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Abstract

For energy technology, development of new materials is required to be used for boiler and steam turbines
with high thermal cyclability, creep strength and excellent corrosion resistance in steam and high
temperatures and also at downtime in water. Crofer 22H, a new kind of steel [éntly developed at
Forschungszentrum Juelich and Thyssen Krupp, has already shown promising results in laboratory tests.
The formation of Laves phase particles improves the material$ properties such as creep strength while
the high Cr-content of 22 % provides excellent corrosion resistance. nfortunately, the formation of
Laves phase competes with the formation of other phases. In order to further improve this type of ferritic
steels, knowledge of thermodynamics of the intermetallic systems forming the Laves phases
(Fe,Cr,Si)(Nb,W) is required for the calculation of phase stability as a function of composition and
temperature. The Calphad method is of great help for the calculation of phase stability in technical
materials. This kind of calculation is based on thermodynamic databases. Calculations with the
commercial steel database have shown to be inaccurate since not all considered alloy systems have been
modeled up to now. The present work aims to provide a thermodynamic optimization of the systems
containing Laves phases.

Thermodynamic data of Laves phase containing systems were obtained by the Calphad method with an
optimization of the sub-systems containing Laves phases. The Calphad method relies on the input data for
the considered system, their quality and their agutity are of primary importance for the obtained
thermodynamic assessment. In the present work, several methods have been used in order to provide
consistent thermodynamic calculations of the phase equilibria.

A combined experimental and modeling approach was chosen to determine the phase equilibria and
thermodynamic properties in the systems Fe-W, Cb;NCr-Fe-Nb and Fe-Nb-Si. DFT calculations were
done for all mentioned systems for the determination of the energy of formation of the compounds
through the chosen model. In the Fe-W system, in addition to the DFT calculations which are restricted to
0 K, phonon calculations were performed in order to obtain the temperature dependence of the Gibbs

energies which were used to improve the Calphad modeling.






Kurzfassung

Fr Anwendungen in der Energietechnik werden kriechfeste und korrosionsbest imige
Hochtemperaturwerkstoffe auf Eisenbasis ben ltigt, die zuk[itig in Dampfturbinen und Kesseln
eingesetzt werden, um mglichst hohe LastflexibilittZyklierf lgkeit und Korrosionsfestigkeit sowohl

im Betrieb als auch bei Stillstand zu gew hideisten. W[ hiend die gegenwrtig eingesetzten Werkstoffe im
Wesentlichen auf ferritisch-/artensitischem Gefge mit 9-12 % Chrom beruhen, bieten
Lavesphasenverst tkte ferritische Werkstoffe mit 15-22 % Chrom das Potential nicht nur fr
Anwendungstemperaturen bis zu 650 °C, sondern weisen auch ausgezeichnete Korrosionsbest ndigkeit in

Wasserdampf und in w_isvigen L/ smgen auf.

Das Problem bei der Entwicklung derartiger Werkstoffe besteht darin, dass die entsprechenden
Phasendiagramme vielfach nur bedingt bekannt sidd entsprechende thermochemische Daten/ber die
infrage kommenden Lavesphasen und ihre Zusammensetzung fehlen, um mittels der Calphadmethode die

entsprechenden Zustandsdiagramme zu berechnen.

Mittels DFT-Methoden erg Inzt durch experimentelle ntersuchungen ist es mglich, die fehlenden Daten
und Zusammensetzungen zu bestimmen und die Genauigkeit sowohl der experimentell ermittelten, als

auch der mittels Calphad berechneten Zustandsdiagramme erheblich zu verbessern.

Auf diese Weise ist es gelungen, die Phasengleichgewichte in den binl lren Systemen Fe-W, Cr-Nb sowie
den ternren Systemen Cr-Fe-Nb und Fe-Nb-Si zu bestimmen. Flrdie in diesen Systemen auftretenden
Lavesphasen wurden die thermochemischen Eigenschaften mittels DFT bestimmt, f r das System Fe-W
wurden zustzlich zu den DFT-Berechnungen Phononen-Berechnungen durchgef/hitt um die
Temperaturabh nggkeit der Bildungsenergie zu ba cksichtigen, was flrdie Anwendung bei hohen

Temperaturen von besonderer Bedeutung ist.
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Introduction

The development of new materials is one of the techlogy challenges of this century especially in the
conversion of energy. Indeed with a decrease of the natural resources and an increase of the demand,
there is a necessity of improving the efficiency of the actual technology and to develop new ones. For the
provision of energy, fossil fuels remain a secure provision for the next decades to change the energy
supply system. Improvement of the efficiency of tlactual technology is required to extend the provision

of the primary resources. The efficiency of the technology allows also a reduction of the footprint on the
environment. An improvement of the efficiency has so two advantages: reduction of the amount of fuel

and reduction of CQfor the global warming.

For an improvement of the efficiency up to 50 % for steam power plants, the necessary conditions of
vapor pressure would be around 700 °C/300 bars. Thee of ferritic martensitic steels with respect to
creep strength for steam power plants applications inifed to about 600 to 620°C. New steels with a
high chromium content of around 20 % with interallic Laves phase particles dispersed in a ferritic
matrix have shown to be potentially good candidates due to their good creep strength and oxidation

behavior. In contrast to the feridtmartensitic steels they have a high corrosion resistance at downtime.

Many technologies are involved in the process of the development of new materials. The development of
new materials for an industrial application relies on the prediction of the behavior of the material under
working condition. For example, if the material is used under the sea (e.g. offshore wind power) or in
high sea level (e.g. gas turbine for plane), the working conditions are different, in the first corrosion issue
due to the salt has to be taken into account and in the second high modification of the working
temperature. In both cases, it is necessary to know the behavior of the material to predict its working time
and its cost. For a fastest development of material with a specific task it is necessary to understand its

behavior. The behavior of materials under operating conditions can nowadays easily be predicted using
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Scope of the work

Iron based alloys can be used for high temperature materials. In presence of carbon, the alloy forms steel.
Steels are well known materials since antiquity but it is since thé"k®ntury that industrial production of

steels has been done.

There are different kinds of steel, e.g. ferritic, amsitic and ferritic-martensitic. They differ by their
composition, microstructure and crystal structures. Fivritartensitic steels with 9-12 % Cr are used in
steam power plants working below 600°C. Increasing the working temperature would allow an
improvement of the efficiency of the process, but tlesypes of materials fail due to an increase of creep
and of the oxidation rates. Instead austenitic steels and Ni-alloys can be used but these materials are
expensive and prone thermo-mechanical fatigue degradation due to their higher thermal expansion

coefficients compared to ferritic anférritic-martensitic steels.

Ferritic-martensitic steels with higher Cr content than 12 % show to be potentially good candidate for
high temperature but exhibit lower creep strength. An interesting approach of steel design is to add some
elements forming Laves phases [2]. Indeed the pipétation of Laves phase in high chromium ferritic
steels improves tensile, creep and oxidation properties. Such new ferritic steel has been developed in the

IEK-2 institute at Forschungszentrum J[ kh and commercialized under the name Crofer 22H [1].

The Laves phases in Crofer 22H are due to the additisfilNb and W as well as Si to compare the Crofer
AP[]3]. In presence of Fe and Cr, the Laves phases (Fe,Cr,SifNb,W) form as fine precipitates
dispersed in the ferritic steel matrix improving theaterials properties such as creep and yield strength
and oxidation behavior. In laboratory, this new kind of steel has shown to be potentially a good candidate
for uses in steam power plants. Nevertheless, the promising results obtained were not reproducible at the
industrial scale. It is supposed to be due to a competition with the formatiowof | (1[G J[1110]
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Chapter I — Contents of the study

I. Ferritic steel

A ferritic steel for high temperatunpplications, Crofer 22H [1], has been developed as an interconnector
materials for advanced SOFC systems. It belongs to the second generation of this type of materials

developed at Forschungszentrum Juelich.

The first generation Crofer 22 AP[ «hibits excellent oxidation resistance over long operation time
without significant loss in electric conductivity. This can be attributed to the extremely low content of Si
and Al, which tend to form internal oxides as well as the subscale oxide layers especially ofSilhese
oxide layers exhibit very low electric conductivity resulting in high degradation of SOFC components.
These high losses in electronic conductivity can be generated by low Al and Si contents in the

interconnector steels.

The disadvantage of low Al and Si contents is that Crofer 22AP(] has to be produced using technologies
like vacuum or inert gas melt which are expensive. The addition of Nb and Si results in formation of Nb-
silicides in the steel, which are stable enough to prevent a subscale silica formation below chromia layers
and pick up dissolved oxygen. This allows to avoithe use of conventional costly technologies. Addition

of W results in increased creep strength of this type of Laves reinforced steels which has been designated

Crofer 22H [1].

Crofer 22H [1] is a ferritic steel with high chromium content(20 mol%). Due to its good creep and
corrosion resistance, Crofer 22H is also a potentialnetidate for application in combustion power plants

as steam turbine. In ferritic steel the good strength comes from chromium based carbides [6]. Instead the
high temperature strength can be improved by the presence of Laves phases. The precipitation of Laves
phase in the matrix of ferritic steel is due the presence of the alloying elements W and Nb. These two
elements play a role on the improvement of the creep resistance, oxidation behavior and strength

compared with the previous steel of the same type, Crofer 22 AP[] []]. These two elements in



Table 1 . Furthermore the presence of Si favors the

precipitation of Laves phase in the matrix of the ferritic steel.

Fe Cr C N S Mn | Si Al W | Nb | Ti La P Cu

At.% | 65.68 | 21.12 | 0.006 | 0.007 | 0.003 | 0.74 | 0.29 | 0.046 | 9.33 | 1.57 | 0.16 | 0.47 | 0.02 | 0.54

Table 1 - Composition of  Crofer 22H ® in atomic %. Source:

http://www.fedic.com/ja/member/data/Crofer2 2H.pdf

1t has been shown that the presence of precipitates like Laves phase containing Nb and W improves the

yield strength by a factor of 1.4 at 600 °C and 2.7 at 800 °C [7] and improve considerably the creep
resistance [2,7]. The good behavior of the Crofer 22H found in the laboratory could not be reproduced at
the industrial scale. It has been found that there is a competition between the precipitation of the Laves

phase and several unwanted carbides and nitrides [2,4] that deteriorate the material properties.

The composition of the Laves phase forming in the Crofer 22H has been experimentally determined by
Kuhn et al. [2] using a model alloy with a composition close to that from the Crofer 22H. The

composition of the AB > Laves phase is given in the Table 2.

Fe Cr Si Nb w

Mol % 53.29 12.93 4.128 19.36 11.83

Table 2 — Composition of the Laves phase in the Crofer 22H determined experimentally by Kuhn et al.

2]

Using the Thermo-Calc software [8] it has been shown that there is no perceptible solubility of Si in the
Laves phase [2] whereas W-solubility is overestimated [6]. The absence of Si in the Laves phase is
explained by the missing thermodynamic data in the database. Nevertheless, silicon plays a significant

role on the dissolution, grain growth and stability of the Laves phase.



II. Literature survey

1. Laves phases

Laves phases have been discovered by James Friauf in 1927, and then investigation of these intermetallic
phases have been done by Laves, Schulze and co-workers. Schulze who was working in Dresden
(Democratic Republic of Germany at that time) was very active in the research of Laves phases but the
cold war prevented to show the results to the international community and most of the work has been
forgotten or lost. A recent review [9] showed some of the results made during this time. More recently the
Max Plank Society has run a research initiative called The Nature of Laves ] and focused on different
aspects of Laves phases. The work made on the properties of Laves phases has been extensively
published, some parts have been reviewed by Stein and co-workers [10,11] and some general trends on

the properties of Laves phases have been established.

Laves phases form the largest group of intermetallic phases, more than 1400 for binary and ternary
systems [10] are documented. Laves phases show topological close-packed structures and they crystallize
within the formula AB There are three different polytypes: the cubic MgGwpe (strukturbericht
designation C15), the hexagonal MgZntype (C14) and the hexagonal MgNitype (C36). Their crystal
structures are closely related: they can be described by different stacking sequences of the same types of
layers. The crystalline structures are representedrigure 1. In each of the three kinds of Laves phase,

the coordination number (CN) is 16 for A (CN 4.4=4, CN4.5=12) and 12 for B (CNp.1=6, CNs.5=6).
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Figure 1 — Structure models and crystallography of the three different Laves phase polytypes.
The Laves phases form with specific requirements, e.g. the radii of the two elements forming them are
related by ra/rs = (3/2)"2 = 1.225 (ideal radius ratio), a specific valence electron concentration (see Figure
2) and electroneutrality. These three parameters are the most important properties for the formation of
Laves phases. Some relations have been established between the formation of the type of Laves phase, the
ideal radius and the electron concentration. In fact Laves phases form with a radius ratio between 1.05
and 1.68 [12] because the true radius differs from the Goldschmidt ideal radius [13]. Depending on the
valence electron concentrations (Figure 2), a specific polytype of the Laves phase is preferred, but there
are many exceptions. The C36 polytype is often described as metastable (in many systems) and is a

transition phase between the C14 and C15 polytypes [14].
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Figure 2 — Scheme of the stability of the Laves phase polytypes as function as the valence electron

concentration according to [10].

From binary to ternary systems, different ways are possible for the formation of Laves phases. In the
present work, there is evidence of binary C14 or C15 Laves phase (Fe,Cr,Si)(Nb,W) depending on the
concentration of the elements, and these are the most common Laves phase polytypes. The dissolution of

a third element presents different advantages [11]:

e promotion of the formation of Laves phase,

¢ higher stability of the Laves phase.

There are high solubilities of a third element (Si or Al) in C14 phases (e.g. Fe-Nb-Si [5,Fe-Nb-Al [B)
and a modification of the polytype from C15 in the binary to C14 by addition of Si or Al in different

ternary systems (e.g. Cr-Nb-S17,0=Nb-Al[18).

The polytypes depend on the elements forming the Laves phase. In both binary and ternary systems,it is
possible to find the same polytype of Laves phase,and on the other side it is not possible to exapolate

from ternary to a binary systems(119.Indeed, a third element may promote the formation of a certain



Table 2). Considering the

five elements mentioned above, it can be formed the following systems:

- Binary: FeNb,FeW,Cr-Nb ]

and

- Ternary Fe-Cr-Nb,Fe-Nb-Si,Fe-SiV\and Cr-Nb-Si.

Out of these different mentioned systems a careful literature survey has been done in the fobaing part.
In the present ark,the interest is the developmeot a suitable thermodynamic database for the ferritic
alloy Crofer 22H containing the different Laves phases as a function of temperature. Our interest has been
focused in a first approach on the literature useful for the thermodynamic modeling of the different

systems (i.e. eperimental data, thermodynamic modeling).

2. Silicon in Laves phase

There are several studies about the role of addition of Si in steel and its role in the formation of Laves
phase. Silicon plays a role on the nucleation and growth of the Laves phase [S]. In many ternary systems
Si dissolves in the C14 Laves phase, stabilizing it due to the decrease of the electron concentration (e/a)
[21,22]. In the case of a C15 Laves phase in a binary system, the presence of Si provokes a structural

modification and allows the formation of C14.



3. Thermodynamic stability of Laves phase containing system
The literature survey includes experimental as well as theoretical knowledge on the different systems

previously mentioned.

3.1 Cr-Nb

A lot of studies have been done on the Cr-Nb system due to its importance for Fe and Ni based alloys.
The Landolt-B irnstein (3 and the Massalski 2£co mpilation of phase diagrams show the presence of

two different polytypes of Laves phase C15 at low temperature and C14 at high temperature.

Costa Neto et al. [B have done a thermodynamic assessment of this phase diagram using the available

experimental data at that time. They considered thawo polytypes of Laves phase (C14 and C15). The

most recent calculated phase diagram calculation of this system is given by Pawl][1101 [1 0100 [ 0101 []
1000 Mo0Oo000 000000000000 0fmOnImomImo 000000000 00 0 000l

00 0O U Figure 3).
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Figure 3 — Calculated phase diagram according to and from Pavlii et al. [26].

Figure 2 (or seen in the work of 'l et al. [27] as well as in the review of Stein et al. [10]).
In 2010, Aufrecht et al. [28] showed the metastability of the high temperature phases. Indeed until this
time, the presence of C14 phase was extrapolated from higher order systems and some misinterpretation
of results were done. In the case of Laves phase, a binary phase cannot be postulated from ternary or
quaternary systems. A complete review of this system has been carried out during the time of the present
work [29]. A new experimental investigation has been done by Stein et al. [18] following the

investigation of Aufrecht [28] in order to check the melting temperatures of this system previously done



Table 3 is

stable.
Phase Pearson | Space Prototype | Lattice Reference
Symbol | Group parameters
[A]
CnNb cF24 | Fd-3m (227)| CuMg a=6.96 [23]

Table 3 — Crystallographic information present the Cr-Nb binary system.

3.2 Fe-Nb
The paper of Paul et al [ 1311] reviewed the system with data which were available before 11 3. Using
different experimental data from literature, Srikanth et al. 32 optimized the phase diagram and found a
rather good agreement with experimental values. Thermodynamic assessment of the iron-niobium system
was given using the Calphad method in 2000 by Toffolon and Servan[133_. Due to some disagreement
between different assessments [Band experimental investigations 34" ofthis phase diagram, o et al.
(¥ lcompletely reinvestigated this system experimentally using EPMA, EDS, SEM and DTA. They
determined the Curie temperature at T=1042K for a composition of Nb at 13.5 at. [ The system forms
Laves phase (C14) by a congruent reaction atT=1 11 K and the p] [ [ [ [ 0000 OO OC
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Figure 4 and compared with experimental data.



Figure 4 — Fe-Nb phase diagram calculated by Khvan et al. [40] using the Calphad method compared

2500

2250

2000

1750

l!ﬁElEl]

TEMPERATURE_KELVIN

1250

1000

0.0d

AN

0.25

0 .5[!

MOLE_FRACTION NB

with experimental data from EPMA (triangles) and DTA (squares) [35).

In addition to the two pure elements forming BCC structure, there are the C14 Laves (Fe:Nb) and the p
(Fe7Nbg) phases. The C14 Laves phase crystallizes in hexagonal structure as mentioned previously (Laves

phases) and the p phase has a thombohedral structure. The lattice parameters as well as the Wyckoft

position are developed in Table 4.

Phase Pearson | Space Prototype | Lattice References
Symbol | Group parameters
[A]
Fe,Nb hP12 P63/mmc | MgZns a=4.8414 [20]
(no. 194) c=7.8933
FesNbs hR39 R-3m WeFe; a=4.926 [41]
(no. 166) c=26.80

Table 4 — Crystallographic informations for the intermetallic phases present in Fe-Nb system.
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3.3 Fe-W

The Fe-W system is of great interest as refractory alloy. Nevertheless due to the hardness and the high
melting point of W, it is rather difficult to handle it experimentally. The literature shows some
disagreement, indeed the Massalskils compilation of binary phase diagrams| 24 \and the Landolt-

B nstein (2,43 show two completely different phase diagrams.

In the original papers, there are also different interpretations of this phase diagram. In the version of Sinha

et al.['44 they presented the existence of the Laves phase and of the p 1 [0 0 0 0 0 [0 0 0 O 0 OO
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to the work of Sinha et al. [44] and Kirchner et al. [45] but did not find the presence ofdl) [1 [ []
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Figure 6. He based his thermodynamic assessment on the experimental phase diagram of Kostakis [49].
He pointed out that the results presented by Henig and Hofman [46] are dubious. This assessment is a
reference for more complex systems and integrated into a commercial database (i.e. TCFE6). Nowadays

the intermetallic phases are described by different models than the ones used by Gustafson [48].
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Figure 5 — Experimental phase diagram of Fe-W from [47].
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Figure 6 — Calculated phase diagram Fe-W [48] compared with experimental data.

As mentioned in the previous paragraph, there are two intermetallic phases in the Fe-W system, the Laves

phase crystallising in C14 polytype and the W1 [1 [1 [ [0 01 0 00 0 0 0 (Table 5).00 11 0 0O



Phase Pearson | Space Prototype | Lattice References
Symbol | Group parameters
[A]
Fe;W hP12 P63/mmc| MgZn, a=4.731, [50]
(no. 194) c¢=7.70
Fe; W hR39 R-3m WeFe; a=4.756 [44]
(no. 166) c=25.728

Table 5 — Crystallographic data of the C14 laves phase in the Fe-W system as given by [44] and [50].

3.1 Cr-Nb-Si

Due to its technological importance the Cr-Nb-Si system has been extensively studied. The first
experimental investigations have been carried out by Ghischmidt and Brand 51 . They postulated in
addition to the binary phases the presence of five ternary compounds. Some binary phases show a high
extension into the ternary phase diagram. [hw et al. (120 used diffusion multiple method for the
determination of the phase equilibria. They found only three ternary phases. Both versions of phase
diagram disagree between themselves on many points as pointed out by Shao! Bwho wanted to make a

thermodynamic optimization of this system.

In addition to the binary phases, David et al. [Tldescribed this system with four ternary compounds and
made a new thermodynamic optimization based on their literature evaluation and some new experimental

investigations using diffusion multiples.

Following these studies there were a lot of other investigations on this system to clarify the different
controversies from previous studies. Liquidus projectin on the Cr-Nb side was proposed by Bewlay et al.
[§. Thelast assessment on this system was done by David et al. 17\as shown in  Figure 7. This system
will not be further investigated in the present work Nevertheless the thermodynamic assessment of this
system would need to be reconsidered, due to new experimental knowledge (i.e. |54 ) aud the recent

controversy in the literature on the Cr-Nb binary system (see 1221).)



1.0 Nb

NbCr, bCr,
(C15) (Cl14)

Figure 7 — Calculated isothermal section at 1473 K as given by David et al. [17] with the numbers

1=(Cr,Nb)sSis, 2=(Cr,Nb),1Sis, 3=CrNbSi, 4=CrNb.Sis.

There are four different ternary compounds according to David et al. [17] The crystallography of the

ternary compounds is given in Table 6.

Phase Pearson | Space Prototype | Lattice References
Symbol | Group parameters

[A]

CrNbSi hP9 P-6m ZrNiAl 2=6.598 [55]
¢=3.359

CrNhSi3 t132 I4/mecm | WSi; a=9.877 [56]
c=4.934

CrNb,Sis ol44 Ibam CxNb:Sis | a=15.81 [57]
b=7.497
¢=4.879

CrNb,Sis oP76 Pnma CylNbsSis | a=13.27 [58]
b=15.90
c=4.892

Table 6 — Crystallography of the ternary compounds of the Cr-Nb-Si system.



3.2 Fe-Nb-Si

Only few articles concern experimental data for this system. Most of the literature deals with
crystallographic investigations of the numerous tevary compounds and solid solution phases found in this
system. Goldschmidt|51first proposed a version of the Fe-Nb-Si phase diagram (Figure 8 ). His
investigation is incompatible with the actual knowledge of the Fe-Nb (i.e. postulation of o[l
J0Imm oD 0o oo oo b b oo oo bbb b oo o
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000 O 0 0OoooOmo Figure 9) into the ternary system and found a smaller extend into it

(also in the binary Fe-Nb). They did not find a o111 NOOIC D00 OO 00000000 OO0

OO O (Figure 10 ) studied the extension of the Laves and the pl ) [1 1 [ [0 [ OO0O OO0
oooooo
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As this system has primary importance for steel industry, new experimental investigations have been
provided during the time of the present work. Wang et al. [15] studied three isothermal sections of the
phase diagram and found six ternary compounds. The proposed isothermal section at 1373 K is given in
Figure 12. Their investigation does not provide any data for the liquidus projection of the system which

are nevertheless relevant informations for the thermodynamic optimization.

No thermodynamic assessment of this system is available in the literature. The calculation of an
isothermal section using the commercial database TCFEG is given inFigure 13. This representation of the

phase diagram is incompatible with the actual knowledge of the phase diagram. The Laves phase is
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Figure 10 - Experimental phase diagram at 1373 K according to Singh [61].
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Figure 11 — Isothermal section of Fe-Nb-Si at 1423 K as proposed in Landolt-Bérnstein [60].
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Figure 12 — Experimental phase diagram from Wang et al. [15] at 1373 K.
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Figure 13 — Calculated phase diagram at 1323 K using the TCF6 database.
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Figure 10). He showed that Si does not affect the symmetry of the crystal structure,

only the lattice parameters changed. Si dissolves also in thep] [1 [1 [ [

oo momooomoooooooooononomooobmooooooboobobooool

iMoo ooommm o

| FeNbSi
- FeNbS
- FeNbsSis
- FeNbSi
- FeNbsSiy
- FeNbSi

The crystal structures of the different compounds are reported betw (Taplwith their respective

references.
Phase Pearson | Space Prototype | Lattice References
Symbol | Group parameters [A]
FeNbSk oP48 Pbam(55) ZrCrSj a=7.576 [55]
b=9.733
¢=7.576
FesNb4Siy tI60 I14/mmm Z1;Co4Ge; | 2=12.652 Landolt
(139) ¢=4.981 B Imstein [60]
based on [63]
FeNbSi oP12 Pnma(62) TiNiSi a=6.231 [63]
b=3.677
¢=7.190
FeNb;Si; tP198 P4/mem CosSi a=23.76 [62]
(132) c=4.959
Fe3NbsSis hP12 P63/mmc MgZn, 2=4.868 [64]
(194) c=7.758
FeNb,Si tP12 P4/mcc NbsCoSi | a=6.193 [65]
(124) ¢=5.056

Table 7 — Crystal structures of the ternary compounds present in the Fe-Nb-Si phase equilibria.



3.3 Cr-Fe-Nb
The first study concerning the Cr-Fe-Nb phase diagram has been proposed by Kaloev et al. [66] with an

isothermal section at 1000°C (Figure 14). Later they published a second isothermal section at 700°C [67]
(Figure 15). This phase diagram is characterized by huge solid solution of the two binary Laves phases

formed by FeoNb-CraNb.

