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1. Introduction

Laves phases, with the general composition AB,, represent the largest group of
intermetallic compounds. They are formed from almost all metals and crystallize in
topologically closed-packed structures, whereby three different polytypes can be
distinguished: the cubic MgCu, type (C15), the hexagonal MgZn, type (C14) and the
hexagonal MgNi, (C36). Most of the Laves phases show a distinct brittleness at ambient
temperature. However, an enormous strength up to high temperature is characteristic for most

of them [1].

There are several functional as well as structural applications for Laves phases.
Especially their utilization as hydrogen storage materials in rechargeable Ni-MH batteries has
to be mentioned [2, 3]. Furthermore, they were applied as super-conducting magnets, as
magnetoelastic transducers and as wear resistance materials [4]. To improve and to
characterize the physical and mechanical properties of Laves phases a huge number of studies

was done during the last years, like [5-10].

The hexagonal Laves phase Fe,Ti (C14) shows, like several other binary Laves
phases, a large solubility of third elements without changing its crystal structure type.
Previous studies on the ternary systems Al-Fe-Ti and Fe-Si-Ti reported an increasing solid
solubility of Al in Fe,Ti from 33.5 at.% at 800 °C to 47 at.% at 1000°C [11]; the solubility for
Si reaches around 27 at.% and shows a temperature independent behavior in the range from
850-1050 °C [12]. The quaternary system Al-Fe-Si-Ti has also been investigated in the iron
rich corner at 900 °C [9, 10]. Marker et al. reported a large solubility of the binary Laves

phase Fe,Ti in the quaternary system towards the Ti-poor side.

The aim of this work was the characterization of the homogeneity range of the Laves
phase Fe,Ti (C14) in the quaternary system Al-Fe-Si-Ti. Based on the given work by Marker
et al. [10], three partial isothermal sections at 900 °C at 20, 25 and 33.3 at.% Ti were
investigated by XRD, SEM and LOM. The dependence of the site occupancy on the
composition for the Laves phase Fe,Ti in the quaternary system Al-Fe-Si-Ti, as well as in the
ternary system Fe-Si-Ti, was studied by Rietveld refinement of XRD-patterns. Furthermore,
the behavior of the lattice parameters a and ¢, as well as the volume of the Laves phase Fe,Ti1
by increasing amounts of additional elements, was investigated for the Fe-Si-Ti and the Al-

Fe-Si-Ti system.



2. Basic materials

2.1. Aluminium

Natural occurrence

Aluminium, the most common metal in Atomic number 13
. . 3 o h
the earth’s sheath, is the third most abundant Classification Boron BIOND 1131
. ) Electron configuration [Ne] 3s”3p
element after oxygen and silicon. Due to its Atomic mass (gzmol ') 26.982
high chemical affinity to oxygen, it does not Covalent radius (pm) 118
<t i but i i Melting point (K) 933.5
exist in a pure manner, but in oxidic By () 27
compounds. Naturally, aluminium occurs in the Table 1: Characteristics of aluminium [14, 15].

form of corundum (Al,O;), hydrargillite (Al(OH)3), boehmite (AIO(OH)) or in terms of
myriad combinations with other metal oxides and hydroxides. The main representatives of the
last-mentioned compounds are the alumosilicates like feldspar and micas as well as the

weathering products of feldspar, the clays, which in turn effloresces to bauxites.

Extraction

The industrial production of aluminium is based on two separate operations. At the
first step pure Al,Oj is extracted from red bauxite by the Bayer-process, where iron(IlT)oxide
and silicon oxide are removed. Afterwards the aluminium oxide is undergone to the fused-salt
electrolysis whereby cryolite (Nas;AlFs) functions as melting point-lowering agent. By this,
the melting point is reduced to 940-980 °C. The fused-salt electrolysis works with currents up
to 30 000 A with a current density of 0.4 A/cm” and an operating voltage of 4.5-5.0 V [13].

Physical properties

Aluminium crystallizes in a cubic close packing (cF4) with the space group
Fm3m [16]. The Mohs hardness is 2.75 [15]. Due to the fact that aluminium is stainless,
thermal and electric leading and mechanical easy malleable it represents the most important

non-iron metal in technical applications.

Chemical properties

Based on its affinity to be trivalent, aluminium reacts with most non-metals by
warming. Furthermore, aluminium forms alloys with almost all metals, reacts with free and
ligated oxygen under oxygen-intake and with acids and bases under hydrogen development.

Solid aluminium is passivated by a permanent oxid surface layer [13].



2.2. Iron

Natural occurrence

Iron is the fourth most common element Atomic number 26
in the earth’s sheath with a mass fraction of Classification Iron group 8"
9 6 2
4.7%. In the lithosphere it mostly occurs in Electr.on conﬁgurauoln [Ar] 3d" 4
Atomic mass (g'mol™) 55.845
form of oxides, sulfides and carbonates. Iron- Covalent radius (pm) 125
containing rocks, which were separated from Melting point (K) 1811.2
Density (g-cm™) 7.874

magma, usually show the oxidation number II;
Table 2: Characteristics of iron [14, 15].

in contrast, their weathering products presents the trivalent form. The main iron ores are
magnetite (FeO-Fe,03), hematite (Fe,0s), siderite (FeCOs), pyrite (FeS,), wiistite (Fe;O),

chalcopyrite and bornite.

Extraction

Crude iron is produced by reduction of iron oxide containing ores with coke in blast
furnace. Therefore, coke and a mixture of iron ores and ore burden are put inside the blast
furnace in alternating layers. Ore burden is used to transfer admixtures of the ores into low
melting calcium-aluminium-silicates (scoria). Based on the temperature gradient in the
furnace between 1600 °C on the ground and about 250 °C on the top, several temperature
dependent reactions are taking place. The products of the blast furnace are crude iron, scoria
and furnace gas. The liquid crude iron still contains 2.5-4 % carbon, and varying
concentrations of silicone (0.5-3 %), manganese (0.5-6 %), phosphor (0-2 %) and traces of

sulphur [13].

Physical properties

Iron occurs in three enatiotropic modifications, where the conversion temperatures are
906°C and 1401°C. The a-formation crystallizes in cubic body centered structure (cI2) with
the space group Im3m and shows ferromagnetic properties [13]. y-Iron illustrates a cubic
close packing (cF4) with the space group Fm3m [16] and is paramagnetic. The §-type shows
a cubic body centered structure (cI2) with the space group /m3m [16] and paramagnetic
behavior. At 768°C a-iron loses its ferromagnetic nature and becomes paramagnetic. The
Mohs hardness is 4 [15]. Chemical pure iron plays a minor part in technical applications; in
contrast, the carbonic iron compounds are by far the most important materials in industrial

productions.



Chemical properties

In alkalis, on dry air, in air- and in carbon dioxide-free water, pure iron is stable
against oxidation. This reliability is based on a thin oxide-layer, like in case of aluminum.
This phenomenon is also the reason for the invulnerability of iron in concentrated sulfuric
acid and nitric acid. However, in wet and carbon dioxide-rich air or in carbon dioxide- and
aerated water the iron gets oxidized under development of iron (III) oxyhydroxide
(FeO(OH)). In non oxidizing acids such as muriatic acid and dilute sulfuric acid it dissolves
under hydrogen development and Fe(II) formation. Iron solubilises in water above 500°C and
hot alkalis in reversible reactions. Under heating it also reacts with many non-metals such as

B, C, Cland P [13].



2.3. Silicon

Natural occurrence

Silicon is the second most abundant

Atomic number 14
element in the earth crust with a mass fraction of Classification carbon group 14"
9 2 2
26.3%. In consequence of its high oxygen Electron configuration [Ne] 3s” 3p
o ‘ Atomic mass (g'mol ) 28.086
affinity it is not found elementary but in form of Covalent radius (pm) 111
salts. Thereby, the salts (silicate) are based on Melting point (If) 1687.2
Density (grcm™) 2.33

silicic acid (mSiO>7H,0) which are derived Table 3: Characteristics of silicon [14, 15].
from the anhydride Si0,.SiO; occurs in form of quartz, pebble, berg crystal, amethyst and so
on. Many silicon containing minerals are on the basis of magnesium-, calcium-, iron-, and

aluminosilicates.

Extraction

Technically, silicon is recovered by reduction of quartz with coke and temperatures
above 2000°C in an arc-reduction-furnace. In this way the silicon gets a chemical purity of
98.5 w% in case of Si98 and 99.7 w% in case of Si99. Purest silicon is obtained by thermal
reduction of silicochloroform (HSiCls;) with hydrogen at 1000 °C or pyrolysis of cleanest
silane (SiHy) [13].

Physical properties

a-silicon crystallizes in a cubic diamond structure (cF8) with the space group Fd3 m
[16]. Furthermore, several high-pressure modifications exist. By the use of increasing
pressure the individual forms show growing density. Additionally, the co-ordination number
of the silicon in the crystal system grows from 4 to 12 [13]. The Mohs hardness is 6.5 [15].

High-purity silicon is mostly used in semiconductor and solar cells technology.

Chemical properties

At temperatures above 1000°C Si scorches on the air to silicone oxide. Beneath this
temperature the primary oxide-layer prevents this process. In water it will be converted under
an exothermic reaction into hydrogen and SiO,. In spite of its huge negative electrode
potential from gy = - 0.909 V, silicone is practical indissoluble in all acids. In contrast to this,

it easily solves in hot alkalis under exothermic reactions in silicates and hydrogen [13].



2.4. Titanium

Natural occurrence

Titanium is the 10" most element in the Atomic number 22
earth sheath and naturally occurs in oxidic Classification Titanium group 4"
. Electron configuration [Ar] 3d” 4s”
compounds. The main titanium sources are Atomic mass (z-mol’) 47 867
iron containing ores, e.g. ilmenite (FeTiOs). Covalent radius (pm) 136
Furth itani ditanit Melting point (K) 1941.2
urther  titanium  sources are titanite Density (g-om™) 4507

(CaTIO[SIO4])’ perowsklte (CaTIO3) and Table 4: Characteristics of titanium [14, 15].
titanium oxide (Ti0O;). The last-mentioned mineral shows three different crystal structures

types: the common rutile-typ, the tetragonal anatase-type and the rhombic brookite-type.

Extraction

The industrial production of titanium is based on the so-called Kroll-process.
Therefore, chlorine gas is lead over a 1000 °C heated mixture of coke and titanium oxide. The
resulting TiCly is reduced by magnesium under an inert atmosphere and 1000 °C. The crude
titanium sponge still holds 25 % MgCl,, 10-20 % Mg. Almost pure titanium obtained by
eluviations with aqua regia or removingMgCl, and Mg by vacuum-distillation. Afterwards it
only contains traces of H, O, N, Cl, Mg, Fe, and Si, in a concentration area far below 0.2%

[13].

Physical properties

Basically, two different crystal modifications are known. a-Titanium crystallizes in
hexagonal close packing unit cell (2P2) with the space group P63y/mmc [16]. However, B-
titanium shows a cubic body centered structure (cI2) with the space group Im3m [16]. The

conversion temperature amounts to 882.5°C [13]. The Mohs hardness is 6 [15].

Chemical properties

Titanium shows a pronounced resistance to corrosion against atmospheric gases
attributed to its permanent oxide-layer. At high temperatures it deflagrates turbulently.
Titanium powder exhibits pyrophoric properties. In warm environment it reacts with almost
all non-metals, e.g. with hydrogen to TiH, or halogens to TiX4. The presence of traces of C,

H, N and O makes titanium brittle [13].



3. Literature

3.1. Binary system

3.1.1. Fe-Ti

Based on its technical applications, the iron-titanium phase diagram has been

intensively investigated, over the whole composition range, for a long time.

The studies on the binary system can be retraced at least back to the beginning of the
20" century, when Lamort investigated the iron rich corner up to 21.51 wt.% titanium. In this
area, only iron-rich alloys and the compound Fe;Ti was found [17]. Jellinghaus confirmed the
existence of Fe;Ti and determined its crystal structure as AlsTi-type [18]. Witte and
Wallbaum could not confirm the existence of a Fe;Ti phase. However, the compound Fe,Ti
with MgZn, structure was reported [19]. Laves and Wallbaum described the phase FeTiy,
which was refuted by Ray and Dew-Hughes several years later [20, 21, 22].

The first calculated phase diagram was done by Kaufmann and Nesor [23]. In 1981,
Murray published the first assessed Fe-Ti phase diagram containing bibliographic information
up to 1980 [24]. A reassessment of the Fe-Ti system was performed by Murray several years

later [25], as shown in Fig. 1.
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1400

1200

1000
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i Transition
T
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1
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0 10 20 30 40 50 60 70 80 20 100
Fe at.% Ti Ti

Fig. 1: Mirrored Fe-Ti phase diagram according to Murray [25].



The phase diagram shows two binary phases, whereby Fe,Ti melts congruently at

1427 °C and FeTi forms in a peritectic reaction at 1317 °C. At 1085 °C FeTi has a maximum

composition range of 48 to 50.2 at.% iron. Fe,Ti exhibits a maximum homogeneity range of

64.5 to 72.5 at % iron. The bcce-type solid solution connects the a- and é-iron and extends to

approximately 10 at.% Ti. It includes a y-loop between 912 and 1394 °C. The magnetic

transition temperature of pure iron is reported to be at 770° C. Pure Ti is separated into a-Ti

by temperatures below 882° C and B-Ti by temperatures above 882 °C. The homogeneity

range of B-Ti extends to approximately 22 at.% Fe [25]. Relevant data for the Fe-Ti phase

diagram are listed in Table 5 and 6.

Table 5: Binary phase equilibria of the Fe-Ti phase diagram [25].

Reaction Composition (at.% Fe) Tem?%;‘ ture Retz;c;(leon
oFe < yFe 100 1394 allotropic
vFe < aFe 100 911 allotropic

L < aFe 100 1538 melting

L < BTi 0 1670 melting
aTi & BTi 0 882 allotropic
L < Fe,Ti 66.7 1427 congruent

L < Fe,Ti + (aFe) 84 72.4 90 1289 eutectic
L + Fe,Ti < TiFe 49.5 64.8 50.3 1317 peritectic
(BTi)« (oTi) + FeTi 15 0.004 49 595 eutectic
L < (BTi) + TiFe 29.5 21 47.5 1085 eutectic

Table 6: Crystal structure data of the Fe-Ti phase diagram [25].

Phase Composition Pearson Space  Strukturbericht Structure
(at.% Fe) symbol group designation type

® metastable hP3 P6/mmm oMnTi
(vyFe) 99.4 to 100 cF4 Fm3m Al Cu
(aFe) 90 to 100 c2 Im3m A2 W
Fe,Ti 64.5t0 72.4 hP12 P63y/mmc Cl4 MgZn,
FeTi 48 t0 50.2 cP2 Pm3m B2 CsCl
(BTi) 0 to 22 cl2 Im3m A2 W
(aTi) 0to 0.04 hP2 P6s/mmc A2 Mg

Based on new phase diagram data several CALPHAD-type reassessments have been

published. Hari Kumar made a thermodynamic description by the least-square optimization of

literature data and modeled the homogeneity range of the Laves phase Fe,Ti using a 3-

8



sublattice model [26]. Jonsson reassessed the Fe-Ti system with the purpose to use it for
extrapolations in the ternary systems Fe-Ti-N and Fe-Ti-C [27]. Dumitrescu et al. summarized
certain CALPHAD-type assessments up to that point and considered that it is futile to make a
superior assessment without new experimental information [28]. G. Cacciamani et al. refers to
the Fe-Ti phase diagram by Hari Kumar, as shown in Fig. 2. The homogeneity range for the
FeTi phase was calculated using a 3-sublattice model. Furthermore, he linked the Gibbs
energy of the FeTi with the Gibbs energy of the disordered phases (42) to correlate the order-
disorder transformation between the ordered FeTi and the disordered bee phases. Notably, the
Gibbs energy of the disordered phase (42) contains the magnetic contribution [29]. The major
distinctions between the phase diagram by Murray [25] and the one by Hari Kumar [29] are
the congruent melting point of Fe,Ti, the peritectic reaction temperature of FeTi and the
eutectic reaction temperature between FeTi and a-Ti. Moreover, the homogeneity range of
Fe,Ti differs. Bo et al. also agree with Kumar, excluding the specific heat capacities of Fe,Ti
and FeTi. They reassessed the binary system Fe-Ti with the purpose to use it for extrapolation

in ternary or higher-order systems [30].

1800 L 1 L 1 L L L 1 L
1668
1600 - -
Liquid
—~ 1400 - -
Q
o
£ 1200 \ -
g 1082 .
5 B-Ti
&, 1000 -
g ) 882
[ 800 {. FeTi i
770
600 582 R
o-Ti—e=
400 L] ] T T L
60 80 100
Fe at % Ti Ti

Fig. 2: Fe-Ti phase diagram according to Hari Kumar [29].



3.2. Ternary systems

3.2.1. Al-Fe-Ti

Early work on the ternary system Al-Fe-Ti was done by Nishimura and Matsumoto
[31]. The first ternary compound with the composition of ~Al,FeTi (t,) was reported by
Markiv [32]. He was also the first one who presented an isothermal section at 800 °C.
Thereby, two more ternary compounds with the composition Aly,,FesTig (13) and AlgoFesTig
(t1) were related [33]. Dew-Hughes investigated the Ti-rich corner at 1000 °C. The existence
of 1,, as well as 13, has been confirmed [22]. A further isothermal section at 800 °C was
published by Seibold. She also approved the compounds 1, and 13, but excluded the existence
of ;. During her work a new compound with the stoichiometric composition (also denoted as
11) TiAlFe, was found [34]. It was Palm et al. who reported the first isotherm section over the
whole composition range at 900 °C and 1000 °C [35, 11]. Furthermore, an isothermal section
at 800 °C, which differentiates substantially from all published phase diagrams so far, was
published by Palm et al. [11]. The ternary compounds 1, (Al,FeTi) and 13 (Alx;,Fe;Tis) have

been affirmed, but with different homogeneity ranges as reported before.

