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ABSTRACT

DESIGN AND DEVELOPMENT OF IRON ALUMINIUM INTERMETALLIC
COMPOUNDS FOR STRUCTURAL APPLICATIONS AT HIGH
TEMPERATURES

Yildirim, Mehmet
PhD, Department of Metallurgical and Materials Engineering
Supervisor: Prof. Dr. M.Vedat Akdeniz
Co-Supervisor: Prof. Dr. Amdulla O. Mekhrabov

December 2014, 175 pages

Fe-Al based intermetallic compounds are considered as suitable candidates for
structural applications at high temperatures due to their outstanding oxidation and
corrosion resistance, good intermediate temperature strength, low density, low cost
and relatively high melting point. These outstanding physical and mechanical
properties are mainly attributed to their long-range ordered superlattices, deviation
from stochiometry and ternary alloying additions. However, poor ductility at ambient
temperatures significantly restricts the fabricability and potential applications. Thus,
further alloy design and development is needed in order to improve insufficient

properties.

This study focuses on two main topics: (i) investigation of the effect of ternary
alloying additions on ordering characteristics especially B2«<>A2 order-disorder
transformation temperature and site occupancy characteristics of FespAlspnX,
intermetallics and confirmation of the validity of theoretical predictions proposed for
single phase FespAlson X, intermetallics, (ii) improvement of room temperature
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mechanical properties and high temperature oxidation behavior of FespAlsgnXn

intermetallics via alloying additions and/or proper heat-treatment.

The effect of ternary alloying element additions on the ordering characteristics, room
temperature mechanical properties and oxidation behavior of B2-type ordered FeAl
intermetallic compounds were studied for as-cast and heat-treated states. It is shown
that type and content of ternary alloying element together with heat-treatment have
strong influences on these properties. It is also shown that type of ternary alloying
element has also important effect on ordering characteristics such as order-disorder

transition temperature and site occupancy behavior.

In order to have better analyzing of order-disorder transition, experimentally
measured transition temperatures were compared with theoretical predictions where
excellent agreement was obtained. In this manner, the relative partial ordering energy
parameter (RPOE), B, has been defined for the first time. The RPOE parameter takes
into account both site occupancy behavior of alloying elements and variation of
order-disorder transition temperature. The sign of this parameter implies the
distribution of alloying elements over Fe or Al sublattices, while its magnitude
provides useful information about order-disorder transition temperatures featuring
the bond strengths of Al-X or Fe-X pairs relative to Fe-Al pair. Current predictions

based on the RPOE parameter are consistent with the theoretical predictions.

Mechanical characterization of the alloys reveals that room temperature mechanical
properties strongly depend on ordering and microstructural features such as volume
fraction, size, morphology and distribution of existent phases and solidification route,
I.e, eutectic or liquidus + solidus. These microstructural parameters can be controlled
by controlling the Al content and content of ternary alloying element. Al content
dominates the order, whereas content of ternary alloying element dominates the
volume fraction of present phases with regard to solid solubility of alloying element

in FeAl intermetallic.

The cyclic oxidation tests and structural characterization of oxide scale after

oxidation demonstrated that protective, continuous and stable a-Al,O3 scale can
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easily be formed by proper selection of the type and content of alloying elements.
Analyzing the results, formation of a-Al,O3 scale takes place in the first few cycles
of oxidation indicating the fast growing of even, continuous and uniform scale

without formation of any voids or cracks.

Keywords: Iron Aluminides, Microstructure, Order-Disorder Phase Transition,

Room Temperature Mechanical Properties, Oxidation Behavior
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YUKSEK SICAKLIK YAPISAL UYGULAMALARI iCiN DEMIR-
ALUMINYUM METALLERARASI BILESIKLERININ TASARIMI VE
GELISTIRILMESI

Yildirim, Mehmet
Doktora, Metalurji ve Malzeme Miihendisligi Bolimii
Tez Yoneticisi: Prof. Dr. M.Vedat Akdeniz
Ortak Tez Yoneticisi: Prof. Dr. Amdulla O. Mekhrabov

Aralik 2014, 175 sayfa

Fe-Al esasli metalleraras1 bilesikler sahip olduklari miikemmel oksitlenme ve
korozyon direngleri, orta sicaklik mukavemetleri, diisik yogunluklar, diisiik
maliyetleri ve nispeten yiiksek erime noktalarindan dolay1 yiiksek sicakliktaki yapisal
uygulamalar i¢in aday malzemeler olarak diisiiniilmektedir. Bu tip malzemelerin
iistiin fiziksel ve mekanik ozellikleri ¢ogunlukla sahip olduklar1 uzun mesafe
diizenine sahip siiper-kafeslerine, stokiyometriden sapmalarina ve igilinciil alagim
elementi ilavesine baglidir. Ancak oda sicakliginda sahip olduklar1 diisiik stineklik
tiretilebilirliklerini ve olast uygulama alanlarin1 6nemli 6l¢iide kisitlamaktadir. Bu

sebeple ileri alagism tasarimina ve gelistirilmesine ihtiya¢ duyulmaktadir.

Bu caligmada iki temel amag¢ hedeflenmistir: (i) liglinciil alagim elementi ilavesinin
FespAlsonXn metalleraras: bilesiklerinin B2«<>A2 diizen-diizensizlik faz donisiim
sicakligr ve birim kafes pozisyonlar1 gibi diizenlenme karakteristiklerine etkisinin
incelenmesi ve tek fazli yapiya sahip FespAlso.nX, metallerarasi bilesikleri i¢in
onerilen teorik tahminlerin dogrulugunun ispatlanmasi, (ii) FesoAlso-nX, metallerarasi
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bilesiklerinin oda sicakligindaki mekanik 6zellikleri ve yiiksek sicaklik oksitlenme
davraniglarinin alagim elementi ilavesi ve/veya uygun 1sil iglem yontemleri ile

gelistirilmesi.

Ucgiinciil alasim elementi ilavesinin B2 tip diizenli yapiya sahip FeAl metallerarasi
bilesiklerinin yapisal o&zelliklerine, mikroyapisina, oda sicakligindaki mekanik
ozelliklerine ve oksitlenme davranisina etkisi hem dokiilmiis haldeki hem de 1sil
islem gOrmiis numunelerde incelenmis, tgilinciil alasim elementinin cinsi ve
mikatrinin uygun tavlama kosullar ile birlikte incelenen 6zelliklere 6nemli etkisinin
oldugu saptanmistir. Ayrica ligiinciil alagim elementinin cinsinin diizen-diizensizlik
faz doniisim sicakligt  ve Dbirim kafes pozisyonlar1 gibi diizenlenme
karakteristiklerine 6nemli etkisinin oldugu gézlenmis, elde edilen sonuclarin var olan

teorik verilerle miikemmel uymluluk gosterdigi saptanmigtir.

Diizen-diizensizlik faz doniisiimlerini daha iyi analiz etmek i¢in deneysel olarak
Olclilen doniisiim sicakliklar1 teorik tahminler ile kiyaslanmis ve miikemmel
uyumluluk gosterdigi saptanmistir. Bu baglamda, relatif kismi diizenlenme enerjisi
parametresi, [, literatiirde ilk defa tanimlanmistir. Bu parametre hem alasim
elementlerinin birim kafeste hangi pozisyona yerleseceklerini hem de diizen-
diizensizlik faz doniisim sicakligindaki degisiklikleri hesaba katmaktadir. Bu
parametrenin isareti alasim elemetinin Fe ya da Al alt-kafeslerinden hangisine
yerlesecegini, biiyiikliigii ise Al-X ve Fe-X ciftlerinin relatif bag kuvvetlerini Fe-Al
ciftinin bag kuvvetti ile kiyaslayarak diizen-diizensizlik faz doniisim sicaklig
hakkinda 6nemli bilgi vermektedir. Bu parametre temelinde yapilan hesaplamalar

teorik tahminler ile iyi bir uyum gostermektedir.

Alagimlarin mekenik karakterizasyonu oda sicakligindaki mekanik 6zelliklerin
diizenlenme ve yap1 igerisinde bulunan fazlarin sayisi, miktari, biyiikligi,
morfolojisi ve dagilimi1 gibi mikroyapisal parametreler ve alasimlarin katilasma
davranisina ¢ok fazla bagh oldugunu gostermistir. Bu mikroyapisal parametreler
ticlinciil alagim elementi ve yapidaki Al miktar1 ile kontrol edilmektedir. Yapidaki Al

miktar1 diizenlenmeyi kontrol ederken, {igiinciil alagim elementinin ¢esidi ve miktari



ise var olan fazlarin miktarlarini alasim elementinin FeAl metallerarasi bilesigindeki

¢ozlinlirliigiine bagh olarak kontrol etmektedir.

Cevrimsel oksitlenme testleri ve test sonrasi olusan oksit tabakasinin yapisal
karakterizasyonu koruyucu, siirekli ve kararli a-Al,O3 tabakasimin uygun tiirde ve
miktarda {ciinciil alasim elementi segilerek kolaylikla olusabilecegini gostermistir.
a-Al,O3 oksit tabakasinin ilk birka¢ ¢evrimde olusmasi diizenli, kararli ve siirekli
tabakanin herhangi bir bosluk ya da c¢atlak olusmadan hizlica biyiidigini

gostermektedir.

Anahtar Sozciikler: Demir Allimintler, Mikroyapi, Diizen-Diizensizlik Faz

Déniisiimleri, Oda Sicakligi Mekanik Ozellikler, Oksitlenme Davranis.
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CHAPTER 1

INTRODUCTION

Intermetallic compounds are considered as metallic materials formed by two or more
metallic elements. These compounds have long-range ordered crystal structures,
different from those of their metallic components, below a crucial temperature called

as order-disorder phase transition temperature (T).

Aluminides of iron, nickel and titanium have attracted considerable research interest
among the big family of intermetallic compounds during the past 20 years due to
their outstanding structural and mechanical properties especially at elevated
temperatures [1-4]. In this particular aspect, iron aluminides are suitable candidates
for structural applications at high temperature due to their excellent oxidation and
corrosion resistance, low density, relatively high melting point, good intermediate
temperature strength compared to many other commercial Fe based materials such as
stainless steels and cast irons [5-15]. These excellent physical and mechanical
properties are mainly attributed to their long-range ordered superlattices, deviation
from stochiometry and type and content of ternary alloying additions. However, poor
ductility and brittleness at ambient temperatures greatly restrain the fabricability and
potential applications of iron aluminides like other intermetallic compounds.
Therefore, much attempt is still being performed to improve the insufficient
mechanical properties at room temperature via macroalloying, microalloying and

appropriate thermal treatments [8, 13, 14].

This study have two main aims: (i) to investigate the effect of ternary alloying
additions on ordering characteristics especially B2<A2 order-disorder
transformation temperature and site occupancy characteristics of FespAlsonX,

intermetallics and to confirm the validity of theoretical predictions proposed for
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single phase FespAlsonX, intermetallics, (ii) to improve room temperature
mechanical properties and high temperature oxidation behavior of FespAlsgnXn

intermetallics via alloying additions and/or proper heat-treatment.

Variation of B2«+A2 order-disorder phase transition temperature in FeAl
intermetallic compound was studied theoretically by Akdeniz and Mekhrabov [16]
by tuning systematically the type and content of ternary alloying elements. However,
best to our knowledge, there is very little experimental information based on order-
disorder transition temperatures of B2-type ordered FeAl intermetallic compounds.
Therefore, this study aims investigation of order-disorder transition temperatures
experimentally by means of thermal analysis measurements and confirmation of
theoretical predictions proposed for single phase FespAlsp.n X, intermetallics,. In this
manner, relative partial ordering parameter (RPOE), B, has been defined for the first
time. RPOE parameter gives useful information about site occupancy behaviour of
ternary alloying element atoms over Fe or Al sublattices and variation of critical
order-disorder transition temperature relative bond strengths of Al-X or Fe-X pairs

relative to Fe-Al pair.

In addition, it was attempted to provide a direct correlation between microstructures
and room temperature mechanical properties in order to hinder room temperature
brittleness. In this particular aspect, main emphasis was directed toward which
alloying possibility, i.e., single phase FeAl solid solution, FeAl solid solution with
binary intermetallic precipitates or ultrafine eutectic phase mixtures whose
components are Fe-Al based phase and a ternary intermetallic phase, provides best
combination of room temperature mechanical property, high strength with enhanced

plasticity.

This thesis begins with providing some basic metallurgical concepts related to
intermetallic compounds and a review of previous studies in Chapter 2. In Chapter 3,
the experimental methods used for production and characterization of investigated
materials are given. In Chapter 4, effect of ternary alloying additions on ordering

characteristics, especially order-disorder phase transition temperatures of FespAlso-
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nXn (n=1 at.%), X= Cr, Mn, Ni, Ti, Ta, Mo and W, alloys are investigated. This thesis
continues with investigation of the structural properties and room temperature
mechanical properties of FespAlsonXn, X= Cr, Mn, Mo, Nb, Hf and Zr, alloys in
Chapter 5 followed by discussing oxidation behavior of FespAlsp.nXn, X= Ti and B
alloys, by studying the cyclic oxidation Kinetics in Chapter 6. Finally, this thesis is
concluded in Chapter 7 by highlighting the major contributions to the research field

of iron aluminides.






CHAPTER 2

THEORETICAL BACKGROUND

2.1 Solid Solutions and Ordered Intermetallic Compounds

A solid solution is formed whenever atoms of different elements occupy a common
crystal lattice without formation of new structures. There are two types of solid
solutions: interstitial and substitutional. For interstitial solid solutions, the solute or
impurity atoms are placed in the holes (interstices) between the host atoms due to the

large size difference between the solute and host atoms.

For substitutional solid solutions, the host atoms are replaced by the solute or
impurity atoms in the crystal lattice. Crystal structure, atomic size mismatch,

electronegativity and valences are the governing factors of solid solubility.

e Crystal Structure: For extended solid solubility, crystal structures of both
elements should be same.

e Atomic Size Mismatch: If the atomic size (atomic radii) difference between
the two elements is less than 15 %, solid solution is formed. Otherwise, new
phase will form.

e Electronegativity: For complete solid solubility, atoms of different elements
should have similar electronegativity.

e Valence: For complete solid solubility, atoms of different elements should
have same valence. A metal will dissolve a metal of higher valence to a

greater extent than one of lower valence.



Substitutional solid solutions can be either disordered or ordered. Disordered solid
solutions are obtained when the solute atoms randomly replace the host atoms;
whereas ordered solid solutions are formed when unlike atoms occupy the adjacent
sites in crystal lattice. A fully ordered solid solution is generally called as
superlattice. A schematic presentation of types of solid solutions is given in Figure
2.1
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Figure 2.1 Schematic models of solid solutions. (a) disordered (random)
substitutional; (b) ordered substitutional; (c) interstitial Adapted from Ref. [17].

A continuous series of solid solution is formed if the two different elements are
replaced at all compositions, whereas a terminal (primary) solid solution is formed
when the solid solubility is only present at the pure element portions of the binary
phase diagrams. However, as the solid solubility of one element in the other is
limited around a stoichiometric composition, the arising phase is called as
intermetallic compound. Restriction of the solid solubility is illustrated in Figure 2.2.
The solid solubility of B atoms in A decreases with increasing the stability of

intermediate phase.

Intermetallic compounds have ordered crystal structures completely different from
those of their metallic constituent and these compounds have simple stoichiometric

ratios (AB, ABs;, A3B, etc. ) and narrow compositional ranges [1].



Figure 2.2 Hypothetical free energy curves demonstrating the restriction of solid

solubility due to the presence of intermetallic compound. Adapted from Ref. [17].

2.2 Long Range Order and Order-Disorder Transition Temperature in
Intermetallic Compounds

Considering a binary A-B alloy system composed of equal numbers of A and B
atoms, if A and B atoms have a regular periodic arrangement with respect to one
another, the A-B alloy is known as an ordered alloy. If this order remains at large
distances compared to interatomic distances in a lattice, the order is called as long-
range order (LRO). LRO is defined by a single parameter denoted as LRO parameter
(m). This parameter lies within the range of zero (complete disorder) to unity
(complete order). The structure of the alloy is fully ordered at absolute zero
temperature. The degree of the order decreases with increasing temperature until a
critical temperature above which the order disappears and the structure is completely

disordered. This critical temperature is called as order-disorder phase transition
temperature.
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Figure 2.3 Curves of long range order variation with temperature. (AuCus and CuZn
are the examples of first-order and higher-order order-disorder transitions,

respectively) Adapted from Ref. [18].

In view of thermodynamics, alloys possess the highest entropy at high temperature
due to the randomness. On the contrary, phases present at low temperatures have
lowest entropy and lowest energy because of the ordered state. Ordered phases at low
temperature undergo a transition into disordered phases upon heating. This transition
is known as order-disorder phase transformation (transition). Order-disorder
transitions like other transitions are classified as first-order and higher-order
transitions according to the order of the derivative of the Gibbs free energy with
respect to a variable, which first shows discontinuity at the transition temperature.
For first order transitions, ordered and disordered phases are in equilibrium with each
other and they can be differentiated. Whenever ordered and disordered phases cannot

be differentiated impossibly the transition is denoted as higher-order transition [19].

2.3 Aluminides

An aluminide is a binary intermetallic compound formed between aluminium and a
metallic element more electropositive than Al. High melting point, relatively low

density, excellent oxidation and corrosion resistance, good high temperature
8



mechanical properties are the main advantages of aluminides compared to other
metallic materials [1, 4, 9, 20]. These attractive properties make aluminides
promising materials for high temperature structural applications [9, 10]. Important
properties of the some aluminides are listed in Table 2.1. However, aluminides like
other intermetallic compounds display limited fabricability, brittle fracture and poor
ductility at ambient temperatures [21, 22]. Thus, their potential usage as an

engineering material is restricted.

Table 2.1 Physical properties of aluminides.

Order-Disorder

Crystal Melting Density Composition

Alloy Structure ;—J:lri)siizi%]) Point (°C) (g/cm®)  with Al (at.%)
FeAl B2 1318 1330 5.56 23.3-54.9
FesAl DO; 552 1540 6.72 23.6-34.1
NiAl B2 1638 1638 5.86 30.9-58.2
NizAl L1, 1390 1390 7.50 24.7-21.7
TiAl L1, 1440 1440 391 47.7-69.5
TizAl D0y 1180 1180 4.20 22.4-384

2.3.1 Iron Aluminides

Iron aluminides was first recognized in 1930s [23, 24] due to their unique oxidation
resistance, but detailed investigations concerning the mechanical properties of iron
aluminides were carried out by Cahn and co-workers in the early 1960s [25-27] .
There are several iron aluminium intermetallic compounds with different
composition and crystal structure in binary Fe-Al phase diagram [28] (Figure 2.4).
Table 2.2 summarizes the compositions and crystal structures of iron aluminium

intermetallic compounds.

Fe,Alg and FeAlg are the metastable phases exist in Fe-Al system. These phases are
only formed under high cooling rates. Intermetallic compounds present in the Al-rich
side of the Fe-Al phase diagram, which are &-FesAlg, FeAl,, Fe,Als and FeAls, do

not have any usage in engineering applications up to date due to their narrow
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compositional ranges and very brittle nature. Nevertheless, intermetallic compound
of the Fe-rich side of Fe-Al phase diagram, both FesAl and FeAl, have considerable
research attention due to their excellent oxidation and corrosion resistance, low
density, relatively high melting point, good intermediate temperature strength, low
material cost and conservation of strategic elements such as Cr compared to many
other commercial Fe based materials such as stainless steels and cast irons [5-15].
Therefore, these materials are considered to be the potential candidates for
applications as structural materials, heaters and fasteners at elevated temperatures in
petrochemical industries, conventional power plants, coal conversion plants, catalytic
converters and components for industrial valves and molten salt applications [29-31].
However, poor ductility and toughness at ambient temperatures, limited fabricability,
poor strength and creep resistance at temperatures above 600 °C hinders the
applications of iron aluminides like other ordered intermetallic compounds [8, 13,
14].

