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Abstract

In this thesis the Nb-Ti-Si-Al-Sn-Cr system was investigated. Literature on relevant
phase equilibria and the ab initio theory is reviewed. Details about the experimental and
theoretical techniques used in the current study are outlined. Data for thermodynamic
and elastic properties, phase equilibria and phase stabilities are given. The Nb-Si, Nb-
Sn, Nb-Al binary systems along the A15 Nbz(X,Y) (X,Y=Si, Sn, Al, Ge) compounds
and tetragonal TMsSn2Y (TM=Nb, Ti, Y=Si, Al) phases were studied with ab initio
calculations. The Nb-Si-Sn, Nb-Al-Sn, Nb-Ti-Sn, Nb-Ti-Si-Sn and Nb-Cr-Sn ternary
systems were studied experimentally. Alloys with codes from IP1 to IP12 and actual
compositions (at. %) Nb-24Ti-18Si-5Sn (IP1), Nb-16Si-13Sn (IP2), Nb-18Si-17Sn
(IP3), Nb-17Al-17Sn (IP4), Nb-33AI-13Sn (IP5), Nb-16AI1-20Sn (IP6), Nb-10Ti-18Sn
(IP7), Nb-13Ti-3Sn (IP8), Nb-40Ti-23Sn (IP9), Nb-39Ti-40Sn (IP10), Nb-15Cr-11Sn
(IP11) and Nb-65Cr-18Sn (IP12) were studied in the as cast and heat treated conditions
(at 900 °C, 1000 °C, 1100 °C, 1200 °C or 1400 °C).

The stable intermetallics in the NDb-Si binary system were investigated and their
elastic and thermodynamic properties (enthalpy of formation versus temperature,
Debye temperature) were obtained. The most ductile phases are BNbsSiz and NbsSi with
the latter being the most ductile while the less ductile are aNbsSiz and NbSi» (with the
latter being the most brittle). Also the transition temperatures of NbzSi — Nb+aNbsSis
and BNbsSiz — aNbsSis and the stability of the NbSi; at low and elevated temperatures
were investigated and found to be in good agreement with the phase diagram.

The enthalpy of formation versus temperature, Debye temperatures and elastic
properties of the intermetallics in the Nb-Sn system were calculated. The NbsSn was
found to be the less brittle compound, while the temperature dependence of its moduli
and Poisson’s ratio, along with the corresponding properties of Nb were calculated and
found to be in good agreement with the literature.

The elastic properties, enthalpies of formation and Debye temperatures of
intermetallics in the Nb-Al binary system were calculated. The temperature dependence
of their enthalpy of formation, along with the temperature dependence of the elastic
properties of the NbsAl were calculated and reported for the first time. The NbszAl has
the highest bulk modulus value, while the NbAlz is the stiffest and most brittle phase.

A comparative study of the A15 intermetallics containing Nb and Sn, Si, Al, Ge was
carried out. Their linear thermal expansion coefficients were obtained and found to be
in good agreement with the available literature. The temperature dependence of their
enthalpy of formation along with their Debye temperatures were also calculated. The
Nb3Si phase has the highest bulk, shear and Young’s modulus values and is the stiffest
and less ductile of the four binary A15 intermetallics of the present study. The Sn and
Al additions in the NbsSi stabilise the A15 structure over the competing tP32, while the
Ge addition has the opposite effect.

An investigation of the ternary WsSiz type TMSn2X compounds (TM=Nb, Ti and
X=Al,Si) was done. Useful data for the temperature dependence of the enthalpies of
formation of the TMSn2X phases (TM=Nb, Ti and X=Al,Si) that would allow the
construction and optimisation of the Nb-Si-Sn, Nb-Al-Sn, Ti-Si-Sn, Ti-Al-Sn phase
diagrams, were obtained. Aluminium and Nb improve ductility, while Ti and Si
enhance brittleness. When the transition metal is Nb the moduli of the ternary phase are
considerably higher compared with the case of Ti.

Phase equilibria in the Nb-Si-Sn system at 900 °C and 1200 °C and the solidification
paths of the alloys Nb-16Si-13Sn (IP2) and Nb-18Si-17Sn (IP3) were studied. The
NbsSn2Si is a thermodynamically stable phase forming between 900 °C and 1200 °C.
In Nb3Sn the Si/Sn ratio reached up to ~1.
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Phase equilibria at 900 °C and 1200 °C, along with the solidification paths of the Nb-
Al-Sn alloys were studied using the alloys Nb-17Al-17Sn (IP4), Nb-33Al-13Sn (IP5)
and Nb-16AI1-20Sn (IP6). Tin showed high solubility in Nb2Al, reaching up to 21 at. %
in the Sn-rich areas, substituting Al atoms. Tin and Al substituted each other in the A15
phase (NbzAl and NbzSn), while Sn showed limited solubility in NbAlz, not exceeding
~3.6 at. %. as it substituted Al atoms. The solubility of Al in NbSn; varied from ~4.8
to ~6.8 at. %. The NbsSn,Al is a stable ternary intermetallic stable in the range between
~900 °C and ~1200 °C and it can be treated as a line compound.

In the Nb-Ti-Sn system phase equilibria at 900 °C and 1200 °C and the solidification
paths of the alloys Nb-10Ti-18Sn (IP7), Nb-13Ti-3Sn (IP8), Nb-40Ti-23Sn (IP9) and
Nb-39Ti-40Sn (IP10) were studied. In NbsSn, the Ti substituted Nb, whereas in TisSn
NDb substituted Ti. In TisSns Nb substituted both Ti and Sn, with primary preference to
the former.

Phase equilibria in Nb-Ti-Si-Sn system at 1000, 1100 and 1300 °C were studied
using the alloy Nb-24Ti-18Si-5Sn (IP1). Above a certain content of Ti (possibly 25-30
at. %) the yNbsSis phase becomes stable. Titanium showed higher solubility in the
yNbsSis intermetallic of all the NbsSis silicides and reduced the solubility of Si in the
NbsSn.

In the Nb-Cr-Sn system the corresponding phase equilibria at 900 °C and 1200 °C
were studied. The solidification paths of the alloys Nb-15Cr-11Sn (IP11) and Nb-65Cr-
18Sn (IP12) were deduced. Chromium substitutes Nb in the NbsSn and NbsSns phases.
Tin on the other hand substitutes Cr and Nb in the Laves phase. Finally, Nb and Sn
showed very small solubility in Crss.

The results from the present study can prove very beneficial to the Nb silicide based
alloys synthesis, as a very concise “map” of the as yet uncharted Nb-Ti-Si-Sn-Al-Cr
territory, containing elastic properties, phase stabilities and phase equilibria data is
produced, helping towards significant minimization of cost of the future alloy design.
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Introduction

Since the 1950’s high-temperature materials have been intrinsically linked to the
development of gas turbines used in transport and energy industries. This has been due
to their excellent resistance to chemical and temperature degradation at temperatures
close to their melting points. They are employed in the very hottest sections of the

turbines (Fig. 1.1) under heavy loads and are expected to retain their structural integrity.

Fig.1.1. Modern day gas turbine (Image taken from power-technology.com)

The first desirable characteristic of a high-temperature alloy is the ability to
withstand loading at an operating temperature near to its solidus point. A second
characteristic is a substantial resistance to mechanical degradation over long periods of
time. As time increases creep strain is accumulated and it is desirable for this
accumulation to be as low as possible. Furthermore, yield stress, ultimate tensile
strength and fracture toughness should be maintained over time. Operating at high
temperatures may enhance the possibility of corrosion and oxidation leading to
reduction of the life of the component. Hence the final desirable characteristic is
resistance to any kind of surface degradation.

As the economies and populations of the developing countries keep growing at a fast
pace, the need for further improvements in high temperature capabilities of structural
alloys of aircraft gas turbines is increasing. The most advanced Ni-based superalloys
used in state of the art gas turbine engines have reached the limit of their temperature
capabilities as they are currently operating with surface temperatures around 1150 °C
in their hottest areas and their melting occurs around 1350 °C [1]. Thus, there is need

for new alloys in order for the gas turbine technology to advance. Higher temperature
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Introduction

capabilities would mean significant improvement of efficiency, which in turn would
mean reduction of fuel consumption and carbon emissions.

Alloys based on refractory metal intermetallic compounds can achieve a balance of
mechanical and environmental properties with low density and thus are considered as
candidate materials for high temperature applications. Niobium silicide based alloys
have attracted much interest as the next generation ultra-high temperature alloys owing
to their excellent creep, high temperature strength and ambient temperature fracture
toughness [1, 2]. The microstructure consists of ductile Nb solid solution phase in which
are embedded high strength silicide(s) and other intermetallic phase(s) or vice versa,
depending on alloy composition [1-3]. The choice of the latter intermetallics is
influenced by considerations about achieving a balance of high and ambient
temperature properties [1, 2, 4].