Ti
0% 100
aTi
10 !
. 900 °C
20 £ PTi %0
Ti Al
30 3
40 ,
Q’q_; 60 %
o° 3
5 50 == 50 P Y
oo > TiAl ©
60 %) 40
: TiAl
70 Fe,Ti 1302
o I TiAl
80 3V 0
90 L2, 0
100 A2} B2 0
Fe 0 10 20 30 40 50 60 ,ffm,,,%so 90 L7100 Al
(<] [
at.% Al 2R A~
A A

Fig. 3: Isothermal section of the system Al-Fe-Ti at 900 °C [36].
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The compound Fe,AlTi (t;) could not be verified by Palm et al. [11]. Palm and Lacaze
assessed the isothermal sections of ternary system Al-Fe-Ti at 800 °C, 900 °C (shown in Fig.
3) and 1000 °C and presented an isotherm section at 1200 °C [36]. The isothermal section at

900 °C, as shown in Fig. 3, was used for the current investigations.

The ternary isothermal section at 900 °C shows two ternary compounds 1, and t3. T,
has a wide homogeneity range and occurs, conditionally on the composition, in two different
polytypes [11]. At high titanium concentrations it crystallizes as Mn,3The-type. However, in
titanium poor part T, has a primitive tetragonal structure [36]. The homogeneity range of T3
extends between 4.8-9.7 at.% Fe, 63.9-66.6 at.% Al and 28.6-25.8 at.% Ti. The cubic phase 13
exhibits a L1, type structure [36].

Furthermore, 16 three-phase fields, 30 two-phase fields and 17single-phase fields are
described. An enormous solubility for Al in the Laves phase (Fe,Ti), where it reaches about
35 at% at 900 °C and FeTi, is reported. The disordered phase B-Ti also shows a distinct high
solubility for aluminum [11, 36]. The solid solubility of Ti in a-Fe (42) and AlFe (B2) was
reported to be around 10 at% at 900 °C. Second order transition lines segregate the A2/B2 and
B2/L2, phase fields. The L2;structure type may be formed in a ternary ordering of the binary
DO; structure. Up to date, no clear distinction has been reported when this phase is denoted as
L2, (Heusler-type) or D03 [36]. In the presented ternary system Al-Fe-Ti (Fig. 3) this phase is
denoted L2, corresponding to the ternary ordering. However, throughout the current work the
DO0; denotation is used. The solid solubility for Ti in the DO; ordered phase Fe;Al goes up to
23 at%. Due to the high solubility of titanium in DOs;, the DO3/B2 transition temperature
increases from 547°C in the binary system up to 1212°C in the ternary system [36]. The

relevant crystal structure data for the ternary system Al-Fe-Ti are listed in Table 7.

11



Table 7: Crystal structure data for the ternary system Al-Fe-Ti. Data for the Fe-Ti phase diagram are given in Table

5 and 6 [36].
Phase Pearson symbol Space group Stl;ll;l:it;;:;gl:ht Prototype
Ti;Al (o) hP8 P6;/mmc DOy Ni;Sn
TiAl (y) tP4 P4/mmc L1, AuCu
TiAl, ti24 14/amd - HfGa,
TiAl; (h) 8 14/mmm DOy, TiAl; (h)
TiAl; () 32 14/mmm - TiAlL; ()
FeAl (o) cP2 Pm3m B2 CsCl
Fe;Al cF16 Fm3m DO; BiF;
FeAl, aP18 P1 - FeAl,
Fe,Als oC* Cmcm - Fe,Als
FejAlj5(FeAly) mC102 C2/m - FejAlys
AlLFeTi (1) cF116 Fm3m DS8a Mn,;Th
T,* tP* - -
AlgFeTis (t3) cP4 Pm3m L1, AuCus

12



3.2.2. Fe-Si-Ti

Previous studies on the ternary system Fe-Si-Ti were done by Vogel and Schliiter,
who investigated the iron-rich corner. They reported two ternary phases with the composition
FeSiTi and Fe;SigTi [37]. An early isothermal section at 800 °C was given by Markiv et al., as
shown in Fig. 4. It depicts five ternary compounds: TiFeSi,, TissFe oSiaa (X’), TissFeisSig
(X*), TijpFesySise (13) and the already known FeSiTi. Furthermore, tests on the solid solutions
were performed by Markiv et al. The Laves phase Fe,Ti displays a homogeneity range up to
27 at.% Si. The solubilities of Fe in TisSi; are expected to be about 4 at.%, the one for Ti in a-
Fe 2-3 at.%. The crystal structure of FeSiTi and TiFeSi, were determined by X-ray structural
analysis of single crystals to be orthorombic with a=6.24 A, b=9.53 A, ¢=8.56 A for
TiFeSi, and hexagonal with a=6.24 A, ¢ =6.96 A for FeSiTi. Markiv et al. supposed that T3
has a hexagonal structure. Therefore, the positions and relative intensities of the X-ray results
were compared to the compound 73 in the Ti-Co-Si and the Ti-Ni-Si system [38]. A
reinvestigation of the FeSiTi crystal structure was done by Jeitschko, who described an
orthorhombic unit cell of the space group Ima2 with the lattice parameters a =6.997 A,
b =10.830A and ¢ = 6.287A [39].

Fig. 4: Isothermal section of the system Fe-Si-Ti at 800 °C, done by Markiv [38].
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A new structural report for FeSi,Ti was given by Steinmetz et al., in which it was
determined to be of MnSi,Ti-type, with the space group Pbam [40]. Weitzer et al. reported a
hexagonal PdoSnj; Y 3-structure type for the phase 13 (FesSizTi) with the space group
P6/mmm |41].

Loffler reinvestigated the ternary phase diagram for concentrations above 40 at.% Si
by XRD and EPMA and presented three isothermal sections at 800°C, 900°C and 1000 °C
[12]. A further investigation of the Fe-Si-Ti system, including an isothermal section at
900 °C, a liquidus projection and a reaction scheme, was given by Weitzer et al. [41]. For this

work, the isotherm section at 900°C, as shown in Fig. 5, was taken.

aFe 20  FeTi © Feli ¢ 80 BTi
— at.%Ti

Fig. 5: Isothermal section of the system Fe-Si-Ti at 900 °C, done by Weitzer et al. [41].

The isothermal section at 900 °C shows seven ternary compounds. Thereby, only
FeSiTi (12) exists a homogeneity range of more than 1 at.%. Weitzer et al. reported a
solubility of Si in Fe,Ti (Laves-Phase) of more than 25 at.%. FesSi; shows a solubility of
9.5 at.% Ti. The solubility of Ti in FeSi was found to be 1 at.%. The A2/B2/DO; phase field
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depicts a maximum solubility of 9 at.% Ti [41]. The relevant crystal structure data for the

ternary system Fe-Si-Ti are listed in Table 8 and 9.

Table 8: Crystal structure data of the binary Si-Ti and Fe-Si phase diagram [25].

Strukturbericht

Phase Pearson symbol  Space group designation Prototype
BTi cl2 Im3m A2 W
Ti;Si tP32 P4,/n . PTi;
Ti5S1; hP16 P65/mem D8g Mn;Sis
TisSiy tP36 P4,2,2 .. SisZrs
TiSi oP8 Pmm?2 ... SiTi
oP8 Prnma B27 FeB
TiSi, oF24 Fddd C54 TiSi,
(Si) cF8 Fd3m A4 C(diamond)
aFe cl2 Im3m A2 W
0, cP2 Pm3m B2 CsCl
o cF16 Fm3m DO; BiF;
Fe,Si hP6 P3ml .. .
FesSis hP16 P65/mem D8g Mns;Sis
FeSi cP8 P2.3 D20 FeSi
BFeSi, tP3 P4/mmm

Table 9: Crystal structure data and measured compositions of the ternary phases in Fe-Si-Ti [41].

EDX data (at.%)
Phase Space group  Prototype
Fe Si Ti
1,-FeSi, Ti Pbam MnSi,Ti 24-25 49-50 25-26
1,-FeSiTi Ima?2 FeSiTi 31-33 33-35 33-35
T3-FeqoSi3 T3 P6/mmm Pd4Sn;; Y13 49 35.5 15.5
T4 unknown - 28 45.6 26.3
s unknown - 7.4 64.3 283
T unknown - ~12.5 ~49 ~38.5
T unknown - 10 40 50
Tg unknown - 20 40 40
Ty unknown - 17 43 40
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3.3. Quaternary system Al-Fe-Si-Ti

A limited number of literature data on the quaternary system Al-Fe-Si-Ti is available.
Zakharov et al. reviewed the aluminium-rich corner, containing information in the
concentration area of 10-14 at.% Si, 0-3 at.% Fe and 0-0.6 at.% Ti studied by DTA from 550
to 850 °C [42]. The iron-rich corner was investigated by Marker et al. at 900 °C. Thereby,
three partial isothermal sections at 50 (Fig. 6), 60 (Fig. 7) and 70 at.% Fe were reported [10].
The single phase fields Fe,Ti and B2/DOs were described in every section. At 50 and 60 at.%
Fe the Laves phase ranges continuously from the ternary Fe-Si-Ti to the ternary Al-Fe-Ti
system. Based on experimental data a large homogeneity range of the single phase field Fe,Ti
towards the titanium-poor side of the quaternary system was assumed. Thereby, two- and
three-phase field samples showed titanium concentrations for the Laves phase Fe,Ti up to
19 at.%. This observation was the reason for the investigation of the homogeneity range of the
Laves phase Fe,Ti towards the Ti-poor side of the quaternary system Al-Fe-Si-Ti. Therefore,
three partial isothermal sections at 20, 25 and 33.3 at.% Ti at 900 °C were investigated.

Moreover, several two-phase and three-phase fields were shown in every section at the
different iron concentrations. Also four-phase fields were obtained. A quaternary phase has

not been reported so far [10].

TigoFes,

10 /Fe,Ti +FeTi
40

g
< -
T 8
@ 9.
& “a
. -
D05+ Fe,Ti
3 2 DO, +FeTi+t2
30 caessnsn®
_.--.'"'“ 20 DO, +t2+13
Lt DO+ 13
et i DO+ Fe,Si, + 13
Fe,Sig+t3

DO+ Fe,Si, + FeSi + 13
B2/D0;+FeSi+3

- B2+FeSi+t2+13

0
Alg,Fey, 0 10 20 B2+FesSi 30 40 Fesi 50  SisFeg

Fig. 6: Isothermal section at 50 at.% Fe of the Al-Fe-Si-Ti system at 900 °C, done by Marker et al. [10].
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Fe-Al-Si

Fig. 7: Isothermal section at 60 at.% Fe of the Al-Fe-Si-Ti system at 900 °C, done by Marker et al. [10].

Furthermore, three partial liquidus projections at 50, 60 and 70 at.% Fe were given by
Marker et al. Based on DTA data also certain vertical sections at constant iron concentrations
have been presented [9]. A reinvestigation of the aluminium-rich corner of the quaternary
system Al-Fe-Si-Ti was done by Li et al. Two isotherm section at 75 and 90 at.% Al were
presented at 700 °C. Five four-phase fields at 75 at.% Al and two four-phase fields at 90 at.%
Al were identified. The existence of a new ternary or quaternary compound in this area could

be excluded [43].
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3.4. Laves phases

Early investigations on Laves phases were done by Friauf, Laves and Schulze [44-48].
The crystal structure of MgZn,was first studied by Friauf in 1927 [44]. Laves gave the first
overview containing properties and characteristics of this class of alloys [45-47]. It was

Schulze [48] who introduced the term ‘Laves Phase’, which is commonly used today.

Up to date, more than 1400 binary and ternary Laves phases are known. Consequently,
the Laves phases represent the largest group of intermetallic compounds [1]. Due to the fact
that they are candidates for several functional as well as structural applications, a renewed
interest in Laves phases started at the beginning of the 90’s [1, 4]. Their non-structural
applications are the utilization as wear resistance, super-conducting magnets or as hydrogen
storage materials [4]. The last mentioned application plays a major role in the future
development of rechargeable nickel-metal hydride batteries [2, 3]. For structural applications
the high strength up to high temperatures is utilized. At ambient temperature the Laves phases

show an enormous brittleness; its improvement was investigated by addition of ductile phases

[1].

Laves phases, showing topologically close-packed structures, appertain to the class of
Frank-Kasper phases. They show the general composition AB,. Thereby, the large A atoms
are situated in the centre of a 16-atom polyhedron. However, the smaller B atoms occupy the
centre of icosahedra. Consequently, the A atoms are coordinated by 16 (4 A and 12 B atoms),

the B atoms by 12 (6 A and 6B atoms) atoms.

e Aatoms (Mg)
® B atoms (Zn, Cu, or Ni)

Cl4 Cl5 C36
MgZn, MgCu, MgNi,

Fig. 8: Polytypes of the Laves phase structure according to Stein et al. [1].
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Table 10: Crystallography of the three different Laves phase polytypes.

Polytypes C14 type MgZn, C15 type MgCu, C36 type MgNi,
Spacegroup P6;/mmc Fd-3m P6;/mmc
Mg: 4£(1/3,2/3,z) | Cu: 16d (5/8,5/8,5/8) | Mg: 4e (0, 0, z)
| Zn:2a(0,0,0) Mg: 8a (0, 0, 0) 4£(1/3,2/3, z)
Crystallographic | ¢ >\ 14 Ni: 4£(1/3, 2/3, 2)
positions
6g (1/2, 0, 0)
6h (x, 2x, 1/4)

Three different polytypes are described: the cubic MgCu, type (C15), the hexagonal
MgZn, type (C14) and the hexagonal MgNi,-type (C36). The three crystal structures exhibit a
close structure relationship as shown in Fig. 8 and Table 10. The three prototypes can be built
up by different stacking sequences of the same types of layers [1]. Furthermore, the C36-type
is regarded to be an intermediate phase between the C14 and the C15-type phase [7].

Specific requirements are known, which determine the stability of Laves phases. For a
close-packing of spheres the radius ratio ra/rg has to be = 1.225 (ideal radius ratio) [1]. Zhu et
al. reported a connection between the average electron concentration factor (e/a) and the
obtaining phase stability of NbCr,-based Laves phases [49]. In this way, a designated

prototype can be predicted, which, however, is not applicable for all systems [1].

5.76* *5‘88 753 765 8
Nb-Cr-Ni |- +t—»
Nb-Cr-Co | > | |—|

- | |
Il |
[Nown]  [WbFe;] ! NeCog ["NbNiy*] FNbCus
| — L | T
6.5 7l5l | 8.5

| ela I |
C15 14 15 No Laves Phase
_’| - C —| |£:_>|..___

Fig. 9: Phase stability given by the average electron concentration (e/a) in NbCr,-based alloys [49].

Binary Laves phases can show a large homogeneity range including the A-rich as well
as the B-rich side of the stoichiometric compound [1]. Moreover, several binary Laves phases
exhibit a large solubility of third elements without changing their crystal structure type. The
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binary Laves phase (C14) Fe,Ti shows a huge solubility for aluminium and silicon [50]. In
case of aluminium, an increasing solubility with temperature from 33.5 at.% at 800 °C to
47 at.% at 1000 °C is reported [11]. Thereby, the range of solubility for titanium does not vary
much. This means, confirmed by XRD investigations, that aluminium substitutes preferably
for the two different iron positions [11], also confirmed by Xinlin Yan et al. [51]. In the
ternary system Fe-Si-Ti an extended homogeneity range of Fe,Ti (C14) is described. The
solid solution for silicon, which is around 27 at.%, shows a temperature independent behavior.
Nevertheless, a temperature dependent solubility for titanium is reported [12]. The side

occupancies of silicon in the Laves phase are not investigated up to now.
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4. Theoretical background

4.1. Phase diagrams [52, 53, 54]

Phase diagrams are graphical representations, which describe the state of a materials
system in thermodynamic equilibrium as function of temperature, pressure and composition.
The phase describes a physical-homogeneous state of matter with a given chemical structure
and composition. The three different states of matters solid, liquid and gaseous of a pure metal

are the simplest examples.

Phase diagrams are necessary to understand the solidification processes and other
reactions in order to predict the properties of materials. Important information for technical
applications like welding, soldering and contacting of semiconductors can be derived from

these graphical representations.

There are several reading or working rules, which have to be considered carefully. All
rules in binary systems can also be applied on ternary or higher ordered systems. The

foundation to understand phase diagrams is given by the Gibb’s phase rule (1),

P+F=C+2

which can be modified for condensed systems (p = constant; the pressure shows no significant

effects on the equilibrium at conventional conditions):

P+F =C+1
P...number of phases
F...degrees of freedom; number of variables that can be varied independently

C...number of components

The Landau and Palatnik rule is necessary for construction of phase diagrams. It
depicts the dimension of the borders between different phase fields and is given as: r; =r—d
-d". r; describes the dimension of the border, r the dimension of the phase diagram. The
number of phases, which are added during the transition from one phase field to another, are

represented by d", the ones that are lost by d'.
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The Lever rule is another helpful tool T & A
for interpretation of phase diagrams. A
diagram sketch, representing solid phases is
given in Fig. 10. The two single phases o
and B are separated by the two-phase field

o+p. In this diagram, a sample with the

composition C and the temperature T; is

depicted. The composition C is located in the

two-phase field a+f3. By using an imaginary

. ) o . X
horizontal line (tie line), which connects the .

two single-phase fields through the two- Fig. 10: Schematical depiction of the Lever rule.

phase field, the equilibrium between the both single-phase fields at the respective temperature
(in this case T;) can be described by this tie line. The Lever rule enables the determination of
different oiand B contributions for the compound C. (f% fP=fraction of o and P,

respectively).

a_ b nile FF = &
/o= a+b » while f% = a+b

In general, two different types of phase transformation exist. First order
transformations like invariant reactions or congruent phase melting show a discontinuity of
the first derivative of Gibbs energy. On the other hand, second order transformations like
magnetic transformations display a discontinuity of the second derivative of Gibbs energy, the

heat capacity c,.

