26—29,32].

In the study of Fleischanderl and Faderl, they determined that aluminized steel behave
as a barrier to corrosion in the solution of NaCl and ZnSOs; however, in the presence
of a fracture when the steel exposed to solution, did not provide a cathodic protection
[141]. Maki [28] examined corrosion resistance of Typel and Type2 aluminized steels
with exposing atmospheric conditions in Yawata Works, Kitatyuhu altitude of 500m
for 50 years. In the Typel, since corrosion resistance of acicular Si in the Fe>AlgSi is
higher than Al, Al corroded selectively instead of this phase (Figure 3.18a). Once the
corrosion propagate it progress through aluminized layer (Figure 3.18b) and arrives
substrate through alloyed layer (Figure 3.18c). Corrosion takes place along the zone
between layer and steel and gets deep since steel which has a more active corrosion

potential than alloyed layer.

On the other hand, for Type2, alloy layer (Fe2Als and FeAl;) act as sacrifice for steel

and corrode preferentially at the side where it is contacts with steel (FeAl>). Thus,
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corrosion depth in Typel was less than in Type2. SEM micrographs of Typel and
Type2 before and after corrosion test in the atmospheric environment for 50 years, are

given Figure3.19.

Aluminized layer
/ Corros,1§ / \ \
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Figure 3.18 : Illustration of corrosion mechanism for Typel (bath containing
10wt.%Si) aluminized steel (a) corrosion af Al adjacent to Si, (b) corrosion along
aluminized layer to alloyed layer, (c) corrosion of steel throug cracks in the alloyed
layer [28].
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Figure 3.19 : SEM micrographs of Typel and Type2 as (a) aluminized and (b) after
atmospheric corrosion test [28].

Based on these results, in the same study, Maki examine corrosion behaviors of four
different Fe-Al alloy namely, FeAl, FeAl,, Fe;Als and FeAls in simulated rain
environment (200ppm CI- and 200ppm SO4?) and as a result of polarisation curves as
seen in the Figure3.20a, corrosion potentials were found as the order of FeAl;>
Fe;Als> FeAl> FeAl. Corrosion potential of aluminized steel was close to that of

FeAls and that of steel was between FeAls and Fe,Als (Figure 3.20b).
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Figure 3.20 : Corrosion behaviors in in simulated rain environment in the manner of
(a) polarizaton behavior of intermetallic layers and (b) corrosion potentials of
intermallic layers, aluminized steel and and substrate [28].

Another study on the electrochemical interaction of cladding alloy and diffusion
sublayers with the substrate was conducted by De Graeva et al. [26]. In the study, the
local corrosion behavior of hot-dip aluminized IF steel, in 1M NaCl by electrochemical
microcell, was investigated. On the surfaces of the samples treated in two types of
aluminum baths (with and without Si), formed layers classified as the free Al layer at
the outer layer, and as the diffusion layer which is divided into the upper diffusion
layer (FeAls) and the lower diffusion layer (Fe:Als). It is observed that as Si amount
increases in the bath smother layers are obtained by preventing the formation of
fingerlike morphology and the thickness of the diffusion layer is decreased.
Considering the polarization curves (Figure 3.21) extracted for the phases of Si-free
aluminized steel, the conclusive galvanic series is obtained in the order of Ecor,Al <
Econsteel < EcorFeAls < Ecorr Fe2Als. According to the order, it is concluded that the
outer free Al layer provides cathodic protection to all layers including steel substrate.
Among the diffusion layers of FeAlz and Fe>Als with more noble potential compared
to steel, the former with its less noble potential compared to the latter due to the lower
Fe content, provides cathodic protection to the latter, while the steel acts sacrificially
to the latter. It is indicated that the upper layers provide cathodic protection to lower
layers in case of a defect that is not reached to the steel substrate. However, in the

presence of a defect that reachs to the steel, insufficient estimation could be provided.
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Figure 3.21 : Polarization curve obtained by the electrochemical micro-cell
positioned to the Si-free aluminized steel layers of free Al, upper diffusion (FeAls),
lower diffusion (Fe2Als) and steel in 0.1M NaCl [26].

Besides, the passivation behavior of Fe-Al phases, which sustains up to the breakdown
potential, due to included Al content, may cause a failure to protect steel by preventing
sacrificial behavior. The lower breakdown potential of the free-Al layer compared to
Fe-Al phases is attributed to galvanic coupling arisen from FesAl precipitates in the
layer. The less noble breakdown potential of the free-Al layer of Si-containing
aluminized steel, than that of Si-free aluminized steel, is attributed to the higher
galvanic coupling driving force caused by Al-Fe-Si precipitates in the latter compared
to that caused by FeAl; in the former. Although aluminized steels may be preferred to
galvanized steels in terms of not dissolving due to their passivation properties as long
as they are not deformed, they are insufficient to provide cathodic protection provided

by galvanized steels in the presence of a defect.

Electrochemical corrosion behavior of pack aluminized low carbon steel are examined
in artificial sea water in recognition of mass loss and potentiodynamic polarization
results, in the study of Li et al. [6]. The phases of FeAls and Fe>Als were formed on
the samples processed at 650°C and 750°C, which are designated as Conditionl and
Condition2, respectively. The concluded Fe>Als phase is higher for the latter which
exhibits a thicker aluminize layer. It has been observed that the corrosion current
density of the steel is higher than that of both aluminized surfaces at the same potential,
while the one with higher Fe>Als content exhibits the lowest value among themselves.

According to the obtained polarization curves given in Figure 3.22, a breakdown
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potential which is designated by P is observed for the sample containing a higher

Fe;Als phase, that is indicating the breakdown of the passive film.
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Figure 3.22 : Polarization curves of aluminized steel (at 650°C and 750°C) and Q235
steel in artificial sea water [6].

According to the results of mass loss measurements, corrosion products formed on
aluminized surfaces accumulate on the surface and decrease the corrosion rate by

covering pit, unlike bare steel, after a certain period of time.

Considering the fact that, the electrochemical behavior of aluminized steels depends
on various factors such as the environment in which it is located, the composition of
the aluminized layer formed, thus the passivation behavior so-called atmosphere and
the order of the layers formed, to straightforward interpret the contribution of

aluminizing to steel straightforward comprehensive studies are required.