Additions of Al, Ti, Cr and Sn in the Nb-silicides are reported to benefit their
oxidation behaviour, room-temperature toughness, and oxidation resistance and are
important for their high-temperature creep performance [1, 3, 5-11]. The design of Nb
silicide based alloys requires better understanding of the effects of each alloying
element as well as their synergy in the microstructure of the Nb silicide alloys. Thus, it
is important that data for thermodynamic and mechanical properties of alloys and
specific phases is obtained. Limited data exist for the Nb-Si-Sn, Nb-Sn-Al, Nb-Ti-Sn
and Nb-Cr-Sn ternary systems, as well as elastic and thermodynamic properties of
several important intermetallics containing Nb. This is mostly due to the difficulty to
produce alloys of the aforementioned systems because of the large differences between
the elements’ melting temperatures.

In this study the aim is to explore the Nb-Ti-Si-Sn-Al-Cr system in order to obtain
data that will be used in the future to support the design of Nb silicide based alloys. The
objectives of the current study are:

(@ To investigate phase equilibria and phase stabilities in Nb-Ti-Si-Al-Cr-Sn
subsystems, which have not been reported in the past;

(b) To investigate the mechanical and thermodynamic properties of intermetallics in
this system.

The strategy adopted to achieve these objectives included the use of XRD, SEM/EDS
and EBSD to characterise the alloys produced in the present study, and ab initio

13



Introduction

calculations to predict the thermodynamic and mechanical properties of the elemental
and intermetallic phases involved in this study.

The thesis starts with a review of literature on the existing data for the binary and
ternary Nb containing systems in chapter 2. This chapter focuses on phase equilibria in
the Nb-Ti-Si-Sn-Al-Cr system and the theory of the ab initio method. The experimental
and theoretical methods are described in chapter 3. The results of the theoretical
research are presented in chapters 4 to 8, while the experimental research results are
shown in chapters 9 to 13. The conclusions of this work and suggestions of future work
are presented in chapter 14. In chapter 15 the Appendices containing formulae used in
the present work, schematics of crystal structures of phases assessed in the current
work, details of the characterisation of the alloys and the papers published from this

work are given.
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2.1 Niobium

The high melting metals are divided in the group of noble metals, namely Ru, Rh,
Os, Ir and Pt, and the group of refractory metals (RM), namely Zr, Hf, Nb, Ta, Cr, Mo,
W, Tc and Re. Besides the high melting point other properties like high temperature
strength, creep and corrosion resistance, Young’s modulus and vapour pressure are
critical for their high temperature applications.

Refractory metals, namely Nb, Ta, Mo and W are considered to be suitable
candidates for high temperature applications. Niobium has very attractive physical
properties as high melting point, the lowest density of the RM, the lowest Young’s
modulus (which means better ductility compared with another RM) high corrosion
resistance, good workability at room temperature, a low Ductile/Brittle Transition
Temperature (DBTT) (ductility at lower temperatures) and high vapour pressure
(suitable for high temperature applications) [1, 2]. Some of the properties of RM are

shown in Table 2.1.

Table 2.1
Physical and mechanical properties of Nb, Ta, Mo and W [12].
Niobium Tantalum | Molybdenum | Tungsten
Melting Point (°C) 2470 2996 2610 3410
Density (g/cmq) 8.57 16.6 10.2 19.3
Young’s Modulus 110 186 290 358
(GPa)
Workability at Room Good Good Middle 2 Bad ®
Temperature
Corrosion Resistance High Very high Low Low
Ductile/Brittle -150 -260 -20 300
Transition
Temperature (°C)

@ Depending on degree-of-deformation and dimension.
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2.2 Niobium silicides

Niobium-silicide based alloys are suitable candidates for next generation gas turbine
components. They have high melting points (> 1700 °C), low densities (6.6 - 7.2 g/cm®)
[8] and contain mainly high strength intermetallic phases toughened by Nb solid
solution (Nbss) [13]. The Nb-Si system allows for a range of possible combinations of
phases to exist [9], as is shown in the phase diagram (Fig. 2.1 ().

One of the attractive features of the Nb-Si system is the wide Nbss and aNbsSiz two
phase field. Different versions of the Nb-Si binary phase diagram have been proposed
that essentially have different transformation temperatures and eutectic compositions.
For example in the phase diagram shown in Fig. 2.1 (a) there is a eutectic reaction at
1916 °C (2189 K) (Liquid <> Nbss + Nb3Si) and a eutectoid at 1673 °C (1946 K) (NbsSi
< Nbss + aNbsSi3). Thus there is a variety of ways to reach the region of Nbss and
aNbsSiz and have different volume fractions of Nbss, Nb3Si, aNbsSisz and BNbsSiz. Four
intermetallic compounds are reported in the equilibrium Nb-Si phase diagram [14],
namely the NbsSi (tP32-TizP), which is stable above 1765 °C (2038 K), the aNbsSi3
(132, CrsBs, D81), which transforms to BNbsSis (t132, WsSis, D8m), with upper and
lower transformation temperatures of 1934 °C (2208 K) and 1645 °C (1918 K) (this
temperature is lower than that in Fig. 2.1 (a)) and the NbSi2 (hP9, CrSiz, C40) which is
stable below 1934 °C (2208 K), where the structures were denoted using Pearson
Symbols, crystal structure prototypes and Structurbericht Symbols (See appendix). As
already mentioned different values for the aforementioned temperatures have been
reported in the literature. The lowest temperature above which the NbsSi has been
reported to be stable is 1670 °C (1943 K) [15], the lowest and highest values of the
upper and lower transformation temperature of aNbsSis to BNbsSis have been 1642 °C
(1915 K) [16] and 1947 °C (2220 K), respectively [16] and the highest value for NbSi.
has been 1963 °C (2236 K) [17]. The stability of the NbsSi can be extended to lower
temperatures [18] or its formation can be suppressed by alloying [19]. Alloying is also
crucial for the transformation of BNbsSis to aNbsSis [20]. The stability range of NbSi;
is important for the temperature capability of oxidation resistant silicide based bond
coat alloys for Nb silicide based alloys [21, 22]. Thus, it is important to know the
thermal and physical properties of the NbsSi, BNbsSis, aNbsSiz and NbSi» intermetallic

phases in order to
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improve the Nb-silicide based alloys and silicide based coatings. A first principles study
of the Nb-Si system, excluding the NbSi> phase, has been reported in [23].
Niobium-silicide based alloys, also known as Nb-silicide in-situ composites which
consist of a bcc Nbss with NbsSis and/or NbsSi exhibit excellent creep strength, but
often have poor fracture toughness and oxidation resistance. [2, 24]. The effect of
various alloying additions including Ti, Cr, Al, Hf, Sn, Ta, Mo and Ge as well as the
synergy of them has been studied in order to achieve balance between room-
temperature toughness, high-temperature creep performance, and oxidation resistance.

2.2.1 Titanium addition

Titanium reduces the density of Nb silicide alloys and improves their oxidation
resistance and fracture toughness [9-11, 24-26]. For better understanding of the effect
of titanium on the microstructure of Nb silicide based alloys the ternary Nb-Ti-Si
system has been assessed [27] (Fig. 2.2). The tetragonal NbsSi phase (tP32 structure)
is present and stable above 1673 °C (1946 K) in the Nb-Si system [13], (Fig. 2.1 (a))
while in the Ti-Si system a tetragonal TisSi phase with the same structure is stable
below 1170 °C (1443 K) [28] (Fig. 2.1 (b)). The above silicides are isomorphous and
it has been reported [19, 29], that the addition of Ti in Nb-Si-Ti ternary alloys leads to
the stabilisation of the (Nb,Ti)3Si phase at lower temperatures. This stabilisation can be
enhanced by the synergy of Ti with Fe [30]. This isomorphism however does not apply
to the NbsSiz and TisSissilicides, hence there is a limited solubility of Nb in TisSiz (~20
at. %) and Ti in NbsSiz (~ 30 at. %) [31]. According to Bewlay et al. [24] the addition
of Ti leads to lowering of the eutectic temperature from 1880 °C (2153 K) to 1330 °C
(1603 K). In order to maintain a eutectic temperature above 1700 °C (1973 K) in Nb-
Si-Ti silicide based alloys the Ti content should be less than 25 at. % [24].

According to Geng et al. [5, 32] the Ti addition enhances the eutectoid decomposition
of NbsSi to Nbssand aNbsSiz and decreases the lattice parameter of bcc Nbss especially
with increase of the Mo content. Grammenos and Tsakiropoulos [18] showed that the
synergy of Ti with Hf can stabilise the NbsSiz while replacing the eutectoid
transformation NbsSi <> Nbss + aNbsSiz by an alternate eutectoid transformation in

which the 5-3 silicide has the hexagonal (hP16) structure, instead of the tetragonal one
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(t132). It has also been reported that the addition of Ti resulted to macrosegregation
(variation in compositions that occur in the alloy and range in scale

from several millimeters to centimeters or even meters) ( of Si in the Nb-24Ti-18Si-
5Sn (at. %) [19] , as well as in the Nb-18Si-5Cr-5Ge (at. %) and Nb-24Ti-18Si-5Cr-
5Ge (at. %) alloys, especially in synergy with Cr [32].

In the Nb-24Ti-18Si-5Cr (at. %) alloy [29] microsegregation (variation in
compositions that occur in the alloy and range in scale comparable to the size of the
dendrite arm spacing) of Ti was particularly evident, increasing the solubility of Cr in
the solid solution. In the Nb-24Ti-18Si-5Al (at. %) alloy [29] the solubility of Al in the
solid solution increased with Ti content and the solubility of Al in aNbsSis decreased
[29].