The one-component phase diagram, also known as unary phase diagram, can be
represented as a one- or two-dimensional plot. Thereby, the behavior of an element is
represented depending on temperature and/or pressure. For technical applications, phase
diagrams with two or more components are in focus. In this case, the illustration of
equilibrium conditions based on attendant compositions becomes more complicated. Binary
phase diagrams are mostly figured as two-dimensional plots of composition and temperature
at constant pressure. Ternary systems can be described by using a three-dimensional
representation including the composition and the temperature at constant pressure (Fig. 11). In
fact, the most ternary systems are illustrated as horizontal (isothermal) or vertical (isopleth)

sections. That means that a second variable, in addition to the pressure has to be held constant.
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isothermal section
p, T=const.
C

isopleth

‘f‘ p, X, =const.

Fig. 11: Examples for an isothermal section and an isopleth in a ternary system.

Isothermal sections report the equilibrium conditions of a ternary system at constant
pressure and constant temperature. Isopleths, on the other hand, show behavior of the ternary
system at constant pressure and constant content of one component or constant concentration
ratio of two components. Furthermore, another two-dimensional representation, the liquidus
surface projection, has to be mentioned. In this case, the shape of the liquidus surface can be
explained by using isothermal contour lines. In addition, various reaction paths, represented
by monovariant lines, are given. Consequently, the sequences of solidification and primary

crystallization fields, as well as their reaction type, can be read out.

Quaternary systems have a dependency on several variables, containing the
components A, B, C and D, the pressure and the temperature. Therefore, a multidimensional
representation for the equilibrium conditions is necessary. In fact, a quaternary system is
represented by three variable compositions XA, XB, XC (XD= 1 — (XA+XB+XC)) and
temperature. In such systems phase equilibria can be illustrated at constant temperature. By
using a three-dimensional composition tetrahedron, a full isotherm section can be described.
The three-dimensional order in form of a tetrahedron for a quaternary system A-B-C-D is

shown in Fig. 12.
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s C

Fig. 12: Composition tetrahedron of a quaternary system A-B-C-D.

Several possibilities to present a two-dimensional section of a quaternary system are
given. One example for an isothermal-isobaric section through a quaternary system is
sketched in Fig. 13. A compound at x has a binary composition of 33.3 at.% B and 66.6 at.%
A. All compounds along the three lines x-y, y-z and z-x are, corresponding to their binary and

ternary systems, binary or ternary and the triangle x-y-z shows a composition of 33.3 at.% B.

B

Fig. 13: Graphical representation of an intersection at 33 at.% B of a quaternary composition tetrahedron.
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Two different types for a four-phase field in the plane, which basically has the form of
an irregular tetrahedron, are known. One the one hand, the tetrahedron can intersect the plane
section in form of a triangle, on the other hand, a quadrangular cut is possible, as shown in
Fig. 14. However, the illustration of a three-phase-field in an isotherm-isobaric section in the

plane is a line, the one of a two-phase field a point.

Fig. 14: Schematical representation of the intersection of a three- and four-phase equilibria with a two-dimensional
section of a sketched quaternary system [S3].
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4.2. Methods

4.2.1. Optical microscopy [55, 56]

Reflected-light microscopy is used for magnified representation and analysis of

opaque samples like metals and alloys. In general, reliable statements about the
microstructure, the homogeneity of the sample, the number of phases and the relative amount

of phases can be made. Furthermore, the microstructure reveals several important information

(some are listed below):

- crystallization sequence

- reaction sequence and type of reactions
- grain sizes and grain size distribution

- segregation

- precipitation (solid-solid transitions)

The most common technique for investigations
of microstructures is given by the bright field mode
(Fig.

beamsplitter. The resultant diffracted beams enter the

15). A bundle of parallel beams passes the

objective, which focuses them on the sample.
Reflected by the surface of the sample, the beam
becomes collected back to the tube lens, where a real
image is received. The contrast of this image is given
based on the properties of the surface like roughness

and colour.

Reflected darkfield microscopy (Fig. 16) is
used for the exploration of the relief in surfaces of
materials. In this way the hardness of phases, the exist
of cracks or holes as well as scratches, which occur
from the surface polishing, can be observed. After
passing a mirror system the beam enters a ring mirror

and, subsequently, a dark channel system (objective).
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Fig. 15: Bright field imaging [56].
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Consequently, the light irradiates the surface of the sample at a low angle. Areas where

scratches, cracks or holes exist, can direct the light back to the tube lens and be observed as

bright fields. However, areas where the metals or alloys act as a perfect mirror (there are no

surface irregularities), no light is reflected back and they appear as dark/black fields.

For studying minute elevation differences in
surfaces, the differential interference contrast (DIC)
mode is applied (Fig. 17). A polarized beam enters a bi-
refringent prism (Nomarski prism), where it gets split
into two orthogonal polarized beams. They are focused
on the sample by an objective. A completely flat surface
will not show any features. However, if there are minute
height differences in the surface, the separated beams
have different optical path lengths. After refection, the

parallel beams have to pass the objective, the Nomarski

m—'l'uhe Lens

Analyzer ——a———

Beamsplitter —

Nomarski — il

Prism Polarizer
Sl — Objcctive
F%le Erfn; . Specimen
S

Fig. 17: DIC optics [56].

prism and finally a second prism (analyzer), where interference produces a grey image,

according to the optical path difference. By using a colour filter (lambda plate) the contrast

can be improved.

For investigation of alloys containing structures
that change the state of polarization during the reflection
process, the polarized reflected light microscopy is used
(Fig. 18). The contrast accords to the optical properties
and the orientation of the sample. In this way, it is
possible to measure the grain size of polarizing phases.
Furthermore, statements in terms of structure type,
whether they show low or high symmetry can be
discerned. In this optical configuration, the light

primarily passes a polarizer. The linearly polarized light

m—'l'uhe Lens

Analy zer ———

Beamsplitier —

Polarizer

m— Ohjective

Specimen

Fig. 18: Polarization optics [56].

is focused on the sample surface where it is modified according to the optical properties of the

material. After reflection, it enters an analyzer oriented at 90° to the polarizer. As a result,

only depolarized light is able to cross the analyzer and reach the tube lens.
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4.2.2. Scanning electron microscopy (SEM) and electron probe microanalysis (EPMA) [55,

57]

Scanning electron microscopy (SEM) and electron probe microanalysis (EPMA) are

analysis techniques that are applied for imaging of the surface as well as for qualitative and

quantitative investigations of materials.

A schematic construction of a scanning
electron microscope is shown in Fig. 19. In
principal, electron column consists of an electron
gun and several magnetic lenses, which focus the
electrons through the evacuated tube on the
specimen. The electrons are emitted by a heated
cathode (tungsten filament or LaBgtip) and
accomplish energy in the range of 0.1-30 keV. By
using electromagnetic lenses with tunable focal

length, an electron beam of less than 1 um accrues.

Condenser
Lens

Condenser
Lens

Fig. 19: Schematic construction of a SEM [58].

The interaction of the electron beam with the sample surface leads to several effects, as shown

in Fig 20. The real interaction volumes for certain interactions depend on the material and the

electron energy, so only a schematical sketch is presented (Fig. 20).

E
8
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=}
£
=
% fluorescence X-rays
= characteristic X-rays
g Bremsstrahlung
E, Auger electrons
BSE
SE VY

interaction volume

Fig. 20: Interaction of the primary electron beam with the specimen

Back scattered electrons (BSE) or secondary electrons (SE) are applied for imaging.

Instead of reflected light microscopy, images with a much higher magnification and resolution

are obtained by scanning the specimen surface with the electron beam line by line. Back
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scattered electrons are a ‘reflector product’ of the primary electron beam. The primary
electrons, thereby, interact with the high electron densities of atoms in the material. In this
way, multiple elastic and inelastic scattering take place and electrons with energy of 80-90%
of the primary electron beam escape. By using the BSE-mode the presence of different phases
can be distinguished by different grey scales, which refers to the ‘mass contrast’. The ‘mass
contrast’ is based on the back scatter coefficient which increases with increasing atomic
number. Due to that fact, a phase with a large average atomic number shows a bright BSE
image. This effect is decreasing for higher atomic numbers and may be overruled by the

‘orientation contrast’ for higher average atomic numbers.

Secondary electrons occur through the interactions between the primary electron beam
and the slightly bound conduction band electrons in alloys or metals. According to the energy
differences between the primary electrons (keV) and the specimen electrons (eV), secondary
electrons (SE) are low energy electrons in the range of 3-5eV. Consequently, they only
appear in a small area near the surface. The contrast is given due to the topography of the

sample surface, since more electrons can escape from edges.

By investigation of the characteristic X-ray radiation, qualitative as well as
quantitative information with respect to the specimen can be obtained. Characteristic X-rays
are determined by two different detection techniques. Therefore, the electron-dispersive
spectroscopy (EDX) and the wavelength dispersive spectroscopy (WDX) have been
established. In the EDX technique the energy of the X-ray photons (E) is counted by a solid
state detector. Thereby, a photosensitive silicon layer converts the impinging photons into
electron/hole pairs. The theoretical resolution for this method is given by the energy for the
electron/hole formation of silicon (¢=3.8 eV). The maximum number of electron/hole pairs
can be calculated by n = E/e. EDX is characterized by a fast measurement time, whereby the

whole X-ray spectrum is recorded simultaneously.

In WDX technique, the X-rays are monochromated by different orientated crystals.
Different monochromator crystals are applied for different wavelength ranges, respectively. A
conventional scintillation counter is used for processing the impinging wavelength. For
detection of different wavelength, the crystal, as well as the detector, has to move along the
focussing circle. Due to the fact that WDX measurements circumvent the overlap of spectral
lines, a higher resolution, compared to EDX, is given. However, the movement of crystals and

detector leads to a much longer measurement time.
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For electron microanalysis a combination of EDX, for fast qualitative analysis and
several WDX spectrometer, for simultaneous quantitative analysis of different alloys is
appropriate. Therefore, calibration with standard materials has to be done. Additionally,
upcoming matrix effects, which are unique for different materials, can be corrected by using

the ZAF matrix correction:

C I
X = [ZAF),—= = [ZAF],k,

Ci Ity
C I
k, = C_x = I_x
GRRLC)

Cx, C(x)...mass concentration of x in sample or standard

Iy, Iy)...intensity of characteristic line of x in sample or standard
Z...correction model for average atomic number of sample material
A...correction model for absorption of sample material

F...correction model for fluorescence of sample material

The mathematical correction of raw data enables quantitative data. The total weight
percent, that certainly has to be around 100, is an important criterium for the quality of the

measurement.
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4.2.3. X-ray powder diffraction (XRD) [55, 59]

4.2.3.1. X-rays

X-rays are typically generated by using the X-ray tube, as shown in Fig. 21. By
heating the cathode (also called electron gun) electrons are emitted and accelerated in an
electric field (20-60 kV) to a water cooled anode, which usually consists of Cu, Co, Mo or Fe.
After collision of the high-speed electrons with the anode, their kinetic is converted to X-ray

radiation (less than 1%) and heat.

X-ray metal target

e :
/+ » Kﬁolmg water
electrongun .

Be-window

Fig. 21: Schematical depiction of an X-ray tube.

A schematic X-ray spectrum is given in Fig. 22. The 4 Ka
X-ray spectrum shows two different phenomena, a -
continuous ~ X-ray  spectrum  (also  known  as | Brems- )
‘Bremsstrahlung’ or white spectrum) and the characteristic ?) strahlung - KB
X-ray lines. The continuous spectrum accrues from a series &
of collision between the bombarding electrons and the atoms ‘
of the target, whereby they lose their energy. Due to the fact wavelength (A) ]
that each electron loses its energy in a different way, a Fig. 22: X-ray spectrum.

variety of different wavelengths results. The characteristic

X-rays are obtained by an interaction of the incident Mshel

L shell
electrons with the inner orbital electrons of the target atoms.
K shell

. nucleus

A bombarding electron with adequate energy ejects an inner
shell electron and creates an electron hole. This vacancies
filled by an electron from an outer shell and an X-ray photon
with characteristic wavelength is emitted. The energy of the
X-ray is received from the difference in the electron energy
levels and is a characteristic of the target material. The Fig. 23: Electron transition [59].
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different characteristic X-ray lines are consistent with the electron transitions between
different energy levels (Fig. 23). According to the Bohr model, all transitions that end at the
K-shell are described as K with the footnote a, B etc., corresponding to the type of transition.
K, lines, thereby, arise from a transition of the L-shell to the K-shell, whereas Kg is referable
to a transition of the M-shell. Based on the subshells, which exist in every shell expect the K-
shell, the K, splits up into two separate lines, the K,; and the Ky. Kq; is emitted by the

transition of the Ly to the K shell, however, Ky, results from the transition of Ly;.

4.2.3.2. X-ray diffraction

If an isolated atom is hit by X-ray radiation, elastical scattering can be observed. This
characteristic is based on the absorption and reemission of electromagnetic radiation, whereby
the energy remains constant. The electrons around the nucleus are accounted for this
phenomenon. When X-ray radiation gets scattered on the high electron densities of the atom,
constructive interference can be observed, producing a diffracted beam. In crystalline solid
the atoms can be counted as scattering centres. A crystal can be described as a grating, which
is made up of atomic layers with a designated distance d. These layers correspond to the
crystallographic planes, described by the Miller Indices 4, k and /. For every crystal structure
only one possibility, how the atoms and the appropriated lattice planes are ordered, exist.
Diffraction occurs, if the distance of the gridlines in gratings is in the order of magnitude of
the wavelength of X-ray radiation. A sketch for the interaction of X-rays with a crystalline

solid is given in Fig. 24.

inceident beam diffracted beam
\ . . /
0 d
lattice plane

Fig. 24: Sketch of X-ray diffraction (Bragg-construction).

The two different X-rays, as shown in Fig. 24, have a different travelling path. The
distance for one of them is about the green section larger, compared to the other one. If the
green section is an integer multiple of the applied X-ray wavelength, constructive interference
occurs and the diffracted beam can be detected. Different diffracted wavelengths from
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different atomic lattice planes form a definite diffraction pattern that comprises information
about the crystal structure. The geometrical construction in Fig. 24 leads to the Bragg

equation:
Zdhkz e sin@=ni

d is the distance between the crystallographic planes (/4,4,/), ® the angel of the incident
beam, n is an integer and A the wavelength of the incident X-ray. Positive inference and,
consequently, diffraction can only be observed for radiation, which hits the plan in a uniquely
defined angle, the Bragg angle. By measuring the angle ® the distance between two atomic

layers can be calculated, if the wavelength A is already known.

The intensity of the diffracted X-rays is dependent on the atoms in the unit cell and is

expressed by the structure factor F:

I | Foal”

—B sin%e

).e 22

1+cos?20
sin20cos6O

full model: Iy = |Fuul*p-(
Fu...structure factor

p...multiplicity factor

1+cos?26
sin20cosO

(

):..Lorentz polarization factor

-Bsin20
e 2% .. .temperature factor

The structure factor contains the structure information appropriated to:

Fhkl:Zj fj.eZM(hxj+kyj+lzj)

J; represents the scattering factor of the atom j,
occupying the positions X;, y;, and z;. 4,k and / correspond
to the Miller indices of the reflection. The scattering
factor depends on the atomic number, or rather the -
number of electrons of the atom, the wavelength A and the

diffraction angle ®. It describes the efficiency of

scattering of a single atom and can be defined as:

f __ Amplitude of wave scattered by an atom “}L“ (nm")

- Amplitude of wave scattered by one electron
Fig. 25: Dependence of f on the scattering
angle [59].
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When the angle ®=0, the scattering factor corresponds to the atomic number (f=Z), or
rather to the total number of electrons. f is increasing with increasing atomic number and

decreasing with increasing angle.

4.2.3.3. X-Ray Powder Diffraction

The instrumental setup of an X-ray powder diffractometer generally consists of an X-
ray source, a specimen and X-ray detector, which are all disposed on a circumference of a
circle, known as focusing circle. The Bragg-Brentano pseudo-focusing geometry enables two
different measurement-methods. The most common one is the ®/20 geometry, where the X-
ray source is fixed while the detector and the specimen are moving simultaneously (see
Fig. 26a.). If the specimen moves for an angle of ®, the detector has to move 2@. On the other
hand, by working with the ®/0@ geometry, the specimen holder is fixed and the X-ray source,

as well as the detector, has to move.

a.) o
focusing circle
\A detector
X-ray
source
diffractometer x-rays brought to
circle \ focus here
specimen
b.)

X-ray source

=2
<

receiving  Soller slits
Soller slits slit . to

detector

divergence anti-scatter
slit

specimen

Fig. 26: a.) @/20-geometry of an X-ray diffractometer; b.) Slits set-up of an X-ray diffractometer [59].