Weight Percent Aluminum

[} 10 20 30 40 50 60 70 80 90 100
1600 T Ay T 4 T by Ly (- A, S— L ) -
1538°C
1400_\ L E
1394°C
,,,,, 1310°C
;"’
(aFe) ,~" 3
T v L69°C 1160°C
o ,I.
e (yFe) i
[ 7
— _I l’
o 1000 4 L
:.. I
o 4 |
[sH o ! [
g 912°C Magnetic H FeAl (B2) %
(2 transformation i et
,-' REC 3
770°CH—=~. X i = o<
~ ! i O o s
o i [=9) " =ty =, "’_
. 1" LI A |
~ (a+B2) HE :; . 655°C [660.452°C
N o1 ot
600 M1 Tt =
A R
fo 0 R woroiid i
% b
-\ Fe.Al (DO) IR (Al)—=¢
- \ I [
400 kY -
T | U T T 1 T |
0 10 20 30 40 50 80 70 80 90 100
Fe Atomic Percent Aluminum Al

Figure 2.4 Fe-Al binary phase diagram. Adapted from Ref. [28].

10



Table 2.2 Crystal structures and compositions of Fe-Al intermetallic compounds

present in Fe-Al binary phase diagram.

Alloy Pearson Space Strukturbericht Composition Composition
Symbol Group Designation with Al (wt.%0) with Al (at.%0)
FesAl cF16 Fm m DO0; 13.0-20.0 23.6-34.1
FeAl cP8 Pm m B2 12.8-37.0 23.3-54.9
e-FesAlg cl52 I 3m - 40.0-47.3 58.0-65.0
FeAl, aP18 P1 - 48.0-49.4 65.6-66.9
Fe,Als oc24 Cmecm - 53.0-57.0 70.0-73.3
FeAl; mc102 C2/m - 58.5-61.3 74.5-76.6
Fe,Alg (m) mP22 P2,/c D8y 68.5 81.8
FeAlg (m) 0c28 Ccmc2, D2, 74.3 85.7
2.3.2 Fe;Al

FesAl based alloys with the DOs-type of ordered crystal structure (Figure 2.5) have

three different sublattices: disordered BCC (A2) structure at temperatures above

1000 °C, an ordered B2-type BCC structure at temperatures between 552 °C and

1000 °C and a perfectly ordered DOs-type BCC structure at temperatures below 552

°C. The distribution of the Fe and Al among the sublattices determines the type of

ordered structure. In the DOs-type structure, B sites are occupied by Al atoms and

other sites are occupied by Fe atoms. In the B2-type structure, Fe atoms occupy a

sites, while Al atoms occupy B and vy sites. In the disordered A2 structure all sites are

occupied by Al or Fe atoms randomly.
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Figure 2.5 The DO0s-type ordered crystal structure of FesAl.
2.3.3 FeAl

FeAl based alloys with the B2-type ordered crystal structure have wide range of Al
concentration from 23 to 54 at.%. B2-type structure is an imperfectly ordered crystal
structure in contrast to FesAl. In this structure, Fe atoms are located at the corner
lattice sites, whereas Al atom is located in the centre lattice site (Figure 2.6). B2-type
crystal structure is stable between room temperature to 1300 °C at which it

undergoes a second order order-disorder phase transition to disordered A2 structure.

— —

(T) o ?
> d\

Figure 2.6 The B2-type ordered crystal structure of FeAl (grey spheres represent Fe

atoms, black sphere represents Al atom).
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Among iron aluminides, B2-type ordered FeAl is the most oxidation resistant alloy
due to its large reservoir of Al [31]. Its wide range of Al content (23 to 54 at.%) leads
to formation of stable, protective Al,O3; layers [32]. Moreover, FeAl has lower
density, hence it has better strength to weight ratio rather than steels, Fe-based alloys
and FesAl. In addition, its high electrical resistivity (130-170 pQ/cm) makes them
suitable heating elements at high temperatures [31]. However, FeAl based alloys
cannot find widespread engineering applications due to their brittle fracture and poor
ductility at ambient temperatures [1].

2.3.4 Mechanical Properties of Iron Aluminides

Room temperature mechanical properties of Fe-Al based alloys strongly depend on
their Al content, type of superlattices, deviation from alloy stoichiometry, defect

concentration and test environment [16, 31].

Yield strength of the Fe-Al based alloys increases linearly with increasing Al content
in the single phase a-(Fe, Al) (0-11 at.% Al) and two phase a-(Fe, Al) + FesAl (11-
25 at.% Al) regions up to stoichiometric FesAl (25 at.%) composition [9, 11, 33, 34].
Then, the yield strength sharply drops in the single phase DOs-type ordered FesAl

region.

Studies concerning the room temperature yield strength of B2-type ordered FeAl [35-
37] showed that yield strength is independent of Al content within the composition
range of 40-48 at.% Al; however, at the stoichiometric Fe-50Al composition yield
stress increases markedly (> 1000 MPa). It is important to note that the steep increase
in room temperature yield strength at the stoichiometric composition is directly
related to the vacancy concentration. Theoretical and experimental studies illustrated
that vacancy concentration show an increase with Al content and reach the maximum
value near the stoichiometric composition [38, 39]. On the other hand, deviation
from stoichiometry increases the anti-site defect concentration which has an
important role on blocking the dislocation motion in B2-type ordered Fe-Al alloys

[35, 37]. Consequently, it can be concluded that vacancy concentration is the
13



dominant factor influencing the mechanical properties of Fe-Al alloys compared to

anti-site defect concentration [38].

DO0s-type ordered FesAl and B2-type ordered FeAl like other intermetallic
compounds are known to be very brittle at ambient temperatures. The major reasons
for their brittle fracture and poor ductility have not been identified yet [40] since
there is no single cause for brittleness at ambient temperatures [2]. The reasons for
the poor ductility and brittleness can be the combination of several extrinsic and
intrinsic factors. These factors are listed as: environment, impurity, surface finish,
pest, cooling rate, slip vector, number of slip systems, difficulty in glide of
dislocation and nucleation, weak grain boundary, restricted cross slip and low
cleavage strength. Among these factors, environmental embrittlement is the main
factor which affects the room temperature ductility. The reaction between moisture
in air and Al atoms results in the formation of hydrogens that can be easily diffused

into crack tips and finally embrittle the Fe aluminide.

2Al + 3H,0 — Al,O; + 6H (21)

Liu reported that the maximum room temperature ductility was observed in dry
oxygen environment rather than other environments even in vacuum due to the

formation of alumina according to the following reaction.

4Al + 30, — 2A1,03 (22)

The formation of hydrogens is annihilated due to the reaction between aluminium
and oxygen, thus ductility increases. Al concentration and temperature are the other
factors affecting the hydrogen-induced embrittlement. . Iron aluminides containing
higher than 38 at.% Al are less sensitive to hydrogen-induced embrittlement because
of the intrinsically brittle grain boundaries of iron aluminides containing aluminium
higher than 38 at.%. Concentration of the hydrogen at crack tips decreases with

increasing temperature.
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Conversely, although the major cause of room temperature brittleness seems to be
the environmental embrittlement, Al concentration and deviation from alloy
stochiometry are the significant factors that have considerable effect on ductility.
Among Fe-Al alloys, DOs-type ordered Fe-25Al alloy showed the highest room
temperature tensile elongation of 8 % [41]. Ductility reduced with increasing Al
content especially in B2-type region and finally at stoichiometric Fe-50Al
composition no tensile elongation was observed [41, 42]. Studies related to the
fracture surfaces of Fe-Al based alloys [21, 41-44] demonstrated that there is a
relationship between fracture mode and Al content or deviation from stochiometry.
The fracture mode of stoichiometric and near stoichiometric B2-type Fe-Al alloys is
completely intergranular fracture, while fracture mode alters to transgranular
cleavage in the Fe-rich Fe-25Al, Fe-30Al or Fe-34Al alloys. However, Fe-Al alloys
containing nearly 40 at.% Al show both intergranular fracture and transgranular

cleavage.

Further alloy design and development strategies including alloying, grain refinement,
stabilization of ordered B2 structure, improvement of grain boundary cohesion,
formation of protective surface layers, control of microstructure and suitable heat-
treatment are needed in order to improve the room temperature ductility and
associated hydrogen-induced embrittlement [8].

2.4 Alloying Additions to FeAl

Great research has been performed in order to investigate the effect of alloying
additions on the structural and mechanical properties of FeAl based intermetallic
compounds. Ternary alloying additions into B2-type ordered FeAl alloys can be
classified into three groups according to their solid solubility behaviour in FeAl
phase [45].

e Class | elements, X; = Ni, Co, Mn, Si, Cu, Zn, Mn or Cr. These elements

have large solid solubility in FeAl and they form single phase solid solutions
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after homogenization. Addition of class I elements strongly increase the room
temperature ductility but they do not improve the compressive strength.

e Class Il elements, X, = Zr, Hf, Nb, Ta, Ti or Re. These elements have
incomplete solid solubility in FeAl even after a long homogenization
treatment (175 hours) at high temperature. Formation of ternary intermetallic
compounds is present. Addition of these elements doubles the compressive
strength of binary iron aluminides.

e Class Il elements, X;; = Mo or W, appear not to show any significant solid
solubility in B2-type ordered FeAl alloys. New binary intermetallic
compounds (Fe-Mo, Al-Mo, Fe-W, etc.) form and no ternary intermetallic
compound forms. Addition of Mo or W result in substantial increase in

compressive strength.

2.4.1 Alloying Additions forming (Fe, Al, X) solid solutions

Cr as a ternary alloying addition seems to be the most effective way for improvement
of room temperature ductility of Fe-Al based alloys [9]. Extended solid solubility of
Cr in both a-(Fe, Al) and B2 type FeAl phase leads to formation of solid solutions up
to 50 at.% Al compositions [11].

McKamey et al. [46, 47] reported that 2 to 6 at.% Cr additions to FesAl containing 28
at.% Al increases the room temperature tensile elongation by a factor of 2.5. On the
other hand, they also presented that room temperature yield stress values slightly
reduce with Cr addition. Alloying FesAl with Cr results in the formation of fine and
wavy slip lines contrary to the straight and coarse ones present in the binary FesAl.
These fine and wavy slip lines make the cross-slip easier from one (110) plane to
another in the (110) <111> slip system. It is also observed that Cr addition changes
the fracture mode from transgranular cleavage to mixed intergranular and
transgranular fracture. This result indicates the increase in grain boundary and
cleavage strength. Cr addition also reduces the antiphase boundary energy (APB) by
increasing the spacing between dislocations in the fourfold superdislocation [46-48].
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Room temperature ductility of B2-type ordered FeAl can also be enhanced by Cr
additions. Li et al. [49] presented that 5 at.% Cr addition has a favourable effect on
room temperature ductility of B2-type ordered Fe-36.5Al alloy without any
significant change in fracture mode and slip system.

It was previously reported that 1 at.% Li or Ce additions have softening effect on Fe-
40Al alloy, whereas 1 at.% Ni addition increases yield stress and reduces the room
temperature ductility [50]. Munroe [51-53] studied Ni additions and it was shown
that Ni has a pronounced influence on vacancy hardening nature of B2-type ordered

FeAl intermetallics.

Room temperature ductility of iron aluminides can also be improved by addition of
another solid solution forming ternary alloying element, Mn [54, 55]. In several
studies significant enhancements were obtained in ductility of DOs-type ordered
FesAl [56, 57] and B2-type ordered FeAl alloys [58]. Improvement of room
temperature ductility by Mn can be attributed to several factors like by Cr addition
including: grain refinement, reduction of APB size, easier cross-slip, alteration of
fracture mode from transgranular to mixed transgranular and intergranular,

improvement of cleavage strength [56].

2.4.2 Alloying Additions forming precipitates of intermetallic phases

Additions of Zr, Hf, Nb, Ta and Ti results in the formation of new intermetallic
phase besides Fe-Al based phase due to the limited solid solubility of these alloying
elements in Fe-Al based phases. This new phase is a ternary intermetallic compound
generally called as Laves phase [11, 12, 59, 60]. Laves phases having the common
composition AB, are the largest group of intermetallic compounds [61]. The
principal advantage of Laves phase is its outstanding high temperature strength.
However, hard and brittle nature at ambient temperatures is the major drawbacks of
the Laves phases [62, 63].
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Laves phase containing two phase Fe-Al-X intermetallics have considerable
importance for structural applications at high temperatures because optimization of
mechanical properties can be performed easily. Iron aluminides containing higher
than 38 at.% Al are less sensitive to hydrogen-induced embrittlement because of the
intrinsically brittle grain boundaries of iron aluminides containing aluminium higher
than 38 at.%.. In such a process, the volume fraction of the Laves phase can be
controlled by the ternary alloying element content, while the atomic order in Fe-Al
matrix can be controlled by the Al content [59, 62].

Zr is a typical example of Laves phase forming ternary alloying addition. It has a
very low solid solubility in the Fe-Al phases and even very small additions of Zr to
FesAl or FeAl cause the formation of Zr(Fe, Al), or Zr(Fe, Al);; phases in the
eutectic form, respectively [11, 60, 64-66]. Stein et al. [12] studied the Zr additions
to disordered (A2) Fe-10Al, DOs-type ordered Fe-20Al and B2-type ordered Fe-40Al
alloys and it was indicated that volume fraction of hard and brittle ternary
intermetallic phases increase with increasing Zr content. The yield strength of all
alloys within the temperature range of room temperature to 1000 °C raises with
increasing the amount of ternary phases; however, no plastic deformation was
observed at the room temperature when the amount of ternary intermetallic phase

exceeded a certain amount.

Nb is another ternary intermetallic Laves phase former element in Fe-Al system.
Hexagonal C14-type Nb(Fe, Al), Laves phase forms as a result of low solubility of
Nb in Fe-Al alloys [67, 68]. Solubility of Nb in Fe-Al system depends on the Al
content as opposed to that of Zr: higher in the B2-type FeAl region and lower in the
Fe-rich side [69]. According to ternary Fe-Al-Nb phase diagram studies there is a
eutectic valley lying parallel to the Fe-Al axis between (a-Fe)/FeAl and Nb(Fe, Al),
Laves phase [69-71]. The ternary eutectic compositions for the Fe-rich and Al rich
sides were presented as Fe-22.8Al-9.7Nb and Fe-41.2Al-9.1 Nb or Fe-45.0Al-8.0Nb,
respectively [71]. Compression tests showed that Nb additions increases the yield
strength of Fe-26Al alloy within the temperature range of room temperature to 1000

°C which is similar with observations made for Fe-Al-Zr alloys [72]. However, more
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recent studies [73, 74] demonstrated that enhanced room temperature plasticity with
high strength was observed for Fe-40Al-6Nb alloy. The improved room temperature
mechanical properties can be attributed to the ultrafine eutectic composite structure
of Fe-40Al-6Nb alloy containing micron scale Fe-Al based dendrites and nanoscale

Nb(Fe, Al), Laves lamella or fibres exist in eutectic mixture.

Ta has also low solubility and C14-type Ta(Fe, Al), Laves phase forms at different
amounts depending on the Al content when Ta is added to FesAl or FeAl based
alloys [11, 59, 75, 76]. Although Ta as well as other Laves phase former transition
elements acts as a strengthener both at ambient and high temperature, its
strengthening influence is different from that of others’ due to the different ordering
and microstructural features. Risanti and Sauthoff reported [59] that different type of
Ta(Fe, Al), Laves phase morphologies can be observed depending on the Al and Ta
content. 2 at.% Ta addition to Fe-rich disordered (A2) Fe-16Al and DOs-type ordered
Fe-25Al results in the formation of Ta(Fe, Al), Laves phase only at grain
boundaries, while 3 at.% Ta addition leads to formation of Laves phase preferentially
at grain boundaries and within the grains. Laves phase becomes the main component
of eutectic phase mixture with Fe-rich Fe-Al based phase when the Ta content was
further increased to 6 at.%. However, no eutectic phase mixture was detected with
same amounts of Ta were added to Al-rich B2-type ordered Fe-45Al alloys.

Although C14-type Hf(Fe, Al), Laves and ThMn,-type ternary intermetallic
HfFesAls t; phases, present in Fe-Al-Hf ternary phase diagram [77], can be
considered as possible strengtheners , there are few reports about the alloying and
strengthening Fe-Al based alloys with Hf. Gaydosh et al. [22] studied mechanical
properties of Fe-Al alloys with Hf addition. They indicated that 1 at.% Hf addition to
binary B2-type ordered Fe-40Al alloy resulted in pronounced improvements in yield
strength like other ternary intermetallic phase forming alloying elements; however,

room temperature ductility decreases because of the formation of HfFesAlg t1 phase.

The last ternary intermetallic forming element is Ti. Fe-Al-Ti alloys are attractive

since various strengthening mechanisms exist in the ternary Fe-Al-Ti system [11, 78,
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79]. L2;-type ordered Fe,TiAl Heusler phase, C14-type Ti(Fe, Al), Laves phase and
Mn3The-type cubic 1, phase are the possible ternary intermetallic phases in Fe-Al-Ti
system. Important increase in yield strength up to 1100 °C temperatures was
achieved by the precipitation of ternary intermetallic phases in both Fe-rich and Al-
rich Fe-Al-Ti alloys [78-81].

Finally, all ternary intermetallic phase forming alloying elements have significant
effects on yield strength and tensile or compressive strength of Fe-Al based alloys as
they offer precipitation of two or more hard and brittle ternary intermetallic phases.
However, room temperature brittleness except for Nb addition is still a big problem
that should be overcome. Formation of borides or carbides by co-doping of ternary
intermetallic phase forming alloying elements with C or B and additional thermal

treatments may be beneficial for improving the room temperature ductility.

Fe-Al based alloys can also be strengthened by binary intermetallic compounds
besides Laves phase as in the Fe-Al-Mo or Fe-Al-W systems [11]. In recent studies
main concern is devoted on the investigation of phase relationships, microstructures
and mechanical properties of Fe-Al-Mo alloys instead of Fe-Al-W alloys because of
the extremely high melting temperature of W (~3422 °C). Eumann et al. [82, 83]
investigated the phase equilibrium in ternary Fe-Al-Mo system and they
demonstrated that hexagonal Fe;Mog (n) and cubic MosAl are the possible
precipitates that can be formed when Mo is added to disordered (A2) or ordered Fe-
Al (DO0s-type FesAl and B2-type FeAl) based alloys. The same group of authors also
studied [84] the strengthening effect of MosAl on DOsz-type FesAl and B2-type FeAl
based alloys and it was shown that volume fraction of MosAl precipitates have
significant effect on increasing the yield strength and compressive strength of DO3-
type ordered Fe-30Al and B2-type ordered Fe-40Al alloys. They also reported that
detrimental effect of MosAl formation on room temperature ductility can be

improved by subsequent heat-treatment.
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2.5 Oxidation Resistance of Iron Aluminides

High temperature oxidation and corrosion resistance of metallic materials originally
depend on their capability of forming a slow-growing, protective, adherent and
mechanically stable external chromia (Cr,03), silica (SiO,) and alumina (Al,O3)
layers on their surface [30, 85, 86]. These three oxides are the only ones that display
sufficient protection of their metallic substrate against oxidation and corrosion.
Among these oxides alumina has several advantages over chromia and silica
including slower growth rate and formation at even highly low oxygen partial
pressures in single oxidant environments [30, 85]. Moreover, alumina scales prevent
oxidation and corrosion of metallic substrates by hindering the diffusion of elements
which expedite corrosion on the surface such as S, Cl and alkalis in the multi oxidant

environment [30].

Oxidation resistance of iron aluminides are essentially related to their Al content. It
is known that 15 at.% Al is the lowest concentration in order to repress internal
oxidation and form stable alumina scales on surface of iron aluminides [87, 88].
Thus, most well-known iron aluminides, FezAl and FeAl, have Al amount higher
than the critical composition and they are considered as the suitable materials at
oxidizing environments. Among iron aluminides and commercial iron based alloys,
B2-type FeAl intermetallic compound has the best oxidation resistance due to its

higher Al content.

a- Al;Os, also named as corundum, is the only thermodynamically stable oxide in
Al-O system and it has a trigonal crystal structure and a melting temperature of 2047
°C. Alternatively, alumina exists in metastable forms, namely vy, 6 and 6 aluminas,
depending on temperature [30]. The temperature stability of stable and metastable

aluminas as follows:

(2.3)
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Each metastable form of alumina has a unique crystal structure and physical
properties. However, all these forms are fast-growing, less protective and more
porous [89-93].