In the grand scheme of things, on the other hand, to obtain true phases in the exact
order is essential to obtain impeccable mechanical properties, formability, high-
temperature corrosion, and electrochemical corrosion behavior, thus, performance is
possible with controlled diffusion. Considering the facts as followed that; It is essential
to obtain alloy stripped from external elements other than Fe and Al, for better
corrosion performance; the formation of cracks thus of brittle phases should be
prevented for better formability; multi-stage processes were needed to obtain these
conditions up to now; producing iron aluminides with CA-EMIT process and to

examine their electrochemical corrosion allows us to satisfy all in the single process.
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4. EXPERIMENTAL PROCEDURE

In this study, it is aimed to investigate the electrochemical behavior of Fe-Al
intermetallics with different phase layer sequences produced by CA-EMIT PVD
method in different environments and the effect of this phase sequence on corrosion
behavior and to obtain the exact phase sequence in the host environment. Accordingly,
different phases and phase sequences were obtained by changing the process
temperature and time in CA-EMIT PVD method. Process parameters were selected
considering the phases obtained in another study conducted by the team [142]. In order
to control the formation of phases with application temperature and time parameters
and to exclude other factors, IF steel, whose composition is very close to pure iron,
was chosen as the substrate. XRD analysis for the determination of the formed phases
and SEM characterization for their morphologies were applied. In order to examine
the corrosion behavior of the analyzed phases, the corrosion behavior of iron-
aluminum intermetallics in sulfuric acid and chlorine-containing electrolytes was
investigated, considering their host environment of use such as; sulfur-containing
environments, seawater, and atmospheric conditions involving acid rain which are
accredited with, respectively, fossil energy plants, pipes/tubes used to desalinize the
seawater and with substitution usage of conventional stainless steel. In this context,
potentiodynamic polarization curves of the samples whose open circuit potentials were
measured were extracted. With the results obtained from the polarization curves, the
galvanic series of the phases in their related environment were constructed. SEM
images of the samples subjected to corrosion test were examined and material losses
were determined by an optical profilometer. In order to examine the effect of the
sequence of the formed phase layers on the corrosion behavior, that is, to examine
whether the relevant phase on the surface from the sequential phases only act as a
barrier or would provide cathodic protection simultaneously, cracks were created in
the samples and some corrosion tests and characterizations were repeated. This is to
examine the electrochemical behavior of the system as a result of the interaction of the
phases with each other, in the presence of cracks occurring through a possible impact

during the production process or utilization.
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4.1 Production of Samples

4.1.1 Preparation of substrate

The IF steel which was kindly supplied by Erdemir, with a nominal composition of
0.0068% C, 0.0029% Si, 0.018% Mn, 0.0008% Cr, base-Fe was used as the substrate
in this study. Substrates with in the dimensions of 2.5 x 5 x 0.3 c¢cm, was ground with
SiC paper in the mesh range of 600-1200. After giving mirror-like finishing by
polishing with 3um diamond paste, samples were cleaned in acetone and 99.99%
ethanol placed in ultrasonic bath for 10 minutes for each at room temperature. After
rinsing, the dried samples were placed in the vacuum chamber by hanging on the steel

holder.

4.1.2 CA-EMIT

In this study, CA-EMIT method developed by Oncel and Urgen [11] was used for
diffusion treatment. Novatec-SIE brand, NVT-12 model, CA-PVD unit, which is a
standard PVD unit, was used for the process. While IF steel was used as a substrate to
be treated, 100 mm diameter high purity Al was used as the cathode (Al source).
During process, cathode-substrate distance of 15cm was kept constant. The system
was vacuumed up to 5x10- Torr before diffusion treatment, and in order to ensure the
continuity of the arc in the coating and diffusion stages, the pressure was increased to
approximately 6x10* Torr by introducing argon gas, and kept at this value throughout
the process. A constant current of 90 A (Ampere) was applied to the cathode during
all experiments. 50Hz (Hertz) frequency AC power supply is used as a bias. In order
to remove oxides and impurities on the surface, metal ion etching was applied to the
surface of the substrate, respectively, at -600V and -800V bias voltage for 30 seconds,
then -1000V bias voltage for 60 seconds in argon environment. The temperature of the
substrate material could be precisely adjusted by the amplitude of the applied AC
voltage. During heating and coatings, the temperature of the sample surface was
measured and recorded with the DIAS Pyrospot IR 10 optical infrared pyrometer.
Samples were treated on one side. The samples and treatment parameters are given in
Table 4.1. The treatment parameters were determined by considering the phases

formed in the previous study [142] by the team.
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Table 4.1 : Treated samples and treatment parameters in CA-EMIT process.

Cathod Cathode AC

Proces  Substrate

Sample No Substrat . Evaporatio Bias s Time temperatur
e Materia n Current  (Vrms (min) e (°C)
1 (A) )
FeAls+FesAlis  IF-Steel Al 90 17 90 1100
FexAls IF-Steel Al 90 17 90 1100(+50)
Fe;Al+FeAl  IF-Steel Al 90 23 30 1200

4.2 Characterization of Treated Samples

Before characterization, samples were ultrasonically cleaned in acetone and 99.99%
ethanol. Microstructural and chemical characterization of surface and cross section of
treated samples were examined by means of, respectively, scanning electron
microscopy (SEM) (Jeol JSM-5410) and energy dispersive spectrometry (EDS)
(Noran 2100 EDS) attached to SEM. Phase analyses of surface were performed by
Philips PW3710 X-ray diffraction (XRD) equipped with a CuKa-X-ray source. For the
evaluation of the XRD patterns, JCPDS cards of iron aluminides with the following
numbers are used: Fe3;Al-00-050-0955, FeAl-00-033-0020, FepAls-01-073-8846,
FesAli3(FeAlz)-01-073-3008. To reveal microstructures of phases from surface
through substrate, cross-section of samples, additionally, investigated via SEM images
after etched. Etching was done respectively with HCI-HNO3;-CH3COOH-H>O with a
volume ratio of 22:20:50:8 for, then with 3% nital for 30 seconds.

4.3 Electrochemical Experiments

Electrochemical experiments have been carried out to examine the corrosion behavior
of the formed phases in the aqueous environment. Along with the improvements in
mechanical properties, the need to examine the aqueous environment corrosion
behavior of iron aluminides, whose ambient temperature usage areas have increased,
has arisen. Considering the mechanical and superior corrosion properties at high
temperatures, along with these developments, iron aluminides become prevalent in
such areas; concertedly or substitutional by stainless steel as which, structural
materials in atmospheric conditions and biomaterials in contact with body fluid for
instance medical equipment/implant; in the food industry instead of Cr-Ni based

harmful alloys; in carrier parts in sea water treatment plants. Considering the above-
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mentioned environments, corrosion experiments were carried out in two different
electrolytes as, 0.5M H>SO4 and 200ppmCl- (pH4 adjusted with H>SO4) electrolyte,
the former of which was attributed to iron aluminides' usual usage area of sulfur
bearing atmosphere and the latter to simulated acid rain environment. The three-
electrode cell type was used in electrochemical experiments. The cell used for the
polarization studies was a glass vessel similar to ASTM designation G5-14 [143] with
1000ml capacity. Electrochemical tests were accomplished with an IVIUM
CompactStat.h potentiostat connected to a computer system. The sample which was
cleaned by acetone and ethanol in ultrasonic bath (for 15 minutes for each) followed
by masking with the intention of leaving 1cm? exposing area, used as the working
electrode. Ag/AgCl(+199mV / SHE, 25°C) was used as the reference electrode and
graphite as the counter electrode. During the experiments, ambient and solution
temperature were 25+5°C. Before each measurement, the electrolyte was de-aerated
by flushing with argon (99.999%) for 30 minutes. Flushing argon gas continued
throughout the experiment. All measurements were carried out in Faraday cage in
order not to be affected by electromagnetic. In order to avoid infiltration of electrolyte
at the metal/holder interface that often causes random errors, the electrodes were
covered with a Teflon film. Nontreated IF steel and Al were used for comparison.
Electrochemical techniques were used as follows: OCP measurement, and
potentiodynamic polarization for obtaining polarization curves. Corrosion current and
corrosion potentials were found by Tafel extrapolation method. These steps are

explained in detail below.

4.3.1 Open circuit potential measurement

Prior to performing polarization measurements, for each material and electrolyte
combination, the corrosion sample was allowed to stabilize in the electrolyte and the

open circuit potential (OCP) was monitored for 1800 sec.