34



The incedent X-rays have to pass a number of slits before they hit the specimen, see
Fig. 26b. The Soller slits are a series of closely spaced parallel metal plates, usually made of
tantalum or molybdenum. In this way, the X-rays get define and collimate. A divergence slit
confines the divergence of the incident radiation. After diffraction by the specimen, the X-
rays pass another set of slits. The antiscatter slit improves the peak/background ratio. A
receiving slit defines the width of the diffracted X-rays. Before the X-rays reach the detector,
they have to pass another set of Soller slits and finally, if necessary a Kg radiation filter. The
most common detectors are the scintillation counter, the energy dispersive solid state detector
and the one dimensional or strip detector. The scintillation counter is based on the detection of
fluorescence, which occur from the interaction between the incident X-rays with a Tl doped
NaCl crystal. Incident X-ray photons thereby produce a flash of light in the visual range. The
X-ray intensity is proportional to the amount of emitted light and is measured by a
photomultiplier. Energy dispersive solid state detectors are based ona photosensitive silicon
layer, where the impinging X-rays are converted into electron/hole pairs. The charge
generated in the detector is proportional to the energy of the incident X-ray photons. The
theoretical resolution for this method is given by the energy for the electron/hole formation of
silicon (e=3.8 eV). The one dimensional detector is given by a series of small strip detectors
arranged along a line. A certain angel can be detected simultaneously by adding the signals of

the different strips (increment: 0.01°), while the detector is moving on the circle.

4.2.3.4. Rietveld refinement

A powder X-ray diffraction pattern is represented as a two dimensional plot showing
the intensity as a function of the diffraction angle. The main information can be read out of
the position of the peaks, which depends on the unit cell dimensions and the intensity of the
diffraction lines, that correspond to the atomic number, the occupation of lattice sites and etc.,

already discussed in 4.2.3.2.

To identify the phases of a measured pattern, their diffraction lines have to be
compared with already known structure data from literature. By using the Rietveld refinement
the calculated diffraction pattern can be fitted to the measured one. The Rietveld refinement is
a mathematical method, which describes the whole pattern using structure-, profile- and
instrument-related parameters. In a least square process, the calculated and the observed

intensities were compared, using the quantity:
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yoi 1s the observed and y¢; the calculated intensity at the point i; w; is a weight factor.
The calculated intensity yc; is given by a function containing information about the

background and terms with phase specific as well as instrument parameters:

1+ cos?20;\ =2Bsin*0
Yei =Yg +S: Zthkll (szg 050, ) e 2 P20, —20p1) Py A Sr - E
hkl
S...scaling factor (for each phase) A...absorption function
Yp;...background at I E...extinction factor
Py ... factor for the preferred orientation ®...profile factor

S....function for surface roughness

The quality for a Rietveld refinement can be checked by the so called R-value. A
smaller R-value corresponds to a better fitting between the observed and the calculated

pattern. The weighted pattern Ry, is given as:

2
iwi|oi — ve |
Xiw; yéi

Ryp =
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5. Experimental

5.1. Sample preparation

5.1.1. Sample selection

Based on the given work by Marker et al. [10], where a large homogeneity range of
Fe,Ti towards the Ti-poor side was reported, three partial isothermal sections at 20, 25 and
33.3 at.% Ti at 900 °C were investigated. Thereby, the sample compositions were selected
according to their [10] observed results and the homogeneity ranges for Fe,Ti of the
corresponding ternary systems, with the aim, to characterize the phase boundary of Fe,Ti in
the Al-Fe-Si-Ti system [36, 41]. Furthermore, samples in the Fe-Si-Ti system have been
prepared to investigate the dependence of the site occupancies on the composition for Fe,Ti
by addition of Si as well as the behavior of the lattice parameters. To check the phase-
equilibria on the Ti-rich side of the Laves phase in the Fe-Si-Ti system and to characterize
Fe 0SigTiso and FeySigTis, further samples were prepared. All sample compositions are

given in Table. 11, Fig. 27 and Fig 28. The following basic materials have been used:

-Aluminium slug, 3.175 mm x 6.35 mm, 99.999%, Alfa Aesar
-Iron sheet, 0.5 mm, 99.95%, Fa. Johnson Matthey Chemicals
-Silicon lump, 0.1-2,5 cm, 99.9999%, Alfa Aesar

-Titanium rod, 6.4 mm x 25 cm, 99.7%, Alfa Aesar

The basic materials have been weighted with a semi-micro balance to a total sample
mass of 1000 mg, except the sample PB058i (800 mg). Thereby, an error of +0.5 mg and

+0.1 at.% was observed.

* PB24-PB32
PB21-PB23
* PB18-PB20

50 Si
50
60 * PBO1-PB08
. . 40 * PB56-PB64
70
. 30
80 A
PRV 20 13.3
90 LI 60

: S/
Fe % w w w L S 67 15320 26733340 467 553 60 &
-

Fig. 27: Graphical representation of prepared samples in the Fe-Si-Ti system (a) and the 33.3 at% Ti section of the
quaternary system Al-Fe-Si-Ti. The marking of graphic b.) was done by rounded figures.
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Fig. 28: Graphical representation of prepared samples at the 20 and 25 at.% Ti sections of the Al-Fe-Si-Ti system.

Table 11: Nominal and real composition of prepared samples.

Sample Nominal composition (at.%) Real composition (at.%) Total
Al Fe Si Ti Al Fe Si Ti | mass (mg)
PB01 - 66.7 33.3 - 66.74 33.26 1000
PB02 - 62.7 4 33.3 - 62.75 | 3.95 | 33.30 1000
PB03 - 58.7 8 33.3 - 58.72 | 8.04 | 33.34 1000
PB04 - 54.7 12 33.3 - 5474 | 12.09 | 33.33 1000
PB05 - 50.7 16 33.3 - 50.72 | 16.03 | 33.26 1000
PB06 - 46.7 20 333 - 46.73 | 20.02 | 33.31 1000
PB07 - 42.7 24 333 - 4270 | 24.00 | 33.33 1000
PB08 - 40.7 26 333 - 40.67 | 26.02 | 33.32 1000
PB09 2 62.7 2 333 2.04 |[62.69| 2.06 |[33.35 1000
PB10 4 58.7 4 333 4.02 |[5872] 4.03 |33.29 1000
PB11 6 54.7 6 333 6.04 | 5474 595 |33.34 1000
PB12 8 50.7 8 333 799 | 50.66 | 7.98 | 33.33 1000
PB13 10 46.7 10 33.3 ] 10.00 [ 46.73 | 999 | 33.34 1000
PB14 12 42.7 12 33.3 | 12.04 | 4270 | 12.00 | 33.34 1000
PB15 14 38.7 14 33.3 | 14.06 | 38.73 | 13.96 | 33.34 1000
PB16 16 34.7 16 333 | 1594 | 3473 | 15.99 | 33.34 1000
PB17 18 30.7 18 333 | 18.01 | 30.73 | 1799 | 33.35 1000
PB18 7.175 38 21.525 | 333 | 7.210 | 38.01 | 21.571 | 33.26 1000
PB19 8.175 34 24,525 | 333 | 8.196 | 34.03 | 24.601 | 33.28 1000
PB20 9.175 30 27.525 | 333 | 9.207 | 29.98 | 27.539 | 33.32 1000
PB21 21.525 38 7.175 | 33.3 | 21.581 | 37.98 | 7.248 | 33.29 1000
PB22 24.525 34 8.175 | 33.3 | 24.460 | 33.98 | 8.208 | 33.28 1000
PB23 27.525 30 9.175 | 33.3 | 27.476 | 30.04 | 9.206 | 33.34 1000
PB24 4.15 66.7 4.15 25 419 |66.70 | 420 | 24.98 1000
PB25 6.15 62.7 6.15 25 6.12 | 6271 | 6.21 |24.97 1000
PB26 8.15 58.7 8.15 25 8.15 | 5872 8.16 | 25.03 1000
PB27 10.15 | 54.7 10.15 25 10.07 | 54.70 | 10.16 | 24.97 1000

38



Sample Nominal composition (at.%) Real composition (at.%) Total
Al Fe Si Ti Al Fe Si Ti | mass(mg)
PB28 12.15 50.7 12.15 25 12.17 | 50.71 | 12.07 | 25.00 1000
PB29 14.15 | 46.7 14.15 25 14.19 | 46.73 | 14.16 | 24.98 1000
PB30 16.15 | 42.7 16.15 25 16.12 | 42.72 | 16.17 | 24.99 1000
PB31 18.15 38.7 18.15 25 18.21 | 38.68 | 18.16 | 25.04 1000
PB32 20.15 347 | 20.15 25 20.10 [ 34.73 | 20.18 | 24.99 1000
PB33 22.15 30.7 | 22.15 25 22.09 [ 30.70 | 22.18 | 25.04 1000
PB34 6.65 66.7 6.65 20 6.68 | 66.81 6.64 | 20.02 1000
PB35 8.65 62.7 8.65 20 8.71 62.70 | 8.70 | 20.04 1000
PB36 10.65 58.7 10.65 20 10.64 | 58.70 | 10.61 | 19.95 1000
PB37 12.65 54.7 12.65 20 12.68 | 54.70 | 12.72 | 19.96 1000
PB38 14.65 50.7 14.65 20 14.62 | 50.71 | 14.64 | 20.04 1000
PB39 16.65 | 46.7 16.65 20 16.72 | 46.69 | 16.66 | 19.98 1000
PB40 18.65 | 42.7 18.65 20 18.63 | 42.75 | 18.68 | 19.99 1000
PB41 20.65 38.7 [ 20.65 20 20.69 [ 38.72 | 20.62 | 19.97 1000
PB42 22.65 347 | 22.65 20 22.66 (3471 22.69 | 20.03 1000
PB43 24.65 30.7 [ 24.65 20 24.61 [ 30.70 | 24.64 | 19.96 1000
PB44 6.175 42 18.525 | 33.3 6.18 | 42.03 | 18.56 | 33.30 1000
PB45 6.225 66.7 | 2.075 25 6.287 | 66.71 | 2.071 | 25.02 1000
PB46 9.225 62.7 | 3.075 25 9.235 | 62.70 | 3.063 | 24.99 1000
PB47 12.225 | 58.7 | 4.075 25 12.271 | 58.72 | 4.108 | 25.03 1000
PB48 15.225 | 54.7 | 5.075 25 15.236 | 54.71 | 5.107 | 24.98 1000
PB49 18.225 | 50.7 [ 6.075 25 | 18.241 | 50.71 | 6.130 | 25.04 1000
PB50 21.225 | 46.7 | 7.075 25 | 21.254 | 46.70 | 7.090 | 25.04 1000
PB51 2.075 66.7 | 6.225 25 2.085 [ 66.73 | 6.254 | 25.01 1000
PB52 3.075 62.7 | 9.225 25 3.068 | 62.70 | 9.248 | 25.00 1000
PB53 4.075 58.7 | 12.225 25 4.068 [ 58.71 | 12.233 | 25.00 1000
PB54 5.075 54.7 | 15.225 25 5.084 | 54.67 | 15.271 | 24.97 1000
PB55 6.075 50.7 | 18.225 25 6.080 | 50.71 | 18.299 | 24.99 1000
PB56 7.075 | 46.7 | 21.225 25 7.043 | 46.72 | 21.259 | 25.01 1000
PB57 - 10 40 50 - 10.01 | 39.95 | 50.00 1000
PB58 - 20 40 40 - 20.01 | 39.97 | 39.97 1000
PB58i - 20 40 40 - 19.99 | 40.08 | 39.98 800
PB59 - 54 42 - 54.02 | 4.04 | 42.01 1000
PB60 - 50 8 42 - 4997 | 8.01 42.03 1000
PB61 - 43 15 42 - 43.02 | 15.05 | 42.02 1000
PB62 - 35.5 22.5 42 - 3551 | 22.53 | 42.01 1000
PB63 - 33 25 42 - 33.02 | 25.07 | 42.02 1000
PB64 - 28 30 42 - 28.01 | 29.96 | 42.01 1000

*Calculated from the weighted masses of each sample.
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5.1.2. Arc furnace

All weighted samples were molten in
an arc furnace (Johanna Otto GmbH, model:
MAM 1), shown in Fig. 29. The main setup
is given by a cylindrical chamber, which
basically consists of two electrodes at the
ends. The first one is represented by a
thorium oxide doped tungsten tip at the top,

which functions as anode. On the other side,

a cooled copper plate serves as cathode.
Additionally, an argon connection (argon Fig. 29: Arc furnace.

5.0, >99.999 Vol.%) as well as a vacuum pump entry are applied to remove oxygen and to
provide a protective gas. By touching a tungsten-rod with the tungsten tip, situated at the
cooled copper plate, the arc ignites. Temperatures up to 3000°C can be reached, regulated by
the input current. A zirconium pearl primarily was molten to ensure that also the last oxygen
traces were removed and that oxidation during the melting process of the samples can be
excluded. Afterwards the weighted elements, which were situated in indentations on the
copper plate, were fused to pills. Each sample was molten twice, whereby they were turned
upside-down, just to ensure that the distribution of the components in the sample is

homogenous. After every melting step the samples were checked for mass losses.

5.1.3. Equilibration

For equilibration of the different samples, the
quaternary as well as the ternary samples were annealed
at certain temperatures for several days, see Table 12.
For this purpose, all samples, except PB581, were placed
into alumnia crucibles and further sealed under vacuum
in quartz glass tubes (Fig. 30). The aluminia crucibles

were used to exclude reactions of the samples with the

quartz glass at high temperatures. The quartz glass tubes,
which were already closed at one side, were evacuated Fig. 30: Sealed samples.

and flushed with argon several times before they were sealed at around 7*10”mBar by using
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an H,/O, flame. The sample PB58i was sealed into a tantalum crucible and annealed at

1400 °C for two hours by using an induction furnace.

The samples PB9-PB43, already annealed as pills, were also annealed as powder
pellets. Therefore, around 400 mg of each sample were powdered by using a tungsten carbide
mortar, sieved with 0.18 mm mesh size and then pressed by a hydraulic press with about
15kN for 6 minutes. The 7 mm O pellets were sealed under vacuum in quartz glass tubes, as
described before. Three successive annealing procedures were applied to reach sintering. The

associated annealing programs are given in Tab. 13.

All samples were annealed corresponding to their programs in a conventional muffle
furnace. To freeze the thermodynamic equilibria at the respective temperature, they were
quenched in cold water after annealing. For pending investigations the samples were crushed
by using a tungsten carbide mortar. One piece was powdered for X-ray diffraction
measurements; another one was embedded in a kind of resin for metallographic
investigations. The different analyzing methods and the annealing conditions of each sample

are given in Tab. 12.

Table 12: Annealing conditions and analytical methods for each sample.

Sample Annealing Annealing time Analysing methods
temperature (°C) LOM XRD SEM
PB01 900 2 weeks X X X
PB02 900 2 weeks X X X
PB03 900 2 weeks X X X
PB04 900 2 weeks X X X
PB0S 900 2 weeks X X X
PB06 900 2 weeks X X X
PB07 900 2 weeks X X X
PB08 900 2 weeks X X X
PB09* 900 2 weeks X X X
PB10* 900 2 weeks X X X
PB11* 900 2 weeks X X X
PB12* 900 2 weeks X X X
PB13* 900 2 weeks X X X
PB14* 900 2 weeks X X X
PB15* 900 2 weeks X X X
PB16* 900 2 weeks X X X
PB17* 900 2 weeks X X X
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Sample Annealingo Annealing time Analyzing methods
temperature (°C) LOM XRD SEM
PB18* 900 2 weeks X X
PB19* 900 2 weeks X X
PB20* 900 2 weeks X X
PB21* 900 2 weeks X X X
PB22* 900 2 weeks X X
PB23* 900 2 weeks X X
PB24* 900 2 weeks X X X
PB25* 900 2 weeks X X X
PB26* 900 2 weeks X X X
PB27* 900 2 weeks X X X
PB28* 900 2 weeks X X X
PB29* 900 2 weeks X X X
PB30* 900 2 weeks X X X
PB31* 900 2 weeks X X
PB32* 900 2 weeks X X
PB33* 900 2 weeks X X
PB34* 900 2 weeks X X X
PB35* 900 2 weeks X X X
PB36* 900 2 weeks X X X
PB37* 900 2 weeks X X X
PB38* 900 2 weeks X X X
PB39* 900 2 weeks X X X
PB40* 900 2 weeks X X X
PB41* 900 2 weeks X X
PB42* 900 2 weeks X X
PB43* 900 2 weeks X X
PB44 900 2 weeks X X X
PB45 900 2 weeks X X X
PB46 900 2 weeks X X X
PB47 900 2 weeks X X X
PB48 900 2 weeks X X X
PB49 900 2 weeks X X X
PB50 900 2 weeks X X X
PB51 900 2 weeks X X X
PB52 900 2 weeks X X X
PB53 900 2 weeks X X X
PB54 900 2 weeks X X X
PBSS 900 2 weeks X X X
PB56 900 2 weeks X X X
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Annealing L Analyzing methods
Sample o Annealing time
temperature (°C) LOM XRD SEM
PB57 900/1100 2 weeks X X X
PBS8 900/1100 2 weeks X X X
PB58i** 1400 2 hours X X X

PB59 900 2 weeks X X X
PB60 900 2 weeks X X X
PB61 900 2 weeks X X X
PB62 900 2 weeks X X X
PB63 900 2 weeks X X X
PB64 900 2 weeks X X X

*Powder pellets were made

** Annealed with an induction furnace

Table 13: Annealing conditions for the powder pellets.
Samples Temperature program

PB009*-PB017* 900°C for 2 weeks

PB009*-PB017* 1050°C, 24 h; 900°C—1050°C, 8 h; 900°C for 2 weeks

PB009*-PB043* 1100°C, 72 h; 1100°C—900°C, 144 h; 900°C for 2 weeks

5.1.4.Embedding

For metallographic investigations, a piece of each
sample was embedded. Therefore, sample pieces with flat
surfaces were placed in the cylinder of a LaboPress (by
Struers) and covered with phenolic hot mounting resin with |
carbon filler (PolyFast by Struers). The resin was heated to
180°C under a pressure of 15kN for five minutes, and then

cooled for three minutes with water. By using silicon carbide  Fig. 31: LaboPol-6 by Struers.

sandpapers with a mesh size between 240 and 1200 the
received cylinders were ground with a grinding machine
(LaboPol-6 by Struers, Fig. 31). In the final step they were
polished with a corundum powder (particle size of about

0.3 um; MicroPolish II by BUEHLER) to get a smooth surface

without scratches, which is essential for further microscopic
studies. The dark-field mode of an optical microscope was Fig. 32: Embedded samples.

applied to exclude all kinds of scratches.
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5.1.5. Challenges of sample preparation procedure

The second melting step in the arc furnace treatment was the most difficult part of the
practical work. Almost one sixth of the samples burst as they got in contact with the arc for
the second time, due to the internal thermal expansion stress. When the fragments of the
samples were few and big enough to be collected with twizzers, they were remelted and no
further treatments were necessary, as the mass loss was lower than 1%. In the case of finely
dispersed fragments, the sample had to be prepared once more. Consequently, a long heat-
treatment duration of about 10 seconds after melting at the first arc-melting process was

executed to ensure a decent mixing of the pure elements.