Apart from its influence on the microstructure of the Nb silicide alloys, Ti also has
an impact on the mechanical properties of their constituent phases. A significant
improvement of the fracture toughness and ductility of the Nbss and the NbsSis has been
noted in the presence of Ti [33, 34] as well as improvement of oxidation resistance [8,
24]. However, when the Ti content is increased beyond 30 at. % the NbsSis transforms
into TisSiz [31]. The latter is not desirable due to its low creep strength. Titanium can
have a strong effect on Nbss and NbsSiz causing solid solution strengthening of the

former and decrease in the hardness of the latter [32].

2.2.2 Tin addition

Niobium silicide based alloys exhibit desirable creep properties at higher
temperatures than Ni based superalloys but their oxidation resistance must be improved.
Wainer [35], in 1957 discovered that two groups of elements can benefit the oxidation
resistance of Nb-based alloys. The first group consists of Be, Ti, Al, Zr, Cr, Si and V.
These elements have atomic volumes or radii smaller than that of Nb and thus their ions
or atoms will diffuse as fast as the base metal and are classified as retarders of oxidation
(suppressing the rate of oxidation). The second group includes Ca, Ce, Er, La, Nd, Pr,
Pb, Th and Sn which are characterised as diffusion barriers (can form thin layer on the
surface of the alloy) as their atomic volumes are smaller than that of the first oxide that
develops on the surface of the Nb alloy when it is oxidized. Tin is one of the elements
that has been shown to benefit the oxidation resistance of Nb silicide based alloys [24,

36] when present at low concentrations and in synergy with specific alloying additions.
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Tin suppresses the formation of NbsSi [19], in synergy with Ti and with Ti, Fe and Cr
encourages respectively the transformation of BNDsSiz to aNbsSiz [19] and the
formation of the metastable NbsSi [37] and oxidation improvement seems to be linked
with the formation of NbeSns below the scale [36, 38]. In order to understand alloy
behaviour in ternary and higher order systems, knowledge of thermal and physical
properties of the intermetallic compounds that are key to the development of the new
alloys is critical.

No intermetallics exist in the Si-Sn binary system [39] (Fig. 2.3 (2)). In the Nb-Sn
system there are three stable intermetallics [28] (Fig. 2.3 (b)). The NbsSn has the A15
structure which is a close-packed structure whose stability is largely governed by size
[40], has a primitive cell of 8 atoms and belongs to the space group Pm3n, its Pearson
symbol is cP8 and is of the Cr3Si type and its melting temperature is 2374 °C (2647 K).
The NbeSns has a D2H-25 orthorhombic structure with a primitive cell of 22 atoms and
belongs to the Immm space group with o0l45 Pearson symbol and is of the TisSns type
and its melting temperature is 907 °C (1180 K). The NbSn, has the D2H-24
orthorhombic structure, Pearson symbol 0148, space group Fddd and is of the CuMg2
type with its primitive cell containing 12 atoms and its melting temperature is 827 °C
(1100 K). The NbsSn has attracted interest due to its superconducting properties [41],
with a transition temperature of -254.25 °C (18.9 K) and its high melting temperature.
The transition temperatures of the other two intermetallics are -270.47 °C (2.68 K) and
-271.08 °C (2.07 K) for NbSn, and NbeSns, respectively [42]. The crystal structures
can be seen in the Appendix.

The resistivity [43], heat capacity [44], electron-phonon interaction [45] and
magnetic susceptibility [46] of the NbsSn compound have been studied but there is
limited data [44, 47] about its thermodynamic properties. The elastic properties of the
NbsSn have also been calculated [48], but to the best of the author’s knowledge no data
exists for the other two intermetallics in the Nb-Sn system. There is experimental and
theoretical data for the vibrational and elastic properties of Nb [49] and Sn [50] and
their Debye temperatures [51, 52].

According to Geng et al. [5, 38] the addition of Sn in the Nb-24Ti-18Si-5Al-5Cr-
5Hf-5Sn-2Mo (at. %) caused the formation of Sn-rich and Sn-poor areas in the
(Nb,Ti)ss, while it significantly increased the solubility of Si in the solid solution.
Subsequent research in the group confirmed the former as NbsSn. On the other hand

the Ti solubility in NbsSisz increased slightly in the presence of Sn, compared with the
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Nb-24Ti-18Si-5AI-5Cr-2Mo-5Hf (at. %) alloy. Significant improvements were noticed
[36] in the oxidation of the Nb-24Ti-18Si-5Al-5Cr-2Mo-5Hf-5Sn alloy (at. %) at 800
°C and 1200 °C by the addition of Sn. Geng et al. [36] reported that pest damage after
100 hours at 800 °C of this alloy was successfully eliminated by alloying with 5at. %
Sn.

Vellios and Tsakiropoulos [37] reported that in the presence of Sn macrosegregation
of Si occurred in the Nb-24Ti-18Si-5Cr-5Fe-5Sn (at. %) alloy, whereas in the Nb-24Ti-
18Si-5Cr-5Fe (at. %) alloy macrosegregation of Si was not evident. Also the addition
of Sn increased the solubity of Ti in the solid solution, while it had no influence on the
solubility of Cr in the (Nb,Ti)sSis. In the presence of Sn the hardness was reported to
be decreased as the hardness of the Nb-24Ti-18Si-5Cr-5Fe-5Sn (at. %) alloy was
approximately 15 at. % lower compared with that of the Nb-24Ti-18Si-5Cr-5Fe (at. %)
alloy.

2.2.3 Aluminium addition

Another important alloying element in Nb silicide based alloys that can improve their
oxidation resistance [53], lower their density and possibly be beneficial for their room
temperature ductility is Al which tends to substitute Si. As the oxidation temperature
increases, Al plays an increasingly important role. Zelenitsas and Tsakiropoulos [29]
suggested that Al destabilises the TizSi and may have the same effect on the NbzSi and
that Al additions in Nb-Ti-Si based alloys stabilise the NbsSiz to lower temperatures
and lower the Si content of the eutectic composition.

2.2.4 Chromium addition

Chromium is another important alloying addition that can form the NbCr, Laves
phase that can aid the oxidation resistance of Nb silicide based alloys. The NbCr: is
very brittle. Thus in order to control the fracture toughness of the alloys, the Laves
phase volume fraction must be kept in low levels. Zelenitsas and Tsakiropoulos [29]
reported that in the Nb—24Ti-18Si-5Cr-5Al (at. %) alloy the Cr addition retarded the
diffusion of Al from the 5-3 silicide and decelerated the transformation of the BNbsSi3
to aNbsSiz and Nbss. The synergy of Al and Cr additions has been reported [54] to
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improve the oxidation resistance without the solid solution becoming severely brittle,
when the concentration was within 2-6 at. % for Al and 2-8 at. % for Cr. The synergy
of Cr and Ta retarded the transformation BNbsSiz 2 aNbsSiz+(Nb, Ti)ss [55].

2.3 Niobium aluminides

The Nb-Al binary phase diagram consists of three intermetallics. The NbzAl has a
primitive cell of 8 atoms, A15 cubic structure and belongs to the space group Pm3n
with Pearson symbol is cP8 and is of the CrsSi type. The NbAlz has a primitive cell of
4 atoms, DO, tetragonal structure and belongs to the space group 14/mmn, while its
Pearson symbol is tI8 and is of the AlsTi type. The Nb.Al has a primitive cell of 30
atoms, D8y, tetragonal structure and belongs to P4>/mnm, whereas its Pearson symbol
and structure type are tP30 and cCrFe, respectively. Images of the crystal structures are
given in the Appendix

These Nb aluminide based alloys have been investigated as potential candidate
materials for high performance turbine applications. The Nb.Al intermetallic has
desirable strength above 1000 °C but poor ductility and oxidation resistance. It shows
a high melting temperature (1940 °C (2213 K)) and low density, thus making it
interesting structural material for high temperature applications [56, 57]. The NbAl3
compound is regarded as a promising material for use at high temperatures due to its
high melting temperature (1605 °C (1878 K)), low density and exceptional oxidation
resistance, with its only disadvantage being its room temperature brittleness. The most
promising of the niobium aluminides appears to be the NbsAl because of its high
melting temperature (2127 °C (2400 K)) [58] and creep properties. However it shows
poor oxidation resistance. Alloying with elements like Ti, Cr, Sn or Si can improve
oxidation resistance for NbsAl alloys. Due to its low symmetry as a result of the A15
crystal structure though, it shows limited ductility and poor fracture toughness at
ambient temperatures [59]. It has also been reported [58, 60, 61] that additions of Mo,
W and Ta increase its high temperature strength.