4.3.2 Potentiodynamic polarization experiment

Polarization behavior of iron aluminides was studied using potentiodynamic
polarization technique via polarization curve determination with a scan rate of 0.8
mV/s. The measurement was started at a negative value, about 150 Volts more than
the OCP, and continued to the point where the current density corresponds to the value

of 600mA. After polarization curves were monitored, corrosion current density (icorr)
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and corrosion potential (Ecor) were determined by Tafel plot extrapolation. Other
electrochemical parameters namely, primary passivation potential (Epp), critical
current density (icrit), passivation current density (ipass, minimum current density in
passivation region), transpassive breakthrough potential (Ep) were extracted from

potentiodynamic polarization curves.

4.4 Characterization of Samples After Electrochemical Corrosion Experiments

Samples were viewed under a scanning electron microscopy (SEM) and EDS analyses
are conducted to examine the nature of attack and behavior of phases morphologically.
After then, step heights of the samples were extracted in 3D with Wyko Veeco NT1100

optical profilometer and corrosion rates were determined in terms of material loss.

4.5 Creation of Galvanic Pairs

The possibility of cracks that may occur on the surface as a result of a possible impact
or during production processes, revealing the phases below the surface phase in a way
that they interact with the environment has been considered. After a galvanic series
was formed by means of the corrosion potentials of the phases in their host medium, a
series of experiments were carried out in order to observe corrosion behavior in the
event that the exposed phases form galvanic couples with the phases on the surface. In
this way, it was examined whether the phase on the surface only acts as a corrosion
barrier or also provides cathodic protection. In this context, first, cracks were formed
on the surfaces of the samples, the areas where cracks were formed were marked and
then these areas were subjected to electrochemical testing. SEM images of the marked
regions before and after the electrochemical experiments were obtained and compared
with each other, then reliability of the galvanic series that has been determined before
these experiments was examined. Electrochemical experiments were carried out only
in mild acid-chloride (CI") solution [25] to simulate an aggressive acid rain-type
atmospheric corrosion situation, which is also adequate for simulating a mild seawater

atmosphere [103].

4.5.1 Forming cracks on treated surfaces

Following the revealing galvanic series, the phases were treated in such a way that the

relevant phase is exposed to the environment while the phase (IF-steel) associated with
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the galvanic series created before remains in the substrate and is exposed by the crack.
In this scope, treatment parameters to obtain the desired phase sequence and the
sufficient applied load, are determined from the study conducted by Celikel et al. [142]
for each sample to reach the layer underneath the surface is determined considering

their harness value

Cracks are formed on the surfaces of samples via indenting hardness tip with a applied
load of 2000gf in Leica VH-MOT. The applied load value is sufficient to obtain the
crack reaching underneath the phase layer of the said phases . The scratching method
where load increases throughout scratching and reaches a peak value at the end, was
applied to create cracks on the surface of Fe-rich phase with high ductility value [142]

where no crack impression can be created on the surface by hardness indentation.

4.5.2 Electrochemical experiments on cracked surfaces

The areas where the cracks formed on the surface of the samples were marked and the
remaining parts of the sample were masked so that they were within the 1cm? exposing
area. In the electrochemical experiment set up as described in the previous section and
same experimental sequence was followed: After OCP measurement, curves of
potentiodynamically polarized samples were extracted. In this instance, experiment

was conducted only in 200ppmCl- electrolyte.

4.5.3 Characterization of the cracked samples after electrochemical experiments

SEM characterization and EDS analyses of marked cracked areas were performed both
before and after electrochemical experiments. By comparing the micrographs and
analyses results belongs to before and after the electrochemical experiments,

electrochemical behavior of the phases was discussed.
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5. RESULTS AND DISCUSSION

5.1 SEM Characterization and Phase Analysis of Treated Samples

The XRD patterns of samples treated at different temperatures and with different
treatment times are illustrated comparatively in Figure 5.1. According to the XRD
analysis taken from the surface of the sample treated at 1200°C for 30 minutes, FesAl
and FeAl phases coexist on the surface. The result of XRD analysis taken from the
upper part of the sample treated at 1100°C for 90 minutes inferred the Fe,Als phase;
whereas the peaks characterized by Fe»Als and FeszAlis are observed in those taken
from the lower part of it. Different analysis results obtained from two different regions
on the same sample may arise from temperature difference between the upper part and
the lower part (50 °C), during the treatment procedure. Thus, these phases are

considered as the 1100/90 and 1100(+50)/90.
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Figure 5.1 : XRD patterns of treated samples.
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Secondary electron and backscattered electron images (SEi, BSEi) of cross-section of
samples before and after etching, which were subjected to distinguish the phases, are

examined below.
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Figure 5.2 : Cross-section view of sample treated at 1200°C for 30 minutes: (a)
before etching BSEi and linescan EDS analysis, (b) BSEi, higher magnification (c)
SEi and (d) BSEi after etching.

In Figure 5.2, SEM images and EDS results of sample treated in 1200°C for 30 minutes
are shown. When the surface layer is examined, on the contrary to XRD results that
represent FesAl+FeAl peaks; according to the graph of the distance-dependent change
of the Al concentration obtained from the EDS analysis taken as line-scan, given with
the electron image in the Figure 5.2a, Al concentration on the surface corresponds to
FesAl phase region. This was attributed to the FeAl phases that remained in the
structure while transforming into the FesAl phase (second ordered transformation)
during cooling after the preferential formation of the FeAl phase, which arises from its
more negative formation enthalpy than the other phases [142]. Thus, at the surface of
the sample where the sum diffusion zone is 85pum thick, the region along 10 cm
corresponds to the FesAl+FeAl binary phase region. Under this phase, there are
FeAl-a-Fe(Al) and a-Fe(Al) phases, respectively, according to their composition. In

the close look given in Figure 5.2¢ and Figure 5.2d, phases are distinguished clearly.
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At the FesAl phase region, grains with different etching shapes are observed. This
situation coincide with the observations of Brito et al. [130] that differently oriented
Fe;Al single crystals tend to dissolve with different morphologies in 0.5M H>SOg4
solution. In the study, it is indicated that crystals with (100), (110), (111) orientations
exhibit cavities in the shape of a square, diamond, tetrahedral, respectively, as

presented in Figure 5.3.

(110)

~1109

(110)

o1

(110) ’ 700

60°

(100) (110) (111)

Figure 5.3 : Schematic representation of surface cavities of FesAl formed in 0.5M
H2SO4[130].
In the study conducted by Celikel [142], similar Fe-rich phases were formed at the
same temperature. The formation of Fe-rich phases was attributed to the fact that the
1200°C is above the region where the FeoAls, FeAlr, FesAlis phases are stable and
therefore, a diffusion takes place without the formation of Al-rich phases in the
structure. However, the fact that the phases obtained are not exactly the same, and
different, absence of the FeAl> phase in this study may arise from the relatively slow
cooling rate due to the higher thickness of the sample used. For this sample, overall

diffusion zone is obtained in a thickness of ~ 85um

According to the EDS analysis taken from the surface of the sample, there was a thin
FeAl layer on the outer surface. The existence of this layer is attributed to remnant
FeAl that is left on the surface without transformation. This FeAl layer was removed
from the surface by polishing before electrochemical testing during surface

preparation, the relevant phase considered as the Fe;Al+FeAl.