Table 2.3 Densities and crystal structures of different forms of aluminas. Adapted
from Ref. [94].

Polymorph %32;']%/ Crystal structure
Amorphous 3.0-3.1 -
v- AlL,O3 3.60-3.67 Cubic spinel
Tetragonal or
6- Al0s 3.60-3.67 ortho?hombic
0- Al,O3 3.60-3.67 Monoclinic
a- Al,O3 3.99 Trigonal

Alumina is one of the most stable oxides in nature according to well-known
Ellingham diagram (Figure 2.7) and it is too difficult to reduce it when it is formed
once. On the other hand, there must be a strong adhesion between alumina scale and
substrate in order to exhibit a strong protection of iron aluminides against oxidation

at high temperatures.
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Figure 2.7 The Ellingham diagram for selected oxides.

Failure of alumina scales due to the thermal expansion mismatch between alumina
and substrate and generation of thermal stresses during cooling is the most important
problems of alumina forming materials such as iron aluminides. Linear thermal
expansion coefficients for some materials are listed in Table 2.4. It is important to
note that large thermal expansion mismatches are present between the alumina and

iron aluminides based on FesAl and FeAl.
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Table 2.4 Coefficient of thermal expansion (CTE) for selected materials. Adapted
from Ref. [95].

Material CTE, 0,*10°%
(1/°C)

FeAl 2.1

FesAl 1.2

Zinc & its Alloys 35

Lead & its Alloys 2.9

Magnesium & its Alloys 2.8

Aluminum & its Alloys 2.5

Steel Stainless Austenitic (304) 1.73

Steel Stainless Austenitic (310) 1.44

Steel Stainless Austenitic (316) 1.6

Steel Stainless Ferritic 1.1

Steel Stainless Martensitic 1.2

High Temperature Steels 1.4

Ultra High Strength Steels 1.4

Age Hardenable Stainless r
Steels

Nodular or Ductile Cast Irons 1.9

Malleable Irons 1.3

Gray Cast Irons 1.1

Alumina 0.9
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Spallation of protective alumina scales, which is schematically shown in Figure 2.8,
during cooling, is the major problem of iron aluminides. Studies showed that [30, 96,
97] mechanical instability of alumina layers such as cracking, delamination and
spallation results from several reasons including vacancy and void formation at the
surface, impurity segregation to aluminide-alumina interface, poor adhesion between
alumina and aluminide, large thermal expansion mismatch and thermal stress

formation.

Isothermal

j&lloy 3

Time —

AM/A —

Cyclic

Figure 2.8 Schematic diagram showing the cracking and spallation of oxide layer
and comparison of isothermal and cycling oxidation kinetics. Adapted from Ref.
[95].

Another drawback of iron aluminides is the diffusion of Fe atoms to the scale and
generation of Fe oxide nodules on the scale surface. These nodules finally merge and
envelope the whole surface. This circumstance thickens the alumina scale and results

in the spallation of alumina layers independent of whether alumina is stable or not.

Doping iron aluminides with ternary alloying elements is the most effective in order
to increase their oxidation and scale spallation resistance. Although the additions of
Cr to FesAl intermetallic compound have beneficial effects on mechanical properties
[46, 47], studies showed that Cr has a detrimental effect on high temperature
oxidation behaviour of FezAl [98-101]. Babu et al. [99] reported that additions of Cr
to FesAl deteriorate the oxidation resistance by increasing the mass gain in the early

stages of oxidation as a result of the generation of chromia. Velon et al. [100] also
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observed that 2 or 4 at.% Cr additions to FesAl increases the oxide growth rate in the
initial stages of oxidation at 500 °C due to the chromia formation. Co-existence of
alumina and chromia is not beneficial to oxidation behaviour since chromia favours
the diffusion of Fe atoms to oxide surface and leads to formation of iron oxide
nodules. Moreover, it was presented that [98] 10 at.% Cr addition to FesAl increased

the mass gain in the first stages of oxidation at 800 and 900 °C.

Detrimental effect of C to oxidation resistance of Fe-Al alloys in the temperature
range 700-1000 °C was also presented in several studies [102, 103]. Although the
mechanism behind the negative effects of carbides is not entirely understood, carbide

containing iron aluminides are more sensitive to oxidation than the carbide free ones.

The scale adherence and high temperature oxidation behaviour of iron aluminides
can be strongly strengthened by Ti additions [99, 104]. Studies showed that Ti
containing FesAl intermetallic compounds have higher parabolic rate constants and
more adherent scale with equiaxed alumina grains [99]. Additionally, Li et al. [104]
investigated the Ti addition on the high temperature oxidation resistance of B2 type

FeAl and reported many advantageous effects which can be listed as follows:

e Formation of another stable and protective scale of TiO besides Al,O3

e Increased scale adherence and scale spallation resistance due to presence of
TiO

e Less thermal expansion mismatch between FeAl and TiO

e Enhancement of oxide scale toughness

All these positive influences of Ti additions decrease the possibility of generation of
thermal stresses during cooling and retard the failure of the protective oxide scale.
Oxidation and scale spallation behaviour of iron aluminides can also be modified by
additions of reactive elements such as Y and Zr. Although the oxidation rates of Y-
doped iron aluminides did not altered intrinsically, scale adhesion to substrate
improved significantly [105, 106]. Y addition reduced the stresses formed during
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cooling by changing the diffusion mechanism of oxide from counter current diffusion
of Al and O to oxygen diffusion. This alteration then resulted in the generation of
pegs at the scale-substrate interface and improvement of scale adhesion [105-107].
Xu and Gao [107] presented that Zr additions enhanced the scale spallation
resistance of iron aluminides similar to Y additions. Neither any spallation nor failure

of the scale was observed for Zr-doped alloys.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 Raw Materials
The samples of Fe-Al-X alloys were prepared by mixing the appropriate amounts of
high purity constituents obtained from Alfa Aesar. The purities of the constituents is given

in Table 3.1.

Table 3.1 Purities of constituent elements (wt.%).

Element Purity (%)

Fe 99.97
Al 99.9
B 99.5
Cr 99.2
Hf 99.7
Mn 99.9
Mo 99.95
Ni 99.9
Nb 99.6
Ta 99.95
Ti 99.9
w 99.95
Zr 99.8
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In this thesis, FespAlson X, alloys were investigated with X= Cr, Hf, Mn, Mo, Nb, Ta,
Ti and Zr up to 9 at.% concentrations and with X= B, Ni and W up to 5 at.%

concentrations, respectively.

3.2 Fabrication of the Samples

3.2.1 Arc-Melting

The samples of FespAlsonX, alloys with 15 g mass were produced by first arc-
melting (Edmund Buehler Arc Melter (Figure 3.1)) using a non-consumable tungsten
electrode and a water-cooled copper tray in high-purity argon atmosphere. Zirconium
was used as an O getter during the melting process. The alloys were re-melted three
to four times in order to achieve complete homogeneity. The weight loss during the

arc-melting process was smaller than 0.5 wt. %.

Figure 3.1 The arc-melter used for fabrication of samples.
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3.2.2 Suction Casting

The samples of FespAlsonX, alloys, where X= Cr, Mn, Mo, Nb and Ta were
fabricated in the form of cylindrical rods (Figure 3.2) with diameter of 3 mm and

length of 150 mm via suction casting technique from arc-melted ingots in order to

obtain standard mechanical test specimens. The suction casting unit is equipped into
Edmund Buehler Arc Melter.

Figure 3.2 Copper mold and cylindrical rods produced by suction casting.

3.2.3 Heat-Treatment

The arc-melted samples were subjected to homogenization and annealing in order to
attain highly ordered state in FespAlso-n X alloys. The homogenization was performed
at 1000 °C for 24 h and then samples were annealed at 400 °C for 168 h, followed by
furnace cooling in order to avoid cracking. The samples were encapsulated in
evacuated quartz tubes which were filled with argon gas.
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3.3 Characterization of the Samples

3.3.1 X-ray Diffraction

The phase analyses of the samples were performed by X-ray diffraction (XRD)
analyses using a Rigaku D/Max-2200 PC diffractometer with Cu-Ka radiation of a
wavelength of 1.540562 A for the angle range 20 = 25°-100° with continuous

recording with a scanning rate of 2°/min and a step size of 0.02°.

3.3.2 Scanning Electron Microscopy

The microstructural examination of the samples was performed using a Jeol Jsm
6400 model and Fei Nova Nano 430 Field Emission Gun (FEG) scanning electron
microscope (SEM). For the microstructural examinations, samples were ground (up
to 1200 grit), polished and etched in Ti, solution (68 ml glycerin, 16 ml 70% HNO3
and 16 ml 40% HF).

The compositions of the samples were verified through energy dispersive X-ray
analysis (EDS) using a SEM equipped with a Noran System 6 X-Ray Microanalysis
System.

3.3.3 Differential Scanning Calorimetry

Thermal analysis measurements of the samples were performed with a Setaram
Setsys—16/18 (Figure 3.3) differential scanning calorimeter (DSC). The samples of
15-30 mg weight were heated up in alumina crucibles under an argon atmosphere
from room temperature to 1500 °C at a constant heating rate of 10 °C/min. Different
heating rates (10, 20 and 30 °C/min) were employed in order to perform thermo-
kinetic studies. Temperature calibration was performed using certified samples of Al,

Zn, Ag, Au and Ni. The accuracy of the temperature calibration was +1 K.
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Figure 3.3 Setaram Setsys—16/18 DSC used in the thermal analysis measurements.

3.3.4 Mechanical Testing

The room temperature mechanical properties of as-cast and heat-treated alloys were
investigated by means of compression tests using an Instron 5582 universal testing
machine at a strain rate of 10* s according to ASTM E9-09 standards (Standard
Test Methods of Compression Testing of Metallic Materials at Room Temperature).
Cylindrical specimens of 3 mm diameter and 4.5 mm length were cut by spark
erosion and any surface layers were removed by grinding prior to testing. The yield
stress was determined as 0.2% proof stress in uniaxial compression. Eight specimens
were considered in tests. Samples having deviations due to the artifacts such as voids

and cracks were excluded.
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3.3.5 Microhardness Measurements

Vickers microhardness measurements were performed using a Shimadzu-2 Micro
Hardness Tester under a load of 500 g. The mean hardness values were determined

by averaging 10 measurements on each sample.
3.3.6 Vibrating Sample Magnetometer

Magnetic measurements of the samples were carried out with an ADE Magnetics
EV/9 Vibrating Sample Magnetometer (VSM) under a maximum applied magnetic
field of 30000 Oe (3.0 Tesla) and the Curie temperature (T;) was determined as
minimum point of (dM/dT) versus temperature curve under a constant magnetic field
of 500 Oe.

3.4 Oxidation Measurements
3.4.1 Sample Preparation

The samples for cyclic oxidation experiments were cut from the ingot to the size of 3
X 6 x 1 mm® by Buehler IsoMet® 4000 Precision Saw. Before testing, the samples
were ground by SiC emery papers up to 1200 grit, polished with Al,O3 powders or
diamond paste of 3 and 1 pum in size to obtain mirror like finish, ultrasonically

cleaned in an acetone or methanol-benzene solution and finally dried in air.
3.4.2 Cyclic Oxidation Test

Cyclic oxidation tests were carried in a Muffle (chamber) furnace (Protherm PLF
130/9 model 1300 °C maximum temperature) at 800 and 900 °C in laboratory air.
One cycle consists of heating the sample to 800 or 900 °C at a heating rate of 10
K/min, holding at 800 or 900 °C for 24 hours and fast cooling to room temperature,
which is approximately 20 minutes. After being cooled to room temperature,

measuring the mass change using an electronic balance with an accuracy of 0.01 mg.
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CHAPTER 4

EFFECT OF TERNARY ALLOYING ADDITIONS ON ORDERING
CHARACTERISTICS OF FeAl INTERMETALLIC COMPOUNDS

The mechanical properties of Fe-Al intermetallics strongly depend on deviation from
alloy stoichiometry and type and content of ternary alloying additions [45]. However,
the specific physical and mechanical properties of iron aluminides are also attributed
to the D03 and/or B2 type of long-range ordered (LRO) superlattices [5, 6] and the
arrangement of ternary alloying element atoms in the submicro volumes of these
ordered superstructures. Furthermore, the arrangement and distribution of ternary
alloying additions on the sublattices of these ordered superstructures have significant
effect on the magnitude of order-order and order-disorder phase transformation

temperatures of Fe-Al intermetallics [16].

The effects of ternary alloying additions on order-disorder phase transformation
temperature and the characteristics of atomic short range order in various types of
ordered aluminides have been analysed by combining the statistico-thermodynamical
theory of ordering with the electronic theory of alloys in pseudopotential
approximation [16, 108-118]. A good qualitative agreement with available
experimental data in the literature have been obtained for L1,-type, DOs-type, B2-
type and L1o-type ordered intermetallics of NisAl [109], FesAl [110-112, 115], FeAl
[16, 113] and y-TiAl [114] respectively. Although a great deal of experimental work
has been performed on the effects of ternary alloying additions for NizAl and FesAl
intermetallics [119-123], little information is provided in the literature on the
ordering characteristics, especially B2«<>A2 order-disorder transformation

temperatures, of Fe-Al-X alloys transformation nearly 50 at.% Al [11, 16, 45].
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Therefore, it is of research interest to investigate the effect of ternary alloying
elements additions on the B2«<>A2 order-disorder transformation temperatures of
FesoAlso.n X intermetallics with B2-type ordered structure. Moreover, effort has also
been directed towards to provide experimental data to confirm the validity of

theoretical model proposed for single phase FespAlso-n X ternary intermetallics [16].

4.1 Microstructure and Phase Analysis

Table 4.1 lists the nominal and actual compositions of as-cast and heat-treated
FespAlgXy alloys. The microstructures of binary stoichiometric FeAl and ternary
FesoAlyeX; alloys display single phase solid solutions having equiaxed coarse grain
structures in as-cast and heat treated conditions. The examples of these almost
similar microstructures are given in Figure 4.1 for binary and FespAlsX; alloys.
However, small amounts of second phase particles, which preferentially form along
the grain boundaries, tend to exist in alloys containing X = Mo, W, Ti and Ta

elements.
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Table 4.1 Nominal and actual compositions of FespAlsgX1 samples.

Nominal EDS analysis (at.%)

composition as-cast heat-treated
(at.%) Fe Al X Fe Al X

Fe-50Al 502+02 49.8+0.2 - 504+£02 49.6+0.2 -
Fe-49Al-1Cr  50.2+0.2 486+0.3 1.2+0.1 502+0.2 48.7+02 1.1+0.1
Fe-49AI-1IMn  50.0+03 492+03 08+0.2 51.3£03 47.7+£02 1.0+0.1
Fe-49AI-INi  50.1+0.3 49.0+0.3 0.9+0.2 50.1+0.1 489+02 1.0+0.1
Fe-49Al-1Ti  52.1+£0.6 469=+0.6 1.0+0.2 52.0+0.5 47.0+02 1.0+£0.1
Fe-49Al-1Ta 49.7+0.2 494+03 09+0.1 498+02 49.0+02 12+0.2
Fe-49Al-1Mo  50.2+0.2 48.7+02 1.1+0.1 50.7+£0.2 483+03 1.0+0.1
Fe-49Al-1W 51.4+£03 47.7+03 09+02 51.5+04 47.6+04 09+0.1
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Figure 4.1 SEM micrographs of as-cast and heat-treated (right-side) FespAlsp.nXn
alloys; (a) binary, X = (b) Cr, (c) Mn, (d) Ni, (e) Ti, (f) Ta, (g) Mo and (h) W.
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Figure 4.1 (cont’d) SEM micrographs of as-cast and heat-treated (right-side)
FesoAlso.n X alloys; (a) binary, X = (b) Cr, (¢c) Mn, (d) Ni, (e) Ti, (f) Ta, (g) Mo and

(h) W.
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The formation of these second phase particles would be attributed to their low and/or
limited solid solubility in FeAl phase [11, 45] and could not be detected by XRD
analyses due to their small volume fractions. However, high magnification SEM
studies coupled with EDS analysis (Figure 4.2) confirm the existence of the X-rich
second phase particles in as-cast and heat-treated FespAlseX;: (X = Mo, W, Ta, Ti)
alloys. Moreover, the arrangement of these intrinsically hard and brittle second phase
particles eventually develop continuous networks along the grain boundaries where
intercrystalline decohesion is observed. This seems to be one of the major reasons for
poor ductility behavior of these alloys. The volume fractions of these second phase
particles increase with further addition of X content (n > 1 at.%). This increase leads
to formation of second phase particles not only along the grain boundaries but also

within the grain interior.

METU 28KV ®3.,5588
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b) 3 grain-boundary o0 A F grain-matrix
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Figure 4.2 (a) SEM micrographs of FespAlsgMo; alloys at high magnification, and

(b) EDS spectrum of as-cast FespAlsgMo; alloy.
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The solid solubility behavior of ternary alloying additions in B2-type FeAl alloys
may be ascribed to the site occupancy characteristics of the X alloying elements. It is
interesting to note that these alloying elements that can readily form second phase
particles in the microstructure have been predicted to preferentially substitute Fe

sublattice sites in B2 type ordered Fe-Al intermetallics [16].

XRD analyses of as-cast and heat-treated FeosAlo49Xo01 alloys reveal almost the
same diffraction pattern as that of the stoichiometric binary FeAl alloy and prove the
existence of single phase B2 type ordered FeAl phase (Figure 4.3) in all alloys under
investigation. The relative intensities of diffraction lines are comparatively larger for
the heat-treated than as-cast alloys due to the homogenization and ordering heat-
treatment described above.
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Figure 4.3 XRD patterns of (a) as-cast and (b) heat-treated FespAlson X alloys.
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Success of the ordering heat treatment procedure and consequently the extent of the
atomic ordering may be evaluated by calculating the long range ordering (LRO)
parameter, 1, for the as-cast and heat-treated binary stoichiometric FeAl alloys. LRO
parameters, 1, have been calculated on the base of XRD results given in Figure 4.4

by employing following set of equations [124];

n7?==(ny.~—Inyg) 4.1)

where,

|
Inye =In : 2 (4.2)
4mLP |:(CAI 1:AI + CFe fFe) + (CAIAfAI + CFeAfFe) :|
and
|

Iny, =1In SS (4.3)

mLP |:( fAI - fFe)2 + (AfAI _AfFe)2i|

where Ig and Igs are the integrated intensities of the fundamental and superstructure
diffraction lines, respectively, m is the multiplicity factor, LP is the Lorentz
Polarization factor, ca , fai , 4fa and cre , fre , Afre are the atomic fraction, atomic
scattering factors and scattering-factor corrections of the Al and Fe atoms,

respectively.
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Figure 4.4 XRD patterns of binary as-cast and heat-treated FeAl alloys used for LRO

parameter determination.

LRO parameters calculated based on Equations (4.1)-(4.3) have been found to be
0.48 and 0.83 for as-cast and heat-treated FeAl alloys, respectively. The presence of
the superstructure diffraction lines and the experimentally determined magnitude of
the LRO parameter for heat-treated binary FeAl alloy suggest the existence of not
fully but highly ordered B2-type crystal structure. Fully ordered structure having n =
1.0 could not be achieved because of the presence of rather coarse (> 200 pum)
equiaxed grains, which tends to reduce the intensities of the superstructure
diffraction lines [125].