Gujicic et al. [68] studied the influence of Fe in the C15-Cr,Nb Laves phase. They observed a change of
polytype structure at low Fe content (> 7 at. % of Fe). This change of polytype is due to a change in the
electron concentration. Nevertheless, in the literature there are no informations for the liquidus projection
as well for the reaction scheme diagram. Further experimental investigations are necessary for a good

thermodynamic optimization of this system.

There is no ternary compound mentioned in the literature up to now.

Fe

Nb (Nb) & L 8 gnber, 0 Cr

Figure 14 - Isothermal section at 1273K given by Kaloev [66] according to the Landolt-Bérnstein

database [69].
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Figure 15 - Isothermal section at 973K given by Kaloev [67] according to the Landolt-Bérnstein database

[69].

3.4 Fe-W-Si

The Fe-W-Si phase diagram is of great interest for industrial processes due to the hardness and refractory
properties of W. Adding tungsten in ferritic steel improves the material properties like hardness, hot
strength and yield strength. The Landolt-Bonrstein [70] (Figure 16) gives a brief overview of the work
that has been done. An older review from Raynor et al. [71] gives a larger overview of the system and
shows the complexity of this ternary system. Most of their review is based on the work of Vogel et al.
[72]. Using all available information they have made some tentative of an isotherm and a complex
reaction scheme based on their actual knowledge. They mentioned the presence of two ternary

compounds (FeW,Si and FeWSi) which form from the reactions between Fe;Ws and FeSi.

The calculated phase diagram from the commercial database TCFE6 given in Figure 17 shows
disagreement with the phase diagram proposed in the literature. It has to be mentioned that no assessment

of this system exists in the literature and this calculation is an extrapolation from binary systems.
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Figure 16 - Experimental isothermal section at T=1273K of Fe-W-Si according to Landolt-Bornstein

[70].

g 0 01 02 03 04 05 06 0.7 08 09 1.0
MOLE_FRACTION FE

Figure 17 — Calculated phase diagram of Fe-W-Si using the commercial TCF6 database.

The crystallographic structure of FeWSi has been investigated by Gladyvaskii [50]. FeWSi has a C14

Laves phase type structure. From the binary Fe;W to FeWSi there is a complete solid solution.
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Table 8.

Phase Pearson | Space Prototype | Lattice References
Symbol | Group parameters
[A]
FeWSi hP12 PG/mmc MgZn, a=4.738 LandoltB mstein
(194) c="17.66 [70] according to
[65]
FeW.Si oP26 Pbam (55) WFeSi a=7.817 Landolt
b=9.283 Brnstein[70]
c¢=4.755

Table 8 — Crystallographic data of the compound in the ternary system Fe-W-Si.

3.5 Summary of the literature survey

The assessment of the different systems forming Laves phase in Crofer 22H are given iflable 9
summarizing the literature survey. In this table, we reported also the associate binary systems of the

ternary systems containing Laves phase.



System Presence of the Laves phases | Last thermodynamic assessment via
Calphad method

Fe-Nb x (C14) Fe,Nb [40]

Fe-W x (C14) FeW [48]

Cr-Nb x (C15, C14%) [26]

Fe-Cr-Nb x (C15, C14) (Fe,Cr)Nb No assessment
Fe-Nb-Si x (C14) (Fe,SixNb No assessment
Fe-Si-W x (C14) (Fe, SipyW No assessment
Cr-Nb-Si x (C15,C14) [17]

Fe-Cr None [73]

Fe-Si None [74]

Nb-Si None [75]

Si-W None [76]

Table 9 — Summary of the literature survey of the thermodynamic assessment on the ternary and binary
systems containing Laves phase. *The assessment made by Paviii et al. [26] on the Cr-Nb system take into
account the presence of C14 Laves phase, nevertheless it has been experimentally shown by Aufrecht et

al. [28] the non-stability of this phase. Reassessment of this system was done during the present study

[29].

The thermodynamic modeling of laves phase containing systems in Crofer 22H which has been reviewed
in this literature survey showed that there is a lack of information in many binary and ternary systems. As
any thermodynamic modeling of a ternary system can be well achieved with suitable associate binary

systems, we first concentrated on the thermodynamic modeling of binary systems which have not been

well investigated. Therefore the binary systems were investigated:

- Cr-Nb

- FeW







Chapter II — Methods

I. Introduction

In order to develop thermodynamic optimizationplfase diagram for Laves phase containing systems in
Crofer 22H [1] several methods have been used. Indeed, the optimization of phase diagrams carried out in
the framework of the Calphad method relies (see part II) not only on mathematical models but also on
several inputs. The primary inputs are the knowledge of the experimental phase diagram and
thermodynamic properties of the considered system. It is not always possible to obtain all necessary data
from experiments (i.e. enthalpy of formation of the metastable end-members), in this case the recourse to
other methods to access these data is necessary. Density Functional Theory (DFT) has been widely used
to access the energy of the compounds, especially the metastable ones. DFT results are restricted to 0 K
but provide already an accurate approximation to compare the results at 298 K given experimentally.
With the extension of the computational power it is nowadays also possible to perform phonon
calculations (vibrational properties) to access the thermodynamic functions of compounds over a wide

temperature range.

It is a combination of these different methods infflirent systems that were used in the frame of this

investigation. The methods used are:

Bperimental phase diagram determination
Calphad methods for the optimiation of the phase diagram
[JFT calculations

[Jhonon calculations

vV V VY V V¥V

Recalculation of phase diagram

In this chapter, the different methods used wilbe explained.
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II. Experimental phase diagram investigations

A phase diagram is a graphical regsentation of the phase transitioftsransformations during heating
and cooling. It is of primary importance for the understanding of phase formation. Phase diagrams are
very useful for the development of alloys but also in metallurgy. In addition, experimental phase
diagrams are the first information necessary for the Calculation of Phase Diagrams (Calphad) method
and the optimization of the considered system as it is not possible to predict phases by this method

without defining them first.

For the determination of phase diagrams, several methods can be used and several analytical tools are
necessary. First, the samples should be prepared from very high purity metals and in high purity
atmosphere. In the present work, we used metalitlv a purity of 99.99 %. The samples were then
melted together in a levitation induction furnace under high purity Ar atmosphere. Different
techniques are then used to deterime specific properties of the phase diagram. Samples which are heat
treated at different temperatures (longer when the temperature is low in order to establish
thermodynamic equilibrium in samples) and then quenched, allow the tamcstion of isothermal
sections. Vertical sections and liquidus prollectionare constructed from data obtained by a dynamic
method (differential thermal analysis — DTA). The samples are then analyzed by analytical methods
like metallography or X-ray diffraction (XRD). Metallography allows the analysis of the
microstructure (number of phases and invariamtctions) with techniques like scanning electron
microscope (SEM). A coupling of the SEM with energy dispersive X-rayesfroscopy (EDX) allows

the determination of the chemical composition ofetlphases. The crystallographic structures of the
phases are analyzed by XRD allowing to know the symmetry of the structure and the lattice

parameters.

The construction of a phase diagram can also be done by diffusion couple methods. This method can
reduce the amount of samples required for phase diagram construction. This method is based on local

equilibria at the phase interfaces [77].



III.  Calculation of Phase diagrams (Calphad)’

1. Introduction

Calphad is the common acronym fd€ALculation of PHAse Diagrams, or rather, computer coupling
of phase diagrams and thermochemistry. This is a method for the calculation of thermodynamic
equilibrium of multicomponent systems using a minimization of the Gibbs energy of the system. The
Gibbs energy of each possible phase in the system ikefined in mathematical form by a Gibbs energy
model. The derivation of the Gibbs energy models relies on experimental and ab initio input. Any
other thermodynamic property can be derived ovemperature, composition and/or pressure from the

Gibbs energy.

In the present work, the goal of the thermodynanrhodeling is to calculate phase equilibria for
different specific systems forming Laves phases (binaoy ternary systems) in aler to build a suitable
thermodynamic database for steel (i.e. Crofer 22Hpplicable also for other materials with similar
composition and phases) in order to study its stability under working coamitiAdditionally such
thermodynamic databases can be used to developmenaterials (i.e. manufactting of the material and
control of the formation of wand/unwanted phases) and for othermiilation tools (i.e. phase field
modeling) for the description of the microstruceuof the materials. Thermodynamic modeling has
been carried out where no previous modeling has been done (a new modeling of an existing known

system is necessary if inconsistat with the present work).

The thermodynamic modeling is called an assessmienA good assessment starts with a careful
literature search and a critical rew of the considered system (k. experimental phase diagram,
thermodynamic data, previous thermodynamic modg)hi Within different works it can happen that
the same kind of data are in disagreement, in this case, a choice (assesst)eahould be done on which
data have to be kept and whicshould not be considered. The thermodynamic assessment allows the
calculation of the phase diagram as well as oth¢hermodynamic properties through an optimization

for the determination of the Gibbs engy of all the phases in the system.

! Chapter based on the book: Computational thermodynamics, the calphad method [78]



2.  Models for the Gibbs energy

The Calphad method [78] is based on statistical thermodynamics. To model a system, it is necessary to
choose a mathematical form tadescribe the thermodynamic funoti (i.e. Gibbs energy). This
mathematical form should rely on physical models éander to provide reasonable extrapolations [79].
The Gibbs energy, rather than other thermodynamic functions, is used to model the phase diagram as it

includes pressure and tempature as natural variables.

The Calphad method is based on the minimization of the Gibbs energy allowing the calculation of

thermodynamic equilibrium. The general expriess of the Gibbs energy is given below:

G= Z NeGE(T,P,x;)B
~ Eq. 1

This expression can be expanded and then is given as:

GE ="76g + YI6% + ™"GE + Foum Eq.2

The three first terms of this equation (Eq. 2) refer to an ideal Gibbs enegy of mixing. The first term
STfG,‘fl[Ei][B] PRRERE & [ mE B me 0 PRRRPEIER AR
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i

The second term “’9G%0 0 B BE B B EE @ il g

n
figa — RTinln(xi)

i=1

Eq. 4

The term ™" G201 IPPREREE B @ {6 6 2 E E 66

DEEE BREFERENE D D B 2R 2ERE B RE HR Q2 EAERERD 2 EEEEE R
DR AR EHEEE D AR RACERAERARE AR E ER E R E B EREEERREEEG P AR R R PR

0 2 [EERERER 2 7



n n

— 0. . .
G = Z x; G+ RTZ x;In(x;)@ Eq 5

i=1 i=1

For a real solution, the excess terms need to be taken into account to describe the thermodynamics of
the system. Atoms are distributed randomly over the solution and have different energies of interaction
with each other creating an excess of energy [80]. According to this, the total Gibbs energy of a

substitutional regular solution model is:

n n

— ,0 . . . E
Gy = le G; + RTZxLln(xl) + "G, 0 Eq. 6

i=1 i=1

And the EGZBEq. 2, Eq. 6) is the excess Gibbs energy. This parameter is specifically developed in the

paragraph dedicated to it (seed.b Modeling of the Gibbs energy).

Any other thermodynamic quantities can be derived in the same way as the Gibbs energy, since they

are temperature derives ofEq. 1:

Entropy (dG)
=—(=
5 ar)? Eq.7
Heat capacity d*G
== (F Eq.8

2.1 Unary phase

In order to be consistent with previous work, it is convenient to work on a common basis for the
description of the pure elements (also called umgy phase in the Calphad community). The unary
database has been built for this purpose by Dinsde | I |\adused as a common basis by SGTE

(Scientific Group Thermodata Europe) for the communitin order to build consistent data. The molar

Gibbs energy is expressed as:

GZ = a+bT + cTInT + Z d,T"8 £o9



Eq. 9). Most of the unary
phases are metastable, but with the development of computational tools, it is nowadays possible to
access to them. Using phonon calculations (lattice vibration), new unary data can be obtained for the
description of the pure elements in different crystallographic forms. Calculation of metastable/unstable
states is encouraged for the description of the pure elements but the question may be asked if there is
any physical reliability of such results. Indeed while some of the pure elements in a certain structure
can be computed without showing metastability (i.e. pure Crin o] DD DOOOO00 O OO0 O 00000 O
J0o0ooobooob bemrmmomoiooobo g ooobobo o oo bob bobob b o oL b ooobo Oo

ogoobooooobobobobbbb bobob oo Lbboo b DoboobU b boo

2.2 The compound energy formalism=sublattice modeling

The compound energy formalism has been developedin order to model thermodynamic properties of
solution phases with homogeneity rang and different subldices /14" It is a purely mathematical
model which allow to give an analytical expression of the Gibbs energy for a phase with two or more
sublatties 141\ According to the compound energy formalism, the total Gibbs energy can be written

asin Eq. 2.
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Laves phase:

There are three different polytypes of Laves phases (i.e. named C15, C14 and C36 depending on their
crystallographic structure) (see Literature survey).The three different polytypes are closely related but
crystallize in different space groups as shown in the introduction (see page 7). The Laves phase can be
written AB ». In the present work, the addition of a third element occupies preferentially the B side (e.g.
Fe-Nb-Si [20]). Commonly a two-sublattice model is used, allowing each atom to go into each
sublattice. This model does not change with the type of polytype. It can be written ( A,B,C)(A,B,C)

for a ternary system.

The use of a two-sublattice model is well accdpd to describe the thke different polytypes,

nevertheless it is ongoing discussion to use moreomplex sublattice models (e.g. three-sublattice
model for the C14) as each of the different polyes has a different set of Wyckoff positions. It has
not been proved yet if more complex sublattianodels would improve the thermodynamic modeling

of the different Laves phases.

L-phase:

The pJ 000 DO OO0O00OODO O R-83mIThe atoms occupy in five different Wyckoff positions.

The description of the crystal structure is given in Table 10. This would be rather expensive to

calculate the energies of all different end-members using high performance computing. In order to

reduce the number of end-members, some sublattices can be combined. Joubert and Dupin [85]

therefore suggested a four-sublattice model. The ideal 0O 0 0 OTINO 00000 000000000000C
Jo00ooo0INImIIMIMIMm o0 oo o o0 MM OOOD o000 0Mmmd 0400
gbomooboobbooboobooboubooboii o o m ommo O 0o
gbooboooooooobomoboobonmmob oo b oo ooooboon

0000000000 immommo g
LA,B,C)(B)«(A,B,C):(A,B,C)s.
In the present work, we willse this model to describe thel ! 1 D D DO 00000000 O0Oo0oooooorC
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Space group R-3m (no. 166)

Pearson symbol hR39 WY 8 8o & oL
Lattice parameters a=4.926 A, c=26.80 A "‘ Qgg o ° @@ 21;@6 % ® e
Model WFe; op e g 09 o P
i

Wyckoff position | x y zZ CN

3b (red) 0 0 23 12

6¢ (green) 0 0 0.055 14

6¢°(blue) 0 0 0.165 16

6¢’’ (orange) 0 0 0.333 15

18h (grey) 0.5 0.5 0.09 12

Table 10 — Crystallographic structure information of the p phase according to [85].

o phase:

The o phase crystallizes in the space group P4,/mnm and the atoms are distributed on five different
Wyckoff positions (Table 11). It can in general be written as A,'?B4'3Cs'“Ds!'?Es'* where the lower
index indicates the number of atoms per position and the upper index indicates the coordination
number [87]. With the point of view of crystallography a three-sublattice model (A,B)io(B)4(A,B)s is
the most convenient [13,86]. The first sublattice is defined by A,'’Ds'?, the second by Bs'* and the
third by Cs!“Es'®. By extension this model can be written (A,B)10(B,C)4(A,B,C)16. This model was
recently used for the ternary system Fe-Nb-V [88] and will be used for the description of the ¢ phase

in the system Cr-Fe-Nb (see Chapter Thermodynamic optimization of Cr-Fe-Nb).

Space group P4,/mnm (no. 136)

Pearson symbol tP30 Q"@ % o ?
Lattice parameters a= 8.785 to 10.060 A [86] ‘ o 900
c=4.553 t0 5.23 A [86] W®q°

Model: FeCr . o

i o 8 00,
Wyckoff position | x y j/ CN
2a (blue) 0 0 0 12
4f (red) 0.399 X 0 15
8i (orange) 0.464 0.131 0 14
8i’ (green) 0.741 0.066 0 12
8j (grey) 0.183 0.183 0.251 14

Table 11 — Crystallographic description of the o phase.

3. Input data
Any thermodynamic modeling relies on the quality of the input data. The modeling of multicomponent
systems requires the knowledge of the different stable phases in the defined system. The Calphad
method cannot predict the stability of a phase that has not been experimentally established and defined
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Phase diagram data: to model the phase equilibria it is important to have a picture of the
experimental phase diagram. No thermodymic modeling of a phase diagram can be done
without the knowledge of the experimentaphase equilibria. Stable phases and phase
boundaries (tie-lines) are the primary informations to be taken into account for modeling.
Within the phase diagram information, the invariant equilibria are of primary importance for
the optimization of the Gibbs energy model parameters;

Thermodynamic data: Any available thermodynamic information for a phase are of primary
importance for modeling of the phase diagram as they directly provide the link to the Gibbs
energy of the considered phases;

Crystallographic data: in Calphad modeling, the phases are defined by their crystallography
(e.g. BCC, FCCL)). Furthermore, this kind of infamation is necessary talefine the sublattice
model that would be used to describe thghase in the compound energy formalism (see 2.b
The compound energy formalism).

Ab initio data: Ab initio data are not experimental data, nevertheless these kind of
calculations are based on the electronic structuef the elements and have shown to be a
versatile method to get the energies of the compound [89,90] at 0K and is useful information
in absence or in complement to experiments. They are of primary importance for the
determination of the energies of hypothetical compounds (e.g. end-members of the CEF
models). Previously, Gibbs energies of hyphetical compounds were estimated or optimized

to fit to experimental data. More details abotltis method are given in the Chapter Density

Functional Theory (p. 46).



e Phonon calculations: Ab initio calculations are restricted to 0K and do not allow to give the
temperature dependence of the free energy [91]. Phonon (lattice vibrations) are calculated by
displacing atoms in a supercell and computing the forces by DFT. (see Chapter Phonon

calculations, p. 53).

The combination of the different input parameters will allow the modeling of phase diagrams with
more or less accuracy depending on the number of input data and their reliability (measurements

errors, purity of the samples™)

For a particular system, many publications can be found in the literature, some of them can disagree.
Therefore, a careful choice should be done mie the modeling cannot be done by using two

contradictory sets of information.

4.  Optimization of parameters in the Gibbs energy models

4.1 Principle

In the previous part, the importance of the choicef data and of the models has been discussed. The
modeling of phase equilibria requies the knowledge of the Gibbs energy, which is the representation
of the interaction between the species. The Gibbs energy is the property that is modeled during an
optimization process as it is not often possible to find its values for the considered phase in the
literature. All information gathered for the phase diagm of interest (experimental phase diagram data,
thermodynamic data, DFT results, etcl) is used as set of input parameters for the modeling. The
modeling of the phase diagram is completed, whenit has passed a complete optimization process. A
successful optimization process allows a correct representation of the phase diagram (i.e. compared to
the experimental knowledge of it), nevertheless, even if the representation of the phase diagram seems
to be correct it is not always the case for the thermodynamic properties (i.e. enthalpy of mixing,
activities). A wrong representation of a low order system can lead to troubles for the description of

higher order systems.



4.2 Modeling of the Gibbs energy

The modeling of the Gibbs energy is the key pointof Calphad modeling. Its determination is done via
an optimization process using for instance the Parrot module in the case of Thermo-Calc 11Te
optimization starts from a set of chosen experimentl values and of mathematical models, then the
optimization will be done by fitting the calculated Gibbs energy (according to the chosen mathematical
model) to the experimental data (according tothe critical review). The parrot module uses a least-
square method by minimizing the weighted sum of differences between calculated and experimental
values. The fitting done provides the excess Gibbs energies of the phases. In Calphad methodology,
the excess Gibbs energy is expressed as a summatiormover the different interactions between species:

EGm = Z z xiijij
Eq. 10

T j>i
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Soi
Li = hoiexp (=T X —

Roi Eq. 13

Where hZ B B R REERAR R A RAEERREE BE A 2R BEEmPRRD IR AR AR B R AR

Rul|

i liia] e el BEg. 12), the exponential dependence of the L parameter can be obtained

by a simple fitting through an usual assessment. Nevertheless as previously explained most of the

studies forget the physical importance of this parameter and a simple Cfitig]  can reveal non-physical

behavior. It has been shown by Schmid-Fetzer et al. [94] that the Kaptay exponential equation [92] can

also cause a miscibility gap artifact at low temperatues as shown in their paper even if this last can

well reproduce the boundary conditions athigh temperature. Kaptay [95] showed that in order to avoid

high temperature miscibility gap by using the linear equation (Eq. 13) the excess entropy is set up to s
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S .
- L; = (hy; — Tsq;)exp (—T x ﬂ)

ho; Eq. 14

So in both cases, the L parameter (e.g. linear and exponential) can lead to artificial miscibility gap at
high temperature for the linear dependence and at low temperature for the exponential one. It is
probably too early to judge the last proposition of Kgptay [95] (combination of linear and exponential

equation) to model the excess Gibbs energy.

In conclusion, none of these models for the Gibbs energy can lead to realistic behavior of the phase
diagrams if there are only few available experimental data and they are constrained to realistic

behavior. The optimization of the parameters in the Gibbs energy models should be done with great



care of the experimental data respecting the phase boundaries as well as the thermodynamic data of

the system and the laws of thermodynamics.

4.3 Optimization process in the present work

As explained previously, any optimization can be dne with several inputs. The amount of available
data will contribute to the de¢ermination of the Gibbs energy, with more or less accuracy.
Nevertheless, it is difficult to judge the quality of a successful optimization of a phase diagram. The

use of an optimized binary sysem in higher order system can reveal some deficiencies.

As any optimization can only be successfully reached with a sufficient amount of available data, in the

present work, several methods to obtain the missinglata of the literature have been combined.

At first, experiments have been performed to deermine the phase diagrams where the available data

were scarce and lormissing (e.g. see Chapter Experinental determination ofCr-Fe-Nb,p. 101)).

It can be difficult to obtain experimental data isome systems due to the high melting point and slow
diffusivity. In this case, computer simulation tools can be of great help for the determination of
missing data. In the present work, DFT calculationwere used for the determination of enthalpies of

formation.

For the binary Fe-W system, DFT with phonon calculations for the determination of temperature
dependence of the Gibbs energy of the end-membershave been combined, which was tried for the first

time in the optimization of a phase diagram.



IV. Density Functional Theory

1. Introduction

Materials properties are governed by electronic interaction between atoms, at this scale the nature of
matter is governed by the law of quantum mechanics. For molecular electronic calculations, density
functional theory is one of the most advanced methods and has already shown to be a versatile way of

the calculation of materials propeetiin condensed matter and chemistry.

The main purpose of density functional theory is the solution of the time-independent Schr(dinger
equation for many electron interactions. For the density functional theory (DFT) calculations, the
Vienna Ab initio Software Package (VASP) [96jnd Amsterdam Density Functional (ADF) [97,98]

have been used.

Based on quantum theory, the stamgj point of any calculations for dwsity functional theory (DFT) is

the many body Hamiltonian function in order to solve the SchrJdinger equation.
Hy = EYR Eq. 15
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2.  Born-Oppenheimer approximation

As it is a difficult task to solve the Schrlldingerequation itself, some approximation needs to be done

to calculate the electronic structure for manyeefrons. The positions of the nuclei and electrons
should be defined. The Born-Oppenheimer approximation considers that due to the great difference of
masses between the electrons and nuclei, the movemenf the electrons is considered to be much
faster as the nucleis movement. Solution for a fixk position of the atomic nucleus is done. This
allows to find the lowest energy configuration of the electron known as the ground state. This
approximation reduces drastically the complexity o¢lie calculation in this case the system is

considered adiabatic, e.g. the lattice dynamiand the electrons are treated independently.

The two terms containing the ionic coordinatesicde rewritten using an external potential,(, )@

OEBEEE D REeEER

N 2 N

_ V3 1 1

=) (Lt Ve ) +5 ) ——0 Eq. 17
2\72 24T

Even considering this approximation the Schrédinger equation is rarely solvable analytically with
more than two electrons. The Born-Oppenheimer approximation is valid as soon as a small ionic

movement does not change the electronic wave function.

3. The Hohenberg-Kohn theorem

Basic theorems of the DFT are directly derivédom the postulate of Hohenberg and Kohn [99].

Theorem 1: The external potential,,. (7))@ eiilealaald
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Vexe (F)

E[n()] = TIn()] + vexe[n(r)] + Vie[n(r)]® Eq. 18



4. The Kohn-Sham approach

For many body electrons, it remains difficult to solve the Schriidinger equation. In 1965, Kohn and
Sham [100] made the postulation that one-electronrfoulation can be applied to a system containing

N interacting electrons by introducing a suitable local potential in addition to any external potentials
Vet MERER AR QA B B R EEERE 7 DRER DR MEEENNE B R R ERERE R e

aRulltiliiRuNERuRE

[T+ Vet () + vc(1) + vec(M]p; = €190, Eq. 19

Where T is the kinetic energy. v, [ ] PRRRRRR R PER MR el Excl

_ 6Exclp] >
bee(r) = = Fa. 20

The exact electronic charge density is defined by the N occupied one-electron molecular orbitals ¢;@

BQ e E REEE R R REE 0

N
— 12
L

The exchange correlation energy is unknown, and is defined by the functional exchange and

correlation energyExc|[p]

4.1 The exchange correlation energy

To get accurate values from DFT calculations, thehallenge is to determine correctly the exchange
correlation energyEy [ alialialialialiale aliileilizi )iz e Zm|
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B = [ @ B (n)e Eq 22

The LDA approximation doesn’t take into account the real charge densities that are varying strongly.
This exchange correlation function fails for the description of strongly correlated materials (i.e.
materials containing delocalized s- ad p- electrons as well as localized partially filled d- and f-shells).