To date and to the best of the author’s knowledge work has been carried out on the
enthalpies of formation of all the Nb-Al intermetallic phases [62, 63] and the
mechanical properties of the NbsAl [48, 64] and the NbAl3 [65-67]. Furthermore, work
on the heat capacity and Debye temperature of NbAlz can be found in [65].
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2.5 Ternary systems

2.5.1 The Nb-Si-Ti system

One of the most important binary systems including Nb is Nb-Si. Its latest assessment
was by David et al. [13] and was based on Liang and Chang [68] and Fernandes et al.
[17]. Liang and Chang [68] modelled the aNbsSiz and PNbsSiz as the same
stoichiometric phase. Fernandes et al. [17] presented separate descriptions for those
phases, considering the solubility of Si in the BNbsSis. David et al. [13] modelled the
aNbsSiz and NbSiz as non-stoichiometric compounds with a very small (<1 at. %)
solubility. The phase diagram of Nb-Si is shown in Fig. 2.1 (a). Three eutectic and one
eutectoid transformations are clear in the phase diagram. The first eutectic, Liquid <>
Nbss + NbsSi occurs at 1916 °C (2189 K), the eutectoid Nb3Si <> Nbss + aNbsSis at
1673 °C (1946 K), the second eutectic Liquid <> BNbsSis + NbSi, at 1873 °C (2146 K)
and the third eutectic Liquid <> NbSiz + Si at 1407 °C (1680 K). Thus, four stable
intermetallic compounds exist in the binary Nb-Si phase diagram [13] (Fig. 2.1 (), see
section 2.2).

The Ti-Si binary phase diagram has been calculated by Seifert et al. [69] (Fig. 2.1
(b)). The TisSis, which is isomorphous to the NbsSis, is present around 37.5 at. % Si.
Its melting point is significantly lower, and has wider solubility range in Si than NbsSis.
Four other intermetallic compounds are shown in Fig. 2.1 (b), all of them modelled as
stoichiometric. They are TisSi, TisSis, TiSi and TiSio. The peritectoid reaction at 1170
°C (1443 K) between PTi and TisSis produces the TisSi. At 1920 °C (2193 K) and 1572
°C (1845 K) two peritectic transformations, Liquid + BTisSis <> TisSis and Liquid +
TisSia < TiSi, take place respectively, while at 1485 °C the congruent transformation
Liquid « TiSi2 occurs.

The phase diagram of the Nb-Ti system modelled by Zhang et al. [70] is shown in
Figure 2.1 (c). It is much simpler than the Nb-Si and Ti-Si binaries, as it does not show
any compounds formed between Nb and Ti. The aTi (HCP) is stable to 860 °C (1133
K) and has a small solubility range of Nb (<3 at. %) beyond which BTi (BCC) co-exists
with the Nb (BCC) and form the BCC (Nb, Ti) solid solution.
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Based on the assessments of the binary Nb-Si, Ti-Si and Nb-Si systems the
optimisation of the Nb-Ti-Si system was conducted by Geng et al. [27]. In the
aforementioned study no differentiation between the aNbsSis and BNbsSiz was made.
A good agreement between the experimental results of Geng et al. and of previous
research, and the calculated data was accomplished. The isothermal section at 1200 °C
(1473 K) from [27] is shown in Fig. 2.2.
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Fig. 2.1. Calculated phase diagrams of (a) Nb-Si [13], (b) Ti-Si [69], (c) Nb-Ti [70]
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Fig. 2.2. Isothermal section at 1200 °C of the Nb—Si-Ti system [27]
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2.5.2 The Nb-Si-Sn system

The Nb-Si system was discussed in section 2.2. The Si-Sn system was recently
remodelled by Sun et al. [71] based on the work done by Meng et al. [39] (Fig. 2.3 (a)).
The assessment of the Nb-Sn system was done by Toffolon et al. [28] who took into
account enthalpy of formation data for the NbsSn. The obtained phase diagram was in
good agreement with the experimental data as shown in Figure 2.3 (b). Three
intermetallic compounds are observed as the Sn content increases. The first is NbsSn
with a significant solubility in Sn, NbsSns and NbSnz, which are both treated as line
compounds.

Sun et al. produced a thermodynamic description of the Nb-Si-Sn system based on
previous work by Waterstrat and Muller [72], Vellios and Tsakiropoulos [19] and
Horyn and Lukaszewicz [73]. The NbsSiSn; is a ternary compound which was treated
as stoichiometric and was calculated to be stable between 900 °C (1173 K) and 1200
°C (1473 K), consistent with the findings of Horyn and Lukaszewicz [73]. The crystal
structure of the ternary compound is tetragonal WsSis structure type and of the 14/mcm
space group. No comprehensive experimental evidence about the temperature range of
the stability of this compound exist. Figure 2.4 shows the 900 °C (1173 K) Nb-rich
isothermal section of the Nb-Si-Sn system [71].
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Fig 2.3. The phase diagrams of (a) Si-Sn [39] and (b) Nb-Sn [28].
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2.5.3 The Nb-Al-Sn system

A description of the ternary Nb-Al-Sn system does not exist as yet in the literature.
The Nb-Sn, Nb-Al and Al-Sn binary phase diagrams are shown in Figures 2.3 (b), 2.6
(b) and [74], respectively. The Nb-Al phase diagram consists of the elemental phases
and three intermetallics (Fig. 2.6 (b)), section 2.3). As it can be seen in Fig. 2.7 (b),
there are no intermetallics in the Al-Sn system. There is no thermodynamic data except
the work done by Pietzka and Schuster [75] who reported a series of ternary aluminides
including the NbsSnAl ternary compound. Its crystal structure was shown to be
tetragonal WsSis structure type and of the I14/mcm space group. Hence, it is
isomorphous with the NbsSiSn; in the Nb-Si-Sn ternary system [71]. Pietzka and
Schuster reported that the NbsSn2Al phase has lattice parameters 0=1.0629(2) nm,
¢=0.5216(2) nm, ¢/a=0.490 and V=0.5892 nm? [75]. Also, Bachner et al. [76] reported
that the NbsAl and Nb3Sn compounds show complete solid solubility.

2.5.4 The Nb-Ti-Sn system

The Nb-Ti-Sn system has also not been thermodynamically assessed to date. The Nb-
Ti (Fig. 2.1 (c)) [69] and Nb-Sn (Fig. 2.3 (b)) [28] phase diagrams were described
previously. The most recent description for Ti-Sn is from Yin et al. [77] in which the
compounds Ti.Sn and TizSn were considered as non-stoichiometric. The phase diagram
is shown in Figure 2.5 [77]. In order to proceed to a robust description of this ternary

system experimental data is needed.
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Fig. 2.5. The Ti-Sn phase diagram [77].

2.5.5 The Nb-Ti-Al system

Another important ternary system is the Nb-Ti-Al. It has been extensively studied
since the 1970’s, owing to the emerging of the titanium aluminide alloys as aerospace
materials. The latest assessment of the Nb-Al, Ti-Al and Nb-Ti-Al systems was
conducted by Witusiewicz et al. [78, 79]. The Ti-Al and Nb-Al phase diagrams and the
Nb-AI-Ti 1060 °C (1333 K) isothermal are presented in Figure 2.6 (a) (b) and (c)
respectively. In Figure 2.6 (c) it can be seen that Ti exhibits high solubility in NbsAl
(up to about 25 wt. %), in Nb2Al (up to about 40 wt. %), while the TiAls and NbAl3

phases are isomorphous and Nb has a solubility in TiAl up to ~30 wt. %.
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2.5.6 The Nb-Si-Al system

Understanding of the Nb-Si-Al system is essential in order to study thoroughly the
effect of Al additions to the Nb-Si system. The Nb-Al binary is shown in Fig. 2.6 (b)
and the Nb-Si in Fig. 2.1 (a). The Al-Si binary is based on the data from Dinsdale and
is presented in Fig. 2.7 (a) [74]. Brukl et al. [80] reported the presence of two ternary
compounds NbsSisAl, and Nb1oSisAlz which were in equilibrium with each other. Pan
et al. [81] contradicted this and reported that these ternary phases were not in
equilibrium, instead the NbAlz and aNbsSiz were in equilibrium with each other. The
Al solubility in aNbsSiz was reported differently in each research. Brukl et al. [80] and
Murakami et al. [82] agreed on it being near zero, while Pan et al. reported it being ~10
at. %. Zelenitsas and Tsakiropoulos [29] reported the Al solubility in aNbsSis and
BNbsSis to be 2.2 - 3.8 at. % and 3.3 - 3.8 at. %, respectively. The most recent effort
of integrating the experimental data to a model was done by Shao et al. [53]. The
isothermal section at 900 °C (1173 K) by Murakami et al. [82] is shown in Fig 2.8.
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NbsSi3(LT)

Fig. 2.8. Isothermal section of Nb-Si-Al at 1173 K [82]

2.6 Cubic Al5-structure phases

The NbsSi and NbsSis silicides can be present in the microstructure of Nb silicide
based alloys [1, 2]. Both silicides can form as stable and metastable compounds [14].
In the Nb-Si binary phase diagram the equilibrium (stable) 5-3 silicide has the BNbsSis
tetragonal structure at high temperatures and the aNbsSis tetragonal structure at low
temperatures, and the tetragonal (stable) NbsSi transforms via a eutectoid reaction to
Nbss and aNbsSiz [14] which can be used to generate desirable microstructures in the
alloys [2]. Metastable NbsSi can form with the A15 cubic structure. There is no data

about phase transformations involving the A15-NbsSi.