The mass loss of the pills after the annealing step can be neglected. But several glass
tubes were tarnished and showed different shades of grey, orange and black after annealing.
Also half of the pills were covered with a thin black layer, which could easily be removed by
using a SiC sandpaper (1200). The mass loss after grinding the pills was around 1-10 mg.

Reasons for this phenomenon could be:

-the application of already used alumnia crucibles, which still were contaminated

although they were cleaned with hot aqua regia and further heated out at 1100 °C.

-quartz glass pieces or dust, which fell into the crucible during the sealing process, got
in contact with the sample. In this case, by reaction with Al and Ti, the gaseous
species SiO accrues at high temperatures. This species can subsequently react with

other parts of the sample not directly in contact with SiO,.
-contamination of oxygen or nitrogen during the arc furnace treatment.

The mass loss of the pellets after the annealing step where in a range of 0-11 mass%.
Most of them were also covered with a thin black layer. Furthermore, some of the pellets
showed bright metallic shiny spots at the bottom, which perhaps indicates partial melting due
to the high temperature. Due to the fact that the pellets were not sintered during the first
annealing conditions, two more programs at higher initial temperature were applied to reach
sintering. By using spot tests the progress of each program was examined. The mass loss can

be traced back to the high temperatures and the long annealing process.

Surface grindings of the powdered and pressed samples, except PB9-PB23 could be
produced. The grindings showed several holes, but it was possible to investigate the different

phases of each pellet by scanning electron microscopy.
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5.2. Sample Analysis

5.2.1. X-ray powder diffraction

Phase identification and the refinement of
structure parameters of each sample was performed
by using X-ray powder diffraction. During this
work a ‘Bruker D8 Discover Series 2’
diffractometer =~ with  Bragg-Brentano pseudo
focusing geometrie and ®/20 arrangement was
used (Fig. 33). Detection was done by a silicon
strip detector (LynxEye; measurement time: lh)
and an energy dispersive solid state detector (Sol-
X; measurement time: 4h). The Sol-X detector was
especially applied for high iron concentration in
order to improve the peak/background ratio caused

by the X-ray fluorescence of iron. The utilized X-

ray radiation arises from a copper X-ray tube,

Fig. 33: Bruker D8 Discover Serie 2.

working with an accelerating voltage of 40kV and an

electronic current of 40mA. To exclude Kg radiation a Ni-filter was used. A small piece of
every sample was powdered with a tungsten carbide mortar. The received powder was
transferred to a silicon single crystal using Vaseline as binding agent. The silicon single
crystals, which functions as sample holder, are finally affixed on the auto sampler of the
diffractometer. Measurements at the diffractometer were done by using the software

DIFFRACP"™ XRD commander.

The evaluation of the obtained diffraction patterns was done with the software
TOPAS3 by Bruker. Structural information, therefore, was taken from literature like the

Pearson’s handbook of crystallographic and the database ICSD.

The refinement was done in the following order:

1. Loading of measurement parameters and instrumental data
2. Background correction

3. Loading of structure files for expected structures
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4. Refinement and fitting of structural parameters (sequence):

Scale factor

Lattice parameters

Crystal size

Occupation of atom sites (especially in case of Fe,Ti)
Coordinates of the atom sites

Temperature factor

g. Sample displacement

Mmoo o

5. Ry-value checking

In the first step the measurement and instrumental parameters as well as the structure
were loaded. Once the background correction was performed, the refinement and fitting of the
structural parameters were applied. The scale factor, lattice parameters and crystal size of the
regarding peak phase were refined. These parameters were kept in refining mode during the
whole Rietveld refinement. For all samples containing the Laves phase Fe,Ti the simple site
occupation model (Fe,Al,Si),(Fe,Al,Si)¢(Ti,Fe)s was used. More details will be explained in
chapter 6. Prior the occupation of all atomic sites was refined. In the next step, the coordinates
of atom sites were refined. As the intensity of certain reflections is strongly dependent on the
occupation and coordinates of the sites, the temperature factor refinement carried out, after
these parameters were fixed. The temperature factor was refined in such a way that there is no
difference in occupation of the iron positions (2a and 6h) between Fe and (Al+Si). However,
the temperature factor for the Ti position (4f) was refined separately. Prior to the final
refinement, the sample displacement was set free, just before all of the above mentioned
parameters were left free. Finally, the Ry-values were checked. In case of unsatisfactory

results the refinement was repeated.

5.2.2. Reflected-light microscopy

A Zeiss Axiotech 100 microscope (Fig. 34) was used for
investigations of the microstructure and the behavior of
homogeneity of selected samples. Therefore, the usual imaging
modes like dark and bright field imaging, as well as the polarization

optic have been utilized by magnifications of 50, 100, 200 and 500.

Fig. 34: Zeiss Axiotech 100.
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5.2.3. Scanning electron microscopy

The embedded samples were investigated with the
scanning electron microscope (SEM) Zeiss Supra 55 VP
(Fig. 35). Thereby, an acceleration voltage of 20 kV and a
120 um bezel was used. For imaging of the surface a
secondary electron detector as well as a back scatter
detector was applied. For EPMA an energy dispersive
detector (EDX) calibrated with the pure elements Al, Fe,

Si and Ti was deployed. All different phases in each

sample were measured at least ten times in different

Fig. 35: Zeiss Supra 55 VP [60].

grains, to exclude the measurement errors. During the
EPMA measurements a systematic error regarding the Ti and Fe concentration was
encountered. Presumably, the observed systematical deviation was generated during the ZAF
correction, which cannot be optimally applied on the quaternary system Al-Fe-Si-Ti. The

error is estimated to lie in a range between 0.5-1 at.%.
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6. Results and discussion

6.1. Partial isothermal sections at different Ti-concentrations

6.1.1. 33.3 at.% Ti

The partial isothermal section at 33.3 at.% Ti of the quaternary system Al-Fe-Si-Ti is
presented in Fig. 36. It contains the composition of all prepared samples at the 33.3 at.% Ti
section annealed at 900 °C, the relevant phase equilibria of the ternary systems Al-Fe-Ti and
Fe-Si-Ti and a schematical depiction of the behavior of the single phase field Fe,Ti and the
two-phase field Fe,Ti+AlLFeTi. The X-ray powder diffraction data as well as the SEM results

for every sample are given in Table 14. All given results were calculated from sample pills.
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Fe,Ti + FeSiTi
) <«—FeSiTi
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Fig. 36: Partial isothermal section of the quaternary system Al-Fe-Si-Ti at 33.3 at.% Ti annealed at 900 °C.
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Table 14: XRD and SEM results of the partial isothermal section at 33.3 at.% Ti at 900 °C of the quaternary system.

Phase analysis SEM
Sample/ nom. comp. XRD XRD [ Al Fe SI Ti
(at.%) Phase .
Lattice (Pg‘)r ameter | o | %) | @t.%) | @t.%) | @at.%)
a =4.8020(5)
PB9. . Fe,Ti 99* 2.1 61.2 2.8 33.9
Al Feq 7Si;Tiaz 3 c=7.8299(1)
a=4.8104(10)
PBI(.) . Fe,Ti 99* 3.9 57.1 5.4 33.6
AlFesg 7SiyTizz 3 c =17.8342(2)
a=4.8218(1)
PBl.l . Fe,Ti 99* 5.9 53.8 6.3 34.0
AlgFesy 7SigTis33 ¢ =17.8410(3)
a =4.8341(1)
PBI.Z . Fe,Ti 99* 6.0 49.7 10.4 33.9
AlgFes 7SigTis3 3 ¢ =17.8442(3)
a=4.8473(1)
PBI? . Fe,Ti 99* 8.7 46.3 11.2 33.8
AlyoFes67Sig0Tizz c =7.8466(3)
a=4.8621(2)
PBI‘.‘ . Fe,Ti 99* 10.0 42.6 13.4 34.0
AlppFey 58iTizs ¢ = 7.8449(6)
a =4.8776(1)
Fe,Ti 97 11.9 38.9 15.0 34.2
PB1.5 . c=17.8449(3)
Aly4Fess,Siy4Tisz 3
Al FeTi a=11.9608(4) 3 323 24.2 7.1 36.4
a =4.8641(9)
ok Fe,Ti 73 9.9 38.2 17.9 34.0
PB16, . c=7.7973(2)
AlygFesq7SijTisz 3
Al FeTi a=11.9372(3) 27 29.3 23.4 11.2 36.1
) a=4.8520(1)
PB17** Fe,Ti 55 8.1 37.4 20.9 33.6
- c=7.7473(2)
AlgFes7SiigTisa 3
Al FeTi a=11.9094(3) 45 28.8 24.6 13.1 33.5
) a=4.8534(1)
PB18§** Fe,Ti 96 5.9 38.2 22.0 33.9
. . c=7.7469(2)
Al 175Fe35Sis1 52533 3
Al FeTi a=11.909(3) 4 15.9 17.7 21.8 44.6
a=4.8537(1)
Fe,Ti 58 6.8 36.9 22.8 33.5
c=17.7467(3)
PB19** AlyFeTi a=11.8872(5) 13 - - - -
Alg 175F€348i24 555 Tiz3.3 a=17.0051(4)
FeSiTi b =10.8989(8) 29 0.8 31.8 32.6 34.8
c=6.2664(4)
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Phase analysis ESEM
Sample/ nom. comp. XRD XRD | Al Fe SI Ti
(at.%) Phase i
Lattice o ameter | o | %) | @t.%) | @t.%) | @at.%)
, a = 4.8539(6)
Fe,Ti 11 15.6 31.4 20.4 32.6
c=17.7685(2)
PB20** ALFeTi | a=1188593) | 26 | 376 | 247 | 11.1 | 266
Al 175Fe30Siz7.525Tiz3.3 a=17.0205(1)
FeSiTi b=10.8836(3) 63 1.0 30.9 32.8 353
¢ =62959(2)
a=4.9095(7
PB2.1 . Fe,Ti ) 99* 20.7 37.9 7.1 343
Al 5y5FesgSiz 175Tiss 3 c=17.9348(2)
. @ =4.9129(10)
PR22 Fe,Ti 80 | 216 | 360 | 85 | 340
- ¢=7.9273(2)
Aby sysFe3Sig 175Thas 3
Al FeTi a=11.9868(4) 20 35.5 23.5 5.9 35.1
, @ = 4.9009(1)
PB23%* Fe,T1 47 19.0 36.6 10.9 335
A ¢ =17.9053(3)
Al 5ysFe30Si. 175Thas 3
ALFeTi a=11.9668(3) 53 35.7 23.6 6.7 34.0
a=4.8428(2
PB‘.M . Fe,Ti @ 99* 5.5 41.7 18.9 33.9
Alg.175Fe4Siig 525 Tizz 3 c=17.7754(4)

*Traces of FeTi were found

**Traces of an unknown structure, probably due to impurities or oxygen contamination.

Table 15: Relevant crystal structure data of the binary and ternary phases for the partial isothermal section at
33.3 at.% Ti at 900 °C.

Lattice Structure | Strukturbericht Space
Phases . . Reference
parameters (A) type designation group
a=4.787
Fe,Ti MgZn, Cl4 P63/mmc [61]
c=7.815
FeTi a=2.976 CsCl B2 Pm3m [62]
a=6.997
FeSiTi b=10.83 FeSiTi - Ima?2 [39]
c=6.287
ALFeTi a=11.99 Mn,;Thg DS, Fm3m [32]
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In the presented partial isothermal section (Fig. 36) the Laves phase Fe,Ti shows a
large solid solubility for Al and Si. The phase boundary was schematically drawn according to
the already known solid solubilities of Fe,Ti for Al and Si [36, 41], and the received results

during this work.

All samples prepared in this section
are more or less homogenous. However,
the samples PB9-PB14, PB21 and PB44,
which are situated in the single-phase field
Fe,Ti, contain traces of FeTi. This XRD
results were confirmed by SEM
investigations, where minimum amounts

of FeTi were observed on the boundaries

of the grains. In most cases it was not

FeTi Fig. 37: SEM-image of PB9, showing Fe,Ti and traces of
FeTi. Also the effect of grain segregation can be observed
(different shades of grey within the grains).

possible  to  measure  the
contaminations due to their small size with

an observed average diameter of less than 3 um.

The samples PB15 and PB22 show two phases. They both contain the Laves phase and
the ternary phase Al,FeTi, which is in good agreement to the two-phase field Fe,Ti and 1, of
the ternary system Al-Fe-Ti [36]. In both samples the amount of the Laves phase outweighs
the other one. The samples PB16-PB18 and PB23 are also in the two phase equilibrium Fe,Ti

and ALLFeTi, but show three additional unidentified lines.

cudBRE8EEEEHBRIABRSE

20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 100102104106108110 112114
20[°]

Fig. 38: XRD-pattern of sample PB23, showing the calculated structures and the yet unknown diffraction
peaks, marked with black arrows.
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It was not possible to characterize this unknown structure by SEM investigations. The
three additional peaks assigned to the unknown structure (see Fig. 38) were most pronounced
in the XRD-pattern of sample PB23. In all other XRD-patterns the observed intensities were
much lower, whereby the diffraction line at 20=26°shows the highest intensity. The samples
PB19 and PB20 are in a three-phase equlibria. They exhibit the Laves phase, Al,FeTi (15)
from the ternary system Al-Fe-Ti, FeSiTi (12) from the ternary system Fe-Si-Ti and the
additional unidentified reflexes, which were also found in PB16-PB18 and PB23. The
corresponding XRD-pattern for sample PB20 is given in Fig. 39. The results of the two- and
three-phase containing samples show, that the Al,FeTi phase was measured up to a

concentration of more than 27 at.% Si (PB20) in this isothermal section at 33.3 at.% Ti.

I Fe2

Al2FeTi
FeSiTi neu
70 \
65 | H\ PP I-“-‘:_,::-;"M ha
L v
I u:.l
V

oo A AN A

: JJ\/;_JL,_J\- mew\wh

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115

20 °]

Fig. 39: XRD-pattern of PB20, showing the calculated structures and the yet unknown diffraction peaks, marked with
black arrows.

Grain segregation was observed in all samples situated in the single-phase field Fe,Ti.
This effect was investigated in more detail on the sample PB9. A large grain was selected and
measured by line-scans with SEM. The observed results are given in Fig. 40. It shows that the
Fe concentration and the Al concentration behave similar, their concentrations decrease
towards the grain center. However, the Ti-concentrations stays constant, while the Si
concentration shows an increasing behavior towards the grain center. It can be deduced, that
primarily Fe,Ti enriched with Si crystallizes. (The quality of the Rietveld refinements is
reduced due to severe line broadening causes by grain segregation. Grain segregation also has

a negative effect on the quality of the SEM-measurements.)
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Fig. 40: Grain segregation effect, measured in PB9.

36

4,0

3,5

3,0

2,5

2,0

1,5

1,0

0,5

Si (at.%)



The MgZn,-type structure of Fe,Ti has three different crystallographic positions,
whereby the 2a and the 6/ positions are occupied by Fe-atoms and the 4f position by Ti. Fe,Ti
shows a homogeneity range in the binary system, especially towards the Fe-rich side [25].
This phenomenon occurs because Fe can substitute Ti on the 4f site [63]. Studies on the
ternary system Al-Fe-Ti reported the occupation of the Fe positions 2a and 64 by Al-atoms
with preference of the 2a site [51]. For the quaternary system Al-Fe-Si-Ti at 33.3 at.% Ti a
simple site occupation model (a) was used (Fe, Al Si)(Fe,Al,Si)¢(Ti)s. Due to the fact, that Al
and Si have similar scattering factors, it is not possible to distinguish between these two

elements in XRD measurements.

Table 16: Comparison of refined and nominal compositions.

Al+Si Fe Ti
Sample/ n(())m. comp. | rodel
(at.%) @t%) | @@t%) | (at.%)
PB9
a 2 64.7 33.3
Al Feg, 7Si,Tis; 3
PB10
a 6.1 60.6 333
AlyFesg 7SiyTisz 3
PB11
a 10.4 56.3 33.3
AlgFesy ;SigTis;3
PB12
a 15.6 51.1 33.3
AlgFesy ;SigTis; 3
PB13
5 a 19.5 47.2 333
AljgFey67Si10Tizz3
PB14 a 20.3 46.4 333
Allee42.7S112Tl33.3
s 2a Fe
B 2aAl+Si
6h Fe O
Bl Gt e G6hAI+Si a o
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Fig. 41: Site occupancies in the Laves phase Fe,Ti of the quaternary system Al-Fe-Si-Ti at 33.3 at.% Ti vs. nom. comp.