As a concrete example, iron (Fe) in bee lattice is unstable within the LDA [78].

Since the original paper of Kohn and Sham [100], other exchange correlation potentials have been
developed as the generalized gradient approximation (GGA), that is an improvement of the local

density approximation by incorporating an additional term into the exchange correlation and describes

better the systems with inhomogeneous electron density.

B = [ & Bxe (n, 9,0 Eq. 23

For bulk properties, it is recommended to use the GGA since it gives better agreement with

experiments [89].

4.2 Basis sets

To solve the Kohn-Sham equations, there are diffient approaches. Here explanations for the
approaches which have been used inthe present work are given. Due to the lack of exact analytical
solution, basis sets are used to describe the numidcal expansion of the ndependent-particle wave-
function g,REq. 19). For the calculation the efficiency of the basis set is essential.

The plane wave basis set

The plane wave basis set is appropriate for periodic systems and often used in combination with
pseudo-potentials. The periodicity of the system is introduced in the wave function. The number of

plane wave depends on the energy cut-off. Th e plane wave basis is used in VASP [96].

Slater type basis sets




It is a function resembling to the true atomic orbitals. This function is centered at the true nucleus. This

basis sets is used in ADF [97,98].

4.3 Self-consistency loop

As it remains difficult to solve numerically these equations, the solution is done via a self-consistency
loop as shown below in Figure 19. Within each self-consistency loop, a charge density n; is used to
generate a new Kohn-Sham potential (denoted H in the Figure 19). Out of this self-consistency, a new

charge density is calculated and the loop restarts until the self-consistency is achieved.

W -V Vel
B ) - )

€i<€F

n(r) = 37 [P

n = F[noldv nnew]

Figure 19 — Scheme of the self-consistency loop as reproduced in ref. [101].

5.  Description of the electrons: all-electrons and pseudo-potential methods

5.1 All-electrons method

The wave function is defined for all electrons in the system. The potential is inversely proportional to
the distance between electrons and the nucleus (~Z/r). The core states are treated as completely

localized whereas the valence states are rather delocalized.

5.2 Pseudo-potential methods

The use of pseudo-potential method allows to avoid to take into account the core electron explicitly

and is less demanding with respect to computational resources. It regards an atom as a perturbation of
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5.3 The projector augmented wave method (PAW)

The projector augmented wave method (PAW) isan unification between all-electron and pseudo-
potential methods. It has been introduced by Bl 'di 1037 Depending on the region of the space, the
wave functions have different bdiavior: the wave function is fairly smooth in the bonding regiai it
oscillates rapidly close to the nucleus. In order tacombine these two different aspects of the behavior
of the wave function, Bl disuggested to divide it into the following parts: 1) atom centered sphere, 2)
envelope function outside the spheres. This methodprovides better access to physical properties (i.e.

magnetism).

5.4 Periodicity of the system

A solid consists of many atoms(110 ** atoms per mole), it would be rather expansive or impossible to
compute a real solid. However, a solid consists ofan infinite as repeated unit cell (i.e. periodic
system). This property is used to reduce the numbenf atoms necessary to simulate al ieallsolid, the
number of atoms is now restricted to an unit cell (containing a couple of atoms) or a couple of unit
cells (i.e. when studying defects in solids). The three lattice parameters and the angle between the
vectors can be used to define the unit cellin the real direct space (Bravais lattice).

Using the Blodi's theorem, the density is periodic so the wave function is expressed as:

W (r) = up(r) exp(ik. )@ Eq. 24
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5.5 Brillouin zone integration

The sampling of k-points within the B_& a crucial property for the accuracy if the convergence of the
calculation. The integration over the Brillouin zone can be reduced by using the symmetry of the
structure, the integration is then reduced in theneducible Brillouin zone. There are several methods to
calculate the integration over the Brillouin zone: 1) the tetrahedron method which consists of dividing
up the Brillouin zone into tetrahedra, 2) samplingf special k-point as used in the Monkhorst-Pack
grids for example. In the Monkhorst-Pack scheme 104} in order to choose a suitable number of k-

points, it is proposed to distribute the k-pointshomogeneously within the first Brillouin zone.

6. DFT calculations in the present work
As previously mentioned, two different codes for the present work (i.e. ADF-BAND [97,98], VASP

[96]) have been used. The differences betweethese two codes are summarized in th&:ble 12.

Code Basis Set Potential BZ integration
ADF Slater type Orbital Full electron Quadratic tetrahedrjon
VASP Plane-Wave Pseudo Monkhorst-Pack

Table 12 — Summarized of the different approximations used in ADF [97,98] and VASP [96].

In the present work, DFT calculations have been used for the determination of the energy of several
compounds in different systems. Referring to the pure elements associated to the considered
compound, the enthalpies of formation were calculated. The enthalpies of formation of a compound

are given by Eq. 25:

X

y
ArH (AxBy) = EAxBy - mEA Tt yEB Eq. 25
These enthalpies of formation were then used as input data for the thermodynamic modeling of the

considered system according to the compound energy formalism (see Calphad, 2.2).

In addition, DFT calculations were used to calculate the forces in superell structures for the

determination of thermodynamic properties via phonon calculations.



V. Phonon calculations

1. Theory

DFT calculations are very useful at 0 K to deteime energy of defined system. Nevertheless, the
calculations at 0K do not include vibrational prefies generated by temperatures above 0K. In order
to be able to calculate properties of solids ataleconditions (e.g. temperature), phonon calculations are
a useful consideration to take into account. The iméhce of vibrations creating entropy becomes an
important parameter to be taken into account imlearto properly simulate materials properties at

higher temperature.

To simulate the temperature dependence in alish phonon calculations based on short displacement
method have been used. The atoms vibrate around their equilibrium positions (the ground state is
previously reached by optimizing the geometry of compound using DFT at 0K). This is modeled by
using a simple harmonic oscillator. The harmomripproximation provides a good picture to consider

temperature dependence without doing too much approximation.

The energy state of a quantum harmonic oscillatorik
1
E, = > hwd Eq. 26

With hE QDD RR D IREAR ARAEEEAE AR ERRR 0 AREEERE A
AR RACRRARED AEAEERAEARAAACEACE BE AEEEEEDRRD 2 [

, the energy can be computed, thus the energy is:
1
E(k,v) = how [E +n(k, v)] Eq. 27

Where n(k,v)8 BvE B EIERERER k [105]. The number

of phonons n(k,v) P BEEB B IAB AR A AEEAE BB QB

-1
n(k,v) = n(w,T) = [exp (%) - 1] Eq. 28
B



Eq. 27 and Eq. 28, the energy of a crystal within the harmonic approximation is

given by, for simplification we can write (k,v) = w@l

1 hw - Fa. 29
= - —_— = .
E Zhw [2+ [exp(kBT> 1] ]l q

This is the representation of the internal energy. Deriving Eq. 29 with respect to the temperature

provides the heat capaciy at constant volume:
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E= fhwg(w) E + [exp (:B—a;) - 1]_1] dowll Eq. 31

2. Thermodynamics

2.1 Harmonic approximation

At constant volume, different thermodynamic quantities can be calculated from the phonon density of

state:

Free energy



hw

Fpp(T) = kBTf In (25inh (—))g(w)dw Eq. 32
o 2kyT

The vibrational entropy is obtained from the harmonic phonon calculations:

(&0)

oF —hw
S(TM)=-T (—) =k f —In(1- exp( ) + (w)dwn Eq. 33
ar), =8 kaT) " oxp (22) 1 g 1
kpT
Heat capacity at constant volume can be calculated as follows:
hw
c 3 (hw)z exp ( /kBT) ]
v (M) = | gw) dwi Eq. 34

kgT (eXp (hw/kBT) — 1)2

The harmonic approximation works under constant volume. This approximation does not take into
account the pressure, whereas experiments are at least carried out under atmospheric pressure. The
harmonic approximation does not allow to take into account the thermal expansion, the phonon-

phonon interactions as well as the thermal conductivity.

The results obtained can be represented by a simple mathematical model. Phonons provide in
domination the heat capacity, and the different models are given for the heat capacity. In the present
contribution we give a short overview of the Einstein model, the Debye model and the polynomial

function.

2.2 Einstein model
The Einstein model makes the postulation that all modes in the density of state have the same
frequency wgl PIPRRRRR PRI )z Rulnla! @ @ E

DRDERAEEEREED
w; = wgl Eq. 35

Therefore the heat capacity is:



hw
o (2), - Y 1) 0l
VoNoT/y B\kpT [eX (h“’_‘?) - 1]2. F
P et
At high temperatures, this rule follows also the Dulong-Petit rule, nevertheless at low temperatures,

this fails and is not equal to zero as it should be.

2.3 Debye model
As the Einstein model failed to represent correctly the behavior of the heat capacity at low
temperatures, the Debye model allowsa better representation. In thdebye model, each mode has its
own frequency. The heat capacity is given by:

T) x o Xyt

Cv = 9NkB (E . —(ex — 1)

dx Eq. 37

Where Tp is the Debye temperature.

2.4 Polynomial function

In thermodynamic databases the Gibbs energy funceins are described with a polynomial function. The
energy of a compound is described relative to the suface element reference (SER) (i.e. surface of the

pure elements in their respective stable phase).
The Gibbs energy of a compound is described as:

G& =a+ bT + cTInT + D,T? + D;T3 + D_ T~ Eq. 38
This power series can be extended but the results are not improved much. Based on Eq. 38 the heat

capacity is given by:

2
Cp= — ﬁ = —C —2D,T — 6D;T? — 2D_,T~2@ Eq. 39
P dT2 2 3 -1 : q.

This polynomial function fails to describe the thermodynamic function below room temperature.



3.  Quasi-harmonic approximation
The harmonic approximation is done at constant volume and cannot reproduce all the physical

phenoma of a solid:

e Thermal properties (thermal expansion)
e [Jhase transitions

e Transport properties

All these properties are referring to the anharmoniitthe crystal. The anh@onicity of the system

is the interaction beteen phononswith other phonondn a simple approach, the anharmonicity can
be modeled using the Cuaskharmonic approximation (8 1f{e. phonon calculation are computed over
different volumes) as it is small enough that theluasi-harmonic approximation can represent it in
many cases {ith some exception) [110601. Making the assumption that the anharmonicity is only

restricted to the thermalexpansion( 11067, the QHA approximation can be used.

The vibrational Helmholizenergy F in #HA approximation can then be written:

Eq. 40

Fy(V,T) = Ug(V) + %hwj(k, V) + kBTZln (1 _exp [—M )

kpT

Where the first term is the internal contribution, the second the zero point energy and the third the

vibrational contribution.

In the quasi-harmonic approximation, theheat capacity at constant pressure (@) is obtained from:

Cp = Cy +VTa?BB Eq. 41
Wheread 0000000000000 000DDOINODNO0DOON0C000000
000000000000 00000000

O S(V,T) = Spar + VT 2B0 Eq. 42



4. Results

Several parameters influence the results of thkermodynamic properties obtained from the phonon

calculation:

e Optimizaton of the structure: any computation of the phonon relies first on the very accurate
optimization of the structure. Any structure which is notwel relagd is not in its local ground
state (i.e. not in e[uibrium) and phonon calculationswll lead to the appearance of imaginary
frelluencies and show that the structure is meanically unstable. Any parameters influencing
a correct geometry optimizaton (i.e. k-points, energy cut-off) influence the computation of
phonons.

e Size of the supercell: the size of the supeed should not be too small to obtain accurate
phonon calculations. Nevertheless this one should stay as small as possible for computational

reason.

In the presentwork, phonon calculations have beesad to describe the thermodynamic functions of
different compounds (stable and hypothetical). The results were then used as input for the

thermodynamic modeling as described by the Calphad method.



Chapter III - Pure elements and binary boundary systems

With the development of computational power asidnulation tools (i.e. DFT, phonon) it has become
clear that these methods will be further used adelveloped [106] to understad the materials behavior.
In the present work, simulation tools as DFT, phonon and Calphad modeling are used to understand

the driving forces controlling the formation of the different phases present in Crofer 22H.

I. Pure elements

The thermodynamic modeling of unary phases is impant as they are the basis as reference state for
other intermetallic phases. In the present work, vomsider the pure elements forming the Laves phase
(Fe,Cr,Si)(Nb,W) in Crofer 22H in their stable form (e.g. bee and diamond). Calculations of their total
energies in their stable form (and magnetic stata)e necessary for further calculations of enthalpy of
formation for example, which are then used as input parameters for thermodynamic modeling. In
addition, phonon calculations have beedone in order to check the reliability of the results and to test

some different parameters for further calculation in more complex structures.

1.  Energy of formation

The energy of formation of a compound refers to the pure elements in their stable form according to

Eq. 43:

X

ArH(AxBy) = Ep,p, — EpD

x+y 4 x+y Eq. 43

The calculation of the enthalpy of formation of several compounds in different systems were

performed in the present work, their results will be developed in a later chapter and discussed. Here
results of the pure elements used as reference state awe given. The total energies of the ground state of
the pure elements in their stable form were calculated by DFT, and the results were compared with
available data from literature. The energy of farmation of the pure elements can only be compared
with literature data, where the same codes and samebasis function have been used as in the present
work. The data presented here have been generded using VASP [96], with the PAW potential [103]

within the GGA-PBE approximation. Other specific parameters as the k-points and the energy cut-off’



Table 13-17 . The results were obtained by following three different steps of
calculation in order to get accurate values of thetotal energy. For all calculations, the ground state
energies were reached in three steps: 1) the volime and the atomic positions were relaxed(] 2) the
stresses and forces were relaxed: 3) the tetraledron method with Blochl correction was used for
accurate calculations of the ground state. For all calculations, an accuracy 10was set up in the self-

consistency loop. Results are given in Table 13-17 for each pure element.

Species | Structure | Magnetic | k-points Energy | Er a) W) Ref.
state cutoff | (kJ.mol” .atom
e |
Cr bce AFM 1ix1ixI11 |400 -915.229 2.8359 |22.81 Present
work
- - - -913.284 2.847 | 23.08 | [107]
AFM 12x12x12 |- -913.909 2.8375 |22.846 |[108]
AFM 16x16x16 400 -931.08 [109]

Table 13 — Energy of pure Cr in the BCC structure compared with literature.

Species | Structure | Magnetic | k-points | Energy | Er a) W) Ref
state cutoff | (kJ.mol
(ev) Latom™)
Fe bce FM 1ixI1ix11 | 400 -800.306 2.8304 | 22.79 Present
work
-798.397 2.822 | 225 [107]
FM 500 -792.603 2832 | 22.7 [88]
M 400 -792.614 2.832 | 22.7 [38]
FM 12x12x12 -788.67 2.8256 | 22.56 [108]

Table 14 — Energy of pure Fe in BCC with the different parameters used to carry out the calculations.

The results are compared with available literature data.



Table 15 — Calculated energies of Nb as well with the lattice parameters.

Species | Structure | Magnetic | k-points | Energy | Er a) W) Ref.
state cutoff | (kJ.mol

(ev) Latom™)

Si diamond | NM 1ix1Ix11 400 -523.40 5.4683 | 163.51 | Present
work
-524.06 5.468 [110]

Table 16 — Energies and lattice parameters calculated in diamond structure compared with literature.

Species | Structure | Magnetic | k-points | Energy | Er al) W) Ref
state cutoff | (kJ.mol

(ev) Latom™)

w bcc NM 1lx11x11 |400 -1255.496 3.173 |31.915 |Present
work
-1232.899 3.19 32.46 [107]

Table 17 — Energies of pure W calculated by DFT after optimization of the structure.

For all the pure elements, there is a good agreementof the present results with literature data. The
small difference found is due to different approximations used for the calculations (i.e. k-points,
pseudo-potential) | andit is within the error range as any other experimental data. For calculations of
the energy of formation of the different compounds, calculation of the total energy of the pure

elements of the present work as reference state has been used. For compounds where energies of



2.  Phonon calculations of the pure elements

To simulate the temperature dependence in thelid, we used phonon calculations based on short
displacement methods. In practice, we used the supedcmethods with finite displacement also called
the direct method as implemented in the phonopackage [111]. The supercells were built from the
optimized structures from DFT as previously def#ed and the atoms are displaced from their
equilibrium position by 0.01 A. The accuracy of the phonon calculations can be influenced by
different parameters. Of course the primary pmeter to get correct phonon calculations is a good
minimization of the ground state (e.g. suitable k-paintow residual forces). The other parameter that

can influence the accuracy of the rekts is the size of the supercell.

Harmonic approximation was used to compute thetinodynamic properties at constant volume. The
force constants of the different supercells were calculated with VASP, they were then used in phonopy
[111] to calculate the phonon frequency and to derive their relative thermodynamic properties. The

phonon contribution to the Helmholtz free energy is given by:

Fononon(T) = = Z gy +ksT Y In|1 Pk
phonon =75 Wiy B Z n [ — exp <_ )] 2
2 Y i kgT Eq. 44

Where k and wg,P AB R AR EAABARADRA D AR PERERMEETD R
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2.11Iron, Fe

The structure of Fe was carefully optimized thing into account the ferromagnetism. The relaxed
structure (energy and lattice parameters are given in Table }4was then used to build a 2x2x2
supercell. The force on the displaced atoms are then computed with VASP [96]. The different forces
calculated for each structure are then collected and used to calculate the phonon frequencies, which in
turn are used to calculate the temperature depedent thermodynamic properties. The calculated

thermodynamic data in the harmonic approximations are given inFigure 20.

60  —F(Jmol) e
—-S@molK) e
—Cv(molK) T
E (kJ/mol)

Thermodynamic data

0 200 400 600 800 1000 1200 1400
T(K)

Figure 20 — Thermodynamic properties of Fe obtained the calculated phonon harmonic calculations.

In the quasi-harmonic approximation (QHA) for Fe, nine different volumes with a maximum volume

change of about 12 % were used. The energy dependency of the volume at 0 K is shown in Figure 21.



The minimum of the Helmholtz free energy vs temperature (Figure 22) is obtained by fitting the

volume-energy data to the Vinet equation of state [112] (Eq. 45).

G(T,P) = miny[U(V) + Fpn(V,T) + PV] Eq. 45

Thermodynamic functions of Fe are then obtained by derivation.
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Figure 22 — Helmholtz free energy of Fe as function of volume and temperature for determination of

the minimum energy (red line).

For metals, the electronic contribution influences the thermodynamic properties. Depending on the

metals, their influence can be negligible or not. The higher the electron valency is, the higher the
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influence of electron contribution is. Hence, for iron this influence is not negligible and its value was

taken from [82] (see Fig. 8 of the original paper) and added to the heat capacity and entropy curves

(Figure 23a).
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Figure 23 — a) Heat capacity of Fe compared with literature data from experiments [113] and phonon
calculated heat capacity [114—117]. The red point from Dinsdale [81] are the commonly used data in

Calphad modeling for the description of pure Fe (these data don’t take into account the magnetism,).

b) Entropy of Fe from QHA and HA phonon calculation compared with phonon QHA calculations of

Liang [116] and the Dinsdale polynomial [81].

The experimental results of the heat capacity of Fe cannot be fully reproduced by phonon calculations
in QHA approximation due to the magnetic excitation [115]. The magnetic contribution was the
subject of several studies in the literature [114,115], and show the difficulty to model Fe. In Calphad
type modeling, the magnetism of iron is treated in a separate function. This leads to the difference
between the phonon and the Dinsdale polynomial [81] (for example in the entropy curve - Figure
23b). The magnetic contribution to the enthalpy of Fe is about 8 kJ.mol ! at 300 K (Figure 24), this can
result in a non-stability of intermetallic phases (i.e. Laves-Fe;W and p-Fe;Ws phases in Fe-W system

as seen in Chapter V) whereas experiment and DFT calculations suggest the opposite.
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Figure 24 — Enthalpy of Fe calculated from the Dinsdale polynomial [81] and used in the Calphad

modeling for the reference state of BCC Fe. The calculation of the enthalpy refers to pure Fe-FCC.

The treatments of the magnetism as an independent function in the description of the pure element [81]
have to be taken into account when preforming an thermodynamic optimization of a phase diagram. In
the systems where Fe is present, the enthalpies of formation of the compound should be written by
taking into account the 8 kJ.mol" of difference due to the magnetism. In many of the systems studied

in the present work Fe is present so the magnetic contribution has to be treated carefully.

2.2 Tungsten, W

In the same way as for Fe, phonon calculations in harmonic and quasi-harmonic approximations have
been done for W. Thermodynamic properties were then obtained from them. W does not show
magnetic order and its thermodynamic properties are not influenced by it. The volume dependency to
the free Gibbs energy is given in Figure 25and the heat capacity derived from it is given in Figure 26.

The electronic contribution to the heat capacity is ratler small compared to that of Fe (see Fig. 8 in

[82]). Nevertheless, its contribution was added to our calculated heat capacity (given inFigure 26).
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Figure 25 — Helmholtz free energy of W in QHA approximation as a function of the unit cell and

temperature. The minimum values of the fitted equation of state (Vinet equation) are given by the red

Cross.
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Figure 26 — Heat capacity of W calculated in the QHA approach compared with experimental data

[118] (round dotted red point), SGTE pure element from the Dinsdale polynomial [81] (red empty

circles) and other phonon calculations in harmonic approximation [119] (red empty triangles) and

QHA [117,120] (empty squares and black diamond).
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II. Binary boundary systems

1. Calculation in binary systems: Fe-Nb, Fe-Si, Nb-Si, Cr-Nb

Ab initio calculations have been performed using ABFAND [98] in this part of the present work in
several binary systems where a lot of literature data available to test some different parameters (i.e.
SCF convergence, magnetism, functionals']) and check for consistency with experiments or/and other
ab initio calculations. ADF [98] is using an all ettron method for the description of the elements.
This method could be seen as very accurate, neverldss it is computationally very expensive and
requires a lot of computational time, whereas it has been shown that a pseudo-potential (or PAW)

method was also accurate.

The calculations have been done for stable cqmunds on the different considered systems. For the
exchange-correlation energy, we used the gendrgradient approximation (GGA) [103] of Perdew,
Burke and Ernzerhof (PBE) [121]. The magnatis was taken into account for the compounds
containing Fe and Cr. The scalar relativistic ZORA effect was implemented in the calculations. The
energy of formations were calculatedt 0K using an energy convergence of 10eV and a TZP basis

set with small core was used.

Calculations using ADF-BAND [98lhave been done in the Fe-Si, Fe-Nb, Nb-Si and Cr-Nb systems.
The calculated enthalpies of formations are shown Higure 27-30 and compared with available
literature data. The DFT calculations from the liteature have been done by using VASP which is a

pseudo-potential method whereas ADF-BAND is an all-electron method.
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Figure 27 - Enthalpy of formation of Fe-Si of the present work (black diamond) compared with
experiments [122—125] (blue square, brown diamond, star) DFT [116,126] (red empty square, orange

triangle) and Calphad [127,128] (dotted line, point line). HT=High Temperature.
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Figure 28 - Enthalpy of formation of Fe-Nb of the present work compared with experiments [36,37]

(violet square, empty square), DFT [38] (rved circle) and Calphad [38—40] (dotted, dashed, point

lines).
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Figure 29 - Enthalpy of formation of Nb-Si compared with literature from experiments [123,129] (blue
triangle, green square), DFT [130,131] (green triangle, blue circle) and Calphad [17,132] (point line,

red square).
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Figure 30 - Enthalpy of formation of Cr-Nb from DFT-ADF (red square) and Calphad modeling
(balck line), the present results (given as present work) are published in Ref. [29] compared with DFT

calculations [26,133-136] (symbols).

For all binary systems, we noticed a good agreement of our calculated enthalpies of formation with the

available literature data. This shows a good reliability of the results and the two different
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2. Cr-Nb

The results of the enthalpies of formation in the Cr-Nb (i.e. end-members of the C15 laves phase) have
been used as input data for the thermodynamirodeling of this system and compared with the

available literaturellable 18).

End-members AdOO gooo-ooop ooo ooo oo jogooog
goooooooo
I 00 -1.83 (FM) 6.96 Present work

-1.72 (NM) 6.93
-3.31 (FM) 6.93 [26]
-2.48 (FM) 6.82 [133]
-2.31 (FM) 6.93 [135]
2.1 (FM) 6.94 [134]
-2.34 (FM) - [136]

Nb2:Cr 75.38 (FM) 7.51 Present work
75.39 (NM) 7.50
75.33 (FM) 7.50 [26]

Cn:Cr 30.56 (FM) 6.64 Present work
33.55 (NM) 6.66
27.29 (FM) 6.58 [26]
26.4 (FM) - [137]

Nb2:Nb (NM) 15.33 (N\M) 7.74 Present work
16.2 (NM) 7.69 [26]
16.2 (NM) - [137]

Table 18 — Enthalpy of formation of the optimized end-members from DFT calculation compared with

literature data (also DFT calculations).

As mentioned in the literature review (Chapter I- Cr-Nb), the re-optimization of this system was

necessary as it was shown by Aufrecht et al. [28] that the high temperature Laves phase (C14) was



Figure 31. It is in good agreement with

experimental data. A full literature survey and the methods of calculation are given in Schmetterer et

al. [29].

Figure 31 — Optimized phase diagram as presented by Schmetterer et al. [29] using DFT calculations
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of the present work and compared with available literature data [28,30,51,138—-140].

New experimental data for the invariant reactions hae been published by Stein et al. [18] after the
publication of our assessment of the Cr-Nb system [29]. Comparison of the temperature of the

invariant reaction of the calculatedand experimental data is given in Table 19.

Invariant reaction

Calculated values [29]

Experimental values

Experimental values

T(K), x(Nb) [18] T(K), x(Nb)

E:L>0000 000000000 pO0000 OO000OOQfOOOOOOO0D000 ooooao
C:I>000 jooO0ODO0O000000000 joooC0O0gaO joooojpooooOoan
ExL>00000 0000000000000 OO0O0OOCOCOO|000000000 noooooao

Table 19 — Comparison of the temperature of the invariant reactions using the calculated phase

diagram and the experimental values.