In the Figure 5.4, cross-section SEM images of the lower part of the sample produced
at 1100 °C for 90 minutes are given, with the overlaid aluminum concentration as a
function of distance (Figure 5.4a). The phase sequence obtained is given with the
higher magnification BSEi in the Figure 5.4d is extracted as a FesAls+FesAl;s at the
top with a thickness of ~6um followed by Fe:Als+FeAl layer with same thickness and

61



FeAl,+FeAl layer with a thickness of ~13um. The underneath porosity before reaching
the region of the stoichiometric composition of the FesAl+FeAl phase is revealed as
the Kirkendall porosity arisen from the difference between the diffusion rate of Fe and
Al in the preformed FeAl phase [142]. According to the composition obtained from
EDS analysis, FesAl+a-Fe(Al) and a-Fe(Al) phases are followed the FesAl+FeAl
phase layer, respectively. At the layers underneath the porosity, phases follow the grain
orientation of IF-steel substrate. The overall diffusion zone reaches a thickness of

90pum.
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Figure 5.4 : Cross-section view of the sample treated at 1100°C for 90 minutes: the
(a) BSEi before etching and linescan EDS analysis, (b) BSE4, (c) higher
magnification SEi and (d) BSEi after etching.

The cross-sectional microstructures and composition profiles of the upper side, namely
the sample treated at 1100(+50) for 90 minutes presented in Figure 5.5a. As seen
clearly in the Figure 5.5b, the thick layer formed corresponds to the Fe»Als phase. The
layers below is followed as FeoAls+FeAl> and FeAl; thin phases respectively and with
a drastic decrease in the Al content, FesAl+FeAl, Fe;Alta-Fe(Al), a-Fe(Al) phases are

aligned, respectively.
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Figure 5.5 : Cross-section view of the sample treated at 1100(+50)°C for 90
minutes: (a) the BSEi before etching and linescan EDS analysis, (b) BSEi, higher
magnification (c) SEi and (d) BSEi after etching.

From now, the samples will be designated with the phases formed on their surfaces.
Namely, FesAl-FeAl for the sample treated at 1200°C for 30 minutes, Fe2Als and
Fe;Als-FesAlis respectively for the upper and lower regions of the sample treated at

1100(+50)°C/1100°C for 90 minutes.

5.2 Electrochemical Behavior in 0.5 M H,SOq4

In this section, the electrochemical behavior of samples in 0.5M H>SOj4 electrolyte are

examined.

5.2.1 Open circuit potential

The variation of OCP over time for pure Al, IF-steel, and Fe-Al phases in de-aerated
0.5M H>SOy4 are presented in the Figure 5.6. While the IF-steel and FesAl-FeAl phase
exhibit positive trends, pure-Al, FeoAls and FexAls-FesAlis phases exhibit negative
trends in potential shift, until they reach steady states. The OCP values of the Fe-Al

phases shifted towards more negative values with increasing aluminum concentration.
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Figure 5.6 : OCP measurement in 0.5M H>SO4.

5.2.2 Potentiodynamic polarization behavior

The potentiodynamic polarization curves obtained for the IF steel, pure-Al and Fe-Al
phases, in de-aerated 0.5M H>SO4 are presented in Figure 5.7. According to the
presented figure, all phases exhibit Tafelian behavior in the cathodic and anodic active
region. While the IF-steel and Fe-Al phases exhibit active-passive-transpassive
features, spontaneous passivation is observed for pure-Al. This behavior of aluminum
in acidic environment can be explained as the anodic dissolution that occurs as a result
of the delayed surface-solution interaction in the presence of a protective oxide film
on its surface [22]. The active dissolution zones of the Fe-Al phases are in a more

negative position than that of the [F-steel, with the occupied positions between pure-Al

and IF-steel, as expected.

Kinetic electrochemical parameters derived from the polarization curves are exhibited
in Table 5.1 as followed: Electrochemical corrosion potential (Ecor) and
electrochemical corrosion current density (icorr) Values extracted from Figure 5.7 by
Tafel Extrapolation; potential of primary passivation (E,p) which is the potential value

corresponding to the point where the current starts to decrease after reaching its peak
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value, and critical current density (icri) which is the highest current recorded at the
point corresponding to the primary passivation potential; potential of complete
passivation (E¢p), passive current density (i,) which corresponds to the minimum
current density value reached in complete passivation zone; and the breakdown
potential (Ep) where the current exhibit an apparent increase after passivation. Besides,

the potential range of the passive zone is included in the Table 5.1 in the form of Ep,-Ep.
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Figure 5.7 : Overlaid potentiodynamic polarization curves of pure-Al, IF-steel and
Fe-Al phases in 0.5M H2SOs.

When the active (anodic dissolution) region of polarization curves are examined: The
corrosion potential value of -484mV found for IF-steel, whose shape of polarization
curve coincides with that of obtained in previous studies for pure iron in the same
environment, is also quite compatible with the values obtained in these studies [105].
The Ecorr value of -809mV obtained for pure-Al in this study, is in well agreement with

the values given in the study of Peng et al. [17].

On the other hand, for the Fe-Al phases, Ecor values of -606, -730, -747mV obtained
for FesAl-FeAl, FeoAls and Fe,Als-FesAlss, respectively. Corrosion potentials of the

layers, tend to decrease to negative direction with increasing Al content as consistent
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with previous studies [17—19]. The active corrosion rate (icor) of Fe-Al phases, which
increases in line with Al concentration, are one order magnitude higher than that of
IF-steel. However, unexpectedly the corrosion rate of the Fe;Als phase is higher than

that of Fe,Als-FesAlis , this observation will be further disccussed in the section 5.2.3.

Table 5.1 : Electrochemical parameters for the pure-Al, IF-steel, and Fe-Al phases,
derived from polarization curves in de-aerated 0.5M H2SO4.

Ecorr icorr Epp icrit Ecp ip Eb E. -E
Sample (mVy, (mA.c (mVa (mA.c (mVa (mA.c (mVa 0
/AgCl) m?) /AgCl) m?) /AgCl) m?) /AgCl)
Al 809 0.0003 - ] ] ] ] ]
IF-Steel 484 043 240 215 565 007 1504 1304
Fes;Al-FeAl -606 1.6 -53 23.7 352 0.53 1592 1645
FeAls -730 14.2 -621 39.6 403 0.23 1566 2187

FeAls-FesAlr; =747 6.7 -614 37.8 394 0.12 1594 2208

Since the Ecorr values obtained for Fe-Al phases are below the hydrogen evolution
reaction (given in equation 5.1) potential of -240mV Ag/AgCl, which was calculated
by assuming the pH of 0.5M H>SO4as 0.3 and partial pressure of H> latm. Thus, the
exchange current density of hydrogen (io 7"/, ), which exhibits hydrogen evolution
rate on these phases, are critical. As well known the i, '/, values for Fe in 0.5 N
sulfuric acid is 5 order of magnitude higher than Al. According to the study of Shankar
Rao [23] the io#*/, value for 16wt% Al containing iron-aluminum alloys are placed in

right side of the i, #%/, values of iron and aluminum.