The refined compositions obtained by Rietveld refinement (Table 16), show especially
in the Al/Si poor and in the Al/Si rich sample a deviation from the nominal composition. In
the range of 12 at.% (Al+Si) (1:1) and higher, the values are reasonably accurate. In Fig. 41
the dependence of the site occupancies of the Laves phase Fe,Ti on the composition is given
based on Rietveld refinement data. An approaching linearity of the dependence of the site
occupancy with the composition is represented. Thereby, the occupancy of the 2a position
with (Al+Si)-atoms shows an average positive deviation and an average negative deviation for
the 64 Fe position. This characteristic is most pronounced for low concentrations of (Al+Si),
when only the 2a Fe-position is occupied with (Al+Si), and at high (Al+Si) contents
(>20 at.%) of the Laves phase. All results were plotted against the nominal composition of
each sample. The data obtained from SEM could not be used because of grain segregation of

the Fe,Ti samples.

Based on XRD-data, obtained by Rietveld refinements, the lattice parameters a and ¢
as well as the volume of the Laves phase for the samples PB9-PB15 were plotted against the
amount of (Al+Si), see Fig. 42. To show the further behavior of each parameter the data of the
first two-phase field sample was included, marked with an open square. The lattice parameters
a and c increase with increasing (Al+Si) concentration. The volume shows a linear increase
with increasing amounts of (Al+Si). Compared to the behavior of the mentioned parameters in
the Laves phase in the systems Al-Fe-Ti [S1] and Fe-Si-Ti, given in 6.3., the lattice
parameters as well as the volume of the Laves phase Fe,Ti in the quaternary system Al-Fe-Si-

Ti behave similar to the Al-Fe-Ti system.
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6.1.2. 25 at.% Ti

The partial isothermal section at 25 at.% Ti of the quaternary system Al-Fe-Si-Ti is
presented in Fig. 43. It contains the composition of all prepared samples at the 25 at.% Ti
section annealed at 900 °C, the relevant phase equilibria of the ternary systems Al-Fe-Ti and
Fe-Si-Ti, a schematical depiction of the two-phase fields A2/D0;+Fe2Ti and DOs;+Fe,Ti as
well as of the four-phase field B2+Fe,Ti+FeSiTi+AlFeTi. The X-ray powder diffraction and
the relevant SEM results for every sample are given in Table 17. The different bee-based
modifications in the Fe-rich part of the ternary systems Al-Fe-Ti and Fe-Si-Ti are denoted
through this thesis as A2 for (aFe); B2 for (AlFe); DO; for (FesAl), (FesSi) and the ternary
ordered L2; (Heusler phase) of the ternary system Al-Fe-Ti.

® A2+Fe,Ti
" ® DO, +Fe,Ti
Fe75T125 ® B2+ Fe,Ti
g ® B2+ Fe,Ti + FeSiTi+ Al FeTi
A2 +Fe,Ti ® B2+ Fe,Ti + FeSiTi

A2 + Fe,Ti + DO,

2
DO+ Fe,Ti 0
A2/D0, + FeSiTi

o

iTi4><I: e"f‘l /

DO, + Fe,Ti + Al,FeTi 30

40

A2/D0, + FeSiTi + 1,
FeSiTi + 1,
FeSi + FeSiTi + 1,

B2/D0, + Al,FeTi

f.fF":e2

FeS1 + FeSiTi

FeSi + 1, + FeSiTi
20

>

ERN\Y
=
b
=
('S ]
(s
=
[

Fig. 43: Partial isothermal section of the quaternary system Al-Fe-Si-Ti at 25 at.% Ti annealed at 900 °C. No
distinction between A2/B2/D0; in the two-phase field A2/D0;+Fe,Ti is given in the system Fe-Si-Ti, according to the
literature. All samples in this two-phase field show A2 and Fe,Ti. PB32, marked with an open circle, did not reach

equilibrium.
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Table 17: XRD and SEM results of the partial isothermal section at 25 at.% Ti at 900 °C of the quaternary system.

Phase analysis SEM
Sample/ nom. XRD XRD | Al Fe SI Ti
comp. (at.%) Phase .
Lattice 5{‘; ameter | o | at.%) | (at.%) | (at.%) | (at.%)
) a=4.7841(8)
PB24 Fe,Ti 89 34 62.4 5.2 29
. . c=17.7949(2)
Aly 15Feq6.7Si4.15Thss
A2 a=2.8932(2) 11 10.5 84.8 0 4.7
] a=4.7871(9)
PB25 Fe,Ti 90 4.7 59.2 7.4 28.7
. . c=7.7940(2)
Alg 15Feq 7816 15Thss
A2 a=2.8993(2) 10 15.5 78.8 0.2 5.5
Fe,Ti a = 4.79250) 89 5.7 55.8 9.5 29
e, Ti . . .
PB26 ? ¢=17.7931(2)
Alg  sFesg 7Sig 15 Tiss
A2 a=2.9068(2) 11 21.2 71.4 0.2 7.2
) a =4.7966(8)
PB27 Fe,Ti 88 7 52.8 11.9 28.3
. . c=17.7843(2)
Al 1sFesq 7Si9.15Tips
DO, a=5.8181(3) 12 25.4 60.4 1.4 12.8
Fe,Ti a = 4.80760) 81 6.7 48.6 15.3 29.4
e, Ti . . . .
PaBe28 ? ¢=7.7731Q2)
Aly; isFesg 7S5 s
DO, a=5.8327(2) 19 27.9 55.2 2.1 14.8
) a = 4.8224(8)
PB29 Fe,Ti 83 8.9 44.8 17.1 29.2
. . c=17.7630(2)
Alyy1sFe46.7Si14.15Tips
B2 a=2.9200(1) 17 34.7 52.0 1.6 11.7
a =4.8392(9)
Fe,Ti 82 9.1 41.7 19.3 29.9
¢ =17.7589(2)
PB30 B2 a=2.9203(2) 15 38.0 50.7 1.7 9.6
Alyg.15Feq.7Si16.15Tizs a=16.9956(3)
FeSiTi* b=10.8174(7) 3 - - - -
c=6.2914(4)
) a =4.8396(9)
Fe,Ti 68 8.6 39.0 224 30
¢ =17.7408(2)
B2 a=29177(2) 11 42.5 48.8 2.3 6.4
PB31 ;
. . ALFeTi =11.8397(9 14 36 28.5 12.0 23.5
Alyg 1sFess.7Si5.15Tips 2 a ©
a=17.0015(2)
FeSiTi* b=10.8203(3) 7 - - - -
c=6.2852(2)
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Phase analysis

SEM

Sample/ nom. comp. XRD XRD [ Al Fe SI Ti
at. % .
(at.%) Phase | Lattice (p;)rameter % | @t%) | @t2%) | @t%) | @tw%)
B2 a=2.9074(2) - 46.4 47.1 35 3.0
Al FeTi a=11.7966(4) - 37.0 25.1 14.7 23.2
PB33**
. . a=7.0389(3
Aly; 15Fe30.78132.15Tias ®)
FeSiTi b=10.8777(7) - 2.0 31.2 32.8 34.0
c=6.2641(4)
) a=4.7888(7)
PB45 Fe,Ti 88 53 63.7 24 28.6
. . c=17.8033(2)
Alg 25Fe66.781.075Tias
A2 a =2.8975(4) 12 13.2 81.6 0.0 52
) a=4.7960(6)
PB46 Fe,Ti 93 8.2 60.4 35 279
. . c=17.8085(1)
Al 3y5F €62 7813075 Tips
A2 a =2.9050(3) 7 19.1 74.4 0.0 6.5
) a=4.7987(8)
PB47 Fe,Ti 79 8.0 58.2 5.4 28.4
. . c=17.8094(2)
Aly3.255F€sg.7Si4 075 Thss
DO; a=15.8396(2) 21 23.6 57.7 0.6 18.1
) a=4.8055(1)
PaBed8 Fe,Ti = 781053) 68 8.6 54.4 79 29.1
Alys.255F €54 7Sis 075 Thss .
DO, a =5.8536(2) 32 243 53.9 1.0 20.8
) a=4.8211(2)
PB49 Fe,Ti 52 10.4 49.1 11.0 29.5
. . c=17.8101(3)
Alyg.235F€s9.7Si6.075Thas
B2 a=2.9320(9) 47 25.7 51.6 1.1 21.6
) a=4.8523(1)
PB50 Fe,Ti 63 15.3 435 11.5 29.7
. . c=17.8328(3)
Ay 235F€46.7Si7.075Thss
B2 a=2.9342(10) 37 28.5 50.2 1.1 20.3
) a=4.7822(6)
PB51 Fe,Ti 89 1.6 61.4 7.6 29.4
. . c=17.7885(1)
Al g75F€66.7816.255 Tias
A2 a=2.8835(2) 11 6.3 89.3 0.2 4.2
) a=4.7829(6)
PB52 Fe,Ti 88 2.0 57.7 11.0 29.3
. . c=17.7798(1)
Al g75F €627l 225 Tizs
A2 a=2.8898(2) 12 10.0 84.6 0.8 4.6
) a=4.7853(8)
PB53 Fe,Ti 91 2.2 54.2 14.3 29.3
. . c=17.7665(2)
Aly g75Fesg 78112225 Thys
A2 a=2.8943(2) 9 14.4 80.6 1.0 4.0
) a=4.7908(9)
PaBe54 Fe,Ti = 772740 91 2.5 50.4 17.6 29.5
Als g75Fes4 78115225 Thss .
A2 a=2.9013(2) 9 19.6 75.3 1.5 3.6
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Phase analysis SEM
Sample/ nom. comp. XRD XRD | Al Fe SI Ti
(at.%) Phase .
Lattice gi‘)r ameter | o, | ar9%) | @t.%) | @t%) | @t%)
, a=4.796509)
PBSS Fe,Ti 9 | 31 | 477 | 203 | 289
> ¢ =17.1255Q2)
Al g75Fes0 78115225 Thas
A2 a=2.8930(3) 10 23.7 65.2 4.4 6.6
. a = 4.8088(9)
PB56** Fe,Ti 90 34 43.7 23.1 29.7
o ¢ =17.7028(2)
Al g75Fe46.78131.225Thas
DO0; a=>5.7706(5) 10 27.8 58.7 7.4 6.1

*Could not be measured by SEM

**Traces of an unknown structure, probably due to impurities or oxygen contamination.

Table 18: Relevant crystal structure data of the binary and ternary phases for the partial isothermal section at
25 at.% Ti at 900 °C.

Lattice Structure | Strukturbericht Space
Phases . . Reference
parameters (A) type designation group
oFe a=2.8665 W A2 Im3m [64]
AlFe a=2.889 CsCl B2 Pm3m [65]
Fe;Al a=5.791 BiF; DO, Fm3m [66]
Fe;Si a =0.565 BiF; DO, Fm3m [67]
a=4.787
Fe,Ti MgZn, Cl14 P63/mmc [61]
c="7.815
FeTi a=2976 CsCl B2 Pm3m [62]
a=:6.997
FeSiTi b=10.83 FeSiTi - Ima2 [39]
c=06.287
AL FeTi a=1199 Mny;Thg DS, Fm3m [32]
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In the presented partial isothermal section (Fig. 43) two different two-phase fields
were observed. They both contain the Laves phase Fe,Ti and a bee modification of the Fe-rich
corner of the corresponding ternary systems. Their phase boundaries were schematically
drawn according to data of the ternary systems [36, 41], and the received results during this

work.

It is known from literature that the B2 structure (CsCl-type, Pm3m) is formed in a
second order transition from the disordered A2 structure (W-type, Im3m). Thereby, the
corners of the cubic cell are occupied by Fe-atoms and in the center of the unit cell by Al- or
Fe-atoms. A second order transition of B2 forms the DO structure (BiFs-type, Fm3m),
whereby the unit cell parameters are doubled [68]. Ternary ordering of the DOs structure
forms the L2, structure (AICu,Mn-type, Fm3m). In this ordering the two Fe-positions 4a and
8c of the D05 structure are occupied by different mixtures of atoms. The L2, structure type
has been presented in the Al-Fe-Ti system [11]. Furthermore, it is already known that the

order/disorder transition cannot always be suppressed on quenching.

All samples containing the A2, B2 or DO; were carefully investigated by XRD to
determine the correct structure. The main problem in analyzing the corresponding XRD
powder diffraction patterns is, that the main diffraction lines of these three structures are
identical. Identification of each structure type is only possible based on relatively weak
diffractions lines (Fig. 44). In multi-phase samples, where these phases were found in low
concentration, a differentiation is almost impossible. In the current work, no differentiation
between the DO; and the L2;-structure was done and all samples containing one of these

structures were denote DOs.

45 . ‘ Fe2Ti
A2

Fig. 44: XRD-pattern of PB24, showing the refined structures and the differences of the diffraction peaks for
A2/B2/D0;.
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All samples prepared in this .- ' . T ,

section, except PB32, were homogenous Iy - 3 D03 .
according to the SEM data. The samples ': 1 S e ;
PB24-PB29, PB45-PB50 and PB51-PB56 -—

contain the Laves phase and either A2, ; > - - . , e

B2 or D0;. XRD-results report in most
cases a distribution from 9:1 between the

Fe,Ti and the additional phase. At

concentrations of 16.3 at.% (Al+Si, with a

Fig. 45: SEM-image of PB27, showing Fe,Ti and DO0s.

ratio of 3:1) the amount of the Laves
phase decreases steadily. According to the phase equilibria DO3+Fe,Ti of the ternary system
Al-Fe-Ti, three samples (PB29, PB49 and PB50) showed the unexpected B2 structure. It is
assumed that the B2 phase is not at equilibrium at this respective concentration and
temperature, but rather has formed during quenching. As the A2/B2/D0; phases are related by
second order transitions metastable equilibria are probable. The transition changes between
the bce-modifications in the quaternary system are not clarified and transition changes by

quenching the samples cannot be excluded.

The sample PB30 showed a three-phase equilibrium. It contains Fe,Ti, B2 and FeSiTi
(t2) from the ternary system Fe-Si-Ti, which is in good agreement with the three phase field
A2/D0s+Fe,Ti+FeSiTi, if a potential transition change of A2/B2/D0; is considered. The
samples PB33 is also in three-phase equilibrium. It contains B2, Al,FeTi (12) and FeSiTi (1),
but show additional unidentified lines, which were already discussed in detail in 6.1.1. PB31
is in four-phase equilibrium and shows the Laves phase Fe,Ti, B2, ALLFeTi (t,) from the

ternary system Al-Fe-Ti and FeSiTi (13) from the ternary system.

The reported huge homogeneity range of the Laves phase Fe,Ti towards the Ti-poor
part of the quaternary system Al-Fe-Si-Ti proposed by Marker et al. [10], can be already
excluded by the presented partial isothermal section at 25 at.% Ti. In this section the Laves
phase can only be observed in two-, three- and four-phase equilibria. Thereby, the SEM-
results of the two-phase field samples (PB24-PB29, PB45-PB50 and PB51-PB55) show a
maximal expansion of the Laves phase Fe,Ti towards the Ti-poor side in a range of 27.9-
29.5 at.% Ti. Furthermore, XRD-results report a distribution between the Fe,Ti and the
additional phase in a range of 1:9 to around 1:1. The observed homogeneity range of Fe,Ti

compared to the reported one by Marker et al. [10] is presented in Fig. 46.
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Fig. 46: a.) Homogeneity range of the Laves phase Fe,Ti in the system Al-Fe-Si-Ti given by Marker et al. [10]; b.)
Schematical depiction of the homogeneity range of the Laves phase Fe,Ti in the system Al-Fe-Si-Ti as observed in the
current work.
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The already known data about the crystallographic positions and their occupancy of
the Laves phase Fe,Ti were already given in 6.1.1. Based on this data, the model (b)
(Fe,AlSi),(Fe,Al,Si)s(Ti,Fe)s, according to [10], should have been used. Refinements with
this model (b) showed that the (Ti,Fe)s position was only occupied by Ti. For the
investigations of the dependence of the site occupancies on composition for the Laves phase
Fe,Ti by addition of (Al+Si) the model (c) (Fe,Al,Si),(Fe,Al,S1)s(Ti,AlSi)s was used. In fact,
the model c contradicts all known data for the occupancy mechanism of the crystallographic
positions of the Laves phase Fe,Ti based on binary and ternary investigations, but showed
much better results. Using this model for the ternary systems Al-Fe-Ti and Fe-Si-Ti would
cause a replacement of the Fe-atoms on the 4f position by Al- or Si-atoms. Additionally, it is
not possible working with refinement models where more than two elements are situated at
one crystallographic position. It would be necessary to apply model c on the ternary systems,
to get an idea how it fits there. No literature data for using such a model for the Rietveld

refinement in ternary systems for the Laves phase Fe,Ti are reported up to date.

However, the model ¢ was applied by fixing the Ti position 4/ to a certain percentage
for Ti and (Al+Si), respectively. Therefore, the SEM-results of the Laves phase Fe,Ti of two-
phase fields samples (PB24-PB29) were taken. Consequently, the 4f position was fixed with
87.5% Ti-atoms and 12.5% (Al+Si)-atoms, which corresponds to a Ti amount of 29 at.%. Due
to the fact that no grain segregation for the Fe,Ti phase was observed and consequently, the
deviation of the measured compositions by SEM was minor, all results were plotted against
the measured amount for (Al+Si). The observed dependence of the site occupancies on
composition for the Laves phase Fe,Ti by addition of different amounts of (Al+Si) is given in
Fig. 47. The refined compositions (XRD) of each sample, compared with the measured ones

(EDX) are listed in Table 19.