4.2 Determination of B2<>A2 Order-Disorder Phase Transition Temperatures

It is well known that transformation of B2-type ordered FeAl phase to the disordered
A2-type phase occurs through a second order transition in the composition range

between 23 and 45 at.% Al [28, 126]. However, alloys under investigation having Al
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content around 50 at.% undergoes L + a-Fe (A2) «> FeAl (B2) type reaction at 1310
°C. Although this transformation was considered as a peritectic reaction [127], it has
been recently proposed and accepted to be a second order FeAl (B2) « a-Fe (A2)
transition [126].
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B2-A2

Feg 54Al; 46 \
5 w
S |Fey Al 4 B2-A2
3 \
O  |FeAl
L
o
P
T BZ-PiVZ

1310 1320

1200 1250 1300 1350 1400
Temperature (°C)

Figure 4.5 DSC heating (at a heating rate of 10K/min) curves of binary heat-treated
Fe-Alalloys. Inset shows the 1305-1325 °C interval of binary FeAl alloy in detail.

Before going through a detailed analysis of the effect of ternary alloying additions on
the order disorder transformation temperature of Fe-Al alloys, it is of interest to
confirm the reliability and reproducibility of thermal behavior of FespAlsgX; alloys
studied in this present investigation by thermal analysis. Therefore, experimentally
determined thermal characteristics of binary heat-treated Fe-Al alloys in the
composition range of 46-50 at.% Al having B2-structure have been verified by phase
diagram [28] and other experimental data on B2«<>A2 order-disorder phase transition
temperatures given in the literature [126]. Figure 4.5 shows the DSC thermograms of
the binary B2-type ordered Fe-Al alloys on heating around their melting
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temperatures. Peak temperatures appearing in L + a-Fe (A2) two phase region after
melting have been identified as B2<>A2 order-disorder phase transition
temperatures. The characteristics of the DSC thermograms and values of order-
disorder transition temperatures, measured as 1316 °C for stoichiometric FeAl alloy,

are consistent with the phase diagram [28] and other literature data [126].

The effect of ternary alloying additions on the B2<>A2 order-disorder phase
transformation temperatures of the heat-treated FespAlsoX; alloys has been analyzed
by considering their DSC heating curves (Figure 4.6) and measured transformation
temperatures are given in Table 4.2. It is evident that all ternary alloying elements
except Cr and Ti, tend to increase the order-disorder transformation temperature with
respect to binary Fe-Al alloy. Ti is the only ternary alloying element that slightly

decreases this temperature.
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Figure 4.6 DSC heating (at a heating rate of 10K/min) curves of heat-treated
FesoAlso-nXn alloys; (a) X = Cr, W and Ni (b) X = Mn, Mo, Ta and Ti.
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It appears that the extent of variation in B2«<>A2 order-disorder phase transformation
temperatures depends on the type of ternary alloying elements additions. The effect
of type and content of the ternary alloying element additions on the order-disorder
transformation temperatures of FespAlso.n X, intermetallics with B2-type ordered
structure have also been investigated theoretically [16] by considering the energetic
and structural characteristics of atomic ordering processes in these intermetallics.
Hence, the effect of ternary alloying additions on the B2<A2 order-disorder
transformation temperature will now be discussed within the framework of the
theoretical model and calculations proposed by Mekhrabov and Akdeniz [16] and

comparison will be made with experimental results.

Table 4.2 Experimentally measured order-disorder transformation temperatures of

heat-treated FespAlson X, alloys.

Alloying Element  None Ti Cr Mn Ni Mo Ta W
B2+~ A2 Order-
Disorder 1316 1313 1316 1322 1326 1330 1336 1336

Transition Temp. (°C)

It was shown that the distribution of ternary alloying element atoms over sublattices
of B2-type Fe-Al intermetallics, determined by their partial SRO parameters, have a
significant effect on the B2«<>A2 order-disorder transformation temperature which

has been calculated by using the following equation (4.4) [128];

|r |
AT z49|1_49 1 |C (4.4)
To I 48 (W FeX -W AIX I X '
Cosh
L 4kBTo J

where AT = Tox - T, and it is the change in order-disorder phase transition

temperature. T, and To denote the B2«>A2 order-disorder phase transition

temperature of binary stoichiometric FeAl and Fe-Al-X intermetallics, respectively,
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Weex and Wax are the partial ordering energies of Fe-X and Al-X pairs in the ternary
alloy, respectively, ks is the Boltzmann constant and cx is the concentration of

ternary alloying element X.

The normalized transition temperature, AT/T,, may be considered as an indication of
degree of variation in order-disorder transition temperature that strongly depends on
the type of ternary alloying X elements. Consequently, absolute values of relative
partial ordering energies of different atomic pairs of Fe, Al, X elements, Wy«(R) in
Fe-Al-X intermetallics become an important parameter in determining the T
temperatures. Employing the partial ordering energies of Fe-X and Al-X pairs in
Table 4.3 (as given in Ref. [16]) and T, of 1316 °C, as determined experimentally by
DSC measurement for the binary FeAl alloy, the normalized transition temperatures

are recalculated.

Table 4.3 Partial ordering energies of FespAlsp.n X, alloys for n = 1 at.% at first

coordination sphere.

Alloying Ordering Energy (at. u.) B
| _ e
Element ~ WAXR)  WR) AVXV —wr
Ni -3.67x10° 7.18x10* -1.50
Mn -484x10° -7.37x10™ -1.41
Cr -241x10°%  4.00x10* -0.96
Ti 3.09x10°% 589x10* 0.86
Ta 254x10%  1.06x 10 5.07
Mo 4.44x10% 2.81x107 5.58
W 418x102% 2.41x107 6.06

The calculated values are compared to the experimentally determined normalized
temperature changes for FespAlson X, alloys in Table 4.4. The qualitative and/or
semi-quantitative agreement between theoretical predictions [16] and present

experimental observation is excellent in terms of the effect of ternary alloying
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elements addition on the tendency of variation of order-disorder phase

transformation temperature of Fe-Al intermetallics.

Table 4.4 Normalized order-disorder transition temperatures of FespAlsonXn alloys
determined by DSC measurements in comparison with theoretical predictions [16]
(T, = 1316 °C for the binary FeAl alloy).

(AT/To) x 107

Alloying i i
Theoretical Experimental
Element
n=0.25at.% n=0.5at% n=1at% n=1at%
Ti -0.61 -1.26 -2.57 -1.88
Cr -0.15 -0.31 -0.59 0
Mn 2.43 4.86 10.00 3.78
Ni 3.03 6.06 12.81 6.29
Mo 52.55 106.02 213.88 8.81
Ta 46.47 92.94 185.89 12.58
W 58.88 121.29 239.07 12.58

4.3 Relative Partial Ordering Energy Parameter (RPOE),

It has been shown that the variation of critical order-disorder phase transformation
temperature AT depends not only on the magnitude of partial ordering energies of
Al-X and Fe-X atomic pairs, but also on the distribution of X ternary alloying
element atoms over Fe and Al sublattices in Fe-Al intermetallics determined by their
partial SRO parameters [16]. Hence, the tendency of variation of order-disorder
phase transformation temperature may be determined exclusively by taking into
account both the effects lattice site occupation preferences of X element atoms and
magnitude of partial ordering energies. These energies would be considered as the
measure of the bond strength of Al-X and Fe-X atomic pairs formed when X element

atoms preferentially reside over either Fe or Al sublattices in Fe-Al intermetallics.
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Thus, the relative partial ordering energy parameter (RPOE), B, has been defined by

following equation (4.5);

AX FeX
ﬂ - W W Fe\/-flv (45)

In the calculation of RPOE parameter we have used a value for the ordering energy
of Fe-Al atomic pairs W*(R,) = 2.92x10° at.u. as determined by Krivoglaz and
Smirnov [128]. Calculated values of RPOE parameters are tabulated in Table 4.3
together with the partial ordering energies of Al-X and Fe-X atomic pairs. It is worth
to note that, while the sign of the RPOE parameter implies the distribution of ternary
alloying element atoms over Fe and Al sublattices in Fe-Al intermetallics, its
magnitude provides useful information on the bond strengths of atomic pairs of Al-X
or Fe-X relative to Fe-Al in FespAlsonX, intermetallics. The outcome of RPOE
parameter and associated conditions for sublattice occupation, and the change in the
order-disorder transformation temperatures are summarized in Table 4.5 along with

experimentally and theoretically determined AT/T, values.

Table 4.5 Order-disorder transition temperatures, relative partial ordering energy
parameters, sublattice occupations and normalized order-disorder transition

temperatures of FespAlson X, alloys.

Alloying AT = Tox-To Occupation  (AT/T,) x 107
Element To"C) P Condition Site Condition Exp. Theo
None 1316 - - - - -

Cr 1316  -0.96 T=T, Pp~1 Al B<0 0 -0.59
Mn 1322 -141 TooT, p>1 Al B<0 3.78 10.00
Ni 1326 -150 To>T, p>1 Al B<0 6.29 1281
Ti 1313 0.86 Tux<T, PB<1 Fe >0 -1.88 -2.57
Mo 1330 558 To>>T, P>>1 Fe B>0 8.81 213.88
Ta 1336 5.07 Tu>>T, P>>1 Fe B>0 12.58 185.89
w 1336 6.06 To>>T, P>>1 Fe B>0 12.58 239.07
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If RPOE parameter is negative (p < 0) ternary alloying element atoms (X; = Ni, Mn
or Cr) mainly occupy Al sublattice sites and they are surrounded by Fe atoms,
whereas if RPOE parameter is positive (f > 0), X alloying element atoms (X;; = Ti,
Ta, Mo or W) preferentially substitute Fe sublattice sites and are surrounded
primarily by Al atoms. Current predictions based on the RPOE parameter is
consistent with the theoretical predictions on Fe-Al intermetallics, in which lattice
site occupancy preference of the impurity atoms is determined by their partial SRO
parameters [16]. Furthermore, the change in critical order-disorder phase
transformation temperature (AT) upon addition of X ternary alloying elements is
related with the magnitude of RPOE parameter featuring the relative bond strength of
Al-X and Fe-X atomic pairs with respect to Fe-Al atomic bond of binary Fe-Al alloy.
When the relative bond strength of Al-X and Fe-X atomic pairs are close to the bond
strength of Fe-Al atomic pair, RPOE parameter equals almost unity (B ~ 1). This
would tend to suggest that no change in order-disorder transition temperature of
FesoAlsp-n X alloys is predicted compared to binary Fe-Al intermetallic as in the case
of Cr addition. If RPOE parameter is less than unity (§ < 1), relative bond strength of
Al-X and Fe-X atomic pairs becomes weaker than that of the Fe-Al atomic pair,
leading to a decrease in transformation temperature as in the case of Ti addition.
Similarly, when alloying elements tend to form stronger Al-X and Fe-X atomic
bonds than the Fe-Al atomic bond, RPOE parameter becomes greater than unity (p >
1), implying a slight increase in transformation temperature. However, alloying
elements with very strong Al-X and Fe-X atomic bonds have RPOE parameter much
greater than unity (f >> 1); thus, they would have a higher potential to increase the

order-disorder transition temperature.

The present experimental observations on the effects of ternary alloying additions on
the B2+ A2 order-disorder phase transformation temperatures of the FespAlsgX;
alloys are consistent qualitatively with the current predictions, based on the relative

partial ordering energy parameter.
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4.4 Conclusions

The effects of ternary alloying element additions on the variation of B2«>A2 order-
disorder phase transformation temperatures of Feos(Ali-nXn)os intermetallics (n =
0.01) have been investigated experimentally by using various ternary alloying
elements of X = Cr, Ni, Mo, Ta, Mn, Ti and W. The extent of variation order-
disorder phase transformation temperatures has been defined by the normalized
transition temperature (AT/T,) and it depends strongly on the type of ternary alloying
element additions. Comparisons have been made with the theoretical model and
calculations; consequently, predictions based on the variation of B2«<A2 order-
disorder transition temperatures of Feos(Al1-nXn)os intermetallics have been verified
experimentally. The tendency and measure of variation of order-disorder phase
transformation temperature has been determined exclusively by defining relative
partial ordering energy parameter (RPOE) which takes into account both the effects
of lattice site occupation preferences of X element atoms and magnitude of partial
ordering energies of Al-X and Fe-X atomic pairs relative to Fe-Al pairs. The sign of
the RPOE parameter implies the distribution of ternary alloying element atoms over
Fe and Al sublattices in B2-type ordered Fe-Al intermetallics and its magnitude
provides an indication of the variation of order-disorder transformation temperature
relative to binary FeAl alloys. Related outcomes of the study can be summarized as

follows;

I.  Since their RPOE parameter is negative (p < 0), alloying elements of X; = Ni,
Mn or Cr mainly prefer Al sublattice sites and they are surrounded by Fe
atoms in FeAl superlattice.

ii.  Since their RPOE parameter is positive ( > 0), alloying elements of X;; = Ti,
Ta, Mo, or W prefer Fe sublattice sites and they are surrounded mainly by Al
atoms in FeAl superlattice.

iii.  Depending on the magnitude of the RPOE parameter, change of the B2—A2
order-disorder transformation temperature in presence of a ternary alloying
element X can be predicted as follows;

e [~ 1indicates no change; thus, Tox~= T, (X = Cr)
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e [ <1 indicates a small decrease; thus, Tox< T, (X = Ti)
e (> 1 indicates a slight increase; thus, Tox> T, (X = Mn, Ni)
e [ >> 1 indicates a significant increase; thus, Tox >> T, (X = Mo, Ta,

W)
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CHAPTER 5

EFFECT OF TERNARY ALLOYING ADDITIONS ON STRUCTURAL
PROPERTIES AND ROOM TEMPERATURE MECHANICAL
PROPERTIES OF FespAlso.nXn ALLOYS

5.1 Cr, Mn and Mo additions

Room temperature brittleness problem of FeAl based intermetallic compounds
greatly hinders their applications as a structural material. In this particular aspect,
great research effort has been performed and is still being performed to improve the
room temperature ductility of this type of materials. Among them proper thermal
treatments and additions of ternary alloying elements seem to be most proper ways.

Previous studies showed that ternary alloying elements having complete solid
solubility in Fe-Al based alloys such as Cr, Mn, Ni, Li, Co, Si, Cu or Zn have a
significant influence on increasing room temperature ductility [45]. Among these
alloying elements, Cr and Mn seem to be the most effective ones that can improve
room temperature ductility. However, there is still little information about Cr and Mn
addition on room temperature mechanical properties of Fe-Al based alloys since the
relevant literature data contains certain amount of Cr or Mn [46, 47, 54-58].
Therefore, in this study, it is of research interest to investigate the effect of Cr and
Mn content on microstructures and room temperature mechanical properties of FeAl
intermetallic compound in detail upon solidification and subsequent heat-treatment.
Additionally, Mo is also considered as a ternary alloying element in order to make a
comparison between the effect of solid solution forming elements and second phase

forming elements.
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5.1.1 Microstructure and Phase Analysis

Table 5.1 lists the nominal and actual compositions of suction casted and heat-treated
FesoAlsp-n X alloys with additions of Cr, Mn and Mo for n=1, 3, 5, 7 and 9 at.%.
Compositions of all investigated alloys except for heat-treated FespAlssMo; and
FespAly1Mog alloys have very good agreement with their nominal compositions. The
microstructures of all as-cast and heat-treated FespAlsy.,Cry, and FespAlsp.nMn, alloys
(Figure 5.1 and 5.2) exhibit single phase solid solutions having equiaxed coarse
grains due to the large solid solubility of Cr and Mn in FeAl phase [11, 45].
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Table 5.1 Nominal and actual compositions of FespAlse., X, samples.

Nominal EDS analysis (at.%)

composition as-cast heat-treated
(at.%) Fe Al X Fe Al X

Fe-50Al 502+0.1 49.8+0.1 - 504+02 49.6+0.2 -
Fe-49AI-1Cr  50.2+0.1 488+0.2 1.0+0.1 50.1+0.2 488+0.2 1.1+0.1
Fe-47AI-3Cr  49.6+02 47.1+02 33+0.2 502+03 46702 3.1+£0.2
Fe-45AI-5Cr  49.7+0.1 44.7+03 5.6+04 502+03 44.6+04 52+0.2
Fe-43Al-7Cr  51.0+04 42.6+03 6.4+0.8 51.3+03 42.1+03 6.6+0.5
Fe-41AI-9Cr  49.1+02 41.6+03 93+0.5 50.5+0.2 399+09 9.6+0.8
Fe-49Al-1Mo  50.2+0.1 488+02 1.2+0.3 50.5+03 484+03 1.1+£0.2
Fe-47Al-3Mo  495+03 47.4+03 3.1+04 49.0+£04 47.7+0.6 33+04
Fe-45AI-5Mo  492+0.5 450+0.3 5.8+0.9 494+02 450+0.5 56=+09
Fe-43AlI-TMo  51.9+0.8 409+09 7.2+0.9 5902+09 349+14 59+1.0
Fe-41AI-9Mo  50.8+0.6 40.6+1.0 8.6+1.2 594+1.1 341+13 65+14
Fe-49Al-1Mn  50.1+0.1 49.1+£0.1 0.8+0.2 50.1+£0.2 488+02 1.1+£0.2
Fe-47AI-3Mn 495+02 468+0.2 3.7+0.3 50.0£0.2 46.4+03 3.6+£0.2
Fe-45AI-5Mn  50.6+03 442+02 52+0.5 505+02 444+£02 51402
Fe-43AlI-TMn  50.6+0.3 42.1+02 73+03 505+£02 424+02 7.1+02
Fe-41A1-9Mn  49.9+0.3 40.8 £03 9.1 +04 504+02 40.8+02 8.8+0.2
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Figure 5.1 SEM micrographs of as-cast and heat-treated (right-side) FespAls-,Cry
alloys; n=(a) 0, (b) 1, (c) 3, (d) 5, (e) 7 and (f) 9.
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Figure 5.1 (cont’d) SEM micrographs of as-cast and heat-treated (right-side)
FesoAlso-nCry alloys; n=(a) 0, (b) 1, (¢) 3, (d) 5, (e) 7 and (f) 9.
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Figure 5.2 SEM micrographs of as-cast and heat-treated (right-side) FespAlso,Mn,
alloys; n=(a) 1, (b) 3, (c) 5, (d) 7and (e) 9
60



Furthermore, XRD analyses of as-cast and heat-treated FespAlsp.nCrn and FespAlso-
nMn, alloys reveal almost the same diffraction pattern as that of the stoichiometric
B2-type ordered FeAl intermetallic compound and confirm the presence of single
phase (Figures 5.3 and 5.4). The relative intensities of diffraction lines are
comparatively larger for the heat-treated than as-cast alloys due to the

homogenization and ordering heat-treatment described above.
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Figure 5.3 XRD patterns of FespAlso-nCry alloys (a) as-cast and (b) heat-treated.
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Figure 5.4 XRD patterns of FespAlso-nMn, alloys (a) as-cast and (b) heat-treated.

63



However, second phase particles exist in the microstructures of all as-cast and heat-
treated FespAlso-nMoy, alloys (Figure 5.5). The formation of these particles is directly
attributed to limited solid solubility of Mo in FeAl intermetallic compound. Based on
XRD (Figure 5.6) and EDS (Figure 5.7 and Table 5.2) analyses, these second phase
particles can be identified as binary MosAl (space group 223, Pm n) precipitates.

The volume fraction of MosAl particles increase with increasing Mo content.

However, MosAl precipitates are only present at grain boundaries in as-cast alloys,
while heat-treatment results in the precipitation of these particles also within the
grains for higher Mo contents (n>3). Investigated compositions of FespAlsg.,Moj
alloys lie near/within the (B2+ MosAl) two phase region according to the isothermal
section of Fe-Al-Mo ternary phase diagram at 1000 °C [129]. Plentiful MosAl
precipitation after heat-treatment is directly related to the solid solubility behaviour
of Mo in Fe-Al phase in equilibrium with MosAl. Heat-treatment results in extra
nucleation of MosAl particles and growth existing particles for supersaturated as-cast
alloys. Moreover, the solubility of Mo in B2 type ordered FeAl phase in equilibrium
with MozAl decreases with decreasing temperature during cooling [129]. Hence,
amount of MozAl precipitates increase substantially with heat-treatment followed by

furnace cooling.
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Figure 5.5 SEM micrographs of as-cast and heat-treated (right-side) FespAlso.,Mo0,,
alloys; n=(a) 1, (b) 3, (c) 5, (d) 7 and (e) 9.
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Figure 5.6 XRD patterns of FespAlso-nMo, alloys (a) as-cast and (b) heat-treated.
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High magnification FESEM (Figure 5.7) analyses were performed in order to
investigate the morphology, size, distribution and volume fraction of MosAl
precipitates for FespAlssMo; and FespAls1Mog alloys. The volume fraction and size of
the MosAl precipitates are summarized in Table 5.3. the volume fractions are in very
good agreement with the expected amounts of MosAl precipitates [84]. MozAl
precipitates do not have any specific morphology and they are uniformly distributed

along grain boundaries and grain interior without forming any precipitate free zones.