H+(aq)= H2+ 26- (5 1)
Fe(s= Fe*'aq+ 2¢” (5.2)
Alg= AP gt 3¢ (5.3)

The reason for the observation of higher rates of Fe-Al alloys can be explained as

follows:

As stated in the study of Brito et al. [130], the active dissolution of iron aluminides,

initially controlled by the dissolution of Fe** [19,130]. Thus, the corrosion rates of
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aluminum containing iron alloys are higher than aluminum beacuse of the shift of the

corrosion potential (Ecorr) of Fe-Al alloys towards negative direction with the presence
of Al

For interpretation the initial stage active dissolution mechanism of Fe-Al phases on
the basis of mix potential theory, the proposed Evans diagram is illustrated in the
Figure 5.8 by considering as follows: The i, 4"/, values of constituent elements and
Fe-Al phases; calculated electrode potential values for the dissolution of AI** and Fe?
from pure metals and conventional Ecor values of Fe-Al phases obtained from

experimental results.
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Figure 5.8 : Illustrated Evans diagram for polarization of Fe-Al phases in 0.5M
H>SOs.

Since the addition of aluminum to iron moved the anodic curve in Figure 5.8 to more
active potentials, the intersection of the cathodic and anodic curves for the Fe-Al
phases occurred at lower Ecorr values and and yield higher corrosion rates (from icorr, Fe

to icor, 1 and icorr, 2). With the further increase in Al content, at the point where pure-Al
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content is reached, the anodic curve intersects the cathodic curve (i, #"/, for Al) at a

lower corrosion rate (icor, Al).

For the active-passive transition, passive, transpassivation regions, the overlaid
polarization curves in Figure 5.7 are brought out separately to reveal the critical values

clearly in Figure 5.9.
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Figure 5.9 : Polarization curves of (a)Pure Al, (b)IF-steel, (c)FesAl-FeAl, (d)Fe Als,
(e)FezAls-F4A113.
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When pre-passivation region of polarization curves examined: As can be seen in the
active-passive transition region of the curve obtained for IF-Steel, the flat point, where
the current remains constant for a while after reaching its peak point and makes slight
oscillations, prevents to define a critical current density (icit) value literally. For this
reason, the maximum value of the current in the middle of the plateau is accepted as
the critical current density (icit) for IF-Steel, while the potential corresponding to this
value is accepted as the primary passivation potential (Epp). This fluctuation in the
active-passive transition zone has been attributed to the alternating destruction and
regeneration of the Fe>Os film, which was mechanically formed and thickened with
increasing potential, and completely separated from the surface shortly before
transition to passive zone, in previous studies [105]. The dark-colored layer formed on

the surface during the experiment and flake off after a short time supports this claim.

Fe-Al phases exhibit lower icit compared to IF-steel, while Al-rich phases exhibit
higher i.i; than FesAl-FeAl, which indicates that the Al-rich phases dissolve actively
more than the Fe-rich phase. However, Al-rich phases exhibit, compared to Fe-rich
phase, a sharper decrease at current once icit is reached, which indicates a higher

tendency to passivation, while the latter exhibits a wider active region.

It is a common assent that at potentials adjacent to the Ecor of FeAl phases, anodic
dissolution rate is dominated by Fe?* dissolution at the metal-solution interface, instead
of the AI’" dissolution at the metal-oxide interface (It is known that Al dissolution is
dominated by the Al ion trasfer throug metal to metal-oxide interface in a strong acid
environment). Further dissolution of Fe*" from the remainder deformed surface caused
by departing Fe?*, is blocked by the initiation of a protective layer arising from the

oxidation of AI** on the surface[19].

Considering the mechanism; the increase in the amount of dissolved Al in proportion
to the increasing Al content followed by simultaneous reaction of dissolved Al*? to
form protective film may have caused higher iciit values and sharper current decrease,

respectively, at Al-rich phases.

When the active-passive transition behavior of the FesAl-FeAl phase is examined,
other than icrit a current maximum value corresponding to the initiation of transition to
the passive region (at 240mVag/agci), is observed. The peak referred as the secondary

anodic peak by Shankar Rao [129], is followed by a broad active-passive transition
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until complete passivation is reached. This transition to complete passivation
characterized by a broad zone, which were attributed to sequential oxidation of

aluminum and iron, in the previous studies, is wider for Al rich phases.

It is observed that compared to the IF-steel, the Fe-Al phases passivate primarily, at
more negative potential values (Eyp) which shifts negative direction with the increasing
amount of Al. However, the reverse shift is observed between FeyAls and Fe2Als-
FesAl1s phases with a negligible difference. For the complete passivation potentials
(Ecp), it is seen that Fe-Al phases exhibit almost the same value among themselves, at

a slightly more negative than for IF-steel.

These results supports, the ones given in the study of Shankar Rao [129]. In the study,
where a potentiostatically conducted electrochemical test at the potentials
corresponding values to between two anodic peaks and to the region of complete
passivation to examine the passive film structure, the higher Al/Fe ratio in the film
content of the former indicate that complete passivation is obtained by oxidation of Fe.
In the passive film formed through the complete passivation region, Rao observed only
oxides of Fe yet both oxides and hydroxides of Al. It is worth noting that, mixed oxides
and hydroxides were detected along the passive film in both of studies conducted by
Schaepers-Strehblow [21] and Frangini et al. [106], in spite of lower amount of iron

hydroxide observed along the one obtained in the former.

With regards to behavior in passive region, contrary to the results obtained for from
the study conducted by Frangini et al. [106], for Al and IF-steel it is obtained that the
ipass Value of the former is more positive than that of the latter. However, these values
are quite coincide with the values obtained by Shankar Rao et al. [107]. In the
polarization curves of the Fe-Al phases, the shape of the passive region where the
complete passivation takes place is similar to that of IF-Steel. This similarity
corroborates the studies, which came to a common belief that complete passivation is
achieved by complete inhibition resulting from the formation of iron oxides and/or
hydroxides, although they proposed different mechanisms for passivation. In other
words, complete passivation of the Fe-Al phases is governed by the passivation of iron.
When the ipass values obtained for the Fe-Al phases are examined, with the increasing
amount of Al content, the 755 values decrease to remain between the values obtained

for pure-Al and IF-steel. The expectation of obtaining lower #ss values for Fe-Al
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phases than that for IF-steel, as observed in [107] bulk iron aluminides, is failed to be

satisfied in this study. This can be attributed to the following reasons:

e The porous nature of the aluminum oxide film (it is a known fact that aluminum
oxide has a porous structure in H2SO4 [107]) compared to iron oxide; The
presence of cracks on the surface for the Fe;Als phase with high hardness, and
the presence of secondary phases, in which one of them exhibit
electrochemically sacrificial behavior, for Fe;Al-FeAl and Fe,Als-FesAli3; The

existence of multiple layers of Fe-Al phases instead of bulk alloy.

e The fact that primary passivation is obtained at a current density value close to
the one corresponding the complete passivation (ip), for the Fe;Als-FesAlis
phase, may stems from the lower contribution of Fe passivation due to the

lowest Fe content. Thus, the protective film may dominated by Al-rich oxides.

For the explanation of passive layer formation in the passivation region three models
are proposed in the literature. In the sandwich-like 3 layer structure model proposed
by Schaepers et al, center layer is enriched by an Al oxide film while mixture of oxides
of Fe and Al exist at outer and inner sides. In two layered model proposed by Frangini
et al., upper layer involves aluminium-iron oxy-hydroxide while the inner layer
involves Al-rich oxide. In the single layer model proposed by Shankar Rao, mixture

of Al and Fe oxides are involved along the layer.
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Figure 5.10 : (a)Active corrosion potentials (Ecorr), (b)passive and complete
passivation zone widths (Epp-Ev, Ecp-Ev) of IF-steel, pure-Al and Fe-Al phases as a
function of Al content.