3.  DFT calculations in other systems

Some problems have been encountered by using the ADF code [98]. Indeed already by its method, i.e.
all electrons, the calculations are computationallxpensive. In addition, this software had several
bugs that were reported to the software developer.duf the ma(lorbugs with this program was to use
a specific space group (i.e. space group 166, R-3m). For this space group one of the symmetry of the
crystal structure was not correctly implementéllhree atoms of the same Wyckoff position were
occupying the same position whereas they should habeen shifted by translation using the correct
symmetry. Nevertheless, compounds with this space group are present in several of the studied

systems.

The use of another software for the computation thfe energy of the structws has been considered
necessary due to the several bugs as well as the time required for the computation of a structure. The
commercial software VASP [96] was considered as suitable choice for the present work. sing the
VASP software, calculations of the enthalpies dbrmation (and phonon) h® been done for end-
members in the Fe-W binary system and Fe-Cr-Nhd Fe-Nb-Si ternary systems. The calculations
will be developed for each system in their respdet part with the detail used to carry out the

calculations.



Chapter IV — Modeling of Fe-W phase diagram using first-principles and
phonons calculations

A part of this chapter is based on a paper accepted for publication in Calphad [141].

Introduction

Thermodynamic calculations using the Calphad method (Calculation of phase diagram) for systems
with many components as found in real materials, e.g. steels and Ni-base super alloys, have become
firmly established tools in industry and research.clucalculations rely on thermodynamic databases
composed from many individual called phase diagmaoptimizations (thermodynamic assessments),
predominantly done for 2-, 3- and 4-component sgnts and extrapolations for higher systems. While
the benefits of modeling are obvious, i.e. for example savings on resource intensive experiments and
tests, the accuracy of the calculations relies on the underlying thermodynamic descriptions of binary

and ternary systems.

A conventional optimization is based on a set ofxperimental data (phase diagram data and
thermodynamics) and the parameters for the choseswdel are obtained in a sophisticated kind of
constrained data least-squa fit (the [Joptimization ). This means that the number of parameters that
can be used depends on the amount of available inpdstta — a limited amount of data only allows for
the use of few model parameters. The limitations olfis approach are evident from many optimized
datasets where linear functions or even constawmtlues are being used in the functions describing the
Gibbs energy. This effectively means that only the #dmlpy and entropy of formations can be used for
the thermodynamic modeling. At high temperatures this can lead to the appearance of inverted

miscibility gaps in the liquid phase as well as other problems.

In the present work, a combination of density fuiomal theory (DFT) and phwon calculations as well

as Calphad method was used to establish a new theedynamic dataset for the binary Fe-W system.
This system is relevant for steel research, in particular for the further development of Laves phase
reinforced ferritic steels [1,142]. Although this system is not particularly complex it poses

experimental difficulties due to the high liquidusmperatures (especially on the W-rich side), slow
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I. Literature survey

A summary of the literature survey of the Fe-W bimasystem was given in the literature survey (Fe-

W, p 16). Furthermore, a full literature survey was written for the publication.

The Fe-W binary system contains two intermetallic phases, the Lawes (i1 [J (11 pli) 0 0 [
0000000000000 Umnn OTable 20). The phase diagram was recently reinvestigated
experimentally by Antoni et al. [47] due to several controversies. The last assessment of this system

was given by Gustafson [48] and is shown in Figure 6 and compared to experimental data. The
invariant reactions of the system are given in Table 20 with their respective temperatures and

compositions.
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Table 20 — List of the invariant reactions in Fe-W phase equilibria given in the literature and
considered for the thermodynamic modeling. *The phase boundary on the W-rich side is not well
defined, Ichise [143] gave a phase boundary at 97.4 %. We used this data for the peritectic

temperature given by Sinha et al. [44].

II. Modeling

In the present work, a multiscale modeling appch was chosen in order to describe the
thermodynamic properties of the Fe-W system. This included the use of DFT calculations, phonon
calculations and Calphad. For the latter, the RROT module of the software Thermo-Calc [144] was
employed which utilizes the sublattice or sutifutional solution model for solution phases. The
computer simulations preceding the Calphad typssessment therefore had to be based on the same
models as imposed by Thermo-Calc. Furthermore,dnder to be compatible with existing databases,
the same models as in the TCFE database were used:

e a tersublattice model (Fe,W)(Fe,W); for the Laves phase

e a four-sublattice modeFge,W)(W)s(Fe,W).(Fe,W); for the [ I-phase

e substitutional solution modebfe sublattice model) fahe BCC, FCC and liCluid phases

Main components on the sublattices are shownin bpliht. More details on the use of these sublattice

modebwill be described in section II. 3 (p. 80).

1. Density Functional Theory (DFT)

DFT calculations were carried out using the VASP software package [96] using the GGA-PBE

approximation for the exchange energy and pro_tea augmented waves (PAW) [145] as basis set. For



Table 23, Table 24 and Table 25. For all calculations, the ground state energies were
reached in three steps: 1) the volume and the ion positions were relaxed(2) the stresses and forces
were relaxed|3) the tetrahedron smearing method with Blochl correction [146] was used for accurate
calculations of the ground state. For all calculations, an accuracy of 10 eV was set up in the self-
consistency loop and an energy cutoff of 400 eV was used. The magnetism of the compounds was
taken into account due to the presence of Fe. For each Fe containing compound, calculations were
made in the ferro- and non-magnetic states in orderto determine the more stable one. For the Fe-free

end-members, a non-magnetic state was used.

The energies of formations of the end-members were calculated according toEq. 46.

x y
ArH(FexWy) = Epeaw, — [—x —yEre t B Eq. 46
Epe,w,B BB D H.EEMDE A DHED®E @ EHAFe,W,E B B EEREE R @

i afeiaeiafialeia) PRRPRRREE R 2 Table 23). The results of the calculated
enthalpies of formation are given in Table 24 and Table 25 for each end-member of the Laves and the

U-phase.

2.  Density Functional Theory Phonon Calculations

In order to determine the temperature dependence of the Gibbs energy functions, phonon calculations
were done for the end-members as well as forelpure elements. The phonon calculations allow to
take into account the lattice vibrations in the ctalsand to get thermodynamic properties over a range
of temperature, whereas DFT calculations are limd to 0 K. These allowto get the temperature
dependence of the total Gibbs energy and to hised for the Calphad assessment. Our calculations
were carried out using the software package Plogy [111], which is based on the supercell method
with finite displacements [147] (also called thdirect or Parlinski-Li-Kawazoe method). The supercell

is built from the structures optimed as previously described, andisplacements of 0.01A were used
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VASP [145] was used to calculate the force constants of the different supercells with displaced atoms.
The force constants were then used in phonopy [111] to calculate the phonon frequencies and their
related thermodynamic functions (Eq. 47 and Eq. 48). Such calculations were carried out for each end-
member of the Laves and u-phases. Different sizes were used for the supercells of the Laves and the u-
phases, 2x2x2 and 2x2x1 respectively. As the c lattice parameter of the u-phase is large compared to
the a parameter, the size of the cell was not increased in this direction. Furthermore, the size of the
supercell was kept as small as possible in order to keep the computational effort and time reasonable.

Computational details for the various compounds are given with the results inTable 26 and Table 27.

In metallurgy, phase diagrams are usually shown for constant pressure (i.e. at 1 atmosphere) or the
influence of the pressure is considered negligible. Therefore, the temperature dependence of the
materials properties is not only governed by the harmonic approximation but also by thermal
expansion. The corresponding thermodynamic properties should therefore be obtained for constant
pressure instead of constant volume. Therefore, quasi-harmonic phonon calculations were carried out
for the stable end-members LI 00 0 LU0 00000 O 00000 0000000000000

ooooboobooboooooboobbobob oo oo boo oo bbb b oobbo oo ooopobot



Eq. 49).
G(T,P) = miny[U(V) + Fpn(V,T) + PV |0 Eq. 49

Where V and P are volume and pressure, respectively. U(V) expresses the total energy of the
electronic structure at constant volume [112]. The Gibbs energy curve in QHA approximation for
Fe;W is given as an example in Figure 34. The heat capacity at constant pressure is then calculated

from Eq. 50:

Cp(V,T) = Cy + VBa?Ta Eq. 50
Where Band o 1 DI DO O 0000 O0000OMDO OO0 OO OO O
Joo0poooooooDoooooo0MmMIOoo00o oD omDmmmo D&, 51:

Sora = Spn + VBa*TH Eq. 51

The volumes for the calculation of the Gibbs energy in the QHA approach were carefully chosen
around the equilibrium. Some volumes too far from the equilibrium volume (118%) were discarded as

their phonon dispersion curves showed negative frequencies. The number of computed volumes as
well as the minimum, equilibrated and maximum volumes are given in Table 21 for compounds where

QHA approximation has been computed.

Compounds - Structure Number of computed volumes Min V, Eq. Vol., Max Vol.(1)
Fe;W— Cl14 Laves phase 7 133.12, 145.86, 159.39

Fe;Ws— Ll [ a poooooooonooon
00 0umd O mm oooboooooop

Table 21 — Number of volumes and volumes of the crystal structure used to compute the quasi-

harmonic calculations.



3. Calphad modeling

The Fe-W phase diagram in this work was modeled according to the Calphad method. In this method
the thermodynamic equilibria are calculated frpmrameterized expressions of the Gibbs energies of
the various phases as a function of composition,mtperature (and pressure). In the present work, the
Thermo-Calc software [144] was used throughoWBasic information on this method can be found in

[78] as well as in the previous part Chapter II, Part III, p. 34.

This method consists on modeling the total Gibbs energf a system as explained in previous part (i.e.

Chapter II).

In the CEF, each phase with an appreciable homagéty range can be divided into a number of
sublattices on which several (but not necessarily alpnstituting atoms can beplaced. For crystalline
phases with sufficiently simple crystal structures,ethublattices can be taken or derived from the
crystallographic lattices of the crystal structure. Each arrangemémtme atom on each sublattice (=
[lconstituent array)/represents a limiting composition ofhe particular phase and is called an end-
member. All end-members have their own energies fdfrmation, most of which are hypothetical and

inaccessible by experiments. In the present wh, they were obtained from DFT calculations.

In Thermo-Calc [144], the interaction parameterlMPEA RN B2 A @A

L¢ = L + (= x) + 2L (- x) o+ "L (g — x)"E Eq. 52

The Li_jn [ @ B [ ERERe Eq. 53). Typically, parameters up to second order

are used.
“LY, = A+ BTH Eq. 53

In a Calphad assessment, the end-member energies (G-terms) and interaction parameters (L-terms) are
derived from available experimental and thermodynamic data. Results from atomistic simulations can

either be used directly as functions of temperature or in the same way as experimental data.



3.1.  Substitutional solutions: Liquid, BCC, FCC

The liquid, BCC and FCC phases are described using substitutional solutionmodel (one sublattice

model). The molar Gibbs energy is given byEq. 54:
GE = xpe °GE, + xy °GE + RT (xpe InXpe + Xy INXyy) + XpeXyy Loy @ Eq. 54

Where Xg, xy @ are mole fractions of Fe and W respectively. G20 B E B B@MA

@ @ [LE, 8 izifeia]eiafieiaeiafeall aizigiailifeileidleiala

L‘l-’f]- a2 2 B B B REREGR 52 with linear temperature

dependence (Eq. 53).

3.1. A-Fe;W Cl4-Laves phase

The C14 AB; Laves phase crystallizes in the hexagonal Mg n; structure with three different Wyckoff
positions (A on 4f, B on 2a and 6h). The Laves phase is shown as a line compound in the experimental
Fe-W phase diagram and has been modeled by Gustafson [48] as such. At present, a two-sublattice
model (A,B)2(A,B); is frequently being used and has been implemented in various databases. In the
two-sublattice model, the2a and 6h positions are combined into one sublattice resulting in Fe,W)

(W,Fe); for the FoW phase and the following expassion for the Gibbs energy:

GC14 = yl%"eyﬁ/Glge:W + y&/ygeGl(/)V:Fe + :VI}Vyﬁ/GI(/)V:W + yl‘}‘eylgeGlge:Fe
Eq. 55
+ RT2pelnyge + yiyinyw) + Vhelnyfe + yiylnyf,)1B 1
where Yy, 0 B BE B feialealilo [l Waleale Gl

DRPRERE L RQRDRDAEERERD ARERR A AR BRE B B B ERREERR @ @ B
AR AR A-A A RE AR EAC D REDN A RARAEE @E B B
i e e e e v O e Y a2 2 e a2 e e e

B Q@ Qe RRREE A2 A E




3.2.  u-phase
The u-phase shows a small homogeneity range accordig to the experimental data 4447 that is

shifted towards the Fe-rich side of the system athigher temperatures. Furthermore, this phase has a
deficiency of W. The common four sublattice model Fe,W)(W)4(Fe,W),(Fe,W); combining two Fe-
free 6¢ positions (x=0.333 and x=0.165) into one has been used. According to experimental and
theoretical investigations of this phase [85], thismodel allows to cover the whole homogeneity range
and is compatible with other systems. According to this sublattice model, the atoms are distributed

over the different Wyckoff position as showed in Table 22.

Space group R-3m, No. 166

Wyckoff position

3b 661, 602 6C3 18h

(Fe,W) (W) (Fe,W), (Fe,W)s End-member
Fe A%\ % Fe Fe FoW,
W A% Fe Fe FeWs
Fe w w Fe FeWs
W W w Fe FeW,
Fe w Fe W FeWio
W W Fe W FeWn
Fe W W W FeW,
w W W W Wi

Table 22 - Atoms placed on the different Wyckoff position constituting the different end-members in
the u phase according to the four sublattice model [85] and name of the different end-members

according to this model.

The general expression for the Gibbs energy of the u-phase is given by Eq. 56:



G* = YieYiyYieVieGRew reire T VeV VieYi Ghew rew Eq. 56
+ VeeYiyVivYieGRewwire + YEeYivViyViv GRe:w:ww
+ YWY YieYieGirw reire + YWY Ve Vi Givw rew
+ YWY YivYieCirww-re + YirYirYiv Vv Gyy-woww
+ RT[(ygelnyge + yirlnyipy) + 2(yR.Inyd, + yiyInyiy)

+ 6(Vrelnyge + yiInyy)]B

No interaction parameters were includdl in the description of this phase.

4. Optimization method

The optimization of the phase diagram was done using the PARROT module implemented in the
Thermo-Calc software [144]. PARROT is based on the least-squares method and allows fitting
parameters in the mathematical model chosen fidie description of the phaseso that they represent

the available experimental data.

Each phase of the Fe-W system is modeled separatellor the pure elements Fe and W, we used the
unary database from SGTE according to Dinsdale [81] in order to stagonsistency with other work
and existing databases. The two intermetallic compounds (i.e. C14 Laves and[] [T/ /T[T (] [

gboobboboobommuoboooouomoon
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4.1 BCC, Liquid, FCC

For these phases, we used tle values of the excess energy given by Gustafson 4[| assuwting values
for our optimization. We started the assessment proedure with the liquid. In addition to the phase

boundary data Y jhere are thermodynamic data given on the Fe-ridi i | I3 |sile of the system.



Table 20). While data are well known on the Fe-rich side on the phase diagram, there are less data on
the W-side due the experimental difficulties caused by the high temperature and slow diffusivity. In
order to model this side of the phase diagram, we used the data from Sinha and Hume-Rothery [44] for
the temperature and the composition of the liquid (i.e. 1910 K and 20.6 at. % W). However, the
composition of W-BCC was taken from Ichise et al. [143] (i.e. 97.4 at. %), as these data are in
agreement with the extrapolation of the data from Antoni-"diobek et al. [47] to higher temperature.
The thermodynamic data were used with lower weight than the phase boundaries. The data of
Sudavstova [148] were only taken with a weight of 20 % of the data from the phase boundary data. A
higher weight on these data resulted in a too stable liquid phase which would be inconsistent with the
experimental phase diagram data. As previously mentioned in the literature part, the data from [148]
are not well documented and can only be used with care. Lowering the weight on the thermodynamic
data allowed to converge the optimization of the excess Gibbs energy for the BCC and Liquid and to
provide a consistent description in good agreement with experimental data points from the literature

[44,47].

At the last step of the optimization of the li quid and BCC phases, we introduced phase boundary data
at lower temperature from Takayama et al. [151] ad Antoni-Udiobek et al. [47], in order to check
their reliability with the actual description of the BCC phases. As these results immediately were in
good agreement, full convergence and agreement between the experiments and the calculated values

were quickly reached.



4.2 FCC

The excess Gibbs energy of the FCC-phase was optimized separately from the BCC and Liquid. This

phase forms a closedy) [1 [ 00 000000000000 OMMO0 00000 @mmome oo
goob0ooooo0boibii MMM oo b0 b 00 @D [ [ [
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4.3 The intermetallic phases: Laves- and u-phases

As already mentioned in the prevbus section, two different approaches were taken for the description

of these two phases. They will be described in the following section.

a) Using 0K enthalpies of formation from DFT calculations only

The calculated values of the enthalpy of formation from DFT simulations were used in the description
of the different G-parameters of the end-membersof the intermetallic phases. The data describing
Upurel] endinembers, i.e. those containing one elemen t only, were taken from the literatue 3 137 |
For DD M OO0 0D0DDNDODMOODOO0000000000DDD OMOMOD 000
gooooooogoooooodobbibmhimmooDoDoD 0000 o m Onoiorim o
0000000 mMmoo0o0o00o00doND@moomnD g0000[Table24 and Table
25, these values are in good agreement with the calculated end-member energies from the present

work.

In the Calphad formalism, the enthalpy of formation in the Gibbs energy descriptions of the end-
members typically refers to the pure elements (i.e. Fe, W) as given by the GHSERXX functions from
Dinsdale [81]. These functions do not include magnetic contributions, which are added separately (for

Fe in this case). In the DFT calculations magnetism is taken into account. If the enthalpies of



b) Finite temperature DFT

The results from the phonon calculations (harmoniend quasi-harmonic approximations) were used to
obtain a temperature dependent description of the endiember Gibbs energies. They were treated as
mathematical functions following the polynomial conventionally used in the Calphad approach as

shown in Eq. 57:
G =A+ BT + CTIn(T) + D,T? + D;T3® + D_, T~ Eq. 57

This polynomial can in principle be extended to a higher power series as a function of temperature, but
becomes more and more complex without contributing to the improvement of the fit to experimental
or calculated values. It has to be noted that in any case this polynomial cannot be extended to low

temperatures (1100K). The heat capacity is derived from this function and is given in Eq. 58:

092G , . Eq. 58
577 ) = —C = 2D,T — 6D5T* = 2D_,T

Cp(T) = —T(

Close to the melting temperature of the compound, the experimental heat capacity curves often show a
nonlinear tendency. The D3 parameter allows to take into acwunt this effect. In the present phonon
results, this non-linear behavior of the heat capacity was not found so that the I} parameter was not

used except for the description of the Fe;W s end-member.



Eq. 58 from 100 K to their high temperature
limits using a nonlinear least squares fit. The B parameter of the Gibbs energy function Eq. 57) was
then obtained by fitting the previously obtained parameters (C and D)) to the entropy curve of the
phonon calculations. The resulting parameters {[able 26 and Table 27) were used as starting values for
the thermodynamic assessment of the Fe-W system. For the hypothetical end-members, the
parameterized Gibbs energy functions were used directly without modification in the assessment. The
parameters of the N0 oot bogogogt ot b bbb o b
Jooooooooobt 0 ooy Mmoo oo og

oobooooooob 0 bigIn 0bho b oo o bbb oo b0 0 b bbhOo00bD oo oD 000 oo

000000 DO00o0o0o00DoIImIIm™ 00 00 000 O 0 00000 Figure 40).

The obtained parameters are given inTable 27.

III. Results and discussions

1. DFT calculations

The results of the energies of formation of the pure elements Fe and W as well as their lattice
parameters (output from VASP) are given fwble 23 where they are also compared with available
literature data. A lower energy than in the literatue [38,88,107] was noticed in the present work. For
Fe, this can be explained by the use of the highest numbers of k-mesh points in the present work, while

for W there is no information about the k-mesh in the literature [107].
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Table 23 — Energies and lattice parameters of Fe and W in their pure stable state bcc compared with

literature.

For the different end-members present in thestym (e.g. Laves and [J-phases), the enthalpies of
formation were calculated according f&y. 46. Enthalpy of formation results are presented in Table 24
and Table 25 with their respective optimized lattice parameters for ferro- and non-magnetic states and

a comparison with available literature data. God agreement with literature data can be seen.



gooo ALl gooo
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goo-o
oooog s -2.83 4.659 | 7.757 | 145.86 | -0.966 | 4.668 | 7.618 | 143.76 | present work
Calphad,
-8.93 - - - - - - -
present workl
00 11x11x8 0.68 4.678 | 7.587 | 143.79 VASP, [155]
-2.54 Exp., [154]
-1.85 Exp., [148]
-3.07 4.71 7.72 | 1483 | -0.75 | 4.699 | 7.61 | 145.5 | VASP, [117]
11x11x7 82.29 5.152 | 8.19 |188.29 | 82.29 | 5.152 | 8.19 |188.29 | present workl
WzFe
o0 11x11x8 82.6 5.15 |8.1865 | 188.04 VASP, [155]
0 11x11x7 16.69 4.68 7.63 35.86 | 4.511 | 7.278 | 128.28 | present work
ooo 11x11x5 14.71 4.68 7.62 | 144.3 | 35.42 | 4.531 | 7.288 | 129.6 | VASP, [38]
uooo 38.81 - - - VASP, [156]
FeFe
24x24x24 14.7 4.69 | 7.668 | 146.1 VASP, [157]
31.1 - - - VASP, [137]
11x11x8 38.27 4.53 7.23 | 1285 VASP, [155]
11x11x7 44.18 5.19 | 8.58 |200.15 | present work
11x11x8 44.4 5.19 | 8.57 |199.92 | VASP, [155]
W, W VASP,
43.7
[137]
10x10x10 - - - VASP, [120]

Table 24 — Enthalpies of formation of end-members in C14 Laves phase compared with literature

[38,117,137,148,154—-157].



At oooo ALl oooo
OooofBp 00000 |ooofjp D0moo
OoBro|lood ooo-bonBo oog ooo

ooog 0.46 4.69 25.35 6.15 4.66 | 24.87 Present work

000 Calphad, presenf
5.8 - - - - -

work

FegWs 9x9x5 6.01 4.75 25.72 8.02 4.74| 25.11 Present work
4x4x1 -3.24 4.73 25.9 -0.46 4.74| 25.56 Present work
Calphad, presenf

-8.17
Fe;We work
-0.71 Exp., [148]
pl
2252 475 2577 -0.71| 4.743| 2530 [117]
0Oood
9x9x5 -0.975 4.81 26.02 0.44 4.82 25.74 Present work
FesW; Calphad, presenf
-5.2

work

FesWyo 9x9x5 33.086 5.10 26.86 37.45 5.07 26.79 Present work
Fe;Wiy 9x9x5 37.245 5.13| 27.098 41.08 511 27.30 Present work
FeWy, 9x9x5 28.89 5.12 27.47 34.02 5.11| 27.46 Present work
9x9x5 34.53 | 5.122| 28.347 Present work

Wi
36 VASP, [137]

Table 25 — Enthalpies of formation of the end-members in the u phase in Fe-W system compared with

literature [117,137,148].

For the Laves and the u- phases, the DFT calculatons suggest that most of the end-members
containing Fe are more stable in tleir ferromagnetic state so that these data were used in subsequent

calculations.



2.  Phonon results

In the phonon calculations, the stabilities of the end-members of the Laves and the [I-phase were
checked using the phonon dispeion curves. For some (hypothetical) end-members, negative
(imaginary) phonon frequencies were found in theéspective dispersion curves. They are the result of
so-called mechanical instability of the structusé compositions of hypothetical end members that do
not exist in reality but are nevertheless needé¢d compute the homogeneity ranges of the phases. In
particular, mechanically unstable end-members were found in the [J-phase fosWe, FesWs and
FeW,. Several different sets of k-paits were tried, but all testedet ups showed negative phonon
frequencies. For example, in the K%, end-member Fe is placed on the 6¢ (z=0.052) position (see
Table 22), whereas in the stable structuie this site is occupied by only W (experimentally proven and
thermodynamically stable). Thus, the 6c position is highly unfavorable to be occupied by Fe.
Furthermore, this end-member has a stoichiometry close to the composition of the Laves phase which

is thermodynamically stable. Due to these reasons, no optimized structure reached a local minimum in
the configurational space [83] leading to mechanicalinstability of the end-member in the phonon
calculations. Negative phonon frequencies can be observed in a high amount. If in some cases these

negative phonon frequencies can be seen as a residual artifact anda new optimization of the geometry

of the crystal structure is necessary it isnot the case here. The dispersion curves of W [ (1 0 00000
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In addition, the heat capacity at constant pressure for FeW is given.
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Figure 32 — Calculated heat capacity at constant volume from phonon calculations for the different
end-members in the Laves phase. The heat capacity at constant pressure of the stable compound Fe; W

is given as black line obtained from quasi-harmonic approximation phonon calculations.

For FeW s, using 9x9x5 k-mesh points provided higher energies when optimizing the geometry than
using a set of 4x4x1 k-mesh points. For both sets of k-mesh points, we used the optimized structure to
compute phonon calculations. Using optimized geometry from 9x9x5 k-mesh point, negative phonon
frequencies were present whereas this was not the case for the structure from 4x4x1 k-mesh points. To
calculate the thermodynamic properties we used the optimized geometry structure from 4x4x1 k-mesh

points as it represents the local minimum ground state for this structure.