Table 5.2 Results of EDS analysis of MosAl precipitates.

EDS analysis (at.%)
Mo Al Fe
749+1.1 207104 43+04

4000 00
200 200
200 2004

Figure 5.7 FESEM micrographs and EDS analysis of heat-treated

FesoAlso.nMo, alloys; (a), (¢) n =7 and, (b), (d) n=09.
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Table 5.3 Size and volume fraction of the MozAl precipitates for heat-treated

Fe5oA|43MO7 and Fe5oA|41M09 aIons.

at.% Mo 7 9

precipitate size
(grain interior), um

precipitate size
(grain boundary), um

vol.% of precipitate 2.21 5.76

21+£02 2.7+£0.1

38+£0.8 43+0.7

5.1.2 Determination of B2<>A2 Order-Disorder Phase Transition Temperatures

Additionally, DSC measurements were performed in order to investigate the effect of
Cr, Mn and Mo additions on B2«<>A2 order-disorder phase transition temperatures of
B2-type ordered FeAl intermetallic compound. DSC heating curves of heat-treated
FesoAlso.n X, alloys are presented in Figure 5.8 and measured order-disorder
transition, solidus and liquidus temperatures are listed in Table 5.4. It is important to
note that the extent of variation in order-disorder transition temperatures depend on
the type of ternary alloying addition and its solid solubility behaviour in B2 type Fe-
Al based phase.

In the Section 4.1.2, it was shown that the effect of ternary alloying additions at
small amounts (n<1) is directly related to the site occupancy character of X element
in B2 type superlattice and relative bond strength of Fe-X and Al-X pairs. However,
variation in transition temperatures for ternary alloying additions at amounts higher
than 1 at.% is associated to the solid solubility behaviour of X in Fe-Al based phase
and phase relationships. Although all Cr, Mn and Mo additions higher than 1 at.%
decrease the B2«>A2 order-disorder phase transition temperatures, the tendency of

decrease for Mo additions are strongly higher than those for Cr and Mn additions.
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Figure 5.8 DSC heating (at a heating rate of 10K/min) curves of heat-treated
FesoAls-n X alloys, X=(a) Cr, (b) Mn, (c) Mo and (d) order-disorder transition

temperature versus amount of alloying addition curves.
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Table 5.4 Experimentally measured order-disorder transition, solidus and liquidus

temperatures of heat-treated FespAlso-n X, alloys.

Trroa2 Tsol. Tiig,

°C) (°C) (°C)
FeAl 1316 1270 1325
Fe-49Al-1Mo 1330 1277 1334
Fe-47Al-3Mo 1274 1298 1347
Fe-45Al-5Mo 1244 1317 1365
Fe-43Al-7Mo 1205 1338 1398
Fe-41Al-9Mo 1178 1346 1408
Fe-49Al-1Cr 1316 1283 1333
Fe-47Al-3Cr 1299 1307 1357
Fe-45Al-5Cr 1292 1317 1370
Fe-43Al-7Cr 1287 1339 1380
Fe-41AI-9Cr 1249 1353 1394
Fe-49Al-1Mn 1322 1283 1337
Fe-47Al-3Mn 1313 1293 1346
Fe-45Al-5Mn 1305 1309 1354
Fe-43Al-7Mn 1289 1317 1362
Fe-41Al-9Mn 1280 1331 1374

Alloy

The Al composition in the Fe-Al based matrix phase is very close to the its nominal
composition in the presence of ternary alloying elements that readily form a single
phase solid solution such as Cr and Mn due to their extended solid solubility in Fe-Al
phase. On the other hand, the Al composition in the Fe-Al based matrix phase is
importantly lower than its nominal composition in the case of ternary alloying
additions form second phase particles such as Mo due to their limited solid solubility
in Fe-Al phase (Table 5.1). According to the binary Fe-Al phase diagram [28],
B2+ A2 order-disorder phase transition temperature decrease approaching to D03
side, whereas melting temperature increase with decreasing Al content. Therefore,

much more reduction is observed in transition temperature for Mo additions rather
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than Cr or Mn additions. MosAl precipitation for heat-treated FespAls;sMo; and
FesoAl;1Mog alloys decreased the Al amount in the matrix phase that results in a
sharp reduction of transition temperature. As a summary, Al content in the matrix

phase is the dominant factor which affects the order-disorder transition temperature.

5.1.3 Room Temperature Mechanical Properties

Before going through a detailed analysis of the effect of Cr, Mn and Mo additions on
the room temperature mechanical properties and deformation mechanism of FeAl
intermetallic compound, uniaxial compression tests for as-cast and heat-treated
binary FeAl intermetallic compound (Figure 5.9) have been performed and measured
parameters have been compared with other data on mechanical properties of Fe-Al
alloys given in the literature. Compared to as-cast alloy, heat-treated FeAl exhibits
considerably improved plasticity with reduced yield stress. Moreover, fracture mode

changed from intergranular decohesion to transgranular cleavage (Figure 5.10).

1800 -
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o
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Figure 5.9 Room temperature stress-strain compression curves of binary FeAl

intermetallic.
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Nagpal and Baker [42] proposed that ductility of Fe-Al decrease with increasing Al
content and stoichiometric FeAl alloy is extremely brittle with displaying no tensile
ductility. They also showed that the fracture mode of FeAl is intergranular. In
addition, yield stresses more than 1000 MPa in Al rich Fe-Al alloys have been
observed in several studies [35-37]. Extremely brittle nature of B2-type FeAl with
respect to other Fe-Al alloys is directly attributed to the thermal vacancy
concentrations. It is well known that vacancy concentration increases with Al content
and becomes maximum around Fe-50Al stoichiometric composition [38, 39].
Vacancy concentration is significantly reduced after long heat-treatment and finally

FeAl shows substantial ductility at room temperature.

Figure 5.10 Fracture surfaces of binary FeAl intermetallic after compressive testing

at room temperature (a) as-cast and (b) heat-treated.

However, it is of research interest to further increase the room temperature ductility
by means of ternary alloying additions. Room temperature compressive stress-strain
curves for FespAlsonX,, alloys are given in Figures 5.11, 5.12 and 5.13 for X=Cr, Mn
and Mo, respectively and measured yield stress (oy), ultimate compressive stress

(omax), yield strain (gy) and plastic strain (gp) values are listed in Table 5.5.
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Figure 5.11 Room temperature stress-strain compression curves of FespAlse-,Cry

alloy (a) as-cast and (b) heat-treated.
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Figure 5.12 Room temperature stress-strain compression curves of FespAlsg,Mn,

alloys (a) as-cast and (b) heat-treated.

73



2500
™ 2500 1
2000 -
& 1500 4 g
2 i
7)) J
$ J
51000 A
0 ) —— FeAl
] — 1Mo
500 _ — 3 Mo
) 5 Mo
. — 9 Mo
0 F———7T 77
0 ) 10 15 20 0 5 10 15 20 25 30 35
Strain (%) Strain (%)

Figure 5.13 Room temperature stress-strain compression curves of FespAlso.nMop

alloys (a) as-cast and (b) heat-treated.

Based on these findings, all investigated as-cast alloys exhibit softening of Fe-Al
matrix compared to stoichiometric FeAl intermetallic compound. The yield stress
decreases and plastic strain increases with increasing alloying addition content
except for FespAls1Mng alloy. There is a good correlation between softening effect
and Al content for Fe-Al based alloys. The yield stress reduces noticeably with only
small deviations from stoichiometric composition and certain amount of plasticity
can be observed before failure [35, 130]. Although all as-cast ternary alloys possess
lower yield stress values than binary FeAl, FespAlso.,Mo, alloys display larger
hardening effects during plastic deformation in comparison to FespAlso,Cr, and

FespAlso.nMn, alloys due to MosAl precipitation at grain boundaries.
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Table 5.5 Mechanical properties for the as-cast and heat-treated FesoAlson X, alloys: yield stress oy (0.2% offset),

ultimate compressive stress omax, strain at the yield point gy and plastic strain g.

Alloy As-cast Heat-treated
oy (MPa) omax (MPa) &, (%) &p (%) oy (MPa) omax (MPa) &, (%) €p (%)

FeAl 1449 £92 165769 44+04 24+0.3 673 £ 55 1687 £ 46 19+0.1 21.7+0.6
1Cr 1199+73 1415+87 3.5+03 2.5+0.3 575 £43 1588+54 2.1+0.1 19.4+04
3Cr 1149+ 69 1565+99 34+04 5.6+0.6 481 + 24 1821 + 71 23+02 227+0.5
5Cr 820 £ 78 1353 £77 424+£06 64+0.6 427 + 39 1500+ 67 32+0.2 189+0.3
7Cr 754 + 65 1407+£90 26+03 7.8+0.8 388 +£ 36 173178 34+03 21.6+04
9Cr 627+71 1255+78 2.6+04 8.7=+0.7 365 +33 1971+75 3.0+£0.1 253+0.3
1IMn 1202 £87 1363 +87 53+0.8 1.8+0.1 657 £ 56 1812 + 65 7.8+04 236+04
3Mn 1158+76 1706+101 3.9+04 85+04 637 £ 23 1708 £54 3.5+0.1 19.7+0.3
5Mn 1003 +£54 1530+£98 5.0+0.5 5.7+£0.2 482 + 25 1837+38 2.7+0.1 253+04
7Mn 989+61 1917+107 3.6+04 152+15 255+ 18 2008 + 71 1.6+£0.1 323+0.5
9Mn 913 £ 65 167599 42+03 11.9+09 233 £ 21 2100 = 69 1.0+£0.1 273+04
1Mo 1297 £97 1581+£95 3.7+0.3 45+04 949 + 87 1492 +46 2.6+0.2 13.3+0.3
3Mo 1255+ 89 1606+ 101 4.8+0.6 3.3+0.3 1019 + 85 1583 + 51 29+£02 12.1+0.3
5Mo 114078 1749+£98 3.4+0.7 89+0.7 633+ 75 2095+89 33+03 183+0.2
Mo 1130+ 69 1890+107 32+04 11.2+1.0 504 + 54 2295+98 38+05 21.6+03
9Mo 1059 +72 2180+114 3.6+05 14.7+1.1 745 + 46 1515+£49 2.6+04 11.9+04




In order to explain the room temperature mechanical properties, deformation and
fracture mechanisms of investigated alloys fracture surfaces after room temperature
compression tests were examined by SEM, as presented in Figures 5.14-5.16. It is
evident that all as-cast alloys are failured by intergranular decohesion independent of
type and content of ternary alloying addition. These results indicate that investigated
as-cast alloys are still very brittle despite the reduced yield stresses and increased

plastic strains after alloying additions.

On the other hand, elimination of solidification artifacts and lattice defects with long
heat-treatment resulted in generation of enhanced room temperature mechanical
properties compared to as-cast counterparts. However, all heat-treated FespAlso.nMo0;,
alloys display lower ductility than binary heat-treated FeAl intermetallic compound
because of the formation of plentiful amount of MozAl precipitates after heat-
treatment. MosAl particles weaken the grain boundaries and lead FespAlsp.nMoj,
alloys to failure by intergranular decohesion (Figure 5.16) in contrast to the
transgranular cleavage of heat-treated FeAl.
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Figure 5.14 Fracture surfaces of as-cast and heat-treated (right-side) FespAlso.nCry
alloys after compressive testing; n=(a) 1, (b) 3, (c) 5, (d) 7 and (e) 9.
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Figure 5.15 Fracture surfaces of as-cast and heat-treated (right-side) FespAlso.nMn,
alloys after compressive testing at; n=(a) 1, (b) 3, (c) 5, (d) 7 and (e) 9.
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Figure 5.16 Fracture surfaces of as-cast and heat-treated (right-side) FespAlso.nMo0,
alloys after compressive testing; n=(a) 1, (b) 3, (c) 5, (d) 7 and (e) 9.
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Yield stresses of both FespAlse.nCrn and FespAlso.nMn, heat-treated alloys decrease
gradually with increasing Cr and Mn content. This decrease is due to solid-solution
softening effect of Cr and Mn which was also observed in earlier studies [46, 48]. In
this study, since all investigated alloys have grain sizes around 300-400 pm, the
effect of grain size on room temperature mechanical properties are excluded. Heat-
treated FespAly1Crg and FespAlssMny alloys exhibit the highest plastic strain values of
25.3 % and 32.3 %, in FesAlsonCry and FespAlso.nMn, alloys, respectively. In
addition, fracture mechanisms of both alloy systems changed from intergranular to

transgranular cleavage after heat-treatment.

5.1.4 Conclusions

Microstructures and room temperature mechanical properties of as-cast and heat-
treated FespAlson X, with X= Cr, Mn and Mo (n=1, 3, 5, 7 and 9 at.%) intermetallics
have been investigated. All studied FespAlsp.nCrn and FespAlso.nMn,, alloys exhibit
single phase solid solutions due to extended solid solubility of Cr and Mn in FeAl
phase, whereas microstructures of all FespAlso.nMo, compositions is composed of
FeAl + MosAl precipitates due to limited solid solubility of Mo in FeAl phase.
Volume fraction of MosAl precipitates increase with increasing Mo content. The
summary of the outcomes related to the room temperature mechanical properties is
as follows. In as-cast alloys, yield stress decreases and plastic strain increases with
increasing alloying element content. All as-cast alloys failure by intergranular
decohesion. Room temperature mechanical properties significantly increased after
heat-treatment except for FespAlso.nMo, alloys. Heat-treated FespAlso.,Mn, alloys
display best room temperature ductility. Among them, FespAlssMn; alloy has the
highest plastic strain value of 32.3 %. Cr addition does not have important effect on
room temperature ductility of heat-treated FeAl. The fracture mechanism of FespAlso-
nCrn and FespAlso.nMn, alloys changed from intergranular to transgranular after heat-
treatment. Heat-treated FespAlso.nMo0, alloys have lower plastic strain values than

binary FeAl due to plentiful formation of MosAl precipitates after heat-treatment.
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5.2 Nb addition

Much attempt has been performed and is still being performed in order to improve
the insufficient mechanical properties of Fe-Al based alloys at room temperature. In
this particular aspect, doping iron aluminides with ternary alloying additions and
thermal treatments seem to be the effective ways to increase room temperature
ductility and toughness [8, 11, 13, 14].

However, ternary alloying element additions generally resulted in either enhanced
plasticity with reduced strength in the case of solid solution strengtheners [9, 11, 49,
56, 58] or improved strength with reduced plasticity in the case of precipitation
hardeners [59, 62, 63, 81, 131, 132]. Therefore, it is of research interest to develop an
alloy that provides the best combination of mechanical properties by means of large
plasticity with high strength at room temperature. In this manner, ultrafine eutectic
alloys show extraordinary mechanical properties at ambient temperatures owing to
their bimodal microstructure composed of relatively soft micrometer scale dendrites
and hard nanoscale eutectic mixture which are responsible for high plasticity and
high strength, respectively [73, 74, 133-136]. Among Fe-Al based eutectic alloys,
Fe-Al-Nb alloys having such a bimodal solidification microstructure are the
attractive ones as the Fe-Al-Nb ternary phase diagram contains several eutectic
points due to the deep eutectic valley between C14 (Fe, Al),Nb Laves phase and A2
(a-Fe) and B2 FeAl phases [68-71].

Park et al. [73] reported that as-cast hypoeutectic FessAlsoNbg alloy exhibits a
combination of compressive strength of 2.24 GPa and 12 % plasticity. In other study,
they also presented an as-cast hypoeutectic FesgAlsoNb, alloy showing compressive
strength of 2.32 GPa and plasticity of 11 % [74]. On the other hand, eliminating
solidification artefacts and lattice defects with proper heat-treatment would be very
important for getting highly enhanced ductility at room temperature. Therefore, it is
predicted that heat-treatment might further improve the room temperature
mechanical properties of ultrafine Fe-Al-Nb alloys. In this study, we report on a

systematic investigation of the microstructures, room temperature mechanical
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properties and deformation mechanisms of off-eutectic and eutectic FespAlso-nNby
alloys (n=1, 3, 5, 7 and 9 at.%) upon solidification and subsequent heat-treatment.
We find that heat-treated hypoeutectic FespAl47Nbs alloy exhibits best combination of
ultimate compressive strength of 3.02 GPa and ductility of 28.1 %, which is highly
larger than that of as-cast alloys. Moreover, emphasis was directed toward providing

the correlation between microstructures and room temperature mechanical properties.

5.2.1 Microstructure and Phase Analysis

Solidification microstructure of as-cast and heat-treated FespAlso.nNb, (0 < n < 9)
alloys consists of primarily solidified B2-type Fe-Al based dendrites and
interdendritic eutectic regions (Figures 5.17(a) through (d)). Volume fraction of the
eutectic mixture increases with increasing Nb content up to 9 at.% Nb (Table 5.6), at
which eutectic mixture undergoes one phase instability leading to development of

ultrafine eutectic morphology free of primarily solidified dendrites (Figure 5.17(e)).
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Figure 5.17 SEM micrographs of as-cast and heat-treated (right-side) FespAlso-nNby
alloys; n=(a) 1, (b) 3, (c) 5, (d) 7 and (e) 9.
83



Table 5.6 Volume fraction of the eutectic mixture determined from SEM

micrographs of as-cast and heat-treated FespAlso.nNb;, alloys.

Volume fraction

Alloy of eutectic

As- Heat-

cast treated
1 Nb 1.0 1.0
3 Nb 10.2 9.6
5Nb 29.5 26.0
7 Nb 74.8 71.5
9 Nb 100.0 100.0

Addition of Nb into B2-type ordered FeAl intermetallic compound, even at a very
small amount (i.e., 1 at.%), results in formation of C14-type (Fe, Al);Nb Laves
phase (space group 194, P6s/mmc), which is one of the main constituent phase of the
eutectic microstructure with B2-type Fe-Al based phase (space group 221, Pm m)
as shown by the XRD analyses (Figure 5.18). The increase in the relative intensities
of (Fe, Al);Nb Laves phase strongly indicates the increase in volume fraction of this

phase.
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Figure 5.18 XRD patterns of FespAlso.nNDb, alloys (a) as-cast and (b) heat-treated.
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The primary solidified phases can be identified as non-faceted B2-type Fe-Al based
dendrites having equiaxed morphology for all off-eutectic compositions. The amount
of Nb dissolved in the Fe-Al based proeutectic phases is nearly 3 at.% as determined
by the EDS analysis (Table 5.7). Moreover, EDS analysis also demonstrated that Fe
and Al contents in the Fe-Al based phases deviate from their actual composition
especially for 5 and 7 at.% Nb containing alloys because of the higher volume
fraction of Laves phase. The eutectic composition (FespAlsNbg) determined from
microstructural examinations and solubility of Nb in Fe-Al based phase have very
good agreement with literature data. Prymak and Stein [69] reported the solubility of
Nb in B2 type Fe-Al as nearly 3 at.%, while Mota et al. [71] found the eutectic
composition as Fe-41.2Al-9.1Nb for higher Al containing Fe-Al-Nb ternary alloys.

Table 5.7 The results of the EDS analysis of primary solidified dendrites of
FespAlso.nNb, alloys.