Additions of Al, Ge and Sn in Nb-18Si (at. %) based alloys have been shown to
benefit their oxidation behaviour [3, 5-7] and to influence the transformation of NbsSis
to aNbsSis [1]. These elements suppress the formation of the tetragonal (stable) NbsSi
[19, 55, 83] and Sn plays a key role in the elimination of pest oxidation [3, 6]. The
effectiveness of Sn depends on its concentration and its synergy with other elements in
the alloy and on whether the A15-Nb3zSn is stable in the microstructure. Furthermore,
Sn can stabilise metastable forms of the NbsSi when it is in synergy with Fe and Cr
[30]. The formation of A15-NbsAl in Nb silicide based alloys is possibly depending on
the Ti/Al ratio in the alloy [84].
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In the equilibrium Nb-Si binary phase diagram the NbsSi has a tetragonal TisP-type
crystal structure. In Nb-Si-Ti based alloys the formation of the A15 NbsSn destabilises
the tetragonal NbsSi [19]. Some intermetallic phases with the A15 cubic structure have
also attracted interest because of their superconducting properties. Niobium forms a
number of superconducting A15 compounds that exhibit high transition temperatures
(Tc), namely NbsGe (-249.55 °C (23.6 K)), NbsGa (-252.95 °C (20.2 K)), NbsSn (-
254.25 °C (18.9 K)) and NbzAl (-254.35 °C (18.8 K)). It has been suggested that the
A15 NbsSi phase would have a T, above that of NbzGe, of the order of -248.15 °C (25

K) [41], owing to its small lattice parameter.

The A15 structure is a close-packed structure whose stability is largely governed by
cell size [41]. It has a primitive cell of 8 atoms and belongs to the space group Pm3n,
its Pearson symbol is cP8 and is of the CrsSi type. The AsB cubic unit cell has two B
atoms at (0, 0, 0) and (0.5, 0.5, 0.5) sites and six A atoms at (0.25, 0, 0.5), (0.5, 0.25,
0), (0, 0.5, 0.25), (0.75, 0, 0.5), (0.5, 0.75, 0) and (0, 0.5, 0.75) sites. In the current study
the A atoms are Nb while the B atoms are Sn, Al, Ge or Si. In the case of the ternary
compounds, two different atoms occupy either the (0, 0, 0) or (0.5, 0.5, 0.5) sites.

The resistivity [43, 85], heat capacity [44, 47], electron-phonon interaction [45] and
magnetic susceptibility [46] of A15 compounds have been studied. There is limited data
about enthalpies of formation and Debye temperature of the A15-NbzX (X=Sn, Al, Si,
Ge) compounds [44, 47]. The elastic properties of NbsSn and NbsAl have been
calculated [48, 64], but to the best of the authors’ knowledge no data exists for the A15
NbsSi and NbzGe intermetallics.

2.7 Tetragonal WsSis structure type phases

Investigations have been carried out on the phase diagrams of the Nb-Sn-Si and Ti-
Sn-Si systems by Sun et al. [71] and Bulanova et al. [86], respectively. In both cases
the existence of a ternary WsSis type compound has been reported, being NbsSn,Si and
TisSn,Si for the Nb-Sn-Si and Ti-Sn-Si systems, respectively. The stability of the latter
compound was confirmed by Colinet and Tedenac using ab initio calculations [87]. The

first experimental work on the NbsSn,Si compound was done by Horyn and
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Lukaszewicz [73]. Pietzka and Schuster [75] prepared several ternary alloys with the T
:M:Alratio5: 2:1where T =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W and M = Si, Ge, Sn,
Pb. The NbsSn>Al and TisSn,Al phases were amongst the compounds they found and
they had the same structure as the NbsSnzSi. The T atoms (T=Nb, Ti) occupy the 4b
and 16k Wyckoff positions, the Al and Si atoms the 4a positions and the Sn atoms the
8h positions [73, 75, 87].

2.8 Ab initio (Density Functional Theory)

2.8.1 Introduction

If the Nb silicide based alloys were to qualify as materials for next-generation gas-
turbine components a balance between mechanical and environmental properties must
be achieved. This requires optimising alloying additions in the alloys and thus renders
it essential that the alloy systems of participating elements are studied thoroughly and
fully understood. To achieve this goal a consistent and robust description of each
system must be obtained. In that way a set of stable phases and their thermodynamic
properties in regions without experimental results can be reliably predicted. As a
method is faster and easier than the experiment in many cases, especial when it comes
to high temperature refractory materials. Density Functional Theory (DFT) is a modern
day tool that can help the researchers accomplish the above. It is a modelling method
based on quantum mechanics and applied in physics and chemistry in order to
determine the electronic structure (in principal the ground state) of many body systems
such as atoms, molecules as well as condensed phases [88, 89]. Functionals, which are
functions of another function and more specifically of electron density are used in order
to describe the properties of a many electron system, hence the name of the theory.
While it is not possible to solve the full time-dependent N-electron Schrodinger

equation:

(V2 4V (r, )W (r,0) = £(r,0) 2.7
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as it is a function of time and the position of every particle. Density functional theory
gives a method to investigate the ground state electronic structure of a given system.
A set of approximations and theorems is applied to the time-dependent Schrédinger
equation in order to simplify it and make it reasonably feasible to be calculated. Those
approximations are analysed extensively below.

While DFT had been popular in the 1970's, calculations using this method were not
accurate enough until the 1990's when the models used for the exchange and correlation
interactions were significantly refined. It can be said that today, in a growing number
of cases, the calculations especially for solid-state systems are in quite good agreement
with experimental data. As the computer power sees an ongoing increase and the
computational cost decreases, DFT proves to be a valuable tool in the hands of
researchers. Especially regarding the DFT modelling of metals, in the last years it is
commonly accepted that it can be very accurate in terms of enthalpy of formation and
elastic properties calculations [23, 87, 90], whereas in terms of vibrational properties
calculations, the limitations posed from the inherent anharmonicity of the available
methods can be surpassed by analytical methods that only lately became available for
metals [91, 92]. Also, the cost for deriving the enthalpy of formation and the elastic and
vibrational properties is undoubtedly smaller with the help of DFT than with the
corresponding experimental methods, both in terms of time and work load.

2.8.2 Approximations

2.8.2.1 Born-Oppenheimer approximation

The Born-Oppenheimer approximation [93] was first proposed in 1927, in the early
days of quantum mechanics, by Born and Oppenheimer and is still indispensable in
quantum chemistry. It consists of two steps. In the first step, the kinetic energy of the
nuclei is neglected, as a result of the assumption that nuclei are massive and slow when
compared to electrons. Thus the corresponding operator (Th) is subtracted from the total
molecular Hamiltonian. In the remaining electronic Hamiltonian (He) the nuclear
positions enter as parameters. The interactions between the nuclei and the electrons are
not removed and the electrons continue to “sense” the nuclei Coulomb potential

clamped at certain spatial positions. This derives from the assumption that the electrons
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react so quickly to the nuclear motion that it may as well be instant. This first step is
often referred to as the clamped nuclei approximation. A quasi-separable approach is

of the form:

y(rR)=o(r,R) x (R) (2.8)

where y is the nuclear wave function and ¢ the electronic wave function that depends
parametrically on the nuclear positions. The electronic Schrodinger equation is solved.
The quantities r and R stand for electronic and nuclei coordinates, respectively. The
electronic energy depends on the chosen positions R of the nuclei. If small step
variations of these positions R take place and the electronic Schrédinger equation is
repeatedly solved, Ee as a function of R can be obtained. This is the Potential Energy
Surface (PES). As this procedure resembles to the conditions of the adiabatic theorem,
this way of calculating PES is often called adiabatic approximation and the PES,
adiabatic surface. In the second step of the Born-Oppenheimer approximation the
nuclear kinetic energy Th is reintroduced into the Schrodinger equation:

[Th +Ee(R)] ¢(R) = E 0(R) (2.9)

which then is solved. In this second step of the BO approximation, separation of

vibrational, translational and rotational motions is involved:

EvoraL = Eelectronic + Evibrational + Erotational + Enuclear (2.10)

The nuclear spin energy is so small that it is normally omitted.

2.8.2.2 Hohenberg - Kohn and Kohn-Sham Theorems

After applying the Born-Oppenheimer approximation, the quantum-mechanical

problem is narrowed down to electrons and their time-independent Schrddinger

equation. Even though DFT has its roots in the Thomas-Fermi model, it has been

theoretically reinforced by the Hohenberg-Kohn and Kohn-Sham theorems.
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The Hohenberg-Kohn [88] and the Kohn-Sham [89] papers show that the ground
state energy and charge density of interacting electrons in the potential from nuclei are
exactly the same as those of non-interacting electrons in a potential from nuclei plus
some extra potential. The Coulomb potential is now treated as a static external potential
in which electrons are moving. Within the framework of the Kohn-Sham scheme, the
fairly difficult many-body problem of interacting electrons in a static external potential

is reduced to a solvable problem of non-interacting electrons moving in an effective

potential:
Exint Ee-e = Egin ™" + EZ28™M [p] + Exc[p] (2.11)
On the right hand side, the Efo"~™, the EF°R-i"t and the extra term, are the non

interacting kinetic energy, the non interacting electron energy and a functional of the
electron density p(r) that is called the exchange correlation functional. The electron
density is now vital in order for the Schrodinger equation to be solved and can be

calculated from the wavefunctions ym :

p(r) = X [P (M)|? (2.12)
The Schrodinger equation becomes:

Hp] Y () = Enipm (1) (2.13)
in which the Hamiltonian operator is:

flp] = =5 724+ 02 ol 4+ Don [] + Oc[p] (214)

where V*n—int js the non interacting electron potential, the V,_,, [p] is the electron-
nucleus potential and the V. [p] is the exchange correlation potential. Every term of
the equation can be calculated precisely, except for the V... [p] , as the exact functionals
for exchange and correlation are not known except for the free electron gas. However
several approximations exist, that allow the calculation of different physical quantities

with accuracy.