The heat capacity curves are given in Figure 32 and Figure 33 for the Laves and u-phases,

respectively. All the computations of the heat cap acity at constant volume reach the value of Dulong-

Petit of 25 J.mol.atom™ at high temperature. For the Calphad modeling, they have been described as
given in Eq. 57. The obtained parameters are given in Table 26 and Table 27 for the different end-

members in the Laves and u-phases, respectively. Nevertheless, for the thermodynamic modeling, the

pure end-members AU HIOND (D000 00 h 00000 MOOD0 O OO0 O0000 MO0

ooooooobobobobbommo oooDooooogoo MmoOdmoog



Eq. 57 to describe the heat capacity curves of the phonon results were then adjusted from

optimization when necessary.
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Figure 33 —Heat capacity at constant volume and pressure for the different end-members in the u

phase. The data of the end-members which showed imaginaries frequencies are not shown here.

Magnetism | SC A B C D, D
FeFe M 2x2x2 50070 397.02 -72.02 -1.125e-3 | 181868.8
Fe; W M 2x2x2 -8490 397.1 -72.11 -2.93e-3 190812.9
FeW, NM 3x3x1 246880 |368.55 -73.41 -2.93e-4 95255.9
ww NM 2x2x2 103590 |374.94 -74.15 -2.94e-4 97122.9

Table 26 — Optimized parameters obtained by fitting the phonon results to Eq. 58 for the end-members
in the Laves phase and used as starting values for Fe:W and W:Fe description on the thermodynamic

phonon phase diagram (SC: supercell).



Table 27 — Fitting of the phonon heat capacities curves for the u phase according to Eq. 58 and used

as starting values for the thermodynamic modeling of the phonon phase diagram.

The stable end-members (i.e. N 0O Opd 00O 00wl B0 0000000000000 00000000
000oo0oooooD00ooooDo000i0NDDOIDDNOoO0O000D000D0D0OD0AMNOODOo0OC
O 00w 000000 o0oonooooononndd miFghre 34, Figure!

35 and Figure 36, where for each volume point the phonons were calculated. From these calculations,
the heat capacity at constait pressure is obtained (Eq. 50). The heat capacities at constant pressure for
AD D0 O 0 pld W0 0 O [0 Figure 39 and Figure 40. The fitted results (Eq. 57) were then used

for the descriptions of these end-members in the phonon phase diagram.
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Figure 34 — Gibbs energy of Fe;W in QHA approximation as a function of the unit cell and
temperature. The minimum values of the fitted thermodynamic calculations are given by the red

crosses
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Figure 35 - Gibbs free energy (G (V, T)) of w-Fe;Ws calculated using the QHA approximation. The
point denotes the calculated G (V, T) at different volumes, the red crosses are the minimization of the

curve according to the Vinet equation of state.
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Figure 36 - Gibbs free energy (G(V,T)) of u-FesW7 calculated using the QHA approximation.

3. Thermodynamic optimization

As mentioned in the previous part the liquid, BCC and FCC phases were modeled independently from
the DFT and phonon calculations. Nevertheless as last step of the optimization, the use of DFT and/or
phonon calculations influence the interaction parameters of the BCC phase. It turns out that the Lo
parameters of the BCC had to be adjusted depending on the use of the DFT or phonon. As the BCC
phase is in direct interaction with the Liquid and FCC phases, their Ly parameters were also adjusted

depending on the use of DFT or phonon calculations.

3.1. DFT based phase diagram

The end-members of the intermetallic phases were defined with their respective enthalpies of
formation obtained from DFT calculations (Table 24 and Table 25). The enthalpies of formation of
several end-members were optimized using the calculated enthalpies of formation as experimental
values as the function of pure Fe described by the GHSERFE function [81] which does not include the
contribution of magnetism. The obtained optimized enthalpies of formation are given in Table 24 and
Table 25 and compared with the DFT values. There is a difference about 8 kJ.mol! per Fe atom (see

Figure 24) arising from the magnetism of Fe which is not included in the Dinsdale polynomial [81].
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000000000000 OomomoO 00 o 0 Tablél28 . The calculated phase diagram
obtained from this optimization is shown in Figure 37 compared with experimental data. The

calculated invariant reactions obtainedfrom this phase diagram are given inTable 30.
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Table 28 — Thermodynamic parameters for the description of the DFT phase diagram.
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Figure 37 - Calculated phase diagram (solid line) using DFT calculations for the description of the
end-members compared with experimental data [44,45,47,143,151-153]. a) Full range of the phase

diagram, b) Congruent point on the Fe-rich side, ¢c) Gamma loop.

3.2.  Phase diagram based on phonon calculations

The calculated phase diagram obtained using phonon calculation is given ihigure 38 and their
respective parameters in Table 29. The particularity of our phonon cakulations is that they describe a
Gibbs energy function for a fixed site occupation as they are calculated for each end-member whereas
the phase itself is described by a mixed occupation, which is modeled by the sublattice model

formalism. The principle of the Calphad method is the minimization of the Gibbs energy, the

calculation of the phase diagram is done by using the site fractions that minimize it. The use of phonon
results can easily be handled for the description ofordered phases as e.g. the Laves phase. However, in
the case of the u-phase e.g. the Fe;W s stoichiometry can be achieved by full ordering on the sublattices
or mixed occupancies. As Thermo-Calc minimizes th e Gibbs energy of the phase over the sublattices it
results in a mixed occupancy for a given composition while the phonon data were generated for the
ordered end member. As a consequence, the Gibbs energy for the composition Fe;W s obtained from

Thermo-Calc and phonon calculations deviate. In owder to make comparisons with phonon data for the
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Figure 38 - Calculated phase diagram with phonon calculations for the description of the end-
members compared with experimental data [44,45,47,143,151-153]. a) Full range of the phase

diagram, b) Congruent point on the Fe-rich side, c) Gamma loop.

As the description of pure Fe does not include the magnetic contribution in the description given by
Dinsdale [81], we optimized the enthalpy of formation of the end-members in the same way as in the
DFT based phase diagram. The hypothetical end-members that are highly unstdle had no need to be
adjusted, whereas the stable end-members had to be fitted to the DFT results (Table 24 and Table 25)
used as Uexperimental] data. The enthalpy of formation of Fe oWy also had to be optimized as it
influences the phase boundary of the u-phase on the Fe-side and also the Laves phase temperature

dependence. For the mechanically unstable end-members (no heat capacity description from phonon
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Table 29 — Thermodynamic parameters for the description of the phonon phase diagram.
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Figure 39 — Heat capacity of Fe:W Laves phase calculated from phonon quasi-harmonic

approximation (C,) and Calphad.
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Figure 40 — Heat capacities of p-Fe;Ws calculated from the phonon thermodynamic assessment

compared with results from quasi-harmonic approximation.

3.3. Comparison of the phase diagrams

The two proposed optimized phase diagrams calculatd from the respective datasets are given in

Figure 41. In their general outline, they show a good agreement, and only differ in homogeneity range

of the u-phase. In the description of the phonon-based phase diagram, the homogeneity range of this
phase is slightly bigger and has a phase boundaries with more pronounced curvature. In both phase
diagrams, the homogeneity range of the p.) U D 0 DOIDMOMD O [MOODOO00O00C0O0O0O0000

Mmomoobbooooobooo
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Figure 41 — Comparison of the two optimized phase diagram, with solid lines the calculated phase

diagram from DFT and with dotted lines the calculated phase diagram using phonon calculations.

For both phase diagrams, the data of the invariant reactions are listed Table 30 with their respective
temperatures and phase compositions. The calculated invariant reactions from both phase diagrams are
in very good agreement with experimental data (Table 20). The largest deviation from the experiments
is found for the congruent melting point of the BCC phase given at 1802 K by Sinha and Hume-
Rothery [44] and calculated at 1806 K using our tlermodynamics descriptions. The difference of 4 K
is considered acceptable due to the use of a melting temperature of BCC-Fe by Sinha and Hume-

Rothery [44] 5 K below the currently accepted temperature in [45].
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Table 30 — Calculated invariant reactions obtained from the optimized phase diagrams based on DFT

and phonon calculations.

The calculated enthalpies of mixing of liquid as a function of composition at 1 00 K are shown in

Figure 42, where good agreement with the data from Sudavstova [148] can be seen.
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Figure 42 — Enthalpy of mixing of liquid at 1900 K calculated from the DFT and phonon optimized

phase diagrams compared with data from Sudavtsova [148].

The two optimized phase diagrams show that withihe progress of atomistic simulation (i.e. DFT,

phonon) allow to access thermodynamic propesiof intermetallic phases where experimental



Conclusion

In the present work, computational tools (DFT, phonondre used to describethe two intermetallic
phases (Laves and [J-phases) where thermodynamic data were missing or controversial. As any
optimization of phase diagram can be better dedleed with better knowledge of the thermodynamic
properties of the intermetallic phases, DFT amghonon data are useful tool to obtain missing

thermodynamic data.

The use of phonon calculated data could be seen as a great advantage for the description of the
thermodynamic data where there are no experinadndata. Nevertheless, their use should be taken
with great care as they can lead to the creation of an artificial miscibility gap due to the minimization

of the Gibbs energy through the sublattice as implemted in the different Calphad software codes.

In conclusion, the phonon data can be used for atber description of [lordered | phases (e.g. the Laves

phase in our study). However, for partially disordered phases they should be used with care.

The two proposed phase diagrams have shown tme consistent with the thermodynamics of the
system. Two versions of the phase diagram are presed in order to leave the choice for the next user

which description to be usedn higher order systems.



Chapter V — The Cr-Fe-Nb system

Introduction

In the present study, the Cr-Fe-Nb ternary systems evaluated experimentally (isothermal sections,
solidification and thermal behavior) and compuéatilly (DFT and Calphad modeling) in order to
have a full understanding of the phase equilibria. The present experimental data were used for the

thermodynamic optimization of the system.

The study of the Cr-Fe-Nb ternargystem is divided in three different sections dedicated to the

different aspects of phase equilibria and methods for their determination as follows:

e Experimental determination of the isothermal sections at 700°C, 1050°C and 1350°C
e Thermal and solidification behavior of the Cr-Fe-Nb system

e Thermodynamic modeling of the Cr-Fe-Nb ternary system

Literature

A literature survey had been given in the literatwmrvey (p. 25). The syséem has been studied by
Kaloev et al. [66,67] at two different temperatures (i.e. 700 and 1000°C), including the determination
of phase equilibria using quantitative SEM. Their results are reproduced in the system report of

Landolt-B rnstein [69] with a few modifications du¢o new findings in the limiting binary systems.

To the knowledge of the literature, this system doesn( /'t contain any ternary compound. In contrast a
high solubility of a thrd element is observed in the bimy phases. BCC-(Fe,Cr) form a mutual
continuous solid solution at high temperatures. The dissolution of Cr in the binary phase GINbFe
laves phase is particularly high. This phase is parted to form a quasibinary system with the
corresponding GNb HT and LT (C14 and C15) phases whichave limited solubility of Fe [158].
This would correspond to a local minimum in the ternary system as it is below the binary invariant

reaction. This postulation, however, has not bepwoven until now and needs to be checked.

Mansour et al. [159] have investigated the tempeuaé dependence of the Cr-Fe-Nb system in the Fe-

rich corner. In their investigati they never referred to the existing knowledge of the system. They
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Phase Pearson | Space Struktur Prototype | Lattice
Symbol | Group bericht parameters
designation [pm]

(Fe) cl2 Im-3m A2 W 286.64

y-Fe cF4 Fm-3m | Al Cu 365.99

(Cr) cl2 Im-3m A2 W 288.4

(Nb) cl2 Im-3m A2 w 330

CrNb cF24 Fd-3m C15 MgCu 518.6

Fe;Nb hP12 P6/mmc | C14 MgZn a=484.14
¢=789.33

Fe;Nbg hR13 R-3m D§ Fe; W a=492.6
¢=2680

c0000 O O Oo0o@ddd c0000OpOO

0 0 0 0 0 aooogo

oo o oo 0 0 [l [

ooood Jpo  oopo o o og ooop o

Table 31 - Crystallographic data of all phases involved in the present study of Cr-Fe-Nb.

I. Experimental determination of the isothermal sections at 700°C,
1050°C and 1350°C

1. Experimental

Samples in ternary systems have been preparfxbm high purity metals Fe (MaTeck, 99.99 %), Nb
(99.99 %, MaTeck), Cr (99.99 %, Alfa Aesar) by levitation induction heating method under high
purity Ar atmosphere on a home-made device. The levitation chamber was evacuated taiar and
refilled with Ar before melting the samples. The samples were then melted at least three times and
turned upside down after each melting process in order to ensure a good homogenization of the
samples. After alloying, the totahass of each samples was checked, thloss was less than 0.7 % from

the predicted mass.

In the first step, the samples were crushed into several pieces and checked carefulth wespect to

inhomogeneity. No samples were found with inhomogeneity.

In the present work, three different isothermadnperatures, 700°C 1050°C ah1350°C were studied.
For the two lowest temperatures, the samples wepéaced in alumina crucibles that were sealed in

evacuated quartz tubes (fOmbar) and placed in a tubular furnace under Ar. Samples to be annealed at
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2. Results and discussion

Information about the crystal structures present in the system are givefiutiie 3/. The selected
samples for each isothermal section are given inTable 33, Table 34 and Table 35 with their respective
annealing time as well as their chemical composition determined by EDX and their crystallographic

structures obtained from XRD.

From the results obtained by SEM/EDX and XRD as given in Table 33, Table 34 and Table 35, the
three isothermal sections at 700, 1050 and 1350°C were constructed and are given inFigure 43,

Figure 44, Figure 45, respectively.
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Figure 43 - Isothermal sections of Cr-Fe-Nb given at 700°C. The results showed in dashed line were

extrapolated from higher temperature isothermal sections as well from binary data.

In the 700°C isothermal section, some of the results were extrapolated from higher isothermal sections,
binary systems and from Kaloev et al. [67] in order to determine the different three phase fields that
could not be determined with our selected samples. The results from the extrapolations are indicated

by dashed lines.

The main features of this phase diagram are the extension of the two binary Laves phases (C15 on the
Cr-Nb side and C14 on the Fe-Nb side) into the ternary, resulting in broad homogeneity ranges (see

Figure 43, Figure 44 and Figure 45).

The change of Laves phase polytype is featured by a narrow two phase field region. The (Fe,CrhNb
laves phase crosses the whole phase diagram and cuts itinto two parts. On the Fe-Nb side, there is an
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Figure 44 - Isothermal section at 1050°C. Phase equilibria are drawn according to the experimental

results given in Table 34.
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Figure 45 - Isothermal section at 1350°C according to the experimental results from SEM/EDX and

XRD given in Table 35.



2.1 Extension of C15 and C14 laves phase (Fe,Cr):Nb in the ternary system

The three different isothermal sections Figure 43, Figure 44 and Figure 45) show an extension from
Fe:Nb to CroNb of the Laves phase with a change of polytype at low Fe content on the Cr:Nb side.
The C15 laves phase is stable in the Cr-Nb binary system over the complete temperature range up to
its congruent melting point [18,28,29], whereas the C14 laves phase type is stable in the Fe-Nb binary
system. It is a common phenomenon that small additions of a third element result in a polytype

change | see for example the effect of Al in Cr-Nb-Al [18,160].

The addition of Fe to Cr.Nb implies a change of structure polytype from C15 to Cl4. The two

structure polytypes, cubic C15 and hexagonal C14 awre closely related [10,18,160]. The change of
structure polytype is due to an increase of the electron concentration by adding Fe, more favorable as
C14 structure polytype. Furthermore the Cl4 crystal structure is more flexible with respect to the
addition of a third element [160,161], which results in the frequent occurrence of C14 type Laves

phases in ternary systems.

The C15 Laves phase can dissolve a certain amount of Fe, estimated up to 7 at. % by Grujicic et al.
[68] at 1200°C. The two higher isothermal sections (Figure 44 and Figure 45) of the present work
suggest a lower amount of Fe dissolving into the C15 laves phase (3.6 at. % Fe at 1050°C and 5 at.%
Fe at. % 1350°C). By increasing the temperature, a higher amount of Fe can be dissolved into the C15.
The dissolution of Cr into the C14 is also higher at higher temperature (i.e. 59.2 and 61.9 at. % Cr at

1050 and 1350°C, respectively).

Due to the structural similarities, the two phase field [C158r[] C14-Fe ;Nb] is difficult to
determine and was established from the combined results obtained by SEM, EBSD and XRD. With
microstructure evaluations from SEM, it was not possible to distinguish the two different Laves phases
(see Figure 46). Nevertheless, the XRD evaluation suggested the presence of two different Laves
phase polytypes in the relevant samples (21, 22, 48, 49 on the Cr-rich side and samples 24, 25, 45, 46

on the Nb-rich side, see Table 34). Electron backscattered diffraction (EBSD) was therefore employed

for the evaluation of the two phase field. EBSD phase maps are shown as examples for two different

samples 22 (CrsoFesNbss) and 25 (CrsiFesNbyy) (Figure 47) annealed at 1050°C on each side of the



Figure 47. The two different
polytypes of Laves phase can then be observed as a fine microstructure (ult and pepper’] mixture).
From these results, we estimated the two phase region C14-C15 to be about 4.9-5.8 at. % at 1050°C

and about 2-2.8 at. % at 1350°C. On the Cr-rich side the two phase field region is narrower.

Figure 46 - Metallography investigation of sample 25 (Cr54Fe6Nb40) in the three phase field

(C15+C14+Nb) annealed at a) 1050°C, b) 1350°C.
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Figure 47 —EBSD phase maps for the 1050°C isothermal section for the determination of the phase
field between the C14 and C15 Laves phase together with the evaluation of the structures with XRD.
For the two upper pictures, the different colors represent, red=C14, blue=C15 and green=BCC.

On each side of the Laves phase, the lattice parameters, volumes as well as c/a ratio in C14 were
determined from samples placed along 25 and 40 at.% Nb and annealed at 1050°C and 1350°C,
respectively (Figure 48 and Figure 49). The lattice parameter in the C14 laves phase follow a linear
tendency with the increase of Cr content which is consistent with a continuous solid solution. There is
then a discontinuity on the lattice parameters once the system reaches the boundary of the two phase
field (C14-C15), this is shown by the dotted line in Figure 48 and Figure 49. The lattice parameters as
well as the c/a and volumes show a deviation from the linear tendency observed at higher Cr content.
At 1350°C, the two phase field region is reached at 56.1 at. % Cr showed by a break in the increase of

the linear tendency of the c/a ratio.

115
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Figure 49 — Lattice parameters and c/a ratio of the C14 phase at 1350°C along the section of 40 at. %

Nb.

Some samples show the presence of C36 laves phase structure (Sample 47 at 1350°C for example, see
Table 35). Grujicic et al. [68] also found this phase in their investigation on the addition of Fe into
Cr2Nb. This phase is metastable and is an intermediae phase between C14 and C15 [14], its formation
was found in samples which are close to the boundary between the two phase field and the C14 phase.
The C36 phase forms during quenching, which can be difficult at high temperature and if done too

slowly result in the formation of this phase.

2.2 The Nb rich side

With the highest melting point from the three pure compounds, Nb solid solution extends into the
ternary system with an increase of solubility of Fe and Cr by incredng the temperature. The Nb solid

solution forms two three phase fields:

- Athree phase field is formed on the Fe-Nb side, Nb is in eluibriumvith the 1 (1 [ (1 [ [J
00 Mmmm O Figure 50)]
- On the Cr-Nb side, where Nb, C15 and C14 laves phase are in e[Juilibium and form a

namow three phase field region. This gleas already previously discussed.
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Figure 50 — Backscattered electron SEM images of the microstructure of the sample 28

(Cri4Fe34Nb55) annealed at a) 1050°C and b) 1350°C showing the three phase fields Nb+u+CI4.
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Figure 51 - Lattice parameters of the u phase as a function of the Cr content after annealing at

1050°C and 1350°C.

In the isothermal section at 1050°C, for several samples surrounding thepl) [1) (10 [ 0 [0 [0
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Table 32 — Refinement of the crystal structure T (7).

In the ternary Cr-Fe-Nb phase diagram, Kaloev etal. [66] did not mention the presence of this phase.

In addition, Malfliet et al. [164] investigated the influence of oxygen on Cr-Fe-Nb (in the Fe-Nb rich

side). For the samples without oxygen treatment, their findings agreed well with the results of Kaloev

et al. [66]. Nevertheless, they found that only a small amount of oxygen can lead to the formation of a

quaternary phase with a structure type NiTb. Our evaluation of the crystal structure T shows that Nb

occupies the 48f Wyckoff position, Fe and Cr shared the 16d and 32e positions. Refining the atomic

position showed that Fe and Cr shared at 1:1 the 16d position whereas Fe fully occupies the 32e

Wyckoff position. This finding is in very good agreement with the results of the oxygen treated Cr-Fe-

Nb samples of Malfliet et al. [164] (see Table 5 of the original paper). As shown by the literature
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2.3 The Cr-Fe side

In the binary Cr-Fe, there is one intermetallic phases() 110110000000 00 0000000 0000 0
JooooooooodoD ogoo oo oo Do 0DhDou0 D00 0 000 b0 00 0000 ooobooooogg
J0esboonD oooobbobo oo oo o oo o b b oo O oo oo Do Do o &
000oO00o0ooooooopod 0 0 0hmOmmm o0 000 0 00 0000000000000 ooooog
00000000oooDon 00D OFigurelS2 0OO0O00O000 OO O OO a) and the XRD

evaluation (Figure 52b).
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Figure 52 — Microstructure and XRD analysis of the three phase field C14+c+BCC on the Fe-Cr-rich
side at 700°C. a) SEM image of the microstructure of the sample 15 (Cr38Fe57Nb5) annealed at
700°C showing the three phase field equilibrium between BCC, ¢ and C14 Laves phase and b) XRD

evaluation of the sample.

At high temperature (i.e. 1350°C), the Cr-Fe side of the phase diagram features by a continuous solid
solution of BCC-(Cr,Fe) phase. At lower temperature (i.e. 1050°C) this phase is interrupted at low Cr

content by the FCCy[] [ [ 01 [0 [0 0 0 0 01 O OO0 O 0 0 0 ) e e e o



Conclusion

Three isothermal sections of the Cr-Fe-Nb phase equilibria were presented.liélis work highlighted
the phase field region of the twdlifferent Laves phases as these iermetallic phases are of primary
importance for the development of high temperature materials. It was not found that Nb dissolwéd in

Joooodooooooooodob ooogo b o



Do00L 1P paauun sajdwws Jo qyx puv XAZ/WAS £q sis{ppup asvyd ayj fo synsay - €€ 2]qv ]

1°€6 &3 S'¢ (V)9°67e=¢ we-uy @an)

89 £9¢  OLI | (8)°L69T=> (18'E6h=¢ we-y LINGEY § “w m%c_b 0SANOEIA0TID
LyeE S8 697 |(D886L=> (P)I'68p=t | Odwu/9q ANTID9) ° 0€
667 6€€ 79t |(@rseL=> (S)s98p=¢ ouru/f9q ANTID?) P 801 ..