Nb EDS analysis (at.%)
content As-cast Heat-treated
(at.%) Fe Al Nb Fe Al Nb
1 49.7+£04 49.0+03 1.3+0.1 499+04 49.0+03 1.1£0.1
3 50.1£04 46804 3.1£0.3 498+04 469+04 33+03
5 53.9+04 429+0.5 3.2+£0.1 541+04 427+05 32+02
7 554+ 0.8 41.6£0.7 3.0£0.2 558+08 412+0.7 3.1+£02

Closer inspection of the microstructure by high magnification SEM analyses (Figure
5.18) has revealed that eutectic structure is composed of ultrafine lamellas and fibers
of (Fe, Al);Nb Laves phase for as-cast FespAlso.nNb, alloys (1<n<9). No significant
differences in morphology, distribution and volume fraction of existent phases have
been observed after annealing.
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Figure 5.19 FESEM micrographs of as-cast and heat-treated (right-side)

@) 3, (b) 5, (c) 7 and (d) 9.

FesoAlso-nNby alloys n
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However, coarsening of the eutectics took place with increasing interlamellar and
fiber distances, and increasing the fraction of eutectic free space. Lamellas of (Fe,
Al);Nb Laves phase transformed to fibers and particles after heat-treatment. At high
temperatures, eutectic structures may tend to coarsen in order to reduce the
interfacial area and improve the interfacial bond strength [137, 138]. Coarsening
behavior of eutectics is a critical factor in high temperature applications, determines
the thermal stability of alloy over long period of time at sufficiently high
temperatures [72, 133]. These microstructural observations illustrate that investigated
FesoAlso.nNb, alloys possess good thermal stability, which makes them suitable

candidates for structural applications at high temperatures.

5.2.2 Compression Test and Fractographic Analysis

The effect of microstructural observations on room temperature mechanical
properties of as-cast and heat-treated FespAlso.nNb, alloys have been investigated by
uniaxial compression test as shown in Figure 5.20. Compressive stress-strain curves
for as-cast and heat-treated FeAl intermetallic compound are also provided for
comparison. Table 5.8 summarizes the values of yield strength, maximum
compressive strength, yield strain and plastic strain determined from room
temperature compression tests. Compared to as-cast binary FeAl, heat-treated FeAl
exhibit significantly improved plasticity. Moreover, its fracture mode (Figure
5.21(a)) changed from intergranular decohesion to transgranular cleavage after heat-

treatment.
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Figure 5.20 Room temperature stress-strain compression curves of FespAlso.nNby,

alloys (a) as-cast (b) heat-treated.

Among as-cast ternary alloys, hypoeutectic FespAlso.nNb, alloys with 1, 3 or 5 at.%
Nb show similar mechanical properties with binary as-cast FeAl. They all exhibited
low plastic strain values at room temperature. Brittle nature of these specimens has
also been observed with fracture surface analysis (Figure 5.21(b)-(f)). As-cast
FesoAlgNb; alloy was failured predominantly by intergranular decohesion.
Intergranular facets exhibited roughness because of the presence of brittle Laves
phase particles on the grain boundaries. However, the fracture surfaces of as-cast
FespAls7Nbs and  FespAlssNbs specimens consist of dendrites and pores in
interdendritic regions. The formation of the pores is attributed to the solidification
shrinkage which arises from the temperature difference between the solidus and
liquidus/eutectic temperatures [139, 140]. In addition, the amount of pores is large
when the volume fraction of the dendrites is high. These pores led FespAls7Nbs and
FespAlysNbs specimens to failure along the free surfaces of dendrites and spaces
between dendrites, which are responsible for poor mechanical properties at room

temperature [141].
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Table 5.8 Mechanical properties for the as-cast and heat-treated FesoAlso.nNb, alloys: yield stress oy (0.2% offset),

ultimate compressive stress omax, strain at the yield point ey and plastic strain gp.

Nb As-cast Heat-treated

content MP MP o o MP MP o o

(a.t%) Gy( a) Omax ( a) Sy( 0) Sp ( 0) Gy( a.) Omax ( a.) Sy( 0) Sp ( 0)
0 1449 +£92 1657+£69 44+04 24+03 673 £ 55 1687 £ 46 1.9+£0.1 21.7+0.6
1 117586 1592+93 49+05 3.1+£0.3 973+ 62 2841+104 47+02 248+0.7
3 1223+ 72 1454+47 47+£05 22+03 909 + 58 302095 50+03 28.1+0.6
5 125765 1713+£71 35+04 5.1+0.5 935+71 2932 +86 65+03 242+0.7
7 1302+76 2376+98 5.0+04 87=+0.7 1012 £ 65 2863 + 78 6.1+03 215+0.5
9 131861 2437+107 3.6+04 8.1+0.7 1051 +73 2662+76 48+02 17.0+04




When the amount of Nb reached to 7 or 9 at.%, the compressive strength and room
temperature plasticity considerably increased. Nevertheless, it is important to note
that eutectic FespAlysNbg alloy without any primary dendrites show relatively
enhanced mechanical properties. These results are primarily related to the
microstructural features including the volume fraction, size, morphology and
distribution of the constituent phases. Higher volume fraction of relatively harder
(Fe, Al);Nb Laves phase and the length scale of the eutectic mixture resulted in
generation of higher compressive strength. On the other hand, the reasonably higher
plasticity of these alloys is mainly attributed to the morphologies of the fracture
surfaces. The fracture surfaces of as-cast near-eutectic FespAlssNby and eutectic
FespAls1Nbg alloys reveal that there is smooth cleavage in the Fe-Al based matrix and
interface decohesion at the (Fe-Al)/(Fe, Al);Nb eutectics. Ashby et al. [142]
presented that interface decohesion has a significant effect on improvement of
fracture toughness and Li et al. [138] pointed out that interface decohesion play an
important role to increase plasticity. Thus, better mechanical properties of
FesoAlysNb; and FespAlsiNbg alloys can be explained above microstructural and
fractographic observations. Moreover, mechanical properties of 7 or 9 at.% Nb
containing alloys are comparable to previously reported ternary Fe-Al-Nb alloys [73,
74]. For example, Park et al. [73] presented that hypoeutectic FessAlyNbg alloy has
yield strength, compressive strength and plastic strain of 1.25 GPa, 2.24 GPa and 12
%, respectively. They also reported [74] that hypoeutectic FesgAlyoNb, alloy show
yield strength, compressive strength and plastic strain of 1.12 GPa, 2.32 GPa and 11
%, respectively.
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Figure 5.21 SEM images of the fracture surfaces of as-cast and heat-treated (right-

side) FespAlso.nNb, alloys after compression test at room temperature n= (a) 0, (b) 1,
(c) 3,(d) 5, (e) 7 and (f) 9.
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Figure 5.21 (cont’d) SEM images of the fracture surfaces of as-cast and heat-

treated (right-side) FesoAlso.nNb, alloys after compression test at room temperature
n=(a) 0, (b) 1, (c) 3, (d) 5, (e) 7 and (f) 9.
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Uniaxial compressive stress-strain curves for heat-treated FespAlso.nNb, alloys are
shown in Figure 5.20(b). Although as-cast and heat-treated alloys have similar
microstructural features, room temperature mechanical properties were significantly
improved after annealing. All heat-treated alloys exhibit lower yield strength, higher
compressive strength and higher plastic strain compared to as-cast alloys. The
decreased yield strength can be attributed to the local microstructural coarsening and
the improved compressive ductility can be ascribed to the elimination of
solidification artifacts and lattice defects. For as-cast alloys, solidification artifacts
such as pores can act as crack initiation sites and lead to generation of poor ductility

at room temperature.

The yield strength, compressive strength and yield strain of heat-treated FespAlso-
nNbj, alloys do not much change with respect to Nb content. However, hypoeutectic
FespAls7Nbs alloy shows the highest plastic strain of 28.1% and eutectic FespAls1Nbg
alloy shows the lowest plastic strain of 17.0% due to the lack of relatively softer
primary Fe-Al dendrites. In spite of the significantly high plastic strains, there is no
significant evidence of plastic deformation in fracture surfaces of heat-treated
specimens. Nevertheless, there is an important difference between the morphology of
the fracture surfaces of as-cast and heat-treated alloys which plays an essential role to
interpret enhanced mechanical properties. Heat-treated FespAlsgNb; alloy was
failured by mixed transgranular cleavage and interface decohesion. Fracture surface
of heat-treated FespAls7Nbs alloy, having highest plastic strain and compressive
strength, shows that large primary Fe-Al based phase was fractured by transgranular
cleavage, while the fracture mode of the eutectic is mainly by debonding of the
interface between Fe-Al based phase and fine (Fe, Al);Nb Laves phase. The thick
river patterns are clearly seen in the primary Fe-Al phase. Contrary to heat-treated
FespAls7Nbsalloy, the occurrence of smooth cleavage in the primaries of FespAlssNbs
alloy led to decrease in plastic strain values. On the other hand, heat-treated
FesoAlysNb7 and FespAlyiNbg alloys have very similar fracture surfaces that do not
contain any features related to the presence of primary phase. Their decohesion

surfaces show the interfaces between the constituents of eutectic.
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The fracture surface of heat-treated specimens revealed that the fracture mode is
predominantly cleavage except for FespAlsgNb; alloy despite the high plastic strains.
This behavior can be explained regarding the presence of heterogeneous
microstructure. In such alloys, fracture mechanism depends on various factors
including the volume fraction, size and distribution of constituent phases, the
strength of the interfaces, microstructural inhomogeneity and brittle cracking of
intermetallics [137, 141]. For example, Sha et al. [139] reported that a mismatch at
interfaces, caused by elastic modulus and thermal expansion coefficient mismatch,
may result in discontinuity of deformation and different damage modes. Meanwhile,
Li et al. [138] presented that the release of the dislocations from the interfaces
between alternating phases firstly lets plasticity while finally cleavage is created as
the local stress reaches the cleavage stress. The difference between the yield and

cleavage stresses determines the amount of plasticity in the matrix phase.

Compared to other ternary intermetallic phase forming elements (Zr, Hf, Ta or Ti),
Nb has the best positive effect on room temperature mechanical properties,
especially the ductility of Fe-Al intermetallics. Among these transition elements, Nb,
Ta and Ti show relatively larger solid solubility in Fe-Al alloys rather than Zr or Hf,
Thus, the volume fraction of the hard and brittle ternary intermetallic phase is less in
the case of Nb, Ta and Ti additions.

Although Nb, Ta and Ti have very similar solid solubility, Ta and Ti have
detrimental effects on room temperature ductility of Fe-Al based alloys in contrast to
positive effect of Nb addition [59, 135]. For the following reasons, Nb containing Fe-
Al intermetallics would be good potential as an engineering material for structural
applications: (i) Nb has solid solution strengthening effect due to its limited but
sufficient solid solubility [143], (ii) strong work hardening during plastic
deformation and (iii) enhancement of room temperature ductility because of its

duplex structure.
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5.2.3 Conclusions

Microstructural evolution, room temperature mechanical properties and deformation
mechanisms of FespAlso.nNby, alloys (n=1, 3, 5, 7 and 9 at.%) have been investigated
in detail upon solidification and subsequent heat-treatment. (Fe, Al),Nb Laves phase
is found to form even at 1 at.% Nb addition due to limited solid solubility of Nb in
FeAl. (Fe, Al);Nb Laves phase is shown to develop a eutectic phase mixture with the
Fe-Al based phase at all other investigated compositions and its volume fraction
increases with increasing Nb content. The Nb concentration of the Fe-Al based phase
and the eutectic composition is found to be 3 and 9 at.%, respectively. Among as-cast
alloys, near-eutectic FespAlssNby and eutectic FespAlsNbg alloys show reasonably
higher compressive strength and plasticity. Heat-treated alloys have unique
mechanical properties at room temperature by means of highly enhanced plasticity
with very high compressive strength. Hypoeutectic FespAl47Nbg alloy exhibits highest
ultimate compressive strength and plastic strain of 3.02 GPa and 28.1%, respectively.
Eutectic FespAls1Nbg alloy shows the lowest plastic strain of 17.0 % due to the
absence of relatively softer Fe-Al based primary dendrites. High strength is attributed
to the presence of ultrafine eutectic mixture, while enhanced compressive plasticity
is ascribed to the shear interaction between primary Fe-Al based phase and eutectic

phase mixture.

5.3 Hf addition

In the preceding sections, it is shown that alloying elements with different solubilities
often result in significantly different microstructural changes in Fe-Al-X alloys,
which subsequently leads to a wide spectrum of mechanical properties. Among these
alloying elements, Nb is the only one that exhibit remarkable combination of
mechanical properties by means of high strength with large plasticity. These
outstanding mechanical properties of Fe-Al-Nb alloys are attributed to the
heterogeneous microstructure combined with the primary solidified Fe-Al based

dendrites and ultrafine eutectic mixture.
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Hafnium is an early transition metal element that is chemically close to the alloying
additions of Zr, Ti, Ta and Nb, and has the potential to induce similar mechanical
properties as Nb. However, there is little information provided in the literature on the
structural features of Fe-Al-Hf alloys. Therefore, the potential effects of these
structural features induced by Hf addition on the mechanical properties Fe-Al alloys
are currently not well-known. In this study, it is of research interest to investigate the
phase relationships, microstructures and microhardnesses of the off-eutectic and
eutectic FespAlsg. Hf, alloys (n=1, 3, 5, 7 and 9 at.%) in detail upon solidification and
subsequent heat-treatment. We find that FespAlso.,Hf, alloys solidify through a
eutectic reaction, products of which are relatively soft Fe-Al based phase and a hard
ternary intermetallic HfFegAls phase at all investigated compositions. The
solidification behavior of alloys alters from primary Fe-Al based phase to eutectic
and to primary HfFegAlg with increasing Hf content. Based on these results, it is
possible to hypothesize that the hypoeutectic FesoAlsoHf, alloys may display
superior mechanical properties like Fe-Al-Nb alloys due to their bimodal
microstructure containing micrometer sized soft Fe-Al based dendrites and ultrafine

eutectic mixture.

5.3.1 Microstructure and Phase Analysis

Solidification microstructure of the FespAlso.nHf, (0<n<7) alloys consist of primary
Fe-Al based dendrites and interdendritic eutectic structure (Figures 5.22(a)-(c)).
Volume fraction of the eutectic mixture increases with increasing Hf content up to 7
at.% Hf (Table 5.9), at which eutectic mixture undergoes two phase instability
leading to development of eutectic cellular morphology (Figure 5.22(d)). Addition of
Hf into B2-type ordered FeAl intermetallic compound, even at a very small amount
(i.e. 1 at.%), results in formation of ThMny,-type (space group 139, 14/mmm) ternary
intermetallic HfFesAls 11 phase [77] which becomes one of the main constituent
phases of the eutectic mixture in FespAlso.nHf, alloys as indicated by the XRD
analyses (Figure 5.23). Thermal analyses of FespAlso.nHf, alloys reveal that the
endothermic peak related to the second order FeAl (B2) <> a-Fe (A2) order-disorder

phase transition observed in the stoichiometric FeAl intermetallic compound [28,
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126, 144] is probably overshadowed by the strong eutectic reaction which takes place
at 1248 °C even at 1 at.% Hf addition (Figure 5.24). A broad endothermic peak at
higher temperatures refers to the liquidus of FespAlsoHf, alloys. This peak
approaches to the eutectic reaction temperature with increasing Hf content and
eventually vanishes at 7 at.% Hf which corresponds to the pseudobinary eutectic

composition.
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heat-treated

Figure 5.22 SEM micrographs of as-cast and heat-treated FespAlsonHf, alloys;
n=()1,(b)3,(c)5, (d)7and (e)9.
99



Microstructural examination and XRD studies coupled with thermal analysis
measurements further reveal that hypereutectic FespAlso.nHf, alloys (n>7) solidify
through the formation of primary dendrites of ternary intermetallic 11 phase and
subsequent eutectic reaction at 1248 °C as shown in the Figure 5.22(e). However,
the endothermic reaction peak corresponding to the primary solidification of the
HfFesAls compound does not exist in the DSC heating curve, while it is present in
the DSC cooling curve shown as an inset in Figure 5.24. This is a common
phenomenon that arises due to the undercooling observed when the eutectic
temperature is close to the liquidus temperature [145-147]. In the heating, no change
in the curve can be observed as a result of the gradual melting of the sample as
temperature passes the liquidus temperature. Nevertheless, in the cooling, when a
certain amount of undercooling is present in the system the first solid forms and the
liquidus peak appears in the cooling curve due to the thrust of heat release [145].
Although, the primary crystallization of the phases are more pronounced in the
cooling curves, the preferred method of DSC is heating since the measured transition

temperatures are closer to their equilibrium values [148].

Table 5.9 VVolume fraction of the eutectic mixture determined from SEM

micrographs of as-cast and heat-treated FespAlso.,Hf, alloys.

Volume fraction

Hf content of eutectic
Heat-treated As-cast
1 314 34.2
3 55.2 60.8
5 75.9 81.5
7 100 100
9 76.5 80.6
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The proeutectic primary phases can be recognized as non-faceted Fe-Al based
dendrites with dissolved Hf and T, dendrites, for hypo- and hypereutectic alloys,
respectively. The amount of Hf dissolved in the Fe-Al based primary phases is nearly
0.5 at.% as determined by the EDS analysis. In addition, EDS analyses also showed
that Al content in the Fe-Al based phase deviates from its nominal composition
especially for 7 and 9 at.% Hf containing alloys due to the higher volume fraction of

71 phase.
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Figure 5.23 XRD patterns of FespAlso.,Hf, alloys (a) as-cast and (b) heat-treated.
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Figure 5.24 DSC heating (at a heating rate of 10K/min) curves of heat-treated
FesoAlsg.Hf, alloys.

In the hypereutectic FespAlsHfg alloy (Figure 5.25), the primary t; dendrites are
surrounded by the halos of Fe-Al based phases. The formation of Fe-Al based halo
encircling t; dendrites can be explained by considering the relative interfacial
energies of the existing phases [149]. According to classical nucleation theory [150,
151], interfacial energy of a phase is approximately proportional to its melting point.
The 11 phase, therefore, is likely to have a higher interfacial energy than the Fe-Al
based phase due to its higher melting point. In eutectic solidification, the phase with

higher interfacial energy can generally help the nucleation of the other phase with a

103



lower interfacial energy, whereas the vice versa is not quite possible [152, 153]. For
hypereutectic FespAlsHfg alloy, t; phase acts as an efficient substrate for the

formation of the Fe-Al based phase, from which the eutectic mixture grows.

Closer inspection of the microstructure by high magnification scanning electron
microscopy analyses (Figure 5.26) has revealed that hypoeutectic FespAlsonHf,
(0<n<7) alloys display rod-like and/or irregular eutectic microstructures, whereas
fully eutectic FespAly3Hf7 alloy exhibits a cellular (colony) rod like eutectic structure
(Figure 5.22(d)), with uniform distribution of fine fibers of 1, phase in Fe-Al based
matrix. Fibers have an average thickness and an average fiber distance of 248 + 2 nm
and 550 = 5 nm, respectively. Although the reason for the irregular lamellar to
fibrous transition is not entirely understood, it is thought to be affected by the growth
directions of existent phases in eutectic microstructure as reported by Motta et al.
[70] for eutectic Feg75Al2 sNbg 7 alloy, which displays fully eutectic cellular structure
like the current FespAlysHf7 alloy. According to Motta et al. [70] either the Fe-Al
based phase or the t; phase has an unparallel growth direction to a low-index plane,
and the growth of eutectic structure takes place at low-energy semicoherent
boundaries. This growth behavior yields regular fibers at the eutectic composition
rather than irregular lamellas present in hypoeutectic alloys. Moreover, formation of
the cellular (colony) eutectic morphology in FespAlyHf7 is probably due to
destabilization of the growing solid-liquid interface by the presence of an impurity
boundary layer which leads to the two-phase instability [154, 155]. A constitutionally
undercooled zone is formed in front of the growing interface as a result of the
rejected impurities from the eutectic. These conditions make planar solid-liquid
interface unstable, and then a cellular interface can be produced [156, 157].
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Figure 5.25 Line scan profiles of FespAls;Hfg alloys (a) as-cast (b) heat-treated.