The difference between primer passivation potential and breakdown potential (Ep,-Ep)

for Fe-Al phases is greater than that for steel, which indicates that Fe-Al phases exhibit
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passivation property in a wider potential range. The increase observed in Epp-Eb with
the increased amount of Al contained for the Fe-Al phase, becomes negligible between
the Fe;Als and Fe;Als-FesAlisphases. This situation is in good agreement with the
results of Chiang [16] in which the E,p-Ep increases slightly after 25% Al content is
reached. Active corrosion potentials (Ecor), passive and complete passivation zone
widths (Epp-Ev, Ecp-Ep) of IF-steel, Al and Fe-Al phases as a function of Al content are
displayed in Figure 5.10a and Figure 5.10b, respectively.

The region corresponding to the transpassivation region of the curves of the Fe-Al
phases coincides well with that of IF-Steel, This similarity indicates that the protective
film in this region has the same electrochemical properties as IF-steel, emphasizing
the contribution of iron oxide/hydroxides in the conversion, as claimed by Frangini et

al. and Shankar Rao et al. [106,107].

5.2.3 Surface morphology and dissolution depth of samples

Electrochemical results of pure-Al, IF-Steel, and Fe-Al phases in terms of nature of
attack characterizaed by SEM are given below as seconder electron images (SEi) and

backscattered electron images (BSEi).

Figure 5.11 : SEM micrograph of of pure-Al (a) before and (b) after subjected to
0.5M H2SOa.

As expected, the even surface of pure-Al given in Figure 5.11a is preserved, as seen in
Figure 5.11b, which indicates a protective film. These results in good agreement with
the low icor obtained in the polarization curve of pure-Al which passivates

spontaneously.

Local dissolution regions are observed on the surface of IF-steel (Figure 5.12b).

According to the results of the EDS analysis, it is stems from the selective dissolution
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of Fe which act as less noble, around the impurity. Dissolved sites and surrounding

corrosion products are visible in images taken at higher magnifications (Figure
5.12¢-d).
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Figure 5.12 : SEM micrograph of [F-steel: (a) BSEi of treated surface (b) BSEi,
higher magnification (c) SEi, (d) BSEi of electrochemically subjected surface in
0.5M H2SOa.

In the Figure 5.13, surface of FesAl-FeAl as treated (Figure 5.13a) and as
electrochemically exposed (Figure 5.13b-c-d) are presented. According to the Figure
5.13b, grains become distinguished are observed. When higher magnification images
(Figure 5.13c-d) are examined, certain grains are detected as dissolved with a higher
rate in a way to splited naturally from the surface. Different orientated grains are
appeared remaining under the splited grains. This morphology may attributed to the
different corrosion rate of grains which differ from each other in surface oriantation as
revealed in the study conducted by Brito et al. [130]. Brito revealed corrosion rate
dependance to the crystallographic orientation, in the tend of (100)<(110)=(111) for
FesAl phase. However, considering the fact that relevant phase is the FesAl-FeAl dual

phase, grains that discriminated from each other in terms of dissolution rate may arise
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from higher affinity of one of the phases (FeAl in the circumstance) as claimed by

Chiang et al. [16].

(a)

Figure 5.13 : SEM micrograph of FesAl-FeAl: (a) BSEi of treated surface (b) BSEi,
higher magnification (c) SEi, (d) BSEi of electrochemically subjected surface in
0.5M H2SOa.

Surface morphology of Fe;Als phase as treated and subjected to electrochemical
testing are given respectively in Figure 5.14a and Figure 5.14b. where the crack
formation is observed with the dissolved surface. When the crack existed regions are
examined in higher magnification (Figure 5.14c-d), it is observed that certain grains
are dissolved preferentially around transgranularly extended cracks. According to the
study conducted by Celikel [ 142], the hardness of the Fe2Als phase (1280 HV) is higher
compared to Fe-rich and other Al-rich phases. Considering the susceptibility of iron
aluminides to stress cracking corrosion (SCC) and hydrogen embrittlement [144,145],
cracking of the film is not unexpected, however further wotk is needed for
understanding the mechanism behind this failure. This cracking may be the reason for
high active corrosion rate and higher passive currents of this layer (Table 5.1 and

Figure 5.7).
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In the Figure 5.15, surface morphologies related to FeoAls-FesAlis phase is presented.
The presence of two different phases at the treated surface is evident with the contrast
difference according to BSEi (Figure 5.15a), in which the lighter color indicates the
heavier phase, in this case, Fe»Als. Selective dissolution of certain regions is apparent
in Figure 5.15b. Considering, the contribution of Al content on passivation behavior
according to polarization data, less dissolved regions represent, probably, Al-rich
regions with a higher tendency to passivation. Dissolved morphology and corrosion

by-products are clear in higher magnification images (Figure 5.15c-d).

(a)

Figure 5.14 : SEM micrograph of Fe>Als: (a) BSEi of treated surface (b) BSEi,
higher magnification (c) SEi, (d) BSEi of electrochemically subjected surface in
0.5M H2SOa.

In Figure 5.16, 3D depth profile obtained by optical profilometer measurement reveals
for all Fe-Al phases that the progression of corrosion was limited to the exposed layer

since the depth where the lower layers exist is not reached.

The absence of a change in the depth profile of Al in Figure 5.16a, confirms the slight
dissolution rate arisen from spontaneous passivation behavior. On the contrary, with
the lowest tendency to passivation arisen from the highest critical current density (icrit)

among all, [F-steel exhibits 45um dissolution depth (Figure 5.16b). The depth profile
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(Figure 5.16¢) presenting that FesA-FeAl is dissolved to a small extent is consistent
with its, compared to Al-rich Fe-Al phases, low active dissolution rate (icorr) and high
passivation tendency indicated by the ici. Considering its highest icit, and active
dissolution rate (icorr) among all Fe-Al phases, it is reasonable that FeoAls exhibits the
most dissolved profile (Figure 5.16d) among the Fe-Al phases. Besides, dissolution is
enhanced probably from the cracks observed on the surface according to the SEM
images of Fe»Als. The FeaAls-FesAlis phase with lower icrit and icorr values compared
to FeaAls, exhibits less amount of dissolution consistent with these behaviors (Figure

5.16¢).

(a) : :
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Figure 5.15 : SEM micrograph of Fe>Als-FesAli3: (a) BSEi of treated surface (b)
BSE;i, higher magnification (c) SEi, (d) BSEi of electrochemically subjected surface
in 0.5M H>SOs.

76



Figure 5.16 : 3D depth profile of (a) pure-Al, (b) IF-steel, (c) FesA-FeAl, (d) Fe.Als,
(e) FexAls-FesAlr3 obtained by optical profilometer after subjecting to artificial acid
rain.