The deviation between the refined and the measured compositions is in a range
between 0.1-3.7 at.% for (Al+Si). Except for PB29, all other calculated amounts for (Al+Si)
are higher than the measured ones. Thereby, the Fe concentration, except in PB28 and PB29,
decreases at constant Ti amount for each sample. Additionally, minor deviations especially

for the Fe and Ti concentrations are observed, because of the used model for all samples.

64



Table 19: Comparison of refined (XRD) and measured (EDX) compositions.

Sample/ nom. Comp. . (A+Si) Fe Ti
o Operation
(at.%) at.%) | (at.%) | (at.%)
PB24 EDX 8.6 62.4 29
Al i5Feq67Sis15Tiss XRD 12 59 29
PB25 EDX 12.1 59.2 28.7
Al 15Feq; 7Si6.15Tiss XRD 14.7 56.3 29
PB26 EDX 16.2 55.8 29
Alg ;5Fesg 7Sig 15Tiss XRD 19.9 51.1 29
PB27 EDX 19 52.8 28.2
Alyg.15Fesq 7811915 Tias XRD 19.3 51.7 29
PaBe28 EDX 22 48.6 29.4
Aly; 1sFeso7Si12.15Tizs XRD 221 48.9 29
PB29 EDX 26 44.8 29.2
Alg15Fe4678114.15Thas XRD 24.9 46.1 29
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Fig. 47: Site occupancies in the Laves phase Fe,Ti of the quaternary system Al-Fe-Si-Ti at 25 at.% Ti vs. measured
comp. of (Al+Si).

Fig. 47 depicts the different behaviors for the occupancy of each crystallographic site
of the Laves phase Fe,Ti by addition of further elements. In model (c), the Ti amount was
fixed to 87.5% and the (Al+Si) amount to 12.5% for position 4f, which is represented by a
constant behavior in Fig. 47. The (Al+Si)-atoms show an average negative deviation from

linearity up to 12.1 at.% (Al+Si) for the occupancy of the 2a position. An average positive

65



deviation from linearity is observed for higher amounts of (Al+Si). The occupancy of the 64
position for Al+Si describes a linear behavior up to 16.2 at.% (Al+Si) with a slight negative
deviation, while a huge negative deviation is represented at higher amounts of the further
elements. This results are mostly in good agreements with those of the 33.3 at.% Ti-section,
where a negative deviation for the occupancy of the 6/ position and a positive one for the 2a

position for (Al+Si) at (Al+Si) concentrations up to 24 at.% was observed.

Based on Rietveld refinement data of the XRD-patterns of PB24-PB30 the lattice
parameters a and c as well as the volume of the Laves phase were plotted against the amount
of (Al+Si), see Fig 48. The results of the first multi-phase field were also included, marked
with an open square. The lattice parameter a is increasing with increasing amounts of the
additional elements, while the lattice parameter ¢ shows a decreasing behavior. The lattice
parameter ¢ decreases at a lower rate than a increases, which can also be observed by the
increasing volume with advancing amounts of (Al+Si). Compared to the results of the Laves

phase Fe,Ti at the 33.3 at.% Ti section, only the lattice parameter ¢ shows a reverse trend.
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Fig. 48: Lattice parameters a and c¢ as well as the volume of the Laves phase Fe,Ti vs. measured comp. of (Al+Si).
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6.1.3. 20 at.% Ti

The partial isothermal section at 20 at.% Ti of the quaternary system Al-Fe-Si-Ti is

presented in Fig. 49. It contains the composition of all prepared samples at the 20 at.% Ti

section annealed at 900 °C, the relevant phase equilibria of the ternary systems Al-Fe-Ti and

Fe-Si-Ti, a schematical depiction of the two-phase fields A2/D0s;+Fe,Ti and DO0s+Fe,Ti as
well as of the four-phase field B2+AlFeTi+FeSiTi+ AlsFesSigTis’. The X-ray powder

diffraction data and relevant SEM results for every sample are given in Table 20. The label

for the different bce-based modifications in the Fe-rich part of the ternary systems Al-Fe-Ti

and Fe-Si-Ti is given as mentioned before.

FeSOleo ® A2+ Fe,Ti

® B2+ Fe,Ti

@® B2+ Fe,Ti + FeSiTi

A2/D0, + Fe,Ti + FeSiTi
6(1/ A2/D0; + FeSiTi

/ A2/DO, + FeSiTi, + 1,

DO, + Fe,Ti

DO, + Fe,Ti + ALLFeTi —
30

FeSiTi + 1,
L AN AW FeSi + FeSiTi + 1,
B2/DO. + Al,FeTi* \/ \/ 7 i ;
' VA P <€—FeSi + FeSiTi
50 | ' N\ FeSi + FeSi,Ti

@ B2+ FeSiTi + ALFeTi + ‘Al FeSi Ti,’

FeSiTi

Fig. 49: Partial isothermal section of the quaternary system Al-Fe-Si-Ti at 20.at% Ti annealed at 900 °C. No
distinction between A2/B2/D0; in the two-phase field A2/D0;+ Fe,Ti is given in the system Fe-Si-Ti, according to the
literature. All samples in this two-phase field show A2 and Fe,Ti. PB42, marked with an open circle, did not reach

equilibrium.
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Table 20: XRD and SEM results of the partial isothermal section at 20 at.% Ti at 900 °C of the quaternary system.

Phase analysis SEM
Sample/ nom. comp. XRD XRD [ Al Fe SI Ti
(at.%) Phase ;
Lattice (p;)r ameter | o, | 6%) | (at%) | @t.%) | (at.%)
) a=4.7831(2)
PB34 Fe,Ti 75 3.8 58.4 94 28.4
. . c=17.7830(3)
Alg 6sFeg6.7Si 65Tz
A2 a =2.8966(2) 25 13.3 82.0 0.5 4.2
] a=4.7856(1)
PB35 Fe,Ti 75 4.3 54.8 12.4 28.5
. . c=17.7743(3)
Alg ¢sFeq; 7Sig 65T
A2 a =2.9009(2) 25 17.8 77.4 0.7 4.1
] a=4.7907(1)
PB36 Fe,Ti 71 5.1 51.7 15.0 28.2
. . c=17.7620(3)
Al 6sFesg 7Si1g.65Tizg
A2 a =2.9100(2) 29 23.0 71.2 1.1 4.7
) a=4.7964(1)
PB37 Fe,Ti 72 5.1 48.7 17.8 28.4
. . c="7.7431(2)
Al ¢sFesy 7112 65Tz
B2 a=2.9045(2) 28 27.5 64.7 2.3 5.5
] a=4.8049(1)
PB38 Fe,Ti 70 5.6 45.7 20.4 28.3
] . c=17.7260(2)
Al 65Fes0.7Si14.65Tizg
B2 a =2.9032(2) 30 32.0 58.4 33 6.3
) a=4.8157(9)
PB39 Fe,Ti 67 6.5 42.6 22.6 28.3
. . c=17.7068(2)
Alyg.65F€46.7S116.65Tig
B2 a=2.9027(2) 33 37.0 53.2 4.0 5.8
a=4.96712)
Fe,Ti 4 8.0 433 21.3 27.4
c=17.233(6)
PB40 B2 a=29112(2) 50 37.2 52.2 34 7.2
Alyg gsFeq 7Siig 65Tz a =17.0037(5)
FeSiTi b =10.812(1) 46 2.6 34.8 30.9 31.7
c =6.2862(6)
B2 a=2.9022(1) 34 46.2 47.6 3.7 2.5
ALFeTi a=11.762(2) 8 38.0 29.1 14.4 18.5
PB41
. . =7.0143(2
ALy .6sFe35.7Si29.65Tizg a @
FeSiTi b=10.8186(3) 58 1.2 32.6 32.7 335
c=6.2817(2)
B2 a=2.8900(3) - 438 47.5 6.9 1.8
ALFeTi a=11.709(2) - 31.0 27.1 21.2 20.7
PB43 a=17.049(2)
Alyy 65Fe30.7Si24.65Tizo FeSiTi b =10.868(8) - 2.7 30.9 32.7 | 337
c=6.265(4)
‘Al4FesSigTis’ | unknown structure - 18.8 25.6 30.5 25.1
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In the presented partial isothermal section at 20 at.% Ti (Fig. 49) two different two-
phase fields are shown. They both contain the Laves phase Fe,Ti and a bcc modification of
the Fe-rich corner of the corresponding ternary systems. Their phase boundaries were
schematically drawn according to the already known data of the ternary systems [36, 41], and
the received results during this work. Due to the fact that the homogeneity range of the Laves
phase can already be described by the partial isothermal section at 25 at.% Ti no further
samples were prepared in this section, except the given ones. Consequently, the phase

boundaries were drawn based on only few samples.

All samples prepared in this l. P35 Ff
section, except PB42, were homogenous, y
according to the SEM data. The samples
PB34-PB39 are situated either in the two-
phase field A2+Fe,Ti or DOs+Fe,Ti, see
Table 20. The distribution between the
two phases for these samples is around
7:3, given by XRD-data. Thereby, the
samples PB37-PB39  showed the

unexpected B2 structure compared to the Fig. 50: SEM-image of PB36, showing Fe,Ti and A2
two-phase equilibra DO3+Fe,Ti of the ternary system Al-Fe-Ti, which was already discussed
in6.1.2.

The samples PB40 and PB41were observed to be in three-phase equilibria. They both
contain FeSiTi (t,) from the ternary system Fe-Si-Ti, B2 and either Fe,Ti for PB40 or Al,FeTi
(t2) from the ternary system Al-Fe-Ti for PB41. The sample PB43 is situated in a four-phase
equilibrium. It shows the two ternary phases FeSiTi (t2) and Al,FeTi (t2), B2 as well as an
unknown structure (further referred to as AlsFesSigTis), whose composition could be
measured by SEM, see Table 20. Compared to the observed unknown structure in 6.1.1. and
6.1.2., the XRD-pattern of PB43 shows especially in 20=20-50 a large number of additional
diffraction lines, their occurrence are still under investigation. A SEM-image as well as the

corresponding XRD-pattern is given in Fig. 51 and Fig. 52.

The homogeneity range of the Laves phase Fe,Ti towards the Ti-poor side of the
quaternary system Al-Fe-Si-Ti could already be confined by the 25 at.% Ti-section. In this

section at 20 at.% Ti the Laves phase certainly can only exist in two- and three-phase
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equilibria. SEM-results of the two-phase field samples (PB34-PB39) show a maximal
expansion of the Laves phase towards the Ti-poor side in arange between 28.3-28.5 at.%,
which is in good agreement with the results from 6.1.2. Moreover, the XRD-results show a
distribution between the Laves phase Fe,Ti and the additional phase of about 7:3, see Table
20.

-

Fig. 51: SEM-image of PB43, showing the four phases B2, Al,FeTi, FeSiTi and ‘Al;FesSi¢Tis’.
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Fig. 52: XRD-pattern of sample PB43, showing the calculated structures and the diffraction lines of ‘Al,FesSisTis’.
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6.2. Powder pellets

As discussed before, the Laves phase showed pronounced grain segregation in many
samples. This is problematic for the Rietveld refinement, as it causes severe line broadening,
which cannot be modeled correctly with the fundamental parameter approach used here. It
was tried to solve this problem by pressing powder pellets, which were re-annealed in an

additional step.

35 powder pellets (PB9-PB43) were prepared and annealed with three consecutive
different temperature programs, see Table 12. After the last annealing step, at which
temperatures up to 1100 °C were reached, more than half of the powder pellets showed
sintering effects. However, the expected decrease of the diffraction line width was only

observed in a few samples.

! wiversitat ! . o M 20e G Lnjversitat
2 wien 01 10 Mo = 20 . Wien

Fig. 54: SEM-images; left: PB34 (powder pellet); right: PB39 (powder pellet).
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Good sintering was observed in the samples PB24-PB43. PB9-PB23, which are
situated in the 33.3 at.% Ti section did not sintered well. So it was possible to produce surface
grindings of the samples at the 20 and the 25 at.% Ti section, which were later on investigated
by LOM and SEM. The results of the SEM-measurements showed an average negative
deviation for the Al and Ti concentration and an average positive deviation for the Fe and Si
concentration in each sample compared to the SEM-results of the pills. Selected samples for

this observation are given in Table 21.

Table 21: Comparison of the composition of selected sample between the pills and the pellets.

Sample/ nom. comp. Phases Form Al Fe Si Ti
(at.%) (at.%) (at.%) (at.%) (at.%)
) pill 3.4 62.4 52 29.0
Fe,Ti
PB24 pellet 1.2 63.5 6.1 29.2
Al 1sFeg6.78i4.15Tias pill 10.5 84.8 0.0 4.7
A2
pellet 3.1 92.5 0.5 3.9
) pill 5.7 55.8 9.5 29.0
Fe,Ti
PB26 pellet 2 57.1 13.3 27.6
Aly 15Fess 7Sig 15Tizs pill 21.2 71.4 0.2 7.2
A2
pellet 93 86.9 1.5 23
) pill 3.8 58.4 9.4 28.4
Fe,Ti
PB34 pellet 1.3 573 13.9 27.5
Al ¢5Fe66.78i6.65Tizo A pill 133 82.0 0.5 4.2
pellet 6.1 88.8 24 2.7
) pill 5.1 51.7 15.0 28.2
Fe,Ti
PB36 pellet 2.9 535 17.0 26.6
Alyg.65Fess 7Si10.65Tizo pill 23.0 71.2 1.1 4.7
A2
pellet 14.7 80.4 2.6 23

It was found that the mass loss of the powder pellets after annealing were in a range
between 0-11 mass%. Moreover some of the pellets showed bright metallic shiny spots at the
bottom, which perhaps indicate partial melting at these high temperatures. Also the used
quartz glass tubes were misted up with metallic shiny coating. Because of these observations,

the powder pellets were not investigated further.
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6.3. Fe-Si-Ti

The partial isothermal section of the ternary system Fe-Si-Ti is presented in Fig. 55,
according to [41]. It contains the composition of all prepared samples annealed at 900 °C. The
X-ray powder diffraction data as well as the SEM results for every sample are given in Table

22.

Investigations on the ternary system Fe-Si-Ti were primarily done to study the
dependence of the site occupancies on the composition for the Laves phase Fe,Ti by the
addition of different amounts of Si at a constant Ti amount of 33.3 at.%. The phase equilibria
at the Ti-rich side of the Laves phase were checked by a sample series at 42 at.% Ti.
Furthermore, the two ternary phases t; and 13, reported by [41], with a nominal composition

of FejoSigTiso (t7) and FepoSigTisg (ts) were prepared, to determine their structure,

respectively.
FeSi . T \ TiSi
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Fig. 55: Partial isothermal section of the ternary system Fe-Si-Ti, according to Weitzer et al. [41].
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Table 22: XRD and SEM results of the partial isothermal section at 900 °C of the ternary system.

Phase analysis SEM
Sample/ nom. XRD XRD | Fe SI Ti
comp. (at.%) | Phase .
Lattice Egl)rameter o, @t.%) | (at.%) | (at.%)
a =4.7925(5)
PBO? Fe,Ti 100 66.1 - 33.9
Fegs.7Tisa3 c=7.8238(1)
a =4.7922(6)
PB.02 . Fe,Ti 99* 60.7 53 34
Feg,.7SiyTis; 3 c=17.8169(1)
a =4.7935(6)
PB.03 . Fe,Ti 99* 57.2 8.8 34
Fesg ;SigTis; 3 c=17.8078(1)
a =4.7966(6)
PB.04 . Fe,Ti 99* 52.5 13.6 339
FesysSinnTizz c=17.7932(1)
a =4.8019(7)
PaBe0> Fe,Ti 99* | 499 | 16 | 341
Fes.7SiisTis33 c="17.7714(2)
a =4.8080(5)
PB.06 . Fe,Ti 99* 45.7 20.3 34
Fey6.78i30Tiz3.5 c=7.7492(1)
*ksk a =4.8157(5)
PB07 . Fe,Ti - 423 23.8 339
Fey7SipTizz 3 c=17.7165(1)
*k sk a =4.8184(5
PBO.S . Fe,Ti ©) - 40.9 25.4 33.7
Fey.7SixTiz33 c=7.7018(1)
T unknown structure - 9.0 39.7 51.3
PB.57 . T8 unknown structure - 19.6 40.3 40.1
Fe;SiyTisy —
TisSi; - - 1.7 37.7 60.6
7 unknown structure - 10.2 39.6 50.2
PB_58 . Tg unknown structure - 20.0 39.1 40.9
Fe;(SisgTiyg —
FeSiTi - - 31.8 34.1 34.1
Ty unknown structure - 10.6 394 50.0
PB,SSI . Tg unknown structure - 19.6 392 41.2
FeSiyTig —
TisS1; - - 4.8 36.8 58.4
Femi |4 480290 sa | 571 | 73 | 356
PB59 el _ : ' :
Few,Si,Tis, c=17.8221(3)
FeTi a=2.9783(10) 46 48.6 0.6 50.8
Fe,Ti a = 481300 55 51.6 12.3 36.1
PB60 €211 _ ' ) :
FegSigTis, c=7.8098(3)
FeTi a=2.9795(10) 45 47.4 1.5 51.1
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Phase analysis SEM
Sample/ nom. XRD XRD [ Fe SI Ti
comp. (at.%) | Phase .
Lattice FZS ameter | o | at.%) | (at.%) | (@t.%)
. a=4.8276(10)
Fe,Ti 64 | 470 | 155 | 375
c=7.8095(2)
PB61 e ~ - - -
FeySiyTis FeTi a=2.9829(2) 25
o a=7431(2)
TisSiz** 11 - - -
c=5.170(3)
. a=4.8202(10)
Fe,Ti 72 | 46.1 179 | 36.0
PB62 c=17.7806(2)
Fe35.5Sis;5Tiy, a=17.4388(4)
TisSis 28 3.0 358 | 612
c=5.1448(4)
. a=4.8173(7)
Fe,Ti 74 | 441 199 | 36.0
PB63 c=17.7515(1)
Fe33SipsTiy, a="7.4404(2)
TisSis 26 4.3 350 | 60.7
c=5.1455(2)
. a=4.8194(8)
Fe,Ti 50 | 420 | 222 | 358
c=17.7220(2)
TisSi @ = 7.43340) 27 3.9 364 | 59.7
1501 . B .
PB64 = ¢ =5.1383(3)
Fe,5Si3Tiy,
a=6.9884
FeSiTi b=10.9479(6) 23 | 299 | 327 | 374
c=6.3277(3)

*Traces of FeTi were found
**Could not be measured by SEM
* %k %k

unknown impurity phase

Table 23: Relevant crystal structure data of the binary and ternary phases for the partial isothermal section.