Microstructural examination also revealed that there is no significant coarsening after
long annealing times. Both as-cast and heat-treated alloys exhibit similar
microstructural features. Only a decrease in volume fraction of the eutectic phase
mixture (Table 5.9) is observed after annealing. These microstructural observations
indicate the high thermal stability of the investigated alloys, which is a crucial factor
in high temperature applications [72]. In addition to thermal stability, the ultrafine
microstructure of the investigated alloys brings another advantage for fabricability
and structural applications. High strengths can be achieved by the ultrafine structure
of the eutectic mixture, while the bimodal microstructure can retard the shear
localization and cause an enhanced plasticity at room temperature if the size and
morphology of constituent phases can be controlled by proper selection of
composition and solidification. Fe-Al based ternary alloys with additions of Nb, Zr,

Hf, Ta or Ti may be considered as potential candidates due to their two phase nature
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as a result of the limited solid solubility of Nb, Zr, Hf, Ta or Ti in Fe-Al based
phases. Among these elements, Hf has a slightly larger solid solubility than Zr and
less solid solubility than Nb, Ta and Ti [11, 81]. This solid solubility behavior clearly
indicates that volume fraction of the ternary intermetallic compound will be
considerably higher for Zr or Hf additions rather than for Nb, Ta or Ti additions even

at same amount of addition.
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Figure 5.26 High magnification SEM micrographs of as-cast and heat-treated
FesoAlso.Hf, alloys; n = (a) 3, (b) 5, (¢) 7 and (d) 9.

5.3.2 Magnetic Properties

Formation of t; phase in FespAlso.nHf,, alloys is further confirmed by magnetic
monitoring. Magnetization measurements, presented in Figure 5.27, indicates that
magnetization enhances with increasing Hf content, and hypereutectic and eutectic
alloys eventually show weak ferromagnetic behavior at room temperature in contrast
to the paramagnetic nature of hypoeutectic ones. Thermomagnetization
measurements (Figure 5.28) and in-situ magnetic measurements (Figure 5.29) were
performed in order to understand the reason for weak ferromagnetism at room

temperature. According to these measurements, the measured Curie temperatures
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(T¢) given in Table 5.10 for FespAls3Hf; and FespAlsHfg ternary alloys agree well
with that of HfFesAlg intermetallic compound reported in the literature [158], and all
investigated alloys show strong ferromagnetism below their T.. The measured
transition temperatures, which are 100-120 °C below the room temperature, indicate
that HfFegAlg 11 phase has no contribution to the room temperature ferromagnetism.
Thus, the weak ferromagnetism at room temperature arises from the Fe-Al based
phase. The Al content in the present Fe-Al based phase, which is in equilibrium with
the 11 phase, decreases sharply in FespAlssHf; and FespAls Hfy ternary alloys owing
to the high volume fraction of 1; phase. This sharp decrease also destroys the order
between Fe-Al atoms and the Fe-Al phase becomes disordered. Contrary to B2-type
ordered FeAl intermetallic compound, which is paramagnetic at all compositions
[159, 160]; disordered Fe-Al based phase can show ferromagnetism at room
temperature depending on the Al content. According to the theoretical and
experimental studies [160-163], magnetic moments of Fe-Al alloys increase with

decreasing Al content and alloys show ferromagnetism.
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Figure 5.27 Room temperature hysteresis curves of FespAlso.nHf,, alloys (a) as-cast
and (b) heat-treated.
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Figure 5.28 (a) Thermomagnetization and (b) (dM/dT) versus temperature curves of

as-cast and heat-treated FespAlssHf; and FespAls Hfg alloys.

Table 5.10 Curie temperatures (T) of as-cast and heat-treated FespAl43Hf7 and
Fe5oA|41Hf9 aIons.

Alloy T. (°C)
FesoAl4sHf; as-cast -71.2
FesoAlysHf7 heat-treated -67.5
FesoAly Hfg as-cast -84.7

FesoAls1Hfg heat-treated -75.0
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Figure 5.29 In-situ hysteresis curves for FespAlysHf7 alloy for FespAlssHF; alloy (a)
as-cast, (b) heat-treated and FespAly;Hfg alloy (¢) as-cast and (d) heat-treated.

5.3.3 Kinetic Analyses of Eutectic Phase Transitions

Reaction enthalpies of the eutectic phase transitions of ternary FespAlso.,Hf, alloys
are calculated based on integrated peak area method from the DSC measurements
(Figure 5.24) and listed in Table 5.11. It is important to note that there is a strong
correlation between calculated reaction enthalpies and structures observed in

microstructural and XRD analyses of ternary alloys. Enthalpies of the eutectic
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reactions increase with increasing Hf content up to eutectic composition,
FespAlysHf7, and then they begin to decrease. In other words, reaction enthalpies
increase with increasing Hf content when the Fe-Al based phase is the primary
phase, but they decrease with the change of the primary crystallized phase from Fe-
Al based phase to 1, phase.

Table 5.11 Endothermic reaction enthalpies of heat-treated FespAlso.,Hf, alloys.

AHeu'[. AHqu.
Hf content

(J/9) (J/9)
1 60.2 1194

3 66.0 n.a

5 114.4 n.a

7 137.8 n.a

9 106.5 n.a

n.a = not available

Table 5.12 Volume fraction of the eutectic mixture determined from SEM

micrographs and DSC measurements of heat-treated FespAlso.,Hf, alloys.

Volume fraction

Hf content of eutectic
SEM DSC
1 31.4 43.7
3 55.2 47.9
5 75.9 83.0
7 100 100
9 76.5 77.3
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Moreover, volume fraction of the eutectic mixture (f) is predicted using the

calculated enthalpies for heat-treated FespAlsonHf, alloys according to the relation
f =AH_/AH , [164] where 4H, is the enthalpy of eutectic reaction at a particular

condition and 4H:; is the enthalpy of eutectic reaction for alloy having fully eutectic
structure. As listed in Table 5.12, calculated f values are found to be in very good
agreement with the results obtained from the microstructural investigations carried
out with scanning electron microscopy. The activation energies of the eutectic phase
transitions of ternary FespAlso.nHf, alloys were also calculated with the well-known
Kissinger [165] and Ozawa [166] methods given as [Eq.5.1] and [Eq.5.2],

respectively.

B E, (5.1)
Ln - == +C
T, RT,
E
Lnf =-1.052 ——+C (5.2)
RT

Here, £ is the heating rate, T, is the peak temperature, R is the universal gas constant,
C is a constant and E, is the activation energy. Applying three different heating rates
of 10, 20 and 30 °C/min, we calculated the activation energies given in Table 5.13
from the slopes of the plots in Figures 5.30(a) and (b). The highest activation energy
is calculated as 7454.6 kJ/mol for FespAlsHf; and it decreases with increasing Hf
content for hypoeutectic alloys, reaching a minimum value of 2468.5 kJ/mol at the
eutectic composition. However, activation energy starts to increase with the
alteration of primary crystallized phase from Fe-Al based phase to t; phase for
hypereutectic FespAlsHfy alloy. The calculated activation energies with both of the

well-known Kissinger and Ozawa methods are in very good agreement.
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Figure 5.30 (a) The Kissinger and (b) Ozawa plots of eutectic reactions present in

DSC curves of heat-treated FespAlso.,Hf, alloys.

Table 5.13 Calculated activation energies of eutectic reactions present in DSC
curves of heat-treated FespAlsonHf,, alloys according to the Kissinger and Ozawa

methods (r is the linearity coefficient).

Kissinger Ozawa
Hf content
E+(kd/mol) I Ea(kd/mol) Ir|
1 7154.59 09832  7110.14 0.9833
3 5604.40 09126  5578.05 0.9133
5 4435.32 09784  4430.22 0.9786
7 2398.48 09901  2370.57 0.9903
9 2523.47 0.9995  2517.89 0.9995
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6.1.4 Microhardness Measurements

Furthermore, strengthening effects of t; phase on B2-type ordered FeAl alloys have
been investigated by Vickers microhardness measurements as shown in Figure 5.31.
Mean microhardness increases monotonically with Hf content, and therefore, it is
maximum at 9 at.% Hf addition (the largest Hf addition in the current work).
Microstructural features and phase relationships have significant effects on this
observed microhardness trend in FespAlsonHf, alloys. For hypoeutectic
compositions, heat-treated alloys have smaller microhardness values than the as-cast
ones. However, for eutectic and hypereutectic compositions, heat-treated alloys have
larger microhardness values than as-cast ones. The hardness of an alloy in such as-
cast or heat-treated conditions strongly depends on the size and volume fraction of
existing phases. Changes in the sizes of the primary phases and eutectic mixtures
before and after annealing are minor in the current set of FespAlsonHf, alloys; thus,
their microhardness values cannot be significantly influenced by the phase size. On
the other hand, volume fraction of the eutectic mixtures is higher for the as-cast
alloys, which implies that the volume fraction of the primary phase increases after
annealing. Therefore, the increase in the volume fraction of the harder t;-phase after
annealing results in hardening of hypereutectic alloys, whereas an increase in the
volume fraction of relatively softer Fe-Al based solid solution leads to softening in
the hypoeutectic alloys after annealing. Thus, as shown in Figure 5.31, annealing has
opposite effects on the microhardness values of FespAlsy.nHf, alloys on either side of
the eutectic composition. Compared to other alloying additions, the strengthening of
Hf is similar to that of Zr because of their very similar solid solubilities in Fe-Al
alloys. The volume fraction of potential ternary intermetallic compounds would
obviously be higher for Zr or Hf added Fe-Al alloys rather than Nb, Ta or Ti added
ones due to their minute solid solubility compared to limited solubility of Nb, Ta or
Ti [11].
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Figure 5.31 Comparison of Vickers microhardness values of as-cast and heat-treated

FespAlsonHf, alloys.

5.3.5 Conclusions

Microstructures, phase relationships, magnetic properties and microhardness values
of FespAlse-nHf, alloys (n=1, 3, 5, 7 and 9 at.%) have been investigated. Due to the
limited solid solubility of Hf in FeAl, the ternary intermetallic HfFesAls t; phase is
found to form even at 1 at.% Hf addition. The HfFegAlg t; phase is shown to develop
a eutectic phase mixture with the Fe-Al based phase at all investigated compositions
and its volume fraction increases with increasing Hf content. The Hf concentration of
the Fe-Al based phase and the eutectic composition is found to be 0.5 and 7 at.%,
respectively. Eutectic reaction temperature is determined as 1248 °C from the DSC
measurements. Moreover, the enthalpies and activation energies (based on Kissinger
and Ozawa methods) of eutectic phase transitions are calculated. Among the
investigated alloys, the minimum activation energy is calculated for the fully eutectic
composition. Magnetic behavior of the ternary alloys at room temperature changes
from paramagnetism to weak ferromagnetism with increasing Hf content. The weak
ferromagnetism observed at room temperature is attributed to the reduction in the

amount of Al in the Fe-Al based phase with increasing amount of HfFesAls. The
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magnetic moment increases with decreasing Al content, and FespAlssHf; and
FespAly Hfg alloys exhibit ferromagnetism at room temperature. Lastly, the amount

of Hf is found to have a profound effect on microhardness of the FesoAlso-,Hf, alloys.

5.4 Zr Addition

In the preceding section, the effect of Hf addition on microstructures, phase
relationships, magnetic properties and microhardnesses of FesoAlso,Hf, alloys (n=1,
3, 5 7 and 9 at.%) have been investigated in detail upon solidification and
subsequent heat-treatment. Zirconium is also a transition metal that is located in the
same group with Hf in periodic table and is considered to have similar effects on
structural properties of FeAl intermetallic compound due to their similar solid

solubility behavior in FeAl phase.

In this present section, it is aimed to investigate the effect of Zr addition on structural
properties of FeAl intermetallic compound and to compare the obtained results with
that of preceding section. Ternary FesoAlso-nZr, alloys were prepared and examined
with n=1, 3, 4, 5, 7 and 9 at.%. However, FespAly1Zrg composition was excluded
since the microstructure is composed of two different ternary intermetallic phases
free of any Fe-Al based phase. The solidification route of the alloys, which is very
similar to that of FespAlso-,Hf, alloys, changes from primary Fe-Al based phase to
eutectic and primary 1 Zr(Fe, Al);; phase. It is shown that small differences
between solid solubilities of Hf and Zr may affect the microstructures and related

properties.

5.4.1 Microstructure and Phase Analysis

Solidification microstructure of the FespAlsZr; and FespAls;Zrs alloys consist of
primarily solidified Fe-Al based dendrites and interdendritic eutectic mixture (Figure
5.32(a) and (b)). Volume fraction of the eutectic mixture increases with increasing Zr
content up to 4 at.% Zr (Table 5.14), at which microstructure is entirely composed of

eutectic free of primary phases. Addition of Zr into B2-type ordered FeAl
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intermetallic compound, even at very small amount (i.e. 1 at.%), results in formation
of ThMny,-type (D2p) (space group 139, 14/mmm) ternary intermetallic t; Zr(Fe,
Al)1, phase due to very limited solid solubility of Zr in Fe-Al alloys [65, 66, 131].
Zr(Fe, Al)1; phase becomes one of the main constituent phase of eutectic mixture
with Fe-Al based phase in FespAlsonZrn alloys as indicated by the XRD analyses

(Figure 5.33)
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Figure 5.32 SEM micrographs of as-cast and heat-treated FespAlso-nZry (right-side)
alloys; n=(a) 1, (b) 3, (c) 4, (d) 5and (e) 7.
117



Table 5.14 VVolume fraction of the eutectic mixture determined from SEM

micrographs of as-cast and heat-treated Fe50AI50-nZrn alloys.

Volume fraction

Zr content of eutectic
Heat-treated As-cast
1 28.7 24.6
3 73.5 73.4
4 100 100
5 77.5 72.7
7 7.7 74.3

Thermal analysis measurements of FespAlso-nZr, alloys reveal that all alloys solidify
through a eutectic reaction which takes place at nearly 1287 °C even at 1 at.% Zr
addition (Figure 5.34). However, DSC heating curve of heat-treated FespAlsoZr; alloy
contains an additional endothermic peak at higher temperature which refers to

liquidus of this composition.
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Figure 5.33 XRD patterns of (a) as-cast and (b) heat-treated FespAlsp-nZr, alloys.
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Microstructural investigations coupled with EDS analyses (Table 5.15) further
clarify that t; Zr(Fe, Al)1, phase is the primarily solidified phase of the hypereutectic
FesoAlssZrs and FespAlysZr; compositions. In addition, microstructural examinations
also showed that the morphology of the proeutectic primary phases changed from
non-faceted to faceted with alteration of primary phase from Fe-Al based phase to
ternary intermetallic 11 Zr(Fe, Al)i, phase. For FespAls3Zr; as-cast alloy, the amount
of the 11 phase increased and the amount of Fe-Al based phase decreased. However,
heat-treatment resulted in the formation of a new ternary intermetallic phase besides
11 phase for this composition. This new phase is A; Zr(Fe, Al), Laves phase. Three
different phases and their elemental analysis results are shown in Figure 5.35. The
microstructure indicates that laths of Laves phase is surrounded by Fe-Al based
phase and t; phase is distributed in the ternary eutectic.
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Figure 5.34 DSC heating (at a heating rate of 120K/min) curves of heat-treated
FespAlsonZry, alloys.
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Table 5.15 The results of the EDS analysis of primarily solidified phases of as-cast

and heat-treated FespAlso-nZr, alloys.

Zr EDS analysis (at.%)

content As-cast Heat-treated

(at.%) Fe Al Zr Fe Al Zr
1 509+02 489+02 02=+0.1 509+0.1 49.0+0.1 0.1+0.1
3 504+02 495+02 02=+0.1 529+0.1 469+02 02+0.1
5 43609 48.1+09 8.1+02 419+0.1 498+0.1 89+0.2
7 43.6+0.1 48.0+02 85+0.2 503+22 41.0+1.1 9.0£0.5

According to Fe-Al-Zr ternary phase diagram [65], FespAlis3Zr; composition is

located between the (B2+ t;) and (\+ t11) two-phase field regions. Moreover, an

additional endothermic reaction peak at 1265 °C corresponding to the formation of

new phase appears in the DSC curve of heat-treated FespAls3Zr; alloy. Based on the

microstructural investigations and thermal analysis measurements, it can be

concluded that long heat-treatment results in the degeneration of eutectic and

formation of A1 Zr(Fe, Al), Laves phase.
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Figure 5.35 (a) High magnification SEM micrograph of heat-treated FesoAls3Zr7 and
EDS analysis of (b) A1, (¢) 11 and (d) Fe-Al based phases.

The amount of Zr dissolved in Fe-Al based dendrites and 11 Zr(Fe, Al)i, primary
phase is nearly 0.2 and 8.5 at.% as determined by the EDS analysis (Table 5.15) for
hypo- and hypereutectic compositions, respectively. Determined Zr amounts agree
well with the data present in the literature. The solid solubility of Zr in Fe-Al based
phases is reported as nearly 0 at.% independent of Al content and temperature [65,
131, 167]. In addition, Raghavan [66] suggested that t; Zr(Fe, Al);, phase contains
7.9-8.5 at.% Zr and 37.4-61.6 at.% Al.
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Figure 5.36 High magnification SEM micrographs of as-cast and heat-treated (right
side) FespAlso-nZry alloys; n=(a) 1, (b) 3, () 4, (d) 5and (e) 7.
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Closer inspection of the microstructure by high magnification scanning electron
microscopy analyses (Figure 5.36) indicated that hypoeutectic and eutectic alloys
display lamellar eutectic structure, whereas ultrafine fibers of Fe-Al based phase has
first appeared in the microstructure of hypereutectic FespAlssZrs alloy. In addition,
eutectic structure of hypereutectic FespAls3Zr; alloy is completely composed of
ultrafine fibers having average thickness of 659.2 + 27.0 nm. The mechanism behind
lamella to rod transition in eutectic alloys is explained in detail in the preceding

section.

High magnification microstructural examinations also revealed that FespAlsonZr,
alloys do not coarsen after annealing. Both as-cast and heat-treated alloys exhibit
similar microstructural features except for 7 at.% Zr containing alloy. Apart from
FesoAlysZry alloy, the size, distribution and morphology of constituent phases do not
change with respect to annealing. Only a small decrease in volume fraction of the
eutectic phase mixture (Table 5.14) is observed. These findings indicate that
FesoAls-nZr, alloys display high thermal stability which is a significant factor for
structural applications at high temperatures [72].

5.4.2 Microhardness Measurements

Moreover, Vickers microhardness measurements (Figure 5.37) have been performed
in order to investigate the strengthening effect of ternary intermetallic phases (1 or
A1) on B2-type ordered FeAl alloys. Mean microhardness value increases gradually
with Zr content both in as-cast and heat-treated alloys. Microstructural observations
and phase relationships have important effects on strengthening behavior of FespAlso.
nZrn alloys. For hypoeutectic FespAlsZr; composition, heat-treated alloy has
considerably smaller microhardness value than as-cast one. However, the difference
between microhardness values of heat-treated and as-cast alloys becomes smaller
with increasing Zr content and finally, for hypereutectic compositions, heat-treated

alloys have larger microhardness values than as-cast ones.
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A similar phenomenon has also been observed for FespAlsonHf,, alloys. For such
alloys, only volume fraction of eutectic mixture changes, while other microstructural
features such as size, distribution and morphology of constituent phases do not much
change after annealing. VVolume fraction of the eutectic mixtures is higher for as-cast
alloys, which implies the higher volume fraction of the primary phases of heat-
treated alloys. Since the harder ternary intermetallic compounds are primary phases
for hypereutectic compositions, annealing has a reverse effect on strengthening of
these alloys.
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Figure 5.37 Comparison of Vickers microhardness values of as-cast and heat-treated
FesoAlsg.nZr, alloys.

Compared to other ternary intermetallic compound former elements such as Hf, Nb,
Ti and Ta, the effect of Zr on microstructures, phase relationships and strengthening
of FeAl is very similar with that of Hf. Among these ternary alloying additions, Zr is
the one that having lowest solid solubility in Fe-Al based. This leads to plentiful
formation of hard and brittle ternary intermetallic compound even at small amount of
Zr additions. Although high volume fraction of ternary intermetallic phase have a
positive effect on strengthening Fe-Al based alloys at high temperature, Fe-Al based
alloys become more brittle at room temperature. Thus, Zr should be added to Fe-Al

based alloys with another ternary alloying addition having large solid solubility such
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as Cr, Mn or Ni in order to hinder its detrimental effect on room temperature

brittleness.