70 681 €8 (h)1g8z=t | wg-wy (D%a)-09q | D00,  OTINTEMSYID 0z
78T €St s9r [(©)968L=> (£)6'LLb=t ourw/f9q ANTID?) P 801 Sabea

o TIE  L'89 (S)L'96T=¢ | wg-ury (D%a)-09q | D00 OTANOEAVSIO 61
gLz 89r sst [(0T96L=> (Dsv8pr=t ouru/f9q ANTID?) P 801

00 L'SE €9 9 T6T=" we-wy (1D%90)-q | Do00L SANSEIALSID 8T
887 96vr 917 |(©)806L= (0)EV8h=¢ Juru/9 g ANTID9) P 801 Sare

00 9Ty VLS (L8 L8T=® we-wy (1D%99)-93q | Do00L 0TANSFOITELD LY
€Lz LTS 007 |(©LL8L= (9)6'I8b=t Jwrw/9q ANTID9) P 801 Sa0c

0000 000000 DOmmmm 00 oomoooe | Oe00L OLANPSII9EID 91
10 L9 8TE (h)'887=t wrg-wy (1D%9.1)-22q

0000 0ooooo DIDmO0O0pm 00 nooog oone ,33_

S'LT 1SS  SLI |(6L8L=> (Ho'esp=t | dwmyg QNTID%9yg) | Do00L SANLSA8ELD ST

Do(0L UOI)IIS [BULIDYIOS]
%"e
aN X | 1D wd %18 ‘ON
(xXa3x) uopisodwio) | sadpuweded dMe] @YX | dnoio ddedg saseyq Sureouue uonisodwod [eurwou | djdwe
I 4]} I S




97¢ S'€ 6°€9 (1)8'L69=¢ we-pq [LTNGTe)
XAad ur punoyjoN | (2)L08=> (DT Teh=t | dww/9q ANTID) . pre

L0 L0 986 (D)9°'887=¢ wg-wy @ooa-aq | 050! STANEIITLLD 74

€0 SbS TSy ()9°'L87=¢ wg-uy (1D%94)-22q PrE
T8t €€ S8 (#)9°88L=>  (D)Seg'p=t | Oww/9q ANTID D) 200501 0LANPSPA9€1D 91

€0 I'LS 9°Th 8'L8T=t wg-uy (1D%91)-2q PYE SANLSPASEID
$'87 €€ 431 L8L=) 0°'€gp=e | oww/Hg ANTID D) 200501 SI

X H ul punoj JoN @6L=> (L€'L8p=t | dwu/9g ANT{ID)

816 €€ 8’1 (D¢ 6Te=" wg-uyg (an) P8z

b8t 61 L6 ©procri=e we-pA L aseyd Do 0S0T SSANSEA0TL)
€Ly 6°6€ 6Tl (€©)7697=>  ()Lcopb=¢ we-y N 8
816 0c 9 @)L 6Te=0 wg-wy [CTN) P8t
yre €€ yTy @sv08=>  (DET6b=t | dww/9q ANEDd) | ‘Do 0SOT FPAN0TIA9ELD L
606 Sy 9y Py 6re=e wg-wy aN)

66v yTE LLY ©peri=e wg-pg L aseyd P8t
yre TSE ¥'0€ @L008=> (Dp'68p=t | dww/9q ANED?) | Do 0SOT SL'SEANSERAST 6TID 9
6 91 1’9 (9)¢ 6re=e wg-wy (CT™) P8t
(423 €07 v'sy (D)9°508=> (Dv'16p=t | Oww/9q ANEDD) | Do 0S0T 9EANOTIAYHID S
$0€ 6°SE L'€€E (D996L=> (Dr'L8F=t | Oww/9g ANTID9) P8t

€0 9 | S'v8 (8)s'887=¢ wg-uy (D929 | ‘Do 0SOT ST 6TANSEASL SELD 14
I'1e 8°0€ '8¢ |[(rD8'86L=> (£)0'68v=t | Iww/Yqg ANTID9) P8t

0 v'6 £06 (D)L '88T=¢ wg-wy (ID9D-q | Do 0S0L 9TANOTIYILD €
9'LT v'ps I'LY P)E88L=2 (Dy'e8p=t | O>ww/9q ANTID9) P87

€0 09 v"6€ (@)L L8T=¢ we-uyg (1D94)-29q9 | ‘Do 0SOT 8AN0924TELD I

Do 0SO] UO0I)IIS [BULIdYIOST
%"3® %e
qN EX | bio) wd
(Xad) uonisodwo) sa9)weded dnIe] QAX dnoin saseyq Suieauue uonisodwod [eurwou 2%—%«@

Jdedg




6'S€E 6'LE 79T h)s 66L=> £68h=t dwu/9q ANTID?N)
S'Lh £9¢ 791 | (brse9T=>  L'geb=¢ wg-y GNL K | oc.m,i
Y6 6'7 6'7 pere=e we-ury (an) ° 0SANO0EA0TID 0€
9'8¥ 9'Sy 8'S ()T°s897=>  (€)s°cob=t we-y ANL PrE
L€6 € 01 9)r1°67c=0 we-up (an) “D00S0T SSANOFASID 67
X{d ul punoj joN 'IEII=¢ we-pg L aseyq
I's¢ 15112 8T L6°S6L=> (6)6'88F=¢ dwu/9g ANTID9) PrE
v'LY 6'LE L1 €€697=> (p)8°cob=t we-y SN ] 200501
€16 &3 €7 ) 6re=e we-wp (an) SSANFEAY LD .14
6 9°SS $'6 ©)eT6L=> (9)s'98p=t ouru/f9q ANTID)
vLy 6Ly Ly T6L9T=>  bTeh=t we-y ANL A d_.._m.:
L'T6 €9 01 (6)S°6TE=0 wg-wy @anN) ° LYANSHIASID LT
X{4d ut punoy joN (18'L69=¢ weg-pg qNaD
bbe £6 £9s | ®rLos=> (DTE6h=¢ sw/9q aNtDRyd) | | oc.wmmi
6 't 89 (0)8°8z¢=¢ we-wp (an) ° 0PANGRATSID 97
L'¥E €9 0°6S (19°869=¢ we-pd qNuD
Xad wpunojjoN | (1)9°L08=> (S)8'€6p=r sw/9g aNtD%yg) | o_ﬂmmi
816 L0 SL (D6 'gre=e wg-wy @anN ° 0PAN9AYSID ST
L'bE 6T $'79 (8)9°869=¢ we-pAo [INC)
Xadau punojjoN | (8)9°L08=> (D)8 'c6p=r swwy/9q aNtD%Y) | uﬂmmi
6 €0 vL (Negre=e we-wpg @anN) ° OPANEALSID vT
e X1 L'LS (8)8'508=> (L)S'T6b=0 ourui/f9q aNtID ) PHE
91 €7 1'96 (p)s'887=¢ we-wy (ID9)-9q | ‘Do0S01 STANGPA991D 154
v ¥'9 19 (€©)€969=¢ we-pA [TNET)
XAH ut punogjoN | (9)7908=> (D'16v=t ouru/ g AN D) | ocﬁmi
60 ST 9°L6 (0)9°887=¢ we-wy (1D9)-22q ° STAN9IA691D (44
9%,)e wd (71 ‘oN
aN X | 1D stopouresed el AUX | dnoas soedg saseyq Sureouue spdwes

(xXaa) uwonisodwo)

uonisodurod feurwou




€0 4l VL8 (6)v"887=¢ wg-up (1D%9)-2q pse
9°0€ a7 0S¢ 6)s'L6L=>  (S)9"L8p=¢ Jww/Hg ANED ) | Do0SOT STANOEASHID (114
9°0 €9 1°€6 (6)s°887=¢ wg-u] (1D99)-9q ps€
9'I¢ S€T 8'ph (6)s'108=> ()T 68p=¢ dJww/9g ANED ) | Do0SOT STANOTIASSID 6€
Tl S'€ €56 (r)9'887=t wg-up (an) pSe
1€ TEl L'¥S #)9°s08=>  (H)I'I6h=t /g ANEDD) | 080T STANTIPAE91D 8¢
JNAS ul punoy joN 86 TeIT=t we-pAg L aseyd
L'T6 s Tr (P)s"6Tc=¢ wg-wy (aN) . oummm:
€pe T9¢ $'6T (9)L°008=>  (8)S"68p=¢ dJww/9g ANTID ) ° 0PANEEIALTID LE
606 87 €9 P)rore=e wg-wy N ps€
pre TLT '8¢ ©)°c08=>  (9)s°06¥=t Suru/9q ANEDD) | 080T 0PANSTIASELD 9¢
6 €1 $9 (6)c 6Te=t we-wp (an) pse
ThE €91 S'6¥ (9)8'908=>  (6)6'16¥=t ouru/9 g ANEDD) | “Do0S0T OPANSTRASHID S€
X@d ul punoj joN (9)9°0c11=0 we-pg L aseuq
I'SE T LTt (ID686L=> (T 68y=e dwu/9q ANTID ) p¥E
vLY 6'8¢ 9°€l (D)€697=>  (£)8°coh=t we-y SN ] 200501
¥'€6 (a4 v'T (©)T6re=e wg-wy @anN SPANLEASTID 143
0°s€ 'ty 0°€T (De86L=>  (P)L'88p=" ouru/f9q ANTIDDY)
'Ly 8'8¢€ Pl | (©1'€697=>  (8)S'€6p=¢ we-y N ,ocmi
8’16 I's e (9)0°6zc=¢ wg-wy @anN) ° 0PANOFA0TID €€
€6e 6°9% 8Ll ®6's6L=> (D6 L8y=¢ dww/9g ANTID9) PrE
€Ly 6’1 801 (0)1°9897=> 66'T6b=¢ we-y NG 200501 0PANSHIISTID 43
L'¥E 0°€S €Tl WLeeL=> (9T L8p=¢ dJww/9d ANTID9) pye
TLY 0°9% 89 #)0'1897=>  (8)s'T6h=t we-y YN | 200801 0PANOSIA0 1D 1€
%e “ON
aN EL | 1D wd dnouxn sdedg saseyq Suresuue 0 10 ordweg

(xaa) wonisodwo)

sadjaweaed dMIE] UX

uonisoduwiod [eurwIou




o0S01 10 pappauup sajduis Jo s1s{jpup asvyd ay) fo Synsa4 [pyuauiLdxXg— £§ ]GV

43 91 I'S6 (Lv8gr=e we-ug (1D9D)-2q

rs L L09 |(S)sp08=>  (8)S'I6p=t owwfeg  qNTID9A) ou%mmi

e I's L'T9 (#)8969=¢ weg-pg aN¥D ° STANSAAOLID 6v

60 Tl 6°'L6 (6)9°L6T=¢ we-up (1D%94)-2q

S'IE 6' 979 |(TL08=>  (Dv'cepr=¢ owwfeg  qNTID9A) uﬂmmme_

0 a4 9°€9 9)T'L69=¢ we-pA aN“D ° STANPRATLLID 8y

¥'L6 70 T (8)9'887=¢ we-up @an)

6'b€ L'8 pos |(P1'908=>  (DsT6p=t owwfg  qNTID9M) oc%mme_

The I'L 885 (V)s'L69=¢ we-pg aN“D ° 0PANLIIESID Ly

6°'L6 00 I'T )T 6re=¢ we-ug @an)

e £9 $6S |(918'L08=>  (6)6'E6p=t owwfeg  qNTIDRM) Ucemwi

I'v€ 9 $'09 (2)78'869=t we-pg aN“D ° 0PANSAISSID 9

0°€8 I't 6'SI Wrere=e we-up @an)

0's€ L'y 709 |(9c808=> (DT o=t swmyg  qNTID9M) uc%mme_

I'¥€ (a4 L'19 (0)6'869=¢ we-pg aNu) ° 0PANHOI9SID Sb

S0 €16 €€ (p)o'L8T=¢ we-up (1D%94)-2q pSe

9°LT 6'L9 Sy |(SLs8L=> (L8 18p=t pLLLLIEY: | ANEDD?) | Do0S0T STANOLIASID 47

70 $ 0L v'6T (€)9'L8T=¢ we-up (1D%9)-2q ps€

8'LT €65 6Tl |(£)9'L8L=>  (9)LT8p=t dJww/9q ANIDDI) | 00501 STAN09RASTID 194

€0 0Ly LTS (6)8°L8T=¢ w-wy (1D%94)-22q ps€

9'87 9°0S 807 |(9)L06L=>  (R)T'¥8p=t s/ g ANEDR) | “Do0S0T STANO0SAASTID w

€0 €97 S'€L (6)8'L8T=¢ we-up (1D%91)-2q pSe

967 %2 TLT |(P9c6L=>  (L)Ls8p=e duru/g ANEDD) | “D0S0T STANOFOASEID Iy
% e ZE .

qN EX | 1 wd dnouan) ddedg saseyq Jdureg
saaoweaed MRl AX
(Xad) uonisodwo) Sureouue  uonisoduwod eurwou




(xaa) wonisodwo)

[eutwiou

vl Tl S'L6 (1s'887=¢ we-wy (D) PoOI1
07E €€ 89 (6)7T°969=¢ we-pg aNa) Do0SEL STANEATLID | (4
; ; ; ; 931001
9°¢E 99 8°6S - - — ANTD99) P €€ EEANLY 994091D v1
Do 0SET
; ; ; ; OToancI
9°¢E  L'9T L'6¥ - - — ANTID94) ) P9 €€ EEANLI ITH0S 1D €1
Do 0SET
; ; ; S 079 10%]
9°¢€E 97 6°6€ j j — AN P €€ EEANLY 9TIA0HID 4]
Do 0SET
; ; ; ; 0
€€ €9¢ ¥'0€ - - — aNTID94) ) P9 €€ EEANLI 9ET0ELD II
Do 0SET
; ; S - ; o071
L'€E  T1'9% 0T - - — aNTD94) P €€ EEANLY 9HA0TID o1
Do 0SET
; ; ; ; v
L'€EE  T9S o1 - - — aNTID94) P €€ EEANLI 9SAHO 1D 6
Do 0SET
968 LT LL (@D Lie=e wrg-wy (aN) pPS
09€ L'TT €I (£)6°908=>  (DL'T6h=t suru/9 g ANED ) ‘Do 0SET FPAN0TIA9ELD L
; ; ; ; SacT 7l
S§'SE  6'P€ S'6¢ @Or208=> (DT06h=e /g ANTID94) o cemmm_ SL'SEANSERAST 6TID 9
o
L'88 LT 98 @IX Ul punojy jou we-uy aN) PS
09€ 661 't @TLo8=> (DL'Tev=t ouru/9 g AN@D ) Do 0SET 9EANOTAYHID S
887 L'SE S's¢ (Dg's6L=> (1S 98p=¢ oww/9g ANTID?) 9 Jmmﬂ ST 6TANSEIASL'SETD 4
o
867 9'ST 9'py Or166L=> (7)s'88y=t Jwru/f9q ANTID ) pS
0T  OFI 0S8 (DL'88T=¢ wg-wy (1D%91)-22q Do 0SET 9TANO0TAY9ID €
9'LT 6T 514 ©L16L=> (91'ssp=t Jurut/«9q ANTID ) PS
60 L'6E ¥'6S (D¢'887=¢ wg-wy (1D%99)-22q Do 0SET TLANOPRASHID 4
L'9T €S S'61 (D9'L8L=> (D)6'I8Y=C Jurui/9q ANTID ) PS
€1 €19 yLE (D1'887=¢ wg-wy (1D%99)-92q Do 0SET 8AN0924ZE1D I
Do0SET UONIIS [EULIIYIOS]
%e
(md) dnoan (VA1 ON
aN o 1D saojoweaed 2dMIe] (X Jedg saseud Buyeouue uonisoduwod spdureg




89¢ Iy w #)8:008=>  (S)€06b=2 dJww/9g ANTID ) POI
'8y I'LE 8y P)s'L697T=>  ()Th6b=¢ we-y SN Do0SEL 0PANOPIA0TID €€
89¢ 9°'9¢ L'9T (6)886L=>  (7)S'68p=¢ dJww/9g ANTID ) (]
8 ¥ I 9)1'0697=>  (8)9°c6h=¢ we-y SN ] Do0SEL OPANSHIASTID €
€9¢ €S €1 TL6L=D (7)8'88p=¢ dww/9g ANTID ) POT
S'Ly 514 I'L ®)19897=>  (L)Tcop=¢ we-y SN ¥ | D00SET 0PANO0SIA0 1D 1€
976 79 Tl LWy LTe=e we-up @anN POT
T0S (44 §'s (L)6'8897=>  (R)F'p6b=t we-y SN A Da0SET SSANOHIASID 67
€LE (T2 LT punoj joN
€16 s 9¢ (@TLie=e wg-uy (an) . Uc..m -
6Ly I'LE 'St 0)0'8697=>  (6)¥'v6b=t we-y SN ¥ | ° SSANY APV 1D 8T
£9¢ 8'ss 8 @u16'L=> (6)L'Lov=" Jww/Hg qNTID?) Po1
€LY 9Ly S (D9 1897=> (L)L T6h=t we-y AN ¥ D00SET LYANSPIASID LT
L'L8 vl A (8)L'9ze=" wg-urg aN PoOIL
6'S€ 86 €S ©7018=> (Vg cop=¢ ouru/Q g ANTID) D00SET OPAN6ATSID 97
88 I 901 (S)8'9z¢c=¢ wg-wy @anN)
(D0°00L=¢ we-py aNuDd . oc%m o
L'SE €9 8S €©)T608=>  (h)6'vor=e ourur/fg g ANT{ID) ° 0PAN9IAYSID ST
68 S0 S01 (6)8'97c=¢ wg-up (an) POI
1'9¢ €€ L09 (D8 00L=¢ we-py aNaD Do0SEL 0PANERALSID vT
[ L€ 9'v6 (S)6'887=¢ wg-uy (1D%9p)-2q POI
pIeg 901 0'8S 6)L'S08=> ()T I6h=0 Jwuw/9g ANTID ) Do0SEL STANG624991D €7
[ 5§ 4 796 (L)8°887=¢ we-wy D) POI
81€ 89 P19 (10908=> ()0 16v=¢ dww/9g ANTID ) Do0SEL STAN9AH691D w
%"
(ud) dnoan 9%)e ‘ON
aN R | D sa19)weded dMIR] QAX dedg soseld Bufjeouue uonisodwod dduwreg

(xX@d) uonisodwo))

Jeuruou




6'L8 90 vIl (Me'9re=¢ wg-ury (an) PEl

6'S€ vy L'6S 9)€'00L=¢ we-pyg qNa) Do0SEL 0PANHRA9SID St

8’1 1'06 I'8 Aynuenb aq 03 ews oo, PET
. . . a0/ op § § STANOLIISID

997 889 Sy (9)7°98L=>  (9)0°T8p=¢ duru/9g ANT{ID) Do0SET 144
S'1 0L 4 (£)9°767=¢ we-wy  (ID9)-2q pEl

697 v'6S L€l (Dpr'98L=>  (9)1'78p=t | Oww/Yg ANTID9N) “300SET STANO9AASTID £
Tl TYs 9ph (D)9°s6T=¢ wg-wy (1D%94)-9q PEI

€LT L'6b 0°€T (0)9°88L=>  (9)¢’c8p=¢ dww/9g ANTID ) Do0SEL STANOSPASTID 44
€1 v'o¢ €79 (9)9°887=¢ we-wy  (ID9-29q PEl

1’87 8°0F I'I€ WrteL=> (8)s'sgp=¢ dww/9g ANTID ) Do0SEL STANOPIASELD ¥
'l €I L'LL (8)s'887=¢ we-wy (ID%u)-2q PEI

v'6T LI 6'8€ ©r1°L6L=> ['L8p=€ | Jwuw/9q ANTID ) Do0SEL STANOEASHID or
Tl S01 £'88 (9)6'887=¢ we-wy (ID%u1)-2q [

8°0€ 3 4 VLY ©)T108=>  (6)0°68F=¢ | dww/ g ANTID ) Do0SEL STANOTIASSID 6€
€1 b's £'€6 (L)L'88T=¢ we-uy D) PEl

I 3 I'vl as Le6'€08=> (Dro6y=e | Oww/9g ANTID9H) Do0SEL STANTIAAE9ID 8¢
¥'06 Sy I's gLIE=. wg-wy @anN) PET

L'9€ 0°s€ €87 Wreos=>  F)T16v=0 Jww/9g ANTID) Do0SEL OPANEEIALTID LE
9°68 &3 69 (D1 Lie=e wg-wy @anN PEI

79¢ v97 pLE (©)€'s08=>  (S)8'16h=¢ ouru/f9q ANTID) Do0SEL 0PANSTIASELD 9¢
888 1'T 1'6 (L)L 97e=e wg-wy [CTN) PEl

L'SE v91 8Ly LT808=> ()6 T6h=¢ dww/9g ANTID ) Do0SEL 0PANSTASHID €

I'16 S'S 9'¢ L'LTE=¢ we-wy (an)

TI'LE s L17 | ©1108=>  (Wroey=e | owwieg QNG | | oﬂmﬂ 8PANLERASTID

&4 LE 91 ©L69T=> (9 vep=t we-y SN ° ¥E

%"3e dnoxs %"e ox

N > ~ m..ouoEu..&ME“v_:E aQax adedg soseid st :Mﬂﬂﬁhﬂco drdures

(xaa) wonisodwo)




Do0SET 19 pappauup sajduns ayy fo QX puv XAH/WAS Aq SIsdipun ay1 fo sinsay — ¢¢ 2190

S'1 (&4 ¥'96 (6)0°687=¢ wg-wy D)
(D1°L69=¢ we-pa INC) . oﬂm -
| &4 8 079 (€)8'508=>  (L)9°T6h=¢ Suru/9q ANT{ID) ° STANSIAOLID (34
91 81 9'96 (9)1°687=¢ wg-wy D)
67¢ 8'p 79 (0)s'L69=¢ wg-pyg aNuD . oﬂm o
(9)0°908=>  (£)T°c6h=¢ ouru/9 g ANT{ID) ° STANPIATLID sy
8°'L8 'l [§11 (9)8'97¢=¢ wg-wy [CTN)
(0)S'6191=0  ()L'L6p=t | owm/oq 9€D . ow.m -
8's¢ LL $'9¢ (6)L°608=>  (S)9'p6h=e dwru/9q ANT{ID) ° OPANLIAESID Ly
6'L8 60 Tl (8)L9TE=¢ we-ury (an)
(W1 00L=C we-pg aNuD . o@.m -
L's€ 09 €8S (DT 608=> I'seb=e sww/9g ANTID ) ° 0PANSAISSID 9%
e (wd) dnoan ,x..a% ‘ON
uonisoaurod
N Axcwvo%ct_mc nEoO._U s1o3oweaed dNIR] QAX Jdedg saseud supeouue _.Mm:.:c: Jdureg




II. Thermal and solidification behavior of the Cr-Fe-Nb system

Thermal analysis and determination of characteristic temperatures have not been carried out so far in this
system and no liquidus proection is available in the literature. The invariant reactions of the limiting
binary systems are given ifable 36. Nevertheless the liquidus projection of phase equilibria is rather
important for the understanding of the liquid-solid phase changes. In addition, in the thermodynamic
optimization of phase diagram (i.e. Calphad method), the invariant reactions data are taken with a higher

priority for the determination of the thermodynamic parameters of the considered system.

Reactions Type Temperature References
(W9
Nb-Cr
L=NbCsx C 172712 [18]
L=C15Nb el 168112 [18]
L=C15Cr e2 166012 [18]
Fe-Nb
ILC14=0] pl 152312 [35]
L=NbO ed 150812 [35]
L=bcc-Fe A4 e3 13732 [B5]
Fe-Cr
L =bcc C 1515.7 [24]
fec =bee C 853.3 [24]
[ O bée =ol!
s 0000 odopiponf [ qooooodn | O OO €

Table 36 — Invariant reactions in the binary boundary systems of the Cr-Fe-Nb phase diagram.

The present work aims to investigate the solidification behavior of the system as well as the liquidus

projection.

The samples have been prepared as explained in the previous part (see p. 109). For the study of the

solidification behavior, the microstructures of the as-cast samples were studied by SEM.

The DTA measurements have been done on a Setsys Evolution using alumina crucibles with a heating
rate of 5°C/min. However, some problems have been encountered using alumina crucibles as they are not
stable at high temperature. New crucibles to carry out the DTA measurements were therefore necessary

for the investigation of the temperature dependence of the samples.



1. Results

The nominal compositions as well as the results of the phase analysis after alloying of the as-cast samples
are summarized in Table 38. The composition and the primary crystallization of the as-cast samples are

given in Figure 53.

Fe
100 BCC
e Mu
Laves phase

80
20
. n
/m
n [ |
100/ L W NN \
0
Nb O 20 40 60 80 100 Cr
at. % Cr

Figure 53 — Compositions and primary crystallization of the as-cast samples.

As shown by the isothermal sections presented in the previous chapter, the Cr-Fe-Nb phase diagram does
not contain ternary compounds but instead a high solubility of a third element in the different binary
compounds (except for o phase which has no perceptible solubility of Nb according to the results

obtained at 700°C).

The presented primary crystallizations of the as-cast samples as well as the binary invariant reactions
(from literature, see Table 36) were used to construct the liquidus projection (Figure 55). The
compositions of the ternary invariant reactions and their types (i.e. type I-Eutectic, type 1I-U, type III-

Peritectic) have to be consistent with the data obtained for the isothermal sections:
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- At the eutectic point which is a local minimum, the liquid is in equilibrium with three solid
phases, C14 + BCC + pn. The eutectic point must lie within the three phase field as shown in

the scheme below;

Sketch of a E type reaction: L «<» p + C14 + (Nb)
1l
H K

Nb E cl4 Nb Ccl4 N cl4

- Ina U type reaction, liquid and one solid phase are in equilibrium with two other solids, so
the composition of this point cannot be in the three phase equilibrium as seen as sketched

below.

Sketch of a U type reaction: L+C15-C14+(Nb)

Liquid Liquid Liquid
o ) c14
; -
Nb 15 i ! E15
Nb U £l 3 phase field
Nb+C14+C15

The invariant reaction types were determined from the study of the microstructure of the as-cast samples
by SEM. Following the sketches of the different types of the invariant reactions, the three phase field
(C14 + p + Nb) of the different isothermal sections have been superposed for the determination of the
eutectic point. In the same way, following the sketch of the U-type reaction, their respective places were

determined.
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o Fe Three phase-field
100 [ 700°C
Il 1050°C
[ 1350°C
¢ Ternary invariant reactions
Homogeneity range
X 80 [_]700°C

[ 1050°C
o® [_1350°C
r?" 40 ®  Binary invariant reactions

al

xX60 T,
3
<
®

= o
Nb ¢ 20 40 e, 60 8oe, 100 Cr
C14+C15+Nb at. % Cr C14+C15+Cr

Figure 54 - Superposition of the three phase fields obtained from the studied of the isothermal sections as
given in Figure 43, Figure 44 and Figure 45 as well as the binary invariant reactions as a guide to place

the ternary invariant reactions in consistency with the isothermal sections.

Figure 55 — Liquidus projection of the Cr-Fe-Nb system.
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Table 37, where preliminary DTA
measurements allowed the determination of their respective temperature. Nevertheless, further

measurements are necessary for a better accuracy of these data.

Reactions Type Temperature
(WY

LU0 ooon E1 unknown

LIICIS «0oor U 637

LOCIS «00000 O poo 0 ooo

Ue00omodg o i g gmo

De000 oo o po o] moo

Table 37 — Invariant reaction in the ternary Cr-Fe-Nb system.
2. Discussion
2.1 Cr-Nb side

The Cr-Nb phase diagram exhibits two eutectic invariant reactions as shown by Stein et al. | 1| &eFig.

1 of the original paper) around the C15 Laves phase. This phase extends into the ternary phase diagram
with a dissolution of Fe into it until a change of Laves phase polytype to C14 occurs. The change of
Laves phase polytypes is characterized by the presence of a two phase field region which becomes
narrower as the temperature is high (see isothermal section at 1050 and 1350CFigure 44 and Figure
45). The microstructures of as-cast samples on each side of this two phase field region containing 9 at. %
of Fe are shown in Figure 56 and Figure 57. These two samples are composed of primary crystallized

C14 Laves phase surrounded by a fine microstructure (Laves phase + BCC) characteristic of an eutectic.



Figure 56 - As cast microstructure of the sample 26 - Cr51Fe9Nb40 with primary crystallized the

Laves phase (dark) and (Nb)+C14 eutectic.

Cr66Fe9NDb25 — as cast

Figure 57 - As cast microstructure of the sample 23 — Cr66Fe9Nb25 with the primary crystallized

Laves phase (light) and C14+ (Cr) in eutectic.