5.3 Electrochemical Behavior in Simulated Acid Rain

The electrochemical behaviors of pure-Al, IF-steel, and Fe-Al phases are also
examined in artificial acid rain (200ppm CI" solution with the pH of 0.4 adjusted by
H>SO4 [25])

5.3.1 Open circuit potentials

The variation of OCP over time for, IF-steel, and Fe-Al phases in artificial acid rain
media (200ppm Cl" pH4 adjusted with H>SO4) are presented in the Figure 5.17. While
the Fe;Als and FeoAls-FesAls phases exhibit positive trends, IF-steel and Fe;Al-FeAl
phase exhibit positive trends followed by initial negative trends in potential shift, until
they reach steady states. The OCP values of the Fe-Al phases shifted towards more

negative values with increasing aluminum concentration.
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Figure 5.17 : OCP of pure Al, IF-steel and Fe-Al phases in artificial acid rain.

5.3.2 Potentiodynamic polarization behaviors

The overlaid potentiodynamic polarization curves obtained for the pure-Al, IF steel,

and Fe-Al phases, in artificial acid rain are presented in Figure 5.18.

The linear polarization curve of the current density is presented in Figure 5.19 for
profiling the breakdown potential of the samples. In Table 5.2 corrosion potential
(Ecorr), and breakdown potential (Ep) values of pure-Al, IF-steel, and Fe-Al phases are
listed. The icorr and Ecorr values are extracted by Tafel Extrapolation from Figure 5.18.
The Ep value which implies the potential of either the initiation of localized corrosion
or the vanishing of the passive film by rapid dissolution is extracted from Figure 5.19

as the potential corresponding to the initiation of sharp current increase.

According to extracted values, the active dissolution rate (icorr) of Al and Al-rich phases

is lower than that of IF-steel and Fe-rich phase in one order of magnitude.
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Figure 5.18 : Polarization curve of pure-Al, IF-Steel and Fe-Al phases in artificial
acid rain.

When the corrosion potentials of samples are examined, Al exhibits the most active
potential. It is known that Al exhibits less noble potential then steel with the presence
of chloride ions [28]. Among Fe-Al phases, Al rich phases exhibit more active
potential than IF-steel, positioning between pure Al and IF-steel. Fe;A-FeAl phase has
the most noble value compared to the all. Considering the obtained Ecorr of samples, a
galvanic series ranking in the order of FesAl-FeAI>IF-Steel>Fe,Als-FesAli3>FexAls is
revealed. The Ecorr values of samples as a function of Al content and relevantly formed
galvanic series is given in the Figure 5.20. Concerning the cathodic protection in the
existence of a defect, the revealed galvanic series in the artificial rain environment
suggests that Al-rich layers with their negative potentials may sacrifice to protect the
steel substrate. Among these Al-rich layers, Fe:Als act sacrificially compared to
FesAls-FesAlis. On the other hand, Fes;Al-FeAl with the most noble potential is
protected by steel and other Fe-Al phases. In this respect, with their relatively low
active corrosion rates compared to the Fe-rich phase and IF-steel, and acting anodic
compared to steel, phases rich in Al provide better protection to steel than the Fe-rich

phase provide.
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Figure 5.19 : Linear polarization curve of pure-Al, IF-steel and Fe-Al phases in
artificial acid rain.

Table 5.2 : Electrochemical parameters for the pure-Al, IF-steel, and Fe-Al phases,
derived from polarization curves in de-aerated artifical acid rain.

Sample (m\];:;r;ga) icor (MA.cm2) (mV]::AgCl)
Al -830 3x10* -425
IF-Steel -342 4x1073 -
FesAl-FeAl -283 5.3 x107 -
Fe)Als -360 2.4 x10* -117
FexAls-FesAlr3 -353 2x10* -230

Regarding the breakdown behaviors, Al exhibits a characteristic sharp increase in
current at -425mV which is the breakdown potential (Ep) of the protective oxide film.
Contrary to Al, the steady state of current is absent for IF-steel and Fe-rich phase,
instead, incrementally enhanced current indicates increased existing anodic activity.
The absence of a protective film on the surface of Fe-rich layer elucidates its high

current, in a similar manner to [F-steel. Aluminum is not exhibited an appreciable
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contribution to the corrosion behavior of the Fe-rich phase. However, considering the
existence of the second phase, which may cause a local galvanic coupling, in the
structure, Al amount may not be the only factor in corrosion behavior. Both of the Al-
rich phases exhibit the current plateau before the drastic increase in the current
initiates. However, apparently, once the passivity breakdown occurs, the current
increases more drastically for the Fe;Als phase than that for the Fe;Als-FesAls.
Compared to Al, breakdown occurs at more noble potentials for Fe;Als (-117) and
FexAls-FesAli3 (-230), while the former exhibits more noble Ep than the latter among
themselves. Relatively more anodic Eb of Fe;Als-FesAlis may attribute to the
existence of the second phase which demonstrates varying susceptibility to localized
corrosion. The contribution of aluminum to the Al-rich phases revealed as nobler Ey

and low active corrosion rate (icorr).
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Figure 5.20 : The Ecor values of samples as a function of Al content and relevantly
formed galvanic series.

Considering that certain Fe-Al phases exhibit passive properties at a range of
potentials, the cathodic protection estimates made from the galvanic series created will
not be sufficient for straightforward corrosion protection. Namely, spontaneous
passivation may inhibit sacrificial dissolution of deformed active metal to noble

sublayer.
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For a more precise interpretation, allowing galvanic coupling of the relevant phases in

the so-called environment is required.

5.3.3 Surface morphology of semples (SEM, EDS)

Electrochemical behavior of pure-Al, IF-steel, and Fe-Al phases in terms of the nature

of the surface attack, is examined below.

In Figure 5.21, local corrosion regions formed after reaching the breakdown potential,
which indicates the presence of passive film, are observed on the aluminum surface in

artificial acid rain.

Figure 5.21 : SEM micrograph of Al: (a) BSEi before subjecting to artificial acid
rain, (b)SEi, and (¢)BSEi after subjected to artificial acid rain.

SEM micrograph of IF-steel given in Figure 5.22 confirms the extracted data from the
polarization curve which indicates the enhanced existing initial dissolution rate of IF-
steel by the increased potential. When the dissolved regions examined in higher
magnifications, it is observed that dissolution takes place around the impurities which

create local galvanic sites by acting more noble compared to Fe.
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Figure 5.22 : SEM micrograph of [F-steel: (a) BSEi of treated surface (b) BSEi,
higher magnification (c) SEi, (d) BSEi of electrochemically subjected surface in
artificial acid rain.
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Figure 5.23 : SEM micrograph of FesAl-FeAl: (a) BSEi of treated surface (b) BSEi,
higher magnification (c) SEi, (d) BSEi of electrochemically subjected surface in
artificial acid rain.
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In the Figure 5.23, SEM images of FesAl-FeAl phase subjected to artificial acid rain
are presented. dissolution that takes place throughout the surface probably initiated
once the sample immersed in the electrolyte, inferred from the absence of breakdown

potential in the polarization curve of the phase.

In the SEM images of the Fe2Als given in Figure 5.24, pit formation on the surface is
observed clearly. Linear polarizaton curve is in coincidence with the surface
morphology. The breakdown potential and sharp increase at current corresponds the
initiation of localized corrosion and enhanced pit formation, respectively. These
results implies that FeoAls phase provide barier corrosion protection to the underneath
up to breakdown potential in artificial acid rain environment.