2.8.2.3 Exchange Correlation Approximations

The major exchange correlation functionals are the Local Density Approximation
(LDA) and the Generalised Gradient Approximation (GGA). The former, which is the
older, is a pretty good approximation to the energy and depends only on the density at
the coordinate where the functional is evaluated:

37



Literature Review

ELPAn] = [ f(m)d3r (2.15)

The Local Spin-Density Approximation (LSDA) is a generalisation of the LDA to take
electron spin into account:

EgP4 [m,n] = [ f(ny,my) d3r (2.16)

The Generalised Gradient Approximation is still local but includes the gradient of the
density at the same coordinate:

EZE4 [n,my] = [ f(ng,my, Vg, V) d3r (2.17)

Using the latter (GGA) very good results for various physical quantities and
geometries have been achieved. The PW91 [94] and PBE [95] GGA functionals have
been extensively used until now and are considered equivalent.

To summarise, what started as a time-dependent, many-nuclei, many-electron
guantum mechanics problem, transformed to a static, single particle quantum
mechanics problem. The researcher must always bear in mind though that the
Exchange-Correlation is coarsely approximated and that even “perfect” DFT is only

exact for the ground state of the system.

2.8.2.4 Bloch’s Theorem

The starting quantum problem has been simplified in a way that only a single particle
equation needs to be solved, but it needs to be solved for enough states for every
electron. Considering that even a few grams of material has 10% electrons, this could
mean that a large number of states are needed. One property of most of the solid state
materials that can be taken advantage of is periodicity.

If the nuclei are arranged in periodically repeating pattern, their potential acting on
the electrons must be periodic as well:

V(r+L)=V(r) (2.18)
where L is any lattice vector. This leads to the conclusion that the electron density is

periodic as well:

p(r + L) =p(r) (2.19)
and the magnitude of the wavefunction will be periodic as well:
p(r) = [P (@)|? (2.20)

According to Bloch’s Theorem, in a periodic potential the density has the same

periodicity so the possible wavefunctions are:
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Y (1) = e (1) (2.21)
where uk(r+L)=uk(r) is a periodic function with the same periodicity as the crystal and

e’k is an arbitrary phase factor. This means that :

P (r+ L) = ey (r) (2.22)

2.8.2.5 k-point sampling, Pseudopotentials, Cutoff Energy

There is a set of parameters that can affect the accuracy of any calculation the major

of which are the k-point sampling, the pseudopotentials used and the Energy Cutoff.

Fig. 2.9. Real potential of nucleus (blue), compared to the pseudopotential (red) (image taken
from Google images)

For many materials’ properties integrals over the Brillouin Zone (BZ) are necessary.
In order to optimise the calculations it is always preferable to compute the functions
that are to be integrated at a specific set of points over the Brillouin Zone. This is crucial
in calculations where the computational effort for each BZ point is substantial. Only a
finite number of k-points is used to sample the BZ. The Monkhorst-Pack (MP) [96]
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scheme is implemented in most cases as it is an unbiased method of choosing a set of
k-points for sampling. In fractional coordinates it is a rectangular grid of points of
dimensions MxxMyxMg, spaced evenly throughout the Brillouin Zone. The larger the
dimensions of the grid the finer and more accurate will be the sampling.

Another important part of the calculation preparation is the selection of the
pseudopotentials. The wavefunctions near the nuclei are not of interest as they do not
affect the chemical, mechanical or electronic properties significantly. Hence, the
Coulomb potential near each nucleus can be replaced with a weaker, modified potential,
called pseudopotential. Due to the fact that the core electrons are all the time near the
nucleus, they repel the outer electrons, so the latter “feel” a weaker potential from the
nucleus. This phenomenon is known as screening. If this screening effect is taken into
account in the pseudopotentials, the core electrons can be ignored by considering each
atom’s nucleus and core electrons as an ion and producing a pseudopotential that has
the same effect on the outer electrons. As can be seen in Fig. 2.9, after a certain radius
the real and the pseudo wavefunction and potentials match. Two major kinds of
pseudopotentials exist; norm-conserving and ultrasoft. The methodology of norm-
conserving pseudopotentials is that the pseudowavefunction matches the all electron
wavefunction beyond a cutoff radius that represents the region of the core. Within that
region the wavefunction has no nodes and is related to the electron wavefunction by the
norm-conserving condition which states that both of these wave functions will have the
same charge. These types of pseudopotentials can be highly accurate with a high energy
cutoff. On the other hand, the relaxation of the norm conserving condition can be used
to produce much softer pseudopotentials. In this scheme, the pseudowavefunctions are
as soft as possible within the core, allowing that way the cutoff energy to be reduced.
This is done by a generalised orthonormality condition. Thus the ultrasoft
pseudopotentials are produced [97].

Finally, the cutoff energy parameter, which defines the basis set (set of functions that
are combined in linear combinations to create molecular orbitals), is one of the most
important parameters that determine the accuracy and the computational cost of a
calculation. It affects the energies of the plane waves that will be included in a
calculation. The basis set of the wavefunctions at each k-point can be expanded in terms
of a discrete plane wave basis set. In principle an infinite plane wave basis set would
be needed for the expansion of those wavefunctions. However in practice the plane

waves with lower kinetic energy are more important than those with higher kinetic
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energy. This means that the plane wave basis set can be reduced to include plane waves
with Kkinetic energy less than a specified cutoff energy. As with the MP grid, the higher
the Cut-off energy, the more accurate the results.

2.8.3 Density Functional Perturbation Theory (DFPT)

Linear response, or Density Functional Perturbation Theory (DFPT) is one of the
most popular methods of lattice dynamics [98]. Its applicability extends further from
the study of vibrational properties, as it provides an analytical way of calculating the
second derivative of the total energy with respect to a given perturbation. Various
properties can be computed, depending on the nature of the perturbation. When ionic
positions are perturbed, the dynamical matrix and phonon frequencies are obtained,
whereas when the unit cell vectors are perturbed, one can derive the elastic constants.
Magnetic and electric field perturbations yield NMR and dielectric response
respectively.

The force constants matrix can be calculated by differentiating the Hellman-
Feynman forces on atoms, with respect to ionic coordinates. The force constants matrix
depends on the ground state electron charge density and on its linear response to a
distortion of atomic positions. The second order change in energy depends on the first
order change of the electron density.

Density Functional Theory states that the total energy is a functional of the electron
density, so by solving the DFT equations, the total energy can be minimised. In a similar
way in DFPT the first order changes in density, potential and wavefunctions can be
obtained by minimising the second order perturbation in total energy [99, 100].

With the help of DFPT, phonon spectra can be used to calculate energy, entropy, free
energy and lattice heat capacity as a function of temperature, using the quasi-harmonic

approximation [98]:

E(T) = Etot + Ezp + fwf(w)da) (223)

hw

S(T) =kl oty f@)do = [ (@) |1 - exp (=33)] do} 229

F(T) = Eyor + Ezp + kT J f(@)In [1 — exp (— 2—‘;’)] dw (2.25)
C,(T) = k f(kT)Zh—w”(kT Flw)dw (2.26)
xp(kT)
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T

C(T) = ONK(3-)? [or X gy (2.27)

0 (eX-1)2

where E,, = %fF(w)ha)dw, is the zero point vibrational energy and f(w) is the

phonon density of states. The E;,; term is the total energy at 0 K, k is Boltzmann’s
constant, # is the reduced Planck’s constant, S(T) is the entropy versus temperature,
F(T) is the free energy versus temperature, C,(T) is the heat capacity at constant
volume versus temperature and @), is the Debye temperature. It must be noted here that
the appearance of any imaginary frequency in the calculated phonon spectrum can be

used as a signal of mechanically unstable crystal structure.

2.8.4 Elastic constants and equation of state

Generally the calculations regarding mainly phonons and elastic properties require
optimising the structures in order to calculate each ground state. The elastic constants
of a material describe its response to an applied stress, or the stress required to maintain
a distortion. Both stress and strain have three tensile and three shear components, giving
six in total. The linear elastic constants form a 6 x 6 matrix such that 6i=Cijgj for small
stresses ¢ and strain €. The method to determine elastic constants in CASTEP (see
below) is applying a given strain and calculating the resulting stress, since the unit cell
is fixed and does not require optimisation. After acquiring the elastic constants matrix
the Voigt-Reuss-Hill approximation [101, 102] can be used in order to obtain bulk (B),
shear (G) modulus, Poisson’s ratio (v) for polycrystalline crystal, as well as the Debye

temperature [103], using the following equations:

p =G (2.28)
G = (2.29)

- (;ch) (2:30)
v=£_ 1 (2.31)
0o =28 () e
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1,2 1 —
um = [5Gz + 391 13 (2.33)
U, = % (2.34)
4G
u = 323 (2.35)

where B, G and E are bulk, shear and elastic modulus, v is the Poisson’s ratio, Op is the
Debye temperature, M is the molecular weight, Na is the Avogadro’s number, n is the
number of atoms per formula unit, p is the density and ut and u; are the traverse and
longitudinal elastic wave velocities of the polycrystalline material, respectively.
Additionally, ductile or brittle behavior of a material can be deduced by taking into
account Cauchy pressure and Pugh’s [104] index of ductility of shear modulus over
bulk modulus ratio (G/B) and Poisson’s ratio (V).