The ternary system is characterized by two U type reactions on each side of the C14-C15 Laves phase.

The two invariant reaction points are symbolized as Uy and U on the liquidus projection (Figure 55), U,

(L+Cl5-000ugnnooy oo <0 ooooog



1.1. Fe-Nb side

In the Fe-Nb system, there are two invariant reactions surrounding the) [ [0 [ 0000000 00000000
OD00«enpnmomobobbooboonoooooooobtdUd D DD ST [ Hm m o
O0ommIonomoooomooooooooooooooooooooooobooooooDooooo
JooooooommooooooonDonnoondDFigie B8N named E; in the liquidus

projection (Figure 55), forming a local minimum on this part of the phase diagram.

Figure 58 — SEM micrograph of cast sample 30 (Cr20Fe30Nb50), C14 Laves phase being the primary

crystallization surrounded by an eutectic microstructure formed by p and Nb.

1.2. Cr-Fe side
The Cr-Fe side is characterized by BCC primary crystallization (sed“igure 53). The positions of our
different samples allow the determination of a liquidus valley in this region (around 17 at. % Nb). The
evaluation of the microstructure of the as-cast sample 15 revealed a fine eutectic microstructure
(C14+BCC) with BCC as primary crystallization (Figure 59). A local minimum exists in the liquidus

valley, which is named e s on the liquidus projection (Figure 55).



Figure 59 — SEM image of the microstructure of the sample 15 (Cr38Fe57Nb5) as cast showing BCC as

primary crystallization and a eutectic microstructure (C14+BCC).

1.3. Ternary invariant reaction

Along two different isopleths with 25 and 40 at. || Nb, several samples have been placed in order to
construct vertical sections. The DTA measurements ofhese samples are ongoing and will allow to obtain
the temperature of solidus and liquidus as function of the composition. With this, temperatures and
compositions of the invariant reactions will be determined with better accuracy. Nevertheless, DTA
measurements have been done for a couple of samples allowing an estimation of the temperature of the
invariant reactions (given initalic) in the reaction scheme Figure 60. These data should be considered

preliminary results and are subject of changes with the investigation of the isopleths.



Fe-Nb bee =bee-(Cr.Fe) Cr-Nb
[Vop(2011)]  Cl4=(FeCi:Nb Fe-Cr-Nb ks G011

C15=CrNb
1= Fe;Nbg
e2: T=1681°C
L=Cl5+Nb
el T=2 e3: T=1660°C
L=C14+C15 | L=C15+bce
.L_l'T=1635°C | U2 T=1390°C
L+C13=Nb+Cl4 | L+C15=bcc+ Cl4
pl: T=1520°C
L+Cld=p §
Cl15+Nb+Cl14
ed: T=1500°C i
L=Nb+p J b
E1 T = 1360-1500°C €15 + bee-(Cr.Fe) + C14
L=Nb+Cld+p
Nb+Cl4+
e5: T=1370°C
L =bcc+ Cl4
| ef: T <1370°C

| L=C14+bec

Figure 60 - Reaction scheme of the Cr-Fe-Nb phase equilibria without taking into account the Cr-Fe side.
The data for the binary Cr-Nb and Fe-Nb and were taken from Stein et al. [18)] and Voss et al. [35],

respectively.

Conclusion

Using data on primary crystallization and the knowledge of the invariant reactions in the binary system,
the liquidus surface of the Cr-Fe-Nb system has been constructed. Further DTA measurements are
necessary for the determination of the temperature of the invariant reactions and for the determination of

the U type compositions (obtained from the isopleth).
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III. Thermodynamic modeling of the Cr-Fe-Nb ternary system

The commercial databases TCFE6 shows a deficiency in predicting Laves phase formation in the alloy
Crofer 22H [165]. The present work aims to providdetter description of the calculated Cr-Fe-Nb phase
diagram. The optimization of phase diagrams can only be successfully done if there are enough
experimental data of the phase diagram to be studied (e.g. experimental phase diagram and
thermodynamic data). The experimental data obtained and previously described were used as basis for the
optimization of the phase diagram. In the presentnko we propose a computation of the Cr-Fe-Nb phase
diagram using the Calculation of Phase Diagram (Calphad) method via an optimization of the Gibbs
energy. In addition to experimental data, DFT calculations were done to describe the energies of the end-

members.

1. Literature review

1.1. Fe-Nb

A literature survey was given in the Introduction (p. 13). Several optimizations of the Fe-Nb system are
available in the literature | 340 For the present study we used the latest assessment, which was
proposed by Khvan et al. | 4) For their assessment they have used DFT calculations for the description

of the end-members as given by Liu et al 3]

1.2. Fe-Cr

A lot of studies are devoted to the Fe-Cr system due to its importance in many functional and structural
materials, e.g. stainless steel. A review of the system has been done by | B \This review has shown the

lack of the previous assessment to describe the magnetic order. Based on this conclusion, a new
reassessment down to 0K has been done including experimental data and first principles calculations [ B |

They have used a two-sublattice model to describe thec T[]



1.3. Cr-Nb

An extensive literature review was provided by Schmetterer et al. 2 |for this system. They have shown
the necessity of reassessing this system as it was proved by Aufrecht et al. 2 that the high temperature
laves phase C14 is not stable in Cr-Nb. In their assessment, Schmetterer et al. 2" hmeused a two-
sublattices model for the description of the Cl5, the energy of formation of which was obtained from
DFT calculations (see p. 71 for details and<igure 30). For the calculation in the ternary system, we used

their description of Cr-Nb [29].

1.4. Cr-Fe-Nb
Regarding its importance in industrial application, thiéterature on the Cr-Fe-Nb phase diagram is scarce.
There is no thermodynamic optimization of the phas diagram available in the literature. The obtained
calculated phase diagram from a thermodynamic database (TCFE)lis an extrapolation from the lower

order boundary systems.

Due to the restricted literature data on this system and the new findings of the Cr-Nb boundary phase
diagram, the phase diagram was experimentally reinvestigated providing three different isothermal
sections at 700, 1050 and 13500 G respectively. The results of the study of the isothermal sections have

been described previously in part I of this chapter.

The Cr-Fe-Nb phase diagram is characterized by a solid solution of the C14 and C15 Laves phases cutting
the phase diagram in two. In addition Cr dissolves in the binary Fe-Np[| [ [1 [ [ O[O0 (0 0O 00 00O
0 0OOeD 0 MDD0O0 00000 000ONDO 000000000000 00000000O0DImOIo0 o

00 UOOme  Figure 43) reveals that this phase does not dissolve Nb.



Table 31. Thermal analysis and determination of
characteristic temperatures has not yet been carried out in this system and no liquidus projection is
available in the literature. At the present time, DTA measurements are ongoing for its determination. The

invariant reactions from the limiting binary systems are given in Table 37.

2. Thermodynamic modeling

The CALculation of PHAse Diagrams (CALPHAD) method was used for the optimization of the
thermodynamic modeling of Cr-Fe-Nb phase diagralinch phase present in the system is described by

its Gibbs energy which is described by an appropriate mathematical model. In the present work, the
calculations were carried out with Thermo-Calc [144[he Gibbs energies of the pure elements were

defined according to the Dinsdale polynomial [81].

2.1. Solution phases: BCC, FCC and Liquid

The solution phases were modeled with a substitutional model (one-sublattice model). The molar Gibbs

energy is given according to equation:

G Eq. 59
= xcr "G xcr + Xpe °Gfe
+ xyp °GRp + RT (x¢r InXgp + Xpe InXpe + Xyp INXyp) + XerXpeXnp LEy penn®

The excess Gibbs energy was only used for the liquid phase.

2.2. o phase
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000000 ooD0nmodoo 000 Table 11 in the Calphad chapter).



Eq. 60
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2.3. Laves phases C14 and C15

The Laves phases are the largest group of intermetallic phases with an ideal stoichiometry ABThe C14
and C15 are closely related by their structure. Althogh C14 contain three different Wyckoff positions, it
is common to model it as a two sublattices model (A,B)(A,B);, first due to the occupancy of each atom in
one sublattice and secondly to be consistent with the C15 Laves phase which contains only two
independent positions. The two-sublattice model can beais well used by extension into the ternary system

(A,B, C) (A)B: C) 2

The total Gibbs energy of C14 and C15 Laves phases according to the two-sublattice models is written:



Eq. 61
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2.4. uphase
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3. DFT calculations

The DFT calculations were carried out using the VASP software package [96] using the GGA:PBE for
the description of the exchange and correlation energy and the proector augmented waves (PAW) [145]
as basis set. For all calculations, the ground state energies were reached in three steps: 1) the volume and
the ion positions were relaxed; 2) the stresses arfdrces were relaxed; 3) the tetrahedron method was
used for accurate calculations of the ground state energy using a k-mesh point for the description of the
periodicity of the crystal structure according to Monshort-Pack (i.e. 9x9x5 dort [ IO [

o0 imomooog o momoooooogoomg

NHNMmMmm ooooooooooo
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MomooboboobO0OoDOoOooooooooobooooooooooooOobooOo0UDmMmMooboobooboooo
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00O OoOo0OoODoO 000D MmO 00 000 Mm@ 00 ooooood

dmoomoouoooboobbboo

D000 00 I 00 000 0MMO O M 00 O Eq. 25 according to

the chosen sublattice model.

The energies of the pure elements calculated in their stable form are given inTable 39, the comparison of

these results were compared in Chapter Il dedicated to the pure elements.

Phase k-points E (kJ.mol" .atom™) a()

ol [ 000 opogo

0 [ gooog oomo goooood
googono oooog gooog goooo

Table 39 — Total Energy ground state of the pure elements calculated by DFT.

The energy of formation of the end-members which were available in the literature were not recalculated,
they are given in Table 40-43 with their respective references. For the C14 Laves phase, the calculated

enthalpies of formation in the Fe-Nb system were taken from Liu et al. [38]. The end-members of C15



71).

4. Results and discussions

4.1 DFT calculations

The energies of formation of the different end-members calculated for each phase are reported Table

40-43. For the different phases, some tendency on the stability of the end-members can be seen according

to these results.

a. o phase

The energies of the end-members according to the three sublattices model (Fe,Nh|Cr,Nb)s(Fe,Nb,Cr)

are given inTable 40. The present results are compared with available literature data.
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Table 40 — Energies of formation of the different end-members calculated in the o phase.




The results of the enthalpies of formation in the o phase are plotted as an iso-contour plot in Figure 61 as

a function of composition.

AH
(kJ.mol.atom™)

-0.8000
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0 50 75 100
at. % Cr
Figure 61 — Ternary iso-contour of the relaxed structure (given in kJ.mol'.atom™) of the hypothetical

end-members calculated by DFT in the o phase according to a three sublattices model.

According to the chosen sublattice model to describe the ¢ phase, none of the end-members are stables
(Table 40 and Figure 61) which are consistent with experimental data (see isothermal section at 700°C —

Figure 43— indicating that no Nb dissolves in the ¢ phase).

b. Laves phase C14 and C15
The total energies of the end-members in the C14 and C15 Laves phase are given in Table 41 and Table

42, respectively.
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-11.88 4.82 7.88 -10.06 4.77 7.8 present work
S -13.16 4.822 7.839 -12.99 4.766 7.811 [38]
-14.5 - - [156]
-14.5 4.768 7.875 [157]
60.39 5.44 8.29 81.29 5.36 8.30 present work
60.01 5.42 8.59 79.03 5.23 8.587 [38]
Nb:Fe
2.1 - - [137]
2.03 5.248 8.198 [157]
25.6 4.68 7.75 37.3 4.49 7.46 present work
14.71 4.68 7.62 35.42 4.531 7.29 [38]
38.81 - - [156]
Fe:Fe
14.7 4.69 7.668 [137]
31.1 - - [157]
38.27 4.53 7.23 [155]
o 14.23 5.59 8.54 present work
O 16.54 5.47 8.7 [38]
& 15.602 - - [156]
o1 5 | Nb2Nb
oo 15.6 5.492 8.642 [157]
H 15.4 [137]
16.2 5.5 8.68 [26]
27.48 4.64 7.66 27.48 4.64 7.66 Present work
28 4.67 7.691 [157]
CnCr
28.63 4.64 7.66 [26]
25.4 - - [137]
-6.58 4.88 8.06 -6.58 4.88 8.06 Present work
-3.38 4.9 8083 [157]
CnNb
-1.81 4.88 8.06 [26]
-0.61 [133]
68.99 5.34 8.32 70.32 5.47 8.01 Present work
Nb:Cr 71.7 5.482 8.033 [157]
76.52 5.38 8.36 [26]
CnFe 29.8 4.61 7.42 30.84 4.61 7.42 Present work
31.1 4.634 7.459 [157]
FeCr 23.96 4.64 7.56 22.95 4.56 7.27 Present work
16.8 4.65 7.47 [157]

Table 41 — Energies of the end-members of the C14 Laves phase compared with available literature data.
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-1.83 696 | 3372 -1.72 693 | 3328 1:::;‘;‘; [VZV;’]r k
-3.31 6.93 333.1 [26]
-2.48 6.82 317.2 [133]
-2.31 6.93 332.8 [135]
-2.1 6.94 334.3 [134]
2.34 [136]
-4.63 6.949 | 335.6 [157]
75.38 7.51 423.6 75.39 7.50 422.38 | Present work [29]
Nb2Cr 75.33 7.5 421.2 [26]
60.4 7456 | 4145 [157]
30.56 6.64 292.75 33.55 6.66 287.5 | Present work [29]
| cner 27.29 6.58 | 284.9 126]
o U 26.4 - [137]
} o 26.6 6.616 | 289.6 [157]
] 15.33 7.74 463.7 | Present work [29]
. 162 769 | 4555 126]
Nb2Nb
16.2 - [137]
15.7 7.678 452.6 [157]
CnFe 27.72 6.7 287.5 27.72 6.88 325.7 present work
28.7 6.521 277.3 [157]
FexCr 18.6 6.82 317.2 29.5 6.8 314.4 Present work
254 6.44 267.1 [157]
FesFe 39.43 6.8 314.4 52.04 6.75 307.5 Present work
34.6 6.44 267.6 [157]
NbaFe 50.23 7.94 428.6 80.0155 7.4388 | 411.6 Present work
75.3 7.393 404.1 [157]
-14.4 6.82 317.9 -9.88 713 362.4 Present work
Fe:Nb
-14.3 6.799 314.3 [157]

Table 42 — Enthalpies of formation of the different end-members of the C15 Laves phase. The similar end-

members as for the Cr-Nb system were calculated using ADF as described in p. 72 and in reference [29].

The enthalpies of formation of the end-members of C14 and C15 (Table 41, Table 42) are compared in

Figure 62. The assessed enthalpies of formation of Cl4-Fe:Nb and C15-Cr:Nb are also given for

comparison.
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Figure 62 — Comparison of the enthalpies of formation of C14 and C15 Laves phase. For the stable end-
members, i.e. C14-Fe;Nb and C15-CroNb the Calphad optimized values have been added for comparison

from references [29,40] for Fe-Nb and Cr-Nb, respectively.

The enthalpies of formation of the two different polytypes of Laves phase are very close. For the two
stable end-members, the respective metastable end-members are more stable energetically according to
the DFT calculations. As the two polytypes are closely related, these results are not surprising,
furthermore within the approximation done to do the DFT calculations the difference of energies between
the two polytypes is in the range of the accepted error. For C14-Fe;:Nb and C15-Cr:Nb, the Calphad
optimized value is lower (i.e. more stable) that its respective value obtained from DFT. For both
thermodynamic assessments the optimization of the energy of formation of the stable end-members was

obtained by taking into account experimental data.

¢. puphase
According to the DFT results (Table 43), the plot of the energies of the end-members of the p phase in the

Cr-Fe-Nb is given in Figure 63.
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A A
ommo go O dddd ,,,,3,,,,3,,, ,,,,i,,,ﬂ:,, Present work
Fe Nb Fe Nb FeNbio 32.81 542 2753 | 34.69 5.44 2737 | [38]

1255 | 486 2700 | 905 488 2625 | [38]
Fe Nb Nb Fe FeNbs : : : :

1350 | 4871 2664 | - P P [157]
Fe Nb Nb Cr FeNbCry -6.60 | 485 29.07 -6.60 | 485 27.82 | Present work
Fe Nb Nb Nb FeNh: 1354 | 542 2814 13711 548 1 2744 | [38]
Fe Nb Cr Fe FeNbyCn 21206 1 476 ¢ 27.01 971! 477 26.60 | Present work
Fe N | Cr Cr FeNICrs 418 | 476 1 2811 | 416! 476! 28.11 | Presentwork
Fe Nb | Cr Nb FeNnCn 1438 | 543 2801 1613 543 | 2799 | Present work
Cr Nb | Fe Fe CrNiFes 646 | 478 | 2676 | 488 479 2639 | Presentwork
Cr Nb Fe Cr CNbsFe 023 1 477 2822 145 : 475 28.13 | Present work
Cr Nb Fe Nb CrNbFe; 21.08 1 529 1 29.00 21.08 1 529 i 29.00 | Present work
Cr Nb Nb Fe CrNiFes 1935 1 488 2785 -1639: 492! 27.17 | Present work
Cr Nb Nb Nb CrNb 4.03 5.44 29.31 4.05 5.44 29.29 | Present work

693 | 490 | 2885 -730 497 29.17 | Present work
Cr Nb Nb Cr CiNbs B BRaEREEE el REEEEPEEE oot tooooe-

0771 4921 27.64 | - b b [157]
Cr Nb Cr Fe CaNbsFes 8451 480 892 -6.62 1 4.82: 2632 | Present work
Cr Nb Cr Cr GNbs 0.68 ! 479 @ 28.03 -0.68 1 479 : 26.77 | Present work
Cr Nb Cr Nb CiNbio 1642 1 545! 2807 1786 544! 28.07 | Presentwork
Nb Nb Fe Fe NbFes 211 4.85 26.66 138]
Nb Nb | Fe Cr NEFe:Crs 534 482 28.84 703 1 479 | 2879 | Present work
Nb Nb Fe Nb NhiFe; 38.40 5.45 2849 || 38.44 545 2852 | [38]

21011 1 497 1 27.03 -7.60 1 5.02 ¢ 26.10 | [38]
Nb Nb Nb Fe NbFes R S AR REREEEEEE oo

67.98 525 @ 2582 | - - V- [157]

2750 497 2917 275 497 29.17 | Present work
Nb Nb Nb Cr NbCr  |-----mmdm oo T ARt

66.11 | 530 | 2622 5 5 [157]

- E E 1750 | 546 | 28.83 | [38]
Nb Nb Nb Nb Nhs S o 777777777 2070 7777777 S [137]
PR 1610 0 443 | 952 | (157)

Nb Nb Cr Fe NBCr:Fes 841 | 4861 2730 6521 490 26.69 | Present work
Nb Nb Cr Cr NKCr 3271 4841 2870 3271 4841 2870 | Present work
Nb Nb Cr Nb NiiCn 15.21 5410 2918 | 1703 544 28.89 | Present work




According to the DFT results, Cr dissolving in the binary Fe-Nb p phase is more favorable on the 3b
Wyckoff position as it can be seen by comparing the enthalpies of formation of Fe:Nb:Nb:Cr (FeNbsCrs,

AfH=-6.60 kJ.mol'.atom™) and Cr:Nb:Nb:Fe (CrNbsFes, AH = -19.35 kJ.mol'.atom™).

The contour map of the results of the enthalpies of formation is given in Figure 63.
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Figure 63 — Ternary iso-contour plot of the ground state energies of the hypothetical end-members
(black point) calculated by DFT in the u phase according to a four sublattices model

(Fe,Cr,Nb)(Nb)4(Fe,Cr,Nb):(Fe,Cr,Nb)s. The enthalpies of formation are given in kJ.mol".atom™.

The results of the enthalpies of formation of the end-members show that this phase is stable throughout a
large part of phase diagram, which is inconsistent with the stability of the p phase determined
experimentally. In the Nb-rich corner, the enthalpies of formation of the end-members are positive and
therefore unstable, which is consistent with experimental evidence. Nevertheless, on the Cr-Nb side, the
end-members are rather too stable, stabilizing the p phase on this side of the phase diagram. Because this
phase should not be stable in the Cr-Nb side, the end-members on this side of the phase diagram will have

to be optimized in order to fit to the experimental evidence.
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4.2 Optimization of the phase diagram

The optimization of the phase diagram was obtained according to the Calphad formalism using Thermo-
Calc software [8]. For the description of the different phases, the energies of formation of the end-

members obtained by DFT were used.

At first the phase diagram was calculated using the energies of the hypothetical end-members obtained

from DFT without any modification. The calculated Cr-Fe-Nb phase equilibria are given in Figure 64.
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Figure 64 — Calculated isothermal section at 1050°C of the Cr-Fe-Nb phase diagram using the DFT

values for the description of the end-members.

As the p phase is rather too stable according to the DFT calculations, this phase appears to be quite
stabilized on the Cr-Nb side which is inconsistent with experimental evidence. In addition the description
of the C14 Laves phase is not stable enough. According to this result, the ¢ phase does not appear which

is consistent with the experimental results.
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a. BCC, FCC

These two phases are well represented by using the binary interaction parameters. In the present work, no

ternary interaction was used to describe these phases.

b. Liquid
The liquidus values are not yet available for the present optimization of the phase diagram. The ternary
interaction parameters cannot be accurately optimized. Nevertheless, the liquid phase appeared in the

highest calculated isothermal section (i.e. 1350°C) which is in contradiction to experimental evidence

(Figure 45).

Figure 65 — Calculated iron reach corner of the Cr-Fe-Nb phase diagram at 1350°C showing the

presence of the liquid phase.

As the liquid should not be present at this temperature, interaction parameters were guessed in such way
that the liquid is not present at this temperature. To describe the liquid phase,
OLcrrenv='Lerrent="Lerrenv=30000 were used. In this way, the excess Gibbs energy is desymmetrized and
the liquid is not stable at 1350°C. Nevertheless, further data are necessary for an accurate description of

the liquid phase.
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c. Intermetallic phases
As the DFT calculations of the end-members of the different phases are considered accurate, most of the
enthalpies of formation are kept as obtained by this calculation. In order to modify the stability of the

Phases, the temperature dependence parameters of sgrific key end-members were optimized instead.

Nevertheless, as the C14 and C15 are closely relatd by their crystal structure, by their energy and
symmetry in this system, the enthalpies of formation of the end-members have to be consistent with the

stability of the Laves phases polytypes.

Cl14 and C15 Laves phase

In the present Cr-Fe-Nb system, the two Laves phase are symmetric to each other and cross the phase
diagram from one binary side (i.e. Fe-Nb) to the other (i.e. Cr-Nb). This feature has to be taken into
account for the optimization of the phase diagram. The parameters of one side of the phase diagram were
fixed according to the other side. For example the parameters of the C15-CrNb binary system from

Schmetterer et al. [29] were used to describe the interactions parameters of the C14-CrNb. It results:

07C15 _ 0yC15 _ 07C14 _ 0y7C14
LCT,Nb:CT - LCr,Nb:Nb LCT,Nb:CT - LCr,Nb:Nb Eq 62

0L615 — OLCIS
Ccr:Cr,Nb — Nb:Cr,Nb

07C14 07C14
LCT:CT‘,Nb LNb:C‘r,Nb Eq 63

As C14-CrNb is not stable, the enthalpy of formation of this end-member was first set up to 500 J.mol !
lower than for C15-Cr:Nb and keeping the same temperature dependence. The two parameters were then
optimized by taking into account the two experimental three phase fields (i.e. Nb+CI14+Cl15 and
Cr+CI14+C15). For C15 FeNb, the enthalpy of formation by DFT was taken as it is lower than the

Calphad optimized value of C14-Fe:Nb value. Its temperature dependence was optimized.

Interactions parameters °LELY, DA D DO ARNED RO A A AD AED A OO AEAEEE @ @
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4.3 Results of the optimization of the phase diagram

The obtained calculated isothermal sections are presented iftigure 66 and Figure 67 and compared with

experimental data. The proposed optimized parameters kad — in general — to a good description of the

phase diagram.
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Figure 66 — Calculated isothermal sections at 1050°C obtained from the present optimized parameters as
given in Table 44 and compared with experimental data (black squares, phase boundary of the Laves

phase and red squares, the three phase field C14+u+BCC).
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Figure 67 — Calculated isothermal sections at 1350°C from the present optimization compared with

experimental data (black squares phase boundary of the Laves phases and red squares the three phase

field y+C14+(Nb)).
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Table 44 provide a good accuracy of the description of the different
phases for the highest isothermal sections (i.e. 1350°C, see Figure 67). Nevertheless, at lower
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=
=
=

0K _ -
Gl bicrpe = —109330 — 60 X TH

2 0B

=
=

°GE npnpre = —251550 4+ 80 x T

Table 44 — Optimized parameters for the description of the calculated Cr-Fe-Nb phase diagram.



Chapter VI — Thermodynamic modeling of the Fe-Nb-Si system

Introduction

The Fe-Nb-Si ternary system is important for industrial applications. As explained in the introduction,
silicon plays an important role on the stabilizatiand promotion of the Laves phases. The reason that
Froitzheim [3] proposed to add Si in addition to Nb and W in the interconnector steel called Crofer 22
AP[] was to prevent Si-diffusion at the CrOs/alloy interface by forming a dense isolating SiCby
oxidation and to promote the formation of Laves phase. This modified steel is known under the name

Crofer 22H [1].
Several studies outlined the importance of this system because of:

e theedension of the Laves phase into the ternary phase diagram (151

e the precipitation of Laves phase in ferritic steel which improve the mechanical properties of
structural materials 210

o the ternary compound MBe:Siz wihits high oxidation resistance can be used as coating for Nb-

silicide applications (71[1

Furthermore the calculated phase diagramwaild begogat importance for a better understanding of the
chemical driving forces beteen the phases especially in the middle of the phase diagram (@ at. % Si)
(710 whee several ternary compounds surromd each other. The different ternary compounds have
closely related structures and their formation vauld be wdl understood by knoledge of theirGobs

energy function obtained from a thermodynamic assessment of this system.