Lattice Structure | Strukturbericht | Space
Phases . . Reference
parameters (A) type designation group
a=4.787
Fe,Ti MgZn, Cl4 P6y/mmc [61]
c=17.815
FeTi a=2.976 CsCl B2 Pm3m [62]
a=6.997
FeSiTi b=10.83 FeSiTi - Ima2 [39]
c=06.287
a="7.448
Si3Ti5 Mnssi3 Dgg P63/mmc [69]
c=5.114
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All samples prepared in the

ternary system Fe-Si-Ti are more or less & ) s‘,"' = P
homogeneous. The samples PB2-PBS, 1 il X} - f %
which are situated in the single-phase 4 ° Ly h : P
field Fe,Ti, contain traces of FeTi. This 4 7 ; Fe,Ti ‘ f i -
phenomen already occurred in the partial FEP{ e , ,\*f: .
isothermal section at 33.3 at.% Ti of the R \ - -'f,ii

quaternary system Al-Fe-Si-Ti. XRD

results showed an average amount of less

. . . Fig. 56: SEM-image of PB3, showing Fe,Ti and traces of
0
than 1 % of FeTi. The given SEM'lmage FeTi. Also the effect of grain segregation can be observed.

(Fig. 56) is similar to the one of PB9, presented in 6.1.1. It also depicts small areas of FeTi
contamination on the boundaries of the grains. For the investigation of the dependence of the
site occupancies on the composition for the Laves phase Fe,Ti by addition of Si, this

observation can be neglected, as FeTi was found only in a minor amount.

;\ . >‘\I ,.
‘/V/
y =

O

FezTi

Fig. 57: Comparison of a partial section of the Fe-Si-Ti system at 900 °C, done by Weiter et al. [41], and observed in
this work (marked pink).

The phase equilibra on the Ti-rich side of the Laves phase Fe,Ti presented by Weitzer
et al. [41] could be approximately confirmed, see Fig. 57. Along the sample series at a
constant Ti amount of 42 at.% up to a Si concentration of 30 at.% the two two-phase fields
Fe,Ti+FeTi and Fe,Ti+TisSi3 as well as the two three-phase fields Fe,Ti+FeTi+TisSi; and
Fe,Ti+TisSi3+FeSiTi were observed. The respective XRD and SEM results are given in Table

22. The major differences between the partial sections of the ternary system Fe-Si-Ti reported
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by Weitzer et al. [41] and the one given in the current work are the solid solubilities of the
phases TisSi; and Fe,Ti. The solid solubility for TisSi; compared to [41], was found to be
about 2 at.% larger with respect to the Fe-concentration. The solid solubility of the Fe,Ti
phase at Si-concentrations below 15.5 at.% differs by max. 1 at.% with respect to the Ti-
concentration. At Si-concentrations between 15.5 and 22 at.%, the solid solubility for Ti of
the Laves phase decreases by max. 2 at.%. The Laves phase in sample PB64 showed a
maximal solid solubility of 22 at.% Si at 36 at.% Ti. This differs from the reported one [41]
by 2 at.% Si.

The maximal solid solubility of the Laves Phase Fe,Ti for Si at a constant Ti
concentration in the ternary system Fe-Si-Ti was investigated. Therefore, a sample series at a
constant amount of 33.3 at.% Ti with a maximal amount of 26 at.% Si was prepared (PBI1-
PB8). Except the minor FeTi contamination, the single phase field Fe,Ti extends at least up to
26 at.% Si. The XRD patterns of the samples PB7 and PB8 showed, two additional diffraction
lines, at 20=25.75 and 20@=27.5. The additional diffraction lines could not be assigned to any
ternary phases in the vicinity of the sample composition. SEM investigations on these two
samples exhibit a rather similar image according to Fig 56. Nevertheless, the extent of the
contamination or the ‘additional’ phase on the boundaries of the Fe,Ti grains is somewhat
larger. The refined XRD-pattern, with the corresponding structures of the ‘single-phase’
sample PB6 is given in Fig 58.

Fe2Ti 99.01 %
FeTi 0.99%
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Fig. 58: XRD-pattern of PB6, showing the calculated structures Fe,Ti and FeTi.
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In Fig. 59, the refined XRD-pattern of PBS8 is presented. It shows, as mentioned
before, two additional diffraction lines, which are marked by black arrows. Compared to the

pattern of sample PB6, the phase Fe,Ti also prevails in PB8 and minor amount of FeTi was

found.

«; Fe2Ti 98.97 %

5 FeTi 1.03%
i N -
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Fig. 59: XRD-pattern of sample PB8, showing the calculated structures and the unknown diffraction peaks, marked
with black arrows.

Grain segregation was observed in all samples, except PB1, situated in the single
phase field Fe,Ti of the ternary system Fe-Si-Ti. This effect was investigated in more detail
on the sample PB6. The observed results are given in Fig 60. It shows that the Fe
concentrations decreases towards the grain center, while the Si concentrations increases.
However, the Ti concentrations almost stay constant. (Grain segregation reduces the quality

of Rietveld refinements and SEM-measurements.)

Due to the fact, that the contamination of PB7 and PB8 was observed to be small, they
were included for further investigations on the dependence of the site occupancies on
composition for the Laves phase Fe,Ti by addition of Si. The already known data about the
crystallographic positions and their occupancy of the Laves phase Fe,Ti were already given in
6.1.1. The dependence of the site occupancies on composition for the Laves phase Fe,Ti by
addition of Si was investigated using the model (Fe,Si),(Fe,S1)¢(Ti)s, which is in agreement
with the stoichiometry. The observed dependence of the site occupancy for the Fe,Ti by
addition of different amounts of Si is given in Fig. 61. The refined compositions (XRD) of

each sample, compared with the nominal compositions are listed in Table 24.
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Fig. 60: Concentration profile within a Fe,Ti grain in PB6.
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Table 24: Comparison between the nominal and the refined compositions.

Sample/ nom. . Si Fe Ti
o Operation
comp. (at.%) (at.%) (at.%) (at.%)
PB02 nom. comp. 4 62.7 333
Feg7Si4Tizz 3 XRD 8.2 58.5 33.3
PB03 nom. comp. 8 58.7 333
Fesg 7SigTiz3 3 XRD 9.9 56.8 33.3
PB04 nom. comp. 12 54.7 333
FesysSipaTizs 3 XRD 11.7 55 333
PaBe05 nom. comp. 16 50.7 33.3
Fes).7Sii6Tis33 XRD 15.5 51.2 33.3
PBO06 nom. comp. 20 46.7 333
Feys.7SizTis3 3 XRD 213 45.4 333
PBO7 nom. comp. 24 42.7 333
Fey, 7SipTizs 5 XRD 223 44.4 33.3
PB0S nom. comp. 26 40.7 333
Fey.7SizTi33.3 XRD 78 38.7 33.3
_-| O 2aFe
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Fig. 61: Site occupancies of the Laves phase Fe,Ti of the ternary system Fe-Si-Ti vs. nom. comp. of Si.

The refined compositions, obtained by Rietveld refinement show especially in the Si-

poor samples a deviation of the nominal composition, which could be connected to the

difficulties with grain segregation. In a range between 12 and 20 at.% Si they almost fit
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perfectly. Fig. 61 describes an average positive deviation of linearity for the occupancy of the
2a Fe-position for Si-atoms. The occupancy of the 64 position for Si-atoms shows almost a
good fit to linearity with a slight negative deviation in a range of 12-20 at.%. Below 12 at.%
Si a positive and above 20 at.% Si a large negative deviation from linearity is observed. This
behavior is certainly confirmed by the refined compositions, see Table. 24. Xinlin Yan et al.
[51] reported a slight deviation from linearity for the dependence of the side occupancy of the
2a and 6h position by Al-atoms. Thereby, the 2a position is preferentially occupied by Al-
atoms compared to the 64 position at low Al content. During this work an equal trend was
observed for the dependence of the site occupancies on the Si concentration for the Laves

phase Fe,Ti in the ternary system Fe-Si-Ti.

According to the Rietveld refinement data of the samples PBI1-PB8 the lattice
parameters a and ¢ as well as the volume of the Laves phase Fe,Ti were plotted against the
concentration of Si (see Fig. 62). While the lattice parameter a is increasing with increasing
Si-concentrations, the lattice parameter ¢ shows a decreasing behavior with increasing Si
concentrations. The volume decreases approximately linear with increasing Si-concentration.
Compared to the results for the lattice parameters a and ¢ of the Fe,Ti in the ternary system
Al-Fe-Ti [51], the increasing behavior of a with increasing amounts of a third element can be
confirmed. However, the decreasing behavior of lattice parameter ¢ of Fe,Ti in the ternary
system Fe-Si-Ti shows exactly the reverse trend, as reported for the ternary system Al-Fe-Ti
[51]. This observation can be readily explained by comparing the atomic radii of aluminium,
iron and silicon. Aluminium has an atomic radius of 143.1 pm, which is bigger, compared to
the one of iron (124.1 pm). Therefore, the cell volume increase, when iron is substituted with
aluminium. However, for silicon the opposite is the case, as the atomic radius of silicon is

only 117 pm [70].
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Fig. 62: Lattice parameters a and c as well as the volume of the Laves phase Fe,Ti vs. nom. comp. of Si.
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6.3.1. F810Sl'40Ti50 (1.'7) and F820Si4oTi4o (Tg)

Weitzer et al. [41] reported the two ternary phases 17 and t3, whose crystal structures
are still unknown, but their compositions were measured by SEM/EDX investigations.
Thereby, tg occurs from a peritectic reaction at 1640 °C (L+TisSis+ 1= 13), while no further
details for the formation of 1; were presented. To investigate their crystal structures, two
samples with the nominal composition FejoSisTiso (PB57) and FeyoSigTis (PB58) were
prepared and annealed at 900 °C and 1100 °C, respectively. Furthermore, another sample with
the nominal compositionFe;SigTis (PB58i) was produced and annealed for two hours at

1400 °C by an induction furnace. The obtained results are given in Table 22.

wniversitat
wien

Fig. 63: SEM images; left: PBS7 annealed at 900 °C; right: PB5S8 annealed at 1100 °C

The SEM-images of PB57 and PB58 are given in Fig. 63. No dependence of the
annealing temperatures (900/1000 °C) was observed for both of them. They both contain three
phases, whereby PB57 shows 17, 13 and TisSi; and PB58 17, 13 and FeSiTi (12). Non
equilibrium in both samples is evident. Further homogenization using powder pellets as well
as higher temperatures and longer annealing times may be necessary to obtain single-phase

equilibrium.

The sample PB58i shows predominantly the phase t3. SEM-images as well as LOM-
images exhibit a small amount of 17 and TisSi; in the center of the pills (Fig. 64). Therefore, a
small piece from the edge of the pills were taken, powdered and investigated by XRD. The
obtained XRD-pattern is given in Fig. 65. An indexation of all peaks was not possible. Due to
the fact, that the grains of 13 were quite small, single crystal XRD investigation was

impossible. The crystal structures of 17 and 13 are still under investigation.
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Fig. 64: Sample PB58i; right: SEM-image; left: Polarisation image (LOM)
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Fig. 65: XRD-pattern of PB58i.
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7. Abstract

In order to characterize the homogeneity range of the Laves phase Fe,Ti (C14) in the
quaternary system Al-Fe-Si-Ti three partial isothermal sections at 900 °C, at constant titanium
concentrations of 20, 25 and 33.3 at.%, were investigated by powder X-ray diffractometry
(XRD), scanning electron microscopy (SEM) and optical microscopy. Additionally, the
dependence of the site occupancies on the composition of the Laves phase Fe,Ti by addition
of Si, respectively, Al and Si was studied by Rietveld refinement of powder diffraction data
for the quaternary system Al-Fe-Si-Ti as well as the ternary system Fe-Si-Ti. The lattice
parameters a and c as well as the corresponding volume of the Laves phase was investigated

with regard to the solubility of Si and Al.

The homogeneity range of the Laves phase Fe,Ti in the quaternary system Al-Fe-Si-Ti
at the 33.3 at.% Ti-section is limited by the according ternary homogeneity ranges of the Al-
Fe-Ti and the Fe-Si-Ti systems at 900 °C and an approximately linear phase boundary
through the quaternary system. The spatial extent towards the titanium-poor side was
observed to be around 4 at.%, i.e. to a composition of around 29 at.% Ti. In the 25 at.% Ti-

section, the Laves phase can only be found in two-, three- and four-phase equilibria.

The lattice parameters a and ¢, as well as the volume of the Laves phase Fe,Ti in the
quaternary system Al-Fe-Si-Ti increase with increasing concentrations of aluminium and
silicon, with a ratio of 1:1 at the 33.3 at.% Ti-section. These results are in good agreement
with the data of the ternary system Al-Fe-Ti [51]. Compared to the ternary system Fe-Si-Ti,
where the lattice parameter a increases with increasing amounts of silicon, while the lattice
parameter ¢ as well as the volume is decreasing with increasing amounts of the other element,

a reverse trend was observed.

Investigations on the dependence of the site occupancies on the composition of the
Laves phase Fe,Ti in the quaternary system Al-Fe-Si-Ti by addition of aluminium and silicon,
with a ratio of 1:1, showed a slight deviation from linearity. Thereby, a positive deviation for
the substitution of the 2a iron position by (Al+Si) was observed, while the 64 iron position
shows a negative deviation from linearity. This phenomenon was also presented for the

substitution of silicon for the two iron positions 2a and 6/ in the ternary system Fe-Si-Ti.
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8. Zusammenfassung

Um den Homogenitidtsbereich der Laves Phase Fe,Ti (C14) im quaterniren
Phasensystem Al-Fe-Si-Ti zu charakterisieren, wurden drei partielle isotherme Schnitte bei
900 °C und konstanten Titankonzentrationen von 20, 25 wund 33.3 at.% mittels
Rontgenpulverdiffraktometrie, Elektronenmikroskopie und optischer Mikroskopie untersucht.
Zusatzlich wurden der Trend fiir die Besetzung der drei kristallographischen Gitterplitze 2a,
6/ und 4f der Einheitszelle der Laves Phase Fe,Ti mit zunehmender Loslichkeit von Silizium
bzw. Aluminium und Silizium durch Rietveldverfeinerung von Pulverdaten fiir die
Phasensysteme Al-Fe-Si-Ti und Fe-Si-Ti charakterisiert. Auch die Abhéngigkeit der
Gitterparameter a und ¢, sowie das daraus resultierende Volumen wurde in Hinblick auf die

Loslichkeit von Silizium bzw. Aluminium und Silizium dargelegt.

Der Homogenitétsbereich der Laves Phase Fe,Ti im quaterndren System Al-Fe-Si-Ti
bei einem konstanten Titangehalt von 33.3 at.% kann mit Hilfe der Loslichkeiten fiir
Aluminium und Silizium aus den entsprechenden terndren Phasensystemen Al-Fe-Ti und Fe-
Si-Ti, sowie durch eine leicht gekriimmte Phasengrenze durch das quaternidre System
beschrieben werden. Die rdumlich Ausbreitung der Laves Phase Fe,Ti in Richtung der Titan-
armen Seite des Zusammensetzungstetraeders liegt in einem Bereich von etwa 4 at.%, d.h. sie
erstreckt sich bis zu einer Zusammensetzung von ca. 29 at.% Ti. Im partiellen isothermen
Schnitt bei 25 at.% Titan wurde die Laves Phase ausschlieBlich in zwei-, drei- und vier-

Phasengleichgewichten gefunden.

Die Gitterparameter a und ¢, sowie das daraus resultierende Volumen der Laves Phase
Fe,Ti steigen mit zunehmender Konzentration von Aluminium und Silizium (im Verhéltnis
1:1), im partiellen isothermen Schnitt bei 33.3 at.% Titan an. Die erhaltenen Ergebnisse des
quaterndren Systems Al-Fe-Si-Ti korrelieren gut mit den Resultaten flir das ternidre
Phasensystem Al-Fe-Ti [S1]. Im terndren System Fe-Si-Ti steigt der Gitterparameter a der
Laves Phase mit zunehmendem Siliziumgehalt an, wobei ein genau umgekehrtes Verhalten

fiir den Gitterparameter ¢ und das Volumen beobachtet wird.

Es hat sich gezeigt, dass die kristallographischen Gitterplidtze der Einheitszelle der
Laves Phase im quaternidren System Al-Fe-Si-Ti durch die Zugabe von Aluminium und
Silizium nicht linear besetzt werden. Die Aluminium- und Siliziumatom substituieren

bevorzugt die 2a Eisenposition verglichen mit der 64 Eisenposition. Im terniren System Fe-
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Si-Ti wurde das selbe Phidnomen fiir die Substitution von Siliziumatomen auf die zwei

Eisenpositionen 2a und 6/ beobachtet.
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