(a) (b)

3

(c)

Figure 5.24 : SEM micrograph of Fe>Als: (a) BSEi of treated surface, (b) BSE4, (¢)
higher magnification BSEi of electrochemically subjected surface in artificial acid
rain.

Two phases of Fe;Als-FesAli; that differ from each other by color contrast is clear in
the Figure 5.25a. In the Figure 5.25b , a local flake off which seems to follow a certain
phase, probably corresponding to the breakdown in the linear polarization curve is
observed. The structure with cracks become apparent under the dissolved region. Once

the breakdown initiated, one of the phases, the dissolved one, maybe sacrificing itself
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locally as the other is acting nobler. Active breakdown potential of Fe;Als-FesAljs than
of FesAls, despite the higher Al content of the former compared to the latter, may arise
from as displayed sacrificial behavior of one phase for the other in the former. The
drastic increase in the current density probably arises from the enhanced dissolution
through the cracks. FexAls-FesAlis provides barrier protection to the underneath up to

its breakdown potential in the smilar trend with Fe;Als in the artificial acid rain

environment.
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Figure 5.25 : SEM micrograph of Fe>Als-FesAlis: (a) BSEi of treated surface (b)
BSE;i, higher magnification (c) SEi, (d) BSEi of electrochemically subjected surface
in artificial acid rain.

According to the values obtained from polarization curves, and investigation of surface
attack through SEM micrographs, Fe;Als-FesAlis and Fe;Als provide barrier
protection to the underneath in the so-called environment. Besides, due to their active
corrosion potentials compared to other Fe-rich phase and IF-steel, they are assumed to
provide cathodic protection. However, considering their passivation behavior to
straightforward estimation on electrochemical behavior in term of the nature of

protection, extensive studies are required.
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5.3.4 Effects of surface cracks on electrochemical behavior of samples (creation

of galvanic pairs) in artificial acid rain

In this section, the cathodic protection tendencies inferred according to the order in the
galvanic series formed by the corrosion potential of the phases interpreted in terms of
corrosion behavior, barrier protection they provide, and active dissolution rate are

examined.

The treated samples are named with the phases interest exposed to the environment,
which are the above-mentioned Fes;Al-FeAl, Fe;Als, FeoAls-FesAliz phases. Each
phase is treated in a way that it contacts with IF-steel associated with the galvanic
series in the sublayer The reason that the substrates in relation to the Fe-Al surface
phase layer is obtained as a-Fe(Al) instead of IF-steel is a diffusion of some amount

of aluminum always exists inside the IF-steel through the thick diffusion layer.

15 kv 100X 200 pm NG

Figure 5.26 : Surface morphology of FesAl-FeAl: (a) BSEi of scratched surface, (b)
BSEi, higher magnification (c)SEI, (d) BSEi of electrochemically exposured surface
in artificial acid rain.

The electrochemical behavior of the samples in terms of cathodic protection are

interpreted by the examination of SEM images obtained after being subjected to the

86



experiment by considering the revealing galvanic series in the potential order of Fe;Al-

FeAl > IF-steel> Fex Als-FesAlj3> FexAls.

The Figure 5.26a presents the cracks formed on the surface of the FesAl-FeAl phase.
After electrochemical exposure, local corrosion zones occurring within the cracks
given in the Figure 5.26a are shown in the Figure 5.26b. When the pits formed are
examined more closely in higher magnification images (Figure 5.26¢-d), the grain
structures of a-Fe(Al) and the pits that initiate to form in the grains are observed as a
result of inward progress. The SEM results are in line with the electrochemical results
as followed: The absence of breaking potential for Fe;Al-FeAl and IF-steel which
indicates dissolution with enhanced rate from the very beginning of exposure instead
of passivation; The more noble position of FesAl-FeAl than that of IF-steel in as-
revealed galvanic series. According to SEM examination and as mentioned results it

is averred that steel provide cathodic protection to Fe;Al-FeAl by sacrificing itself.

Figure 5.27 : Surface morphology of Fe>Als: (a) BSEi of cracked surface, (b) BSEI,
higher magnification (c)SEI, (d) BSEi of electrochemically exposured surface in
artificial acid rain.

In the Figure 5.27a, created cracks is presented. After exposed to the artificial acid

rain, it is observed that the FeoAls phase layer is flake off though the cracks in such a
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way that exposure the steel substrate (Figure 5.27b). In higher magnification images
(Figure 5.27¢c-d), grains of steel is distinguished clearly. considering electrochemical
polarization results which reveals Fe>Als settles in a more active potential in the as-
revealed galvanic series compared to IF-steel settles, it was claimed that the former
provide cathodic protection to the latter by sacrificing itsel. On the other hand,
considering the breakdown behavior which implies Fe;Als exhibits passivation
behavior up to breakdown potential, this claim could be failed. However, The
comparison results of SEM micrographs and electrochemical testing, it is concluded

that Fe>Als provides cathodic protection to a-Fe(Al) substrate despite its passivation

behavior.
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Figure 5.28 : Surface morphology of Fe;Als-FesAli3: (a) BSE1 of cracked surface,
(b) BSE1, higher magnification (¢)SEI, (d) BSEi of electrochemically exposured
surface in artificial acid rain.

In Figure 5.28a, cracks formed on the Fe;Als-Fe4Alis phase layer is observed. In the
Figure 5.28b which present the surface morphology after electrochemical testing, flake
offs along cracks are appeared.The higher magnification images (Figure 5.28c-d)
manifest the grains of iron the underneath. In spite of breakdown potential results

which implies FexAls-Fe4Al1s phase exhibits passivation behavior in the same trend
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with FexAls, surface examination results in good agreement with the electrochemical
results which implies, compared to the steel, Fe:Als presents exhibits more active

potential, namely, the former is protected by the latter sacrificially.
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6. CONCLUSION

In this thesis study, electrochemical corrosion experiments of IF-steel aluminized by
CA-EMIT method were carried out in sulfuric acid environment (0.5M H2SO4) and in

artificial acid rain containing 200ppm CI-.

Within the CA-EMIT procedure, the Al-rich phases with decreasing content of Al were
formed on the surface of substrates at the temperature range of 1100 and 1150°C
(Fe2Als-FesAlis, FeaAls, respectively). On the other hand, Fe-rich phases were formed
on the surface of the substrate at the processing temperature of 1200 °C (FezAl-FeAl).

In 0.5M H>SOs, the Fe-rich phase produced by the CA-EMIT method exhibited
corrosion resistance similar to Fe-rich bulk iron aluminides, namely the presence of Al
in the alloy improved the passivation behavior in sulfuric acid solutions. Al-rich
intermetallics exhibited better passivation behavior owing to their higher Al content.
However, some cracking took place during corrosion tests, which can be an indication

of their sensitivity to-wards environmentally assisted cracking.

In the simulated acid rain environments, a galvanic series is produced by ranking the
corrosion potentials (The nobility order: FesAl-FeAl > IF-steel > Fe;Als-FesAli3 >
FeyAls). The Al-rich intermetallic layers provided, to IF-steel substrate, both barrier
corrosion protection by exhibiting passive behavior up to breakdown potential and
cathodic protection by sacrificing themselves in the event of cracks. On the other hand,
the Fe-rich intermetallic layer with the lack of passivation failed to act as a protective
barrier, and in the presence of paths that allow electrolytic conduct between the
substrate, it may create a problem of accelerating the corrosion of steel with galvanic

action.
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