5.4.3 Magnetic Properties

Phase relationships of studied FespAlso-nZr, alloys are also investigated by magnetic
monitoring. Hysteresis curves, illustrated in Figure 5.38, show that magnetization
increases with increasing Zr content and hypereutectic FespAlssZr7 alloy show weak
ferromagnetism at room temperature. It is known that t; Zr(Fe, Al);» phase is
paramagnetic at room temperature due to its very low Curie temperature of -80 °C
[158]. Hence, weak ferromagnetic behaviour at room temperature results from either
Fe-Al based phase or A Zr(Fe, Al), Laves phase in the case of heat-treated
FesoAlysZr; alloy. Because of the large amount of ternary intermetallic phase
formation, the Al content in the Fe-Al based phase decreases drastically with Zr
content and Fe-Al based phase can show ferromagnetism. On the other hand, A\;
Zr(Fe, Al), Laves phase is also ferromagnetic phase and it has a strong contribution

to the room temperature ferromagnetism of heat-treated FespAls3Zr; alloy.
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Figure 5.38 Room temperature hysteresis curves of FespAlsonZr, alloys (a) as-cast
and (b) heat-treated.
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5.4.4 Kinetic Analyses of Eutectic Phase Transitions

Reaction enthalpies of the eutectic phase transitions present in the DSC curves
(Figure 5.34) of ternary FespAlso.nZry, alloys are calculated based on integrated peak
area method and listed in Table 5.16. It is important to note that there is a strong
correlation between calculated reaction enthalpies and structures observed in
microstructural and XRD analyses of ternary alloys. Enthalpies of the eutectic
reactions increase with increasing Zr content and reach its maximum value at

eutectic composition of FespAlgsZr, and then they begin to decrease.

Table 5.16 Estimated enthalpies of eutectic phase transitions present in DSC curves
of the heat-treated FespAlso.nZr, alloys.

Zrcontent  AHey (J/0)

1 60.97

3 222.16
4 236.55
5 106.16
7 100.28

The activation energies of the eutectic phase transitions of ternary FespAlsonZry
alloys were also calculated with well-known Kissinger [165] and Ozawa [166]
methods given as Eqgs.(5.1) and Egs.(5.2), respectively. Three different heating rates
of 10, 20 and 30 °C/min were applied to samples and activation energies were
calculated from the slopes of the plots (Figure 5.39). The lowest and highest
activation energies were calculated as 2961.5 kJ/mol and 9081.1 kJ/mol for

FesoAlssZrs and FespAlysZr; alloys, respectively (Table 5.17).
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Figure 5.39 (a) The Kissinger and (b) Ozawa plots of eutectic reactions present in

DSC curves of heat-treated FespAlsg.nZr, alloys.

Table 5.17 Calculated activation energies of eutectic reactions present in DSC
curves of heat-treated FespAlsonZry alloys according to the Kissinger and Ozawa

methods (r is the linearity coefficient).

Kissinger Ozawa
Zr content
Ea(kd/mol) Ir| Ea(kd/mol) I
1 3319.2  1.0000 3179.7  1.0000
3 36764  0.9911 35194  0.9913
4 5276.3  0.9706 5040.7  0.9708
5 29615  0.9987 2839.9  0.9987
7 9081.1  0.9026 9013.7  0.9031

5.4.5 Conclusions

Microstructures, phase relationships, magnetic properties and microhardness values
of FespAlsonZr, alloys (n=1, 3, 4, 5 and 7 at.%) have been investigated. Due to the

limited solid solubility of Zr in FeAl, the ternary intermetallic t; Zr(Fe, Al)1, phase is
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found to form even at 1 at.% Zr addition. This phase develops a eutectic phase
mixture with the Fe-Al based phase at all investigated compositions and its volume
fraction increases with increasing Zr content. However, A; Zr(Fe, Al), Laves phase is
formed besides 11 Zr(Fe, Al)1, phase after heat-treatment for FespAls3Zr7 alloy. The
Zr concentration of the Fe-Al based phase and the eutectic composition is found to
be 0.2 and 4 at.%, respectively. Eutectic reaction temperature is determined as 1287
°C from the DSC measurements. Magnetic behavior of the ternary alloys at room
temperature changes from paramagnetism to weak ferromagnetism with increasing
Zr content. The weak ferromagnetism observed at room temperature is attributed to
either the reduction in the amount of Al in the Fe-Al based phase with increasing
amount of Zr(Fe, Al);, or formation of A3 Zr(Fe, Al), Laves phase in the case of heat-
treated FespAls3Zr; alloy. Lastly, the amount of Zr is found to have a profound effect

on microhardness of the FespAlso.nZr, alloys.
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CHAPTER 6

EFFECT OF TERNARY ALLOYING ADDITIONS ON OXIDATION
BEHAVIOR OF FesoAlso.n Xy ALLOYS

The cyclic oxidation curves for binary heat-treated FeAl intermetallic compound are
given in Figure 6.1, showing the mass gain versus time at 800 and 900 °C. FeAl
intermetallic compound exhibits excellent cyclic oxidation resistance up to 500 hours
without any spallation of oxides. Mass gain has initially linear curves at both

temperatures indicating the rapid growth of metastable and other modifications of

alumina.
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Figure 6.1 Mass gain versus time curves for cyclic oxidation of binary heat-treated
FeAl intermetallic compound.
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Metastable modifications transform to stable, protective and slow growing a-Al,O3
after some cycles and curves exhibit parabolic behaviour. Moreover, most of the
mass gains are occurred at the first three cycles showing that the stable a-Al,O3
formation takes place fast. The mass gain rate of binary FeAl decreases with
increasing temperature from 800 °C to 900 °C due to the accelerated transformation

from metastable to stable, protective alumina with increasing temperature.

XRD patterns (Figure 6.2) of binary FeAl samples oxidised at 800 and 900 °C
indicates the formation of nearly pure a-Al,O3scale. It is important to note that small
peaks corresponding to the metastable alumina reveal the presence of 0-Al,O3 at
small amounts. Substrate, FeAl, peaks indicate the small oxide scale thickness for

both investigated temperatures.
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Figure 6.2 XRD patterns of FeAl intermetallic compound and oxidised FeAl
samples at 800 and 900 °C.
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Oxide scale morphologies of the binary FeAl samples are illustrated in Figure 6.3.
SEM investigations of oxidised sample at 800 °C (Figure 6.3(a) and (b)) reveal the
formation of homogenous, continuous and even oxide scale without any voids and
cracks. The oxide morphology is nodular. Moreover, the results of EDS analysis

(Figure 6.4(a)) indicated the nodule oxides are Al,Os.

g TN
’

>
| '.7”‘/‘
A METHR,

Figure 6.3 SEM micrographs showing the surface scale morphology of FeAl
samples after oxidation at (a), (b) 800 and (¢), (d) 900 °C.

However, oxide scale morphology altered with increasing the oxidation temperature
from 800 to 900 °C. In this case, homogenous, continuous and even oxide scale is
present with isolated dark zones. According to SEM observations (Figure 6.3(c)),
oxide scale contains large zones covered by alumina plates and small dark zones
having irregular size of 4 um. The plate-like oxide scales correspond to the 6-Al,O3
which was also detected by XRD analyses, whereas dark zones were (Fe, Al)-oxides

enriched in Fe according to EDS elemental analysis (Figure 6.4(c)).
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Figure 6.4 EDS elemental analyses of FeAl samples after oxidation at (a) 800 °C, (b)
900 °C (plate-like oxides) and (c) 900 °C (small dark zones).

6.1 B Addition

6.1.1 Structural Properties

Solidification microstructures of all as-cast and heat-treated FespAlsonBn alloys
(Figure 6.5) consist of primary Fe-Al based dendrites and interdendritic regions. All
as-cast alloys exhibit dendritically solidified FeAl based matrix and FeAl-FeB
eutectics. Volume fraction of the eutectic mixture increases with increasing B
content. FeAl and FeB phases are recognized as constituents of investigated alloys by
the XRD analyses (Figure 6.6). However, microstructures of as-cast alloys
significantly changed after annealing. FeAl-FeB eutectic mixture coarsened and

spheroidised FeB particles formed.
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Figure 6.5 SEM micrographs of as-cast and heat-treated FespAlso-nBy, (right-side)
alloys; n=(a) 1, (b) 3, and (c) 5.
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Figure 6.6 XRD patterns of (a) as-cast and (b) heat-treated FespAlso-nB, alloys.
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DSC heating curves of heat-treated FespAlso-nBn, alloys, given in Figure 6.7, contains
two endothermic reaction peaks. The narrow peak at 1180 °C refers to eutectic phase
transition, while the broader one at higher temperature pertains to liquidus.
Additionally the liquidus temperature decreases with increasing B content.

Texo.
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Figure 6.7 DSC heating (at a heating rate of 10K/min) curves of heat-treated
Fe5oA|5o.an aIons.

6.1.2 Cyclic Oxidation Tests

The cyclic oxidation curves for heat-treated FespAlso.nB, samples oxidised at 900 °C
are given in Figure 6.8. No scale spallation was observed for all investigated
compositions. All samples exhibit an initially linear curve with steep rise in the first
two cycles as an indication of the rapid growth of metastable and other forms of
alumina. Most of the mass gains are occurred in these two cycles. Then, curves reach
plateu-like region after transformation of metastable forms of alumina to stable,
protective and adherent a-Al,O3. Fast formation of stable a-Al,O3 scale (after 3-4

cycles) is a big advantage of FespAlso.,B,, samples.
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Figure 6.8 Mass gain versus time curves for cyclic oxidation tests of heat-treated
FesoAlsp. B samples oxidised at 900 °C.
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Figure 6.9 XRD patterns of heat-treated FespAlso.nBn samples oxidised at 900 °C.
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XRD patterns of heat-treated FespAlso.nBn samples oxidised at 900 °C reveals that
oxide scale is composed of mainly stable a-Al,O3 and small amount of metastable 0-
Al,Os. The diffraction lines corresponding to the substrate FeAl-FeB indicates that

oxide scale is very thin.

Oxide scale morphology of the samples has been examined by SEM analyses (Figure
6.10). All samples contain homogenous, continuous and even oxide scale without
formation of any voids or cracks. Scale morphology is mainly nodular. It is assumed
that the nodule oxides are stable a-Al,O3, whereas plate-like particles with small

amount corresponds to metastable 0- Al,O3.

Figure 6.10 SEM micrographs of heat-treated FesoAlso.nB, samples after oxidation at
900 °Cn=(a) 1, (b) 3 and (¢) 5.
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6.1.3 Conclusions

Structural properties and oxidation behavior of FespAlso.nBn alloys (n =1, 3 and 5
at.%) have been investigated. FeB phase forms even at 1 at.% B addition because of
the incomplete solid solubility of B in FeAl phase. FeB phase makes a eutectic phase
mixture with FeAl at all investigated compositions and its volume fraction increases
with increasing B content. FeAl-FeB eutectic mixture coarsened and spheroidised
FeB particles formed after annealing. Eutectic reaction temperature is determined as

1180 °C from the DSC measurements.

The cyclic oxidation tests performed at 900 °C showed that stable, protective and
adherent a-Al,O3 scale forms without formation of any voids and cracks. No scale
spallation was observed. The presence of substrate peaks in XRD patterns indicates

the very thin oxide scale.

6.2 Ti Addition

6.2.1 Structural Properties

Solidification microstructures of all investigated FespAlsonTi, alloys are presented in
Figure 6.11. Microstructures of as-cast and heat-treated FesoAlso-nTin alloys with n=1,
3 and 5 at.% is composed of FeAl based grains and white precipitates at grain

boundaries. Compared to microstructure of binary stoichiometric FeAl (Figure
4.1(a)), Ti addition led to significant grain refinement.
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Figure 6.11 SEM micrographs of as-cast and heat-treated FesoAlsonTiy, (right-side)
alloys; n=(a) 1, (b) 3, (c) 5, (d) 7 and (e) 9.
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When Ti amount is increased to 7 or 9 at.%, volume fraction of second phase
particles increased significantly and covered the grain boundaries as a hard skeleton.
However, annealing resulted in important changes to microstructures of as —cast
FesoAlysTi; and  FespAlgiTig alloys (Figures 6.11 (a) and (b)). Similar to
microstructures of FespAls;3sMo7 and FespAlsMog alloys, extra second phase particles

precipitated within grains formed and existing particles grew.

These second phase particles are identified as Al,FeTi (1) phase by XRD (Figure
6.12) and EDS (Figure 6.13) analyses. Solid solubility behaviour of Ti in Fe-Al
based alloys have been explained in detail in previous chapters. Ti has a limited but
sufficient solid solubility in B2-type ordered FeAl intermetallic compound.
According to Al-Fe-Ti isothermal section at 800 °C [168], FespAlsonTi, alloys
containing less than 7 at.% Ti lie in the B2 phase region, whereas 7 or 9 at.% Ti

containing alloys lie in the (B2+ 1) two phase field.
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Figure 6.12 XRD patterns of (a) as-cast and (b) heat-treated FesoAlso-n Ti, alloys.
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Figure 6.13 EDS analysis of heat-treated FespAls1 Tig alloy, (a) Fe-Al based matrix
phase and (b) Al;FeTi (t2) phase.

DSC heating curves of heat-treated FespAlsonTin alloys are shown in Figure 6.14.
B2+ A2 order-disorder transition temperature has a decreasing tendency with Ti
content. This decrease becomes more pronounced for 9 at.% Ti addition because of
the relatively higher volume fraction of ternary intermetallic Al,FeTi (t2) phase. The
Al content in the Fe-Al based matrix phase decreases considerably as the amount of
second phase increases and thus order-disorder transition temperature decreases.
Moreover, solidus and liquidus temperatures of heat-treated FespAlsonTi, alloys
decrease with increasing Ti content (Table 6.1).

Table 6.1 Experimentally measured order-disorder transition, solidus and liquidus

temperatures of heat-treated FespAlso-nTiy, alloys.

A% Ti Tiz A2 -l;sol. -Ellq.
(9] O O

0 1316 1270 1325

1 1313 1268 1324

3 1312 1243 1314

5 1302 1233 1310

7 1296 1230 1303

9 1248 1190 1284
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Figure 6.14 DSC heating (at a heating rate of 10K/min) curves of heat-treated
FesoAlson iy alloys.

7.2.2 Cyclic Oxidation Tests

The cyclic oxidation curves of heat-treated FesoAlso-nTin alloys are plotted in Figure
6.15, showing the mass gain versus time at 900 °C. Total and net weight gains were
recorded. The net weight gain corresponds to the sample weight excluding the
spalled particles, while the total weight gain is the samples weight with their spalled
oxides collected in ceramic crucibles. FespAlsonTi, samples withn =1, 3, and 5 at.%
do not show significant scale spallation, whereas FesoAlssTi; and FespAls  Tig alloys
exhibit scale spallation in the first three oxidation cycles. This spallation led to
temporary mass losses. Both alloys exhibit an initial steep rise followed by small

weight drop before they reach a plateau region.
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Figure 6.15 Mass gain versus time curves for cyclic oxidation tests of heat-treated
FesoAlso-n Tin samples oxidised at 900 °C n= (a)l, (b) 3, (¢) 5, (d) 7 and (e) 9.
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The main oxide product of the cyclic oxidation tests at 900 °C is stable a-Al,O3 for
all Ti contents. However, small amount of TiO, (rutile) is formed starting from 5
at.% Ti addition and its volume fraction increases with increasing Ti concentration as
understood by the increase in the relative peak intensities of rutile phase. In addition,
high intensities of FeAl substrate indicate that the scale product is thin for all

investigated alloys.
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Figure 6.16 XRD patterns of heat-treated FesoAlso-, Tin samples oxidised at 900 °C.

The concentration of Ti has an important effect on the oxide scale morphology and
scale spallation resistance of FeAl intermetallic compounds oxidised at 900 °C. The
scale morphology of heat-treated FespAlso.n Tin Samples with n<9 is homogenous,
continuous and even a-Al,O3 scale. For these compositions, scale is uniformly
distributed along the whole surface without formation of any voids and cracks.
Moreover, the results of EDS analysis showed that the scale predominantly consists
of Al and O with trace amounts of Fe and Ti (Figure 6.18). Among these
compositions, oxide scale morphology of 7 at.% Ti containing alloy is different than
that of other compositions. The scale morphology of this composition (Figure
6.17(d)) is composed of finer Al,O3 nodules distributed uniformly and the scale is

still adherent.
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Figure 6.17 SEM micrographs showing the surface scale morphology of heat-treated
FesoAlsgn Tl samples oxidised at 900 °C n = (a)l, (b) 3, (¢) 5, (d) 7 and (e) 9.

However, further increasing the Ti content to 9 at.% results in the generation of
internal oxidation besides external oxidation. In the partially spalled external region
large alumina plate-like structures made up finer whiskers and sphere-like TiO;
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particles are exist, while in the adherent internal part stable Al,O3 nodules are
present. SEM observations indicated the formation of micro cracks initiated from the
nodules embedded in the scale. The oxide formation free energy of Ti is between Fe
and Al. Hence, it is another marginal oxide former besides Al and the initial stages of
cyclic oxidation is affected before the formation of stable, continuous Al,O3 layer in

the presence of Ti.

a) 1 b)

c) d)

Figure 6.18 EDS elemental analyses of heat-treated FespAlso.nTin Samples oxidised at
900°Cn=(a)l,(b)3,(c)5,(d) 7, (e)9 (internal region showing stable Al,O3
nodules) and (f) 9 (external region sphere-like TiO; particles).
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6.1.3 Conclusions

Structural properties and oxidation behavior of FespAlso.nBy, alloys (n =1, 3, 5, 7 and
9 at.%) have been investigated. Due to the limited solid solubility of Ti in FeAl, the
ternary intermetallic Al,FeTi (1) phase is formed as a second phase precipitates even
at 1 at.% Zr addition. The volume fraction of the Al,FeTi precipitates increase with

increasing Ti content.

The cyclic oxidation tests performed at 900 °C indicated that FesoAlsonTi, alloys
having 1, 3 or 5 at.% Ti did not show any scale spallation, whereas FesoAlso.nTiy
alloys having 7 or 9 at.% Ti exhibited certain amount of scale spallation. The main
oxide product is stable a-Al,Os for all compositions. Small amount of TiO, (rutile) is
present as another oxidation product for compositions containing 5, 7 or 9 at.% Ti
and its volume fraction increases with Ti content. The scale morphology of the
FesoAlso-nTin samples except for FespAlsi Tig is homogenous, continuous and even a-
Al,O3 scale without formation of any voids or cracks. For FespAls; Tig composition,
both external and internal oxidation is present and some regions contain certain

amount of microcracks.
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CHAPTER 7

CONCLUSIONS

Theoretical predictions based on ordering characteristics of FeAl
intermetallic compounds were verified experimentally.

The relative partial ordering energy (RPOE) parameter, B, was defined to
estimate the variation of order-disorder transition by taking into account the
partial ordering energies of Al-X and Fe-X atomic pairs and also the site
occupancy behavior of X element atoms.

The sign of the B parameter implies the distribution of ternary alloying
additions, while its magnitude provides an indication of the variation of the
order-disorder transition temperature relative to binary FeAl alloys.

Room temperature mechanical properties can be improved by proper
selection of type and content of ternary alloying elements together with an
appropriate heat-treatment.

Among investigated alloys, Fe-Al-Mn alloys exhibit best room temperature
ductility, while Fe-Al-Nb alloys display best combination of mechanical

properties by means of enhanced ductility with high strength.
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CHAPTER 8

FUTURE SUGGESTIONS

Site occupancy characteristics of ternary alloying elements can be verified
experimentally by Rietveld Refinement analyses.

Room temperature mechanical properties can be further improved with
increasing grain boundary strength by formation of carbide or boride particles
at grain boundaries

For eutectic alloys, room temperature mechanical properties can be modified
by controlling the volume fraction and size of the eutectic constituents by

adjusting the heat-treatment temperature and duration.
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