I. Literature

Only few studies of the Fe-Nb-Si ternary system are available in the literature. An intensive discussion

about the literature of this system has been given in the Literature survey (p. 20).



Table 7.

II. Thermodynamic modeling

The thermodynamic modeling of Fe-Nb-Si is not available in the literature. In commercial
thermodynamic databases (i.e. TCFEG6), the representatif this system does not include the different
ternary compounds. Furthermore as silicon is not imhdd for the description of Laves phase, this phase
appears as a mutual solid solution crossing the complete phase diagram from the Fe-Nb to the Nb-Si side

(see Figure 13).

The experimental and calculated phase diagrams (SeeFigures 8-13 in the literature survey, p. 20) are in

disagreement to each other. The thermodynamic modeling is relevant for the understanding of the phase



Figure 68 with their respective references.

Figure 68 — Binary boundary phase diagrams as given in the literature: Fe-Nb [40], Nb-Si [75] and

Fe-Si [175].

1. Fe-Nb

The Fe-Nb system has been assessed several times during the last couple of years [38—40,156] and is still

subéct of new studies due to some difficulties to use the binary calculated phase equilibria for higher



Fe,Nb):(Fe,Nb) and a four sublattice model

for the description of theu) [1 [ [F¢,Nb)(Nb)4(Fe,Nb):(Fe,Nb)s.

2. Nb-Si

There are several assessments of this system available in the literature. In the TCFE6 database, the
optimization of this system has been taken from Fernandes et al. [176]. In their assessment, they
described the high temperature and the low temperatureSkbphases as two different phases with

different sublattice models. Whereas( | [ {1 [J (] O 00 O 0 0 O CCOCCIOODI @00 O O i O o
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3.  Fe-Si

The Fe-Si system was recently subect of discussion as the description of Lacaze and Sundman [127],
used in commercial databases and in higher ordesteyms, contains a high temperature miscibility gap
and it is not recommended to use it for higher order system. This system is rather important for industrial
materials such as steel. It is so necessary to have a correct representation of the calculated phase diagram.
One of the mal lor difficulties for the calculated description of the Fe-Si phase diagram is the;1BO

phase transition. In the assessment of Lacaze and Sundman [127] the;Ip®ase is not described.

Ohnuma et al. [74] made experimental work and used diffusion couples to study the/BDtransition.

Then they proposed a thermodynamic assessment with ordered/disordered phases (A2, B2 and DO



4. Fe-Nb-Si

There is no thermodynamic modeling of the Fe-Nb-Si system in the literature. In addition to the
dissolution of a third element into the binary phasthere are six ternary compounds as mentioned in the
literature survey. Their crystallographic structures have been investigated and are available in the
literature (given itlable 7, p. 20). For the thermodynamic modeling of the Fe-Nb-Si ternary system, we

take into account the dissolution of a third element into the binary phases (e.g. Si in Laves and u phases)

as well as the ternary phases. The ternary phases have no perceptible homogeneity range, they were

therefore defined as stoichiometric compound for the Calphad modeling.

The optimization of the phase diagram was done using Thermo-Calc [8] based on experimental data [15].
In addition, enthalpies of formation of the different end-members have been calculated using the DFT
method. The thermodynamic modeling of this system can only be done partially as there are no reliable

liquidus data, which are nevertheless of great importance for the optimization of a phase diagram.

4.1 Laves phase

The C14 Laves phase polytype crystallizes in the space group P3lmmc with three different occupied

Wyckoff positions. Within its usual formula AB, A occupies the 4f position and B the 2a and 'h



4.2 u phase

The p) 00000 MO C O M OMCRE3M. [The atoms are allocated into five different Wyckoff
positions. In the ternary Fe-Nb-Si system, significant amounts of Si dissolve in this phase. Following the
principle of the sublattice model where each atom may occupy each different Wyckoff position would

yield to 243 different end-members according to:
(Fe,Nb,Si)(Fe,Nb,Si) »(Fe,Nb,Si) ;(Fe,Nb,Si) ;(Fe,Nb,Si) s.

This would be rather computationally expensive. In order to reduce the number of end-members, some
sublattices were combined. Joubert and Dupin [85] suggested a four-sublattice model where the second

and the third sublattices are combined and only contain Nb:
(Fe,Nb,Si)(Nb)4(Fe,Nb,Si),(Fe,Nb,Si)s.

This model has been described in the Calphad part (p. 37).

4.3 Ternary compounds

The ternary compounds have been modelled as line compounds as they do not show homogeneity range.

The Gibbs energy of the considered phases are written:

FeNbSi
GFeNbsi _ Z x0H;(298.15K) Eq. 64

=a+ bT +0.333 °GESC + 0.333 °GESC + 0.333 0ghiamondp



FeNbSi»

Grenbsiz — Z x0H;(298.15K) = a + 0.25 °GESC + 0.25 °GEEC + 0.5 °gRiemondg  £4- 63

F€4Nb4Si7
Gresesty =" x0H,(298.15K) Eq. 66
=a+bT +0.267 °GESC + 0.267 °GESC + 0.467 °GRiamondg
Fe;Nb,Sis
GFeaNbaSis _ Z x0H;(298.15K) Eq. 67
=a+0.25 °GESC +0.333 °GESC + 0.4167 °GLiamondp
Fe Nb Si
FeNb,Si
GreNbist =" x0H,(298.15K) Eq. 68

=a+bT +0.167 °GESC + 0.667 °GESC + 0.167 °GElamondp

With a is expressing the enthalpy of formation of the considered compound and b is the temperature
contribution term to the Gibbs energy. The a terms were obtained from DFT calculation for the ternary
compounds with no mixed occupation in their Wyckoff position (i.e. Nb +FeSi, FeNbSi, FesNb4Si; and

FeNbSi,) in order to have a primary overview of their thermodynamic stability.

III. DFT calculations

The enthalpy of formation at 0 K of the end-members was obtained according to the forndigla2()

taking into account the energy of the pure elements in their stable structure (Pure elements chapter, p. 59).

The DFT calculations were done using the VASP software package [96] within the framework of the
projector augmented wave method [103] using the PBE exchange correlation-potential [121]. An energy

cutoff of 400 eV was chosen for all calculations. The Brillouin zone was chosen carefully according to the
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Table 47 with the results of their respective enthalpy of formations and lattice parameters. For each
structure, the minimization of the energy to reach the ground state was obtained in three steps: 1)
Relaxation of the ionic positions and volume, 2) Forces, stresses and volume were relaxed, 3) Tetrahedron
method was used for an accurate calculation of the total energy. As the studied system contains Fe, we
took into account the magnetism. Calculations were done for non-magnetic (NM) and ferromagnetic (FM)

compounds in order to check the most stable state.
IV. Results and discussion

1. DFT calculations

As previously mentioned, the enthalpies of formatioi the different end-members were calculated using
VASP. Some of the different end-members (i.e. Laves and [ (] [ O (OO O OO O OO 000 O
0omboob0immno oo oobob oo oooboogooo

000000000 OTable 45 and Table 46).

1.1 C14 Laves phase

The results of the enthalpy of formation and the lattice parameters according to the two sublattice model

are presented inTable 45 for the Laves phase.



FM NM
AH . AH . .
Compound (KJ.mol- Lattice parameters () mol- Lattice parameters References
y V (&%) y
1.atom- 1.atom-
3] a(A) cd) D a(d) cd) V(A
-11.88 4.82 7.88 160.2 -10.06 4.77 7.8 153.7 present work
-13.16 4.822 7.839 157.9 -12.99 4.766 7.811 157.9 [38]
FeaNb
-14.5 - - - [156]
-14.5 4.768 7.875 155.04 [157]
60.39 5.44 8.29 212.46 81.29 5.36 8.3 206.51 present work
60.01 5.42 8.59 218.54 79.03 523 8.587 218.7 [38]
FeNb>
2.1 - - [137]
2.03 5.248 8.198 195.54 [157]
37.2 4.52 7.23 127.92 present work
14.71 4.68 7.62 144.54 35.42 4.531 7.288 129.6 [38]
38.81 - - [156]
FeFex
14.7 4.69 7.668 146.07 [157]
31.1 - - [137]

% 38.27 4.53 7.23 128.49 [155]
e 1423 | 559 854 | 2309 | present work
O o

E 16.54 5.47 8.7 229.6 [38]

15.602 - - [156]
NbNb2
15.6 5.492 8.642 225.74 [157]
15.4 [137]
16.2 5.5 8.68 227.39 [26]
47.46 5.6 6.92 187.94 present work
SiSiz 2.5 [137]
56.52 5.6 6.91 187.67 [155]
NbSiz -6.17 4.99 7.93 171.00 present work
SiNbz 40.38 5.42 8.58 218.94 present work
37.03 528 6.79 163.93 present work
FeSiz2
48.92 5.11 6.93 156.71 [155]
8.59 4.66 7.67 144.24 present work
SiFe2
19.91 4.55 7.56 135.54 [155]

Table 45 — Calculated enthalpies of formation of the C14 Laves phase end-members in the Fe-Nb-Si

ternary system. In red, the enthalpies of formation which have been used for the assessment.

1.2 u phase

Enthalpies of formation computed by DFT for the p phase are given in Table 46 according to the four

sublattice model.
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End-members FM NM
| : | : Adl | : Adl Ref.
(Fe,Si,Nb) (Nb)s (Fe,Nb,Si): (Fe,Si,Nb)s Compound '(LE.}HSI"'; a(A) Ec()\) [Gmer ™

i ' i ' latom) ! ' '.atom™")
Fe | Nb ! Fe : Fe ' FeoNbs 7710 4841 2543|032 [38]
Nb ! Nb i Fe !  Fe ! FesNbs 2017 485! 26.66 38]

-13 o4i 438_5 26.74 | ' i Present work
Fe | Nb i Nb | Fe i FeNbs
Nb 0 Nb i Nb . Fe | FeNb
Fe § Nb i Fe § Nb i FesNbio
Nb | Nb i Fe | Nb | FeNby
Fe | Nb i Nb | Nb | FeNbo
Nb Nb Nb Nb Nbis
Si ! Nb Nb } Nb | NbnShi |- o 472 153112947 Present work
Nb 0 Nb i Nb : Si ©ONbsSie |- L 32,62 1 5111 26.80 i  Present work
Si . Nb Nb } Si i NbeSir |- [ 2236 ¢ 5.08 2624 : Present work
Fe " Nb Nb } Si i FeNbeSi 43381 5.031 26.01] 4338 150312601 : Presentwork
Si . Nb Fe ; Nb i Fe:NbioSi 2101 523! 28.52| 21.00 152212862 Presentwork
Nb ! Nb Fe } Si i Fe:NbsSis 19790 4.99¢ 2626 1979 149912626 Present work
Si . Nb Fe ; Si i Fe:NbaSiy 7770 4921 2580| 777 149212580 1 Present work
Fe i Nb Fe 3 Si i FesNbaSis 3259 4931 2507 -2897 14932507 Present work
Si i Nb i Nb i Fe i FesNbesSi 22521 i 4‘905 26.60| -19-41 i 4.93 i 25.85 i Present work
Si | Nb | Fe | Fe | FeNbiSi | 16241 477| 2578| -11:85 | 479} 2513 | Present work
Fe | Nb i Si | Fe | FeNbiSb | 50731 4781 27.44| -1334 | 47512709 | Present work
Fe | Nb i Si | Si | FeNbSis | 499 516 25.87] 2479 | 5132580 | Present work
Fe | Nb | Si | Nb | FeNbuSi: 8021 534 2008| 802 [53412927 Presentwork
S0 Nb i Si i Fe | FeNbiSiv | 37600 477! 27.41] 2894 [47912678 | Present work
S Nb P Si | Si b NbiSip o] 208 1494129350 Present work
Si | Nb i S | Nb I NbuSk i | 128 153012990 1 Present work
Nb ! Nb ! Si | Fe ! FeNbsSix | _j421! 486! 28.03| -869 | 48812726 ! Presentwork
Nb 0 Nb i Si ! Si ! NbsSis b b | 1648 1557:2574 1 Presentwork
Nb | Nb Si ' Nb ! NbuSi R : | 868 153513022 Presentwork

Table 46 — Enthalpies of formation and lattice parameters of the end-members in the u phase of the Fe-
Nb-Si system calculated with VASP and compared with available literature data. In red, the data which

have been used for the thermodynamic optimization.
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The projection of the results of the enthalpy of formation at OK as function of the composition in the p

phase has been plotted in Figure 69 for a better overview of the stability of the end-members.

Enthalpy of formation of Mu in Fe-Nb-Si AH

0.00 (kJ.mol".atom™)
1.00

-43.40
-33.18

. 2205
-12.73
7.725
@(" 17.95
o
o 28.18
0 ¢

0.5

38.40
0.25

0.00

Y ; .
0.00 0.25 0.50 0.75 1.00
at. % Nb

Figure 69 — Mapping of the stability of the end-members of the u phase calculated by DFT at OK. The
different end-members are represented by the black square. The homogeneity range of the u phase at

1000°C from Wang et al. [15] is given in red for comparison.

In general, the end-members with ideal compositions on the Nb-Si side are favorable (e.g. Nb;sSis and
NbeSi7). The addition of Fe stabilizes these end-members. As an example FeNbgSis (Fe:Nb:Nb:Si) which
is highly favorable, this end-member has the Nb in the 6¢ positions (favorable). The SiNbeFes end-

member is less negative, so Si has a site preference on the 18h Wyckoff position.

Fe is not favorable in the 6¢ positon. Si is more favorable at this position (see Fe:Nb:Si:Fe and

Fe:Nb:Fe:Si).
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1.3 Ternary phases

The enthalpies of formation of the ternary compounds have been computed by DFT in order to get a first
idea of the stability of the compounds and to avoid to have to guess them. The compounds with mixed
occupation on certain Wyckoff positions have not been calculated by DFT (e.g. ENbSis and FeNhSi)).
The data of the energy of the compounds and their lattice parameters are reported Table 47. The lattice
parameters are compared with the experimental data available from the literature (given in brackets).
Only a small deviation of the calculated/experimental lattice parameters can be noticed. Three of the
ternary compounds (i.e. FeNbSi, FesNb,Si; and FeNbSiz) have similar enthalpies of formation, which is

consistent with their respective position in the phase diagram.

Adl A
k-mesh googoOoooooBempg
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gooo g ol g0 oogo ogdodog)t

Table 47— Enthalpy of formation of the ternary compound in Fe-Nb-Si phase diagram. The lattice

parameters on brackets are the experimental data from literature for comparison.

2. Thermodynamic optimization of the phase diagram

sig the binary phase boundary systems and the calculated enthalpies of formation of the end-members

the calculated phase diagram is shown figure 70.
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Figure 70 — Calculated isothermal section of the Fe-Nb-Si phase diagram at 1000°C without

optimization.

Using only the DFT calculations, the phase diagram was calculated at 1000°C (Figure 70), four of ternary
compounds are not shown in this calculation. In addition, the dissolution of Si in the Laves and p phases

on the Fe-Nb rich side is not shown.

At first the DFT calculations of the ternary compounds were used without any modification. The
enthalpies of formation of the two ternary compounds which were not calculated by DFT (i.e. FesNbaSis
and FeNb,Si,) were estimated to be similar to the other phases in the surrounding (i.e. NbFeSi,, NbsFesSi;
and NbFeSi). The starting values were taken around 60 kJ.mol.atom™. Temperature dependences to the
enthalpies of formation were introduced to stabilize or destabilize certain phases. Nevertheless no

temperature dependences were used for the description of FesNb4Sis and FeNb,Si,.

In the Nb-rich corner, FeNb4Si is not shown in the non-optimized phase diagram. This phase was

stabilized by introducing negative temperature dependence to its enthalpy of formation.
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2.1 Dissolution of Si in the Laves phase

As Si should dissolve into the ternary system, therefore ternary interactions parameters were introduced.
The interaction parametef L (Fe,Si:Nb) was introduced allowing dissolution of Si into the Laves phase.
A second ternary interaction parametefLC"(Fe,Si:Fe) was then introduced to simulate the widest range
of the homogeneity of the Laves phase. For both interaction parameters, a linear temperature dependence

was used. Their respective values are given inTable 48.

2.2 Si in the uphase

The dissolution of Si is not featured in the calculated phase diagram obtained from the DFT calculations.
In order to dissolve Siin the W11 111 0 0000000000000 00D 0OMMD 00000000
1000000 oDmDoOob0bmUofdDoDmboobomb oo oooDoooooon

oooobooooo

O0oooooooooooooooummmTmmmm T 0o o000 ooobibmmm Ogg

2.3 Results of the thermodynamic assessment

For the first time, a thermodynamic assessment is given for the Fe-Nb-Si phase diagram. This assessment
is only tentative as further experimental data would be required for a full assessment of this system. For
example, liquidus and invariant reaction data would be of great importance in order to fix the liquid phase

and the temperature dependence of the different phases.

Parameters obtained for the optimization of the phase diagram are given iuble 48.



Phase Thermodynamic parameters Remark
Fe-Nb - [40]
Fe-Si - [175]
Nb-Si - [75]
C14 (Fe,Si);Nb OLIC,};*SE pe = —410000 — 10 X T Optimized
0L vy = —320000 Optimized
OLGl vy = —481000 — 35 X T Optimized
i OGY npnpre = —327728 —100 X T Optimized
OL:i:Nh:Fe,Fe = —120000 Optimized
FeNbSi 0GFeNbSi — _ 178680 — 7 X T Optimized
FeNbSi; 0GFeNbSla - _232160 DFT
FeNb,Si, 0GFeND2St — 390000 Optimized
FesNb,Sis 0GFesNbaSils _ 743500 Optimized
FesNbsSi; 0GFeaNbaSl; _ 894000 + 60 X T Optimized
FeNb,Si 0GFeNbaSl _ 179020 — 45 X T Optimized

Table 48 — Optimized parameters for the thermodynamic description of the Fe-Nb-Si system.

It results the present phase diagrams given at 1000 and 1200°C (Figure 71 and Figure 72, respectively)

which are compared with some literature data.
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Figure 71 - Calculated isothermal section at 1000°C in comparison to experimental data given by Wang

et al. [15], triangle symbols in black for the Laves phase and in blue for the u phase.
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Figure 72 — Calculated isothermal section given at 1200°C in comparison with data from Wang et al.,

black squares (Laves phase), red squares (1 phase).

There is an overall good agreement of the calculated phase diagram with experimental data (Figure 71
and Figure 72). The dissolution of Si into the p phase is lower in the calculated phase diagram. Further

optimization of this phase would be required for a better description of the p phase.

The calculated phase diagram shows an equilibrium C14+Fe,Si+FeNbSi which is not shown by Wang et
al. [15], this is due to the description of Fe,Si given by Yuan et al. [175] in the description of Fe-Si

system.

In the highest isothermal section the laves phase and the FeNbSi ternary phase are experimentally in

equilibrium with the liquid [15], but this is not shown in the calculated phase diagram.
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Conclusion

A tentative optimization of the Fe-Nb-Si phase aliram has been given here. There is an overall good
description of the phase equilibria. Nevertheless, for an improvement of the thermodynamic optimization
of this phase diagram further experimental data aceessary. At first, the liquidus proection of the
present phase diagram is required as well as the temperature dependence of the thermodynamic properties

of the ternary compounds.



Chapter VII — Microstructure of alloys and phase equilibria of sub-system
Laves phase containing systems

In the present work, phase equilibria of binary and ternary systems containing Laves phase have been
determined by experiment and/or modeling. The knowledge of phase equilibria is of great importance

when developing materials with specific properties.

Many technically relevant materials are composed of about 10 to 15 elements, whereas the study of phase
equilibria is often restricted to a maximum of four elements (as it is not easy to visualize with more
elements). Nevertheless, it is often possible to predict the formation of certain phases by studying the

binary, ternary or quaternary phases as each individual phase will be formed with less than 5 elements.

The studies of sub-systems like Cr-Nb, Fe-W, Cr-Fe-Nb and Fe-Nb-Si in the present study are compared
with the development and studies of model alloys which can be then in successful cases being produced at

an industrial scale.

During the development of new alloys, different compié®ns of elements are tried or the additions of

new elements are studied.

I. Development of laves phase strengthened ferritic steel

During the development of the high chromium ferritic steel Crofer 22H, different additions of elements
have been tested in order to check their effect on the properties of new steels, especially oxidation
behavior and creep strength. Froitzheim et al. [142vhproposed different additions of element in order

to promote the formation of strengthening Laves phase particles. In this study, the direct influence of sub-
system phase diagram was pointed out. In the alloy reference Crofer 22AP |, where the ferritic matrix is
composed of ool | [] [1IITINO [ (1 CIICD COCTE (e (0 00 oo oD oo 0 oo oo o0 o0 oo

00 MDOoD 00 0 00 0 00 00 DO OFighie 73).
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Figure 73 — Comparison of the microstructure of model alloy [142] with the Cr-Fe-Nb phase equilibria
(present work). The two microstructure images are taken from Froitzheim et al. [142], the left
microstructure is the reference alloy (model alloy with a similar composition as Crofer APU) and on the

right microstructure of the model alloy with the addition of Nb and Si.

The Laves phase in the newly developed alloy as given by Froitzheim et al. [142] has a similar
composition as expected from the Cr-Fe-Nb phase equilibria. Si dissolves in the Laves phase. The
formation of the Laves phase is promoted by Si, the comparison with the ternary Cr-Fe-Nb system from
the present work is done in a lower order system. As mentioned by the authors [142] “There are limited
thermodynamic data available for the Fe-Cr-Nb-Si system” which limits the understanding of the
chemical driving forces behind the formation of the different phases. The only article related to the
quaternary phase diagram is given by Vilasi et al. [179] but they do not provide a lot of information about
Si dissolving in the ternary Laves phase. Nevertheless, according to several studies on the Laves phase, Si
promotes the formation of the Laves phase, stabilized it and occupies the position of Fe and Cr in the

crystal structure. The overall Laves phase formula is written as (Fe,Cr,Si)Nb.
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II. Development of Nb-silicide

Even if the goal of the present study is an improvement of the thermodynamic database for steel, this
database could also be used for the development of other materials (i.e. Ni-superalloys, Nb-silicides) as

soon as they contain the same elements and the phases of interest as in the present study.

For the replacement of Ni-superalloys, Nb is one of the materials which is attractive for high temperature

structural materials but has a poor oxidation resistance.

In order to develop further Nb alloys, several authors have tested different alloy composition as well as
their casting process. Zhang et al. [181] have studied thddition of Fe on such alloys in order to improve
the oxidation resistance. The addition of Fe into Nb-silicides has promoted the formation offd8i

compound. This phase was observed in the Fe-Nb-Si phase diagram [154g{:re 74).
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Figure 74 —Comparison of the Fe-Nb-Si phase diagram (reproduced from Wang et al. [15]) with Fe+Nb-
silicide microstructure (micrograph reproduced from [181)]). The three phase field region

Nb+NbFeSi+NbsSis is observed on the micrograph.
III. Phase diagram vs ferritic steel alloy

The present comparison between model alloys and sub-systems of binary, ternary and quaternary alloys is
of great importance for the development of new materials. Nevertheless, in addition to the different
systems studied in the present work, other systems containing Laves phases are of great importance but
are not well studied in the literature. For more clarity, the different sub-systems of Laves phase containing
systems are reported in Figure 75. A color code is used to show which systems have been already studied
and which systems would need to be studied for better understanding of the Laves phase containing

systems in Crofer 22H and similar ferritic steels.
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Figure 75 - Schematic representation of the different sub-systems containing Laves phase in Crofer 22H.

As can be seen on Figure 75, several ternaries and quaternaries systems would require further
investigations. A careful literature survey would reveal where there is a need for investigation (i.e.

experimental and/or modelisation). At first, it would be relevant to study the ternary Fe-W-Si and Cr-Fe-

W.
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Conclusion

In the present work, several methods have been used for the thermodynamic assessment of the phase
diagrams related to ferritic steels containing Lavphases e.g. Crofer 22H. For the different systems

several approaches were used to obtain suitable input data for the thermodynamic modeling.

In the two binary systems Cr-Nb and Fe-W, the available experimental data were sufficient and a
computational approach based on DFT was used for the determination of the energies of formation of the
compounds present in the system. In the Fe-W system, a new approach was tried by using phonon
calculations to model the different end-members according to the chosen sublattice models. It was found
that to model a disordered phase, the use of phonon calculation could lead to the creation of an unrealistic
miscibility gap. So these data should be treated with care in thermodynamic modeling. In this system, two

optimizations of the phase diagrams have been proposed which can be used for higher order systems.

In ternary systems Cr-Fe-Nb and Fe-Nb-Si, the literature survey revealed a lack of experimental data. It
was therefore decided to reevaluate these phase diagrams experimentally. In the Fe-Nb-Si phase diagram,
new experimental data from the literature became available during the time of the present work. So these
data were used for the thermodynamic modeling. In addition DFT calculations were performed for the
determination of the energy of formation of the different compounds. These data were of great help for
the ternary compounds.§ng these data (i.e. experimental and DFT), a partial thermodynamic modeling
is given in the present work. Nevertheless, furthexperimental investigations are required for the
determination of the liquidus surface and of tteemperature dependence of the thermodynamic properties
of the different phases for a suible thermodynamic modeling of the Fe-Nb-Si system. In addition further
thermodynamic experiments (e.g. calorimetry, KEMS measurements) would be of great help for a

successful thermodynamic optimization.

In the Cr-Fe-Nb ternary system, experimental work was done to obtain different isothermal sections to

have a suitable picture of the system. DFT calculations were done for the determination of the energy of
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