Furthermore, the relation between pressure and volume, and internal energy and

volume can be investigated by obtaining the Birch-Murnaghan equation of state:

2 3 2 2 2
EWV) = E, + %{[(%)5 - 1] B + I(%)g - 1] [6 —4 (%)El} (2.36)

where B, = —V(;’—"V),,=0 (2.37)
is the bulk modulus

and B = (a"—i)ko (2.38)
is the pressure derivative of the bulk modulus.

Finally, the mechanical stability of a phase can be determined as any negative elastic
constant in the elastic properties calculations can lead to the conclusion that the phase

examined is mechanically unstable.
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2.8.5 CAmbridge Serial Total Energy Package (CASTEP)

Cambridge Serial Total Energy Package (CASTEP) [91, 105] is a first principles
plane wave simulation code that takes advantage of all the above in order to predict
properties of materials. It provides an implementation of DFT which is based on
pseudopotential description (norm-conserving and ultrasoft schemes available),
extensive use of fast Fourier transform (FFT) for evaluation of the terms of the
Hamiltonian, and implementation of the most popular DFT expressions for the
exchange-correlation functional. As the code makes use of iterative schemes for the
self-consistent minimisation in order to find the ground state, it offers a choice of
methods to achieve electronic relaxation. The default and most efficient method is
based on the density mixing. In this scheme the sum of electronic eigenvalues is
minimised in the fixed potential. At the end of each step the new charge is mixed with
the initial density until convergence is achieved. A number of options are available;

linear, Kerker and Pulay mixing.

44



Methods



Methods

3.1 Experimental details

The actual compositions of the twelve Nb-based alloys studied in the current work
are presented in Table 3.1. IP1 was selected in order to further understand the effect of
Sn and Ti on the microstructure of Nb-18Si by submitting it to other heat treatment
temperatures than the ones examined by Vellios and Tsakiropoulos [19] while the
motivation for the IP2 and IP3 alloys was to study the stability and properties of the
NbsSn,Si phase [71, 73]. The motivation for the IP4, IP5 and IP6 alloys was to gain
experimental data for the Nb-Sn-Al ternary system and investigate the presence and
stability of the NbsSn>Al. Furthermore, the incentive for the IP7, IP8, IP9, IP10 and
IP11 and IP12 alloys was the investigation of the Nb-Ti-Sn and Nb-Cr-Sn systems,

respectively.

Niobium (99.99 wt. %), Si (99.999 wt. %), Ti (99.99 wt. %), Cr (99.99 wt. %) and
Sn (99.99 wt. %) were used as the starting materials for the IP1, IP2, IP3, IP7, IP8, IP9,
IP10, IP11 and IP12 alloys. The preparation process of the alloy IP1 can be seen in the
work of Vellios and Tsakiropoulos as it was the same alloy as the NV6 as-cast [19].
For the preparation of the IP4, IP5 and IP6 alloys, two series of master-alloys instead
of pure elements were used. The first was NbzAl produced using Nb (99.99 wt. %) and
Al (99.99 wt. %) available in ribbon form. The second was produced by melting Sn
(99.99 wt. %) with Al (99.99 wt. %) in a tube furnace under Ar-atmosphere. This was
done in order to minimise the evaporation of Sn and Al during arc melting due to the
large difference of the melting points of Nb (2477 °C (2750 K)) and Sn (231 °C (504
K)) or Al (660 °C (933 K)).

All the alloys were produced by arc-melting (Fig. 3.1) under high purity Ar-
atmosphere using a non-consumable tungsten electrode and a water-cooled copper
crucible. They were remelted at least three times each to ensure homogeneity. Cubic
specimens for heat treatment were cut and afterwards wrapped in tantalum foil, placed
in an alumina boat and annealed in a tube furnace in Ar atmosphere. The IP1 alloy was
annealed at 1000 °C, 1100 °C and 1300 °C for 100 hours, the IP2 at 900 °C for 100
hours and at 1200 °C for 300 hours and the IP3 at 900 °C for 100 and 200 hours. The
IP4 alloy was annealed at 900 °C for 100 and 200 and at 1200 °C for 100 hours, the IP5
at 900 °C for 100 and 300 hours and at 1200 °C for 100 hours and the 1P6 at 900 °C for
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100 and 200 hours and at 1200 °C for 100 hours. The IP7 alloy was annealed at 900 °C
for 200 and 300 and at 1200 °C for 100 and 300 hours, the IP8 at 900 °C for 100 and

Fig. 3.1. The arc-melter used in the current study.

300 hours and at 1200 °C for 100 and 300 hours, the IP9 at 900 °C for 100 and 200
hours and at 1200 °C for 100 and 200 hours and the 1P10 for 100 and 200 hours and at
1200 °C for 200 hours. The IP11 alloy was annealed at 900 °C for 200 and at 1200 °C
for 100 and 200 hours, and the IP12 at 900 °C for 100, 300 and 400 hours and at 1200
°C for 100 and 300 hours. The heat treatments of the alloys are summarised in Table
3.2. Titanium sponge was used as an oxygen getter and was placed at the entrance of
the argon flow in the furnace. All samples were furnace cooled. The aim of the

annealing was to ensure that equilibrium conditions were met.

X-ray diffraction (XRD) was used to identify the phases present in the alloys. A
Siemens D-5000 diffractometer (Fig. 3.2) with monochromatic Cu Ka (A=1.5418 A)
radiation along with JCPDS Cards (Appendix B) were used, except for the NbsSnoAl
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phase for which no data existed, thus the reflection angles were calculated from the
lattice constants in [75] (Appendix B). In the experiments the Cu Ko radiation source
was excited by an accelerating voltage of 40 kV and a current of 30 mA, and a step of
0.06 degrees per second. The observing of the microstructures of the samples and the
chemical analyses of the constituent phases and the actual compositions of the alloys
were done by scanning electron microscopy (SEM), using JEOL JSM 6400 (Fig. 3.3)
and FEI Inspect-F (Fig. 3.4) electron microscopes with EDS analysis facilities.
Quantitative analyses were done in the former SEM which was equipped with the
standards of the elements used in the alloys of this research.

The texture investigation was done using the FEI-Sirion (Fig. 3.5) microscope,
equipped with an EBSD detector containing a phosphor screen. All the specimens were
flat and parallelepiped and were placed at a 70° from horizontal tilted angle towards the
detector. The step size was 0.15 um/s for all specimens in the current study, that allowed
for high indexing (above 85%, reaching 98.2% in some cases), as some features were

found to be particularly small (~1 um).

Fig. 3.2. The Siemens D-5000 diffractometer.
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Fig. 3.3. The JEOL JSM 6400 used in the current study.

Fig. 3.4. The FEI Inspect-F used in the current study.
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Fig. 3.5. The FEI Sirion used in the current study.

Table 3.1.

Actual compositions of the alloys in the current study.

Alloy Nb (at. %) Ti(at. %) Si(at. %) Al (at. %) Cr (at. %) Sn (at. %)

IP1 53 24 18 5
P2 71 16 13
IP3 65 18 17
IP4 66 17 17
IP5 54 33 13
IP6 64 16 20
IP7 72 10 18
IP8 84 13 3
IP9 37 40 23
IP10 21 39 40
IP11 74 15 11
IP12 17 65 18
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Table 3.2.

Heat treatment conditions of the alloys in the current study.

Alloy 900 °C 1000 °C 1100 °C 1200 °C 1300 °C
IP1 100 h 100 h 100 h
P2 100 h 300 h
IP3 100 h, 200 h
IP4 100 h, 200 h 100 h
IP5 100 h, 300 h 100 h
IP6 100 h, 200 h 100 h
IP7 200 h, 300 h 100 h, 300 h
IP8 100 h, 300 h 100 h, 300 h
IP9 100 h, 200 h 100 h, 200 h
IP10 100 h, 200 h 200 h
IP11 200 h 100 h, 200 h
IP12 100 h, 300 h, 400 h 100 h, 300 h

3.2. Computational details

3.2.1 Methodology

In this section the approach of calculations is described. The relevant equations are
given in the Appendix A. All the calculations were performed using the CASTEP
(Cambridge Serial Total Energy Package) code [91]. The density functional theory and
the Kohn—Sham approach were used to calculate the fundamental eigenvalues [89] (see
section 2.8.2.2). The interaction between valence electrons and core electrons was
treated under the pseudopotential approximation and the plane-wave approach [106]
(see section 2.8.2.5). The exchange-correlation energy was estimated by the Perdew—
Wang functional (PW91) approach [94] (see section 2.8.2.3). A finite basis set
correction and the Pulay scheme of density mixing were applied for the evaluation of
energy and stress, while the electronic energy tolerance for the SCF solver was
1x1071 eV. All geometry optimisations of the structures were performed within the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization scheme [105], with the
following thresholds for converged structures: energy change per atom, maximum
residual force, maximum atomic displacement and maximum stress less than
1x1077 eV, 1x10 “eV/A, 1x10 A and 0.001 GPa, respectively.
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The values of the cutoff energy and the Monkhorst-Pack grid for the integration over
the Brillouin zone according to the Monkhorst—Pack scheme [96] (see section 2.8.2.5)
were selected after careful convergence tests so as they would be sufficient to reduce
the error in the total energy to less than 1 meV/atom. A well converged k-point set is
required for high quality thermodynamics calculation, thus separate convergence tests
were carried out to confirm that the error in the phonon frequencies was less than 1073
cmL. The details concerning the basis set of plane wave functions, the pseudopotentials
and the valences for atomic configurations, as well as the k-point grid and smearing
width may vary in different systems depending on the convergence tests, thus they are

described separately in each chapter.

3.2.2 Elastic properties

The elastic constants of a material describe its response to an applied stress, or the
stress required to maintain a distortion. To determine elastic constants a given strain
was applied and the stress was calculated. Since the unit cell was kept fixed only the
internal coordinates were optimised. Both stress and strain have three tensile and three
shear components, giving six in total. The linear elastic constants form a 6 x 6 matrix
such that oi = Cjjgj (see section 2.8.4) for small stress ¢ and strain €. This matrix can be
reduced as the strain patterns (sets of distortions) are based on the crystal structure of
each phase by taking advantage of the linear combinations of the second order elastic
constants. Thus, the maximum number of patterns required for a monoclinic structure
is six and one for cubic cells. Six strain steps (varying from -0.003 to 0.003) were used
for each pattern to obtain a reliable linear fit of the stress-strain relationship. After
acquiring the elastic constants matrix and confirming that the mechanical stability
criteria [107] are satisfied, the bulk (B), Young’s (E), shear (G) moduli and Poisson’s
ratio (v) were obtained by using the Voigt- Reuss- Hill approximation (VRH) [101,
102] (equations 1 to 18 in Appendix). Furthermore the Debye temperature at low
temperatures can be determined from elastic constants using the formulas (equations
19 to 22 in Appendix) [103] since at low temperatures the vibrational excitations arise
solely from acoustic modes, i.e. when the Debye temperature is associated with lattice

vibrations. In order to confirm the values of the bulk moduli, a fit of the energies versus
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the volumes of the strained structures in the third order Birch-Murnaghan equation of
state (B-M EQOS) [108] (equation 19 in the Appendix) was carried out.

3.2.3 Finite Displacement (Supercell) method

The entropic contributions play a predominant role in the structural stability of
intermetallic phases. Especially in the case of strongly ordered compounds the main
contribution comes from the vibrational entropy, as the electronic and configurationally
entropies are considered to be relatively small [109]. The method of finite
displacements was implemented, a technique which is based on calculating the forces
on atoms when slightly perturbing the ionic positions [110]. A large enough supercell
is required in order to contain the sphere for which the force constant matrix comprises
of non-zero elements. That sphere is described by the real space cutoff radius, after
which it is assumed that no atomic interactions exist. The larger the supercell, the more
accurate, but also more expensive a calculation is. Thus convergence tests of the free

energy with respect to the cutoff radius took place, until the error was 1 meV/atom.

In accordance to these convergence tests, different sized supercells were used for
each phase and are described in each section separately. By using the obtained phonon
DOS and the formulae in [98] (see section 2.8.3), the vibrational contributions to the
enthalpy, entropy, free energy and heat capacity versus temperature as well as the
Debye temperature were obtained using the quasiharmonic approximation (equations
24 to 27 in Appendix). Apart from the intermetallic compounds that are under study,
the phonon DOS of each element separately were calculated as well in order to obtain
the finite temperature enthalpy of formation. The heat of formation per atom at 0 K was
obtained from equation 28 (see Appendix) whereas using the same equation the finite
temperature heat of formation per atom is defined as in equations 28 to 30 in the

Appendix.

3.2.4 Linear Response method
Density Functional Perturbation Theory (DFPT) or Linear Response is one of the
most popular methods of lattice dynamics [92, 98], was used in order to obtain the

vibrational density of states. When ionic positions are perturbed, the dynamical matrix
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and phonon frequencies can be obtained. In order for the calculations to be successful
in the current study it was first ensured that every system was in the ground state, i.e.,
the geometry optimisation was fully converged as any underconverged structure could
yield imaginary phonon frequency eigenvalues which is indicative of mechanical
instability. After directly computing the phonon frequencies on Monkhorst-Pack g-
vector grid of 0.05 A™* separation, the results were interpolated onto a very dense g-
point set, thus the phonon density of states (DOS) was obtained for each phase under
investigation. By using the phonon DOS and the data in [98], the vibrational
contributions to the enthalpy, entropy, free energy and heat capacity versus temperature
as well as the Debye temperature were obtained using the quasiharmonic approximation
(see equations 24 to 27 in the Appendix and section 2.8.3). Apart from the intermetallics
that are under study, the phonon DOS of each element separately were also calculated
as well in order to obtain the finite temperature enthalpy of formation. The heat of
formation per atom at 0 K was obtained from equation 28 in the Appendix and the finite
temperature heat of formation per atom was calculated using the equations 28 to 30 in
the Appendix.

3.2.5 Quasistatic approximation

The method to calculate the elastic constants at finite temperatures is to compute the
second derivatives of the free energy with respect to the strain. This is not a small task
however, as apart from the static part of the free energy (free energy at 0 K), the free
energy at finite temperatures is needed, which means many phonon calculations for
different strains. Phonon calculations can be tremendously costly from the point of view
of computational resources, especially if the reduced symmetry of the structures under
study due to the application of inhomogeneous strains is taken into account. Hence, an
alternative procedure known as quasistatic approximation has been proposed [111, 112]
where the temperature dependences of the variety of thermodynamic quantities are
extracted from the volume dependencies of the phonon density of states calculated at 0
K. The procedure consists of three main steps. The first is to express the 0 K elastic
constants as a function of volume, using the stress strain approach described in section
2.2. The second step is to calculate the equilibrium volume V(T,P) at every given
temperature using the quasiharmonic approximation by minimising the total free energy

with respect to volume, thus finding the equilibrium volume at each temperature. In the
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present study the investigated structures were obtained by varying the ratio V/Vo (Vo
being the equilibrium volume) from 0.991 to 1.006 with an increment of 0.003. In all
the structures the internal freedoms within the unit cell were fully relaxed before
proceeding to the phonon calculations. In the third step the computed elastic constants
from the first step at the volume V/(T,P) were approximated as the corresponding values
at finite temperatures. In order for the evaluation of the elastic constants as a function
of temperature to be as accurate as possible, high precision geometry optimisation
calculations for different volumes and robust phonon calculations are needed to obtain
accurate Phonon DOS at different volumes. Using the approximation described above,
expensive free energy versus strain calculations are avoided. Furthermore, application
of inhomogeneous strain is not required as this method considers volume rather than
strain which is much cheaper in calculation cost terms as the symmetry of the crystal is
retained.

In the above procedure the assumption was made that any change of elastic constants
was solely due to the thermal expansion which is in accordance with reports [113] for

cubic symmetry.
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4.1. Introduction

The development of Nb-silicide based alloys requires the Nb-Si system to be fully
understood, as it is the base upon which any further research can be built. A first
principles study of the Nb-Si binary system, excluding the NDbSi: silicide has been
reported in [23]. The motivation for the research described here was to use Density
Functional Theory (DFT) to calculate the enthalpy of formation and the elastic properties
of the aNbsSis, the BNbsSis, the NbSiz and the NbsSi intermetallics at T=0 K and to
compute the temperature dependence of their enthalpies of formation and to reevaluate the

transformation temperature for BNbsSiz 2> aNbsSis.

4.2. Computational details

In the current study, ultrasoft pseudopotentials were implemented and the valences
for the atomic configurations were Nb-4s24p%4d*5st and Si-3s23p2. An energy cutoff of
450 eV, a Gaussian smearing width of 0.3 eV and a Monkhorst-Pack grid of 0.03 A
separation were selected. For the finite temperature properties study, the finite
displacement (supercell) method was implemented. Different size supercells were used,
namely 4 x 4 x 4 for Nb, 3 x 3 x 3 for Si, 2 x 2 x 2 for aNbsSiz, NbsSiz and NbSi>
and 1 x 1 x 2 for NbsSi.

4.3. Results and Discussion

4.3.1 Elastic properties

The calculated lattice parameters of the elemental and intermetallic phases in the
present study are shown in Table 4.1. Compared with the literature, in this work the
values were overestimated, and this has been attributed to the well-known underbinding
of the GGA functional. The overall agreement is very good with the mean
overestimation being less than 0.3%.

In Table 4.2 the results for the independent elastic constants (Cj;), bulk moduli (B)
from elastic constants according to the Voigt-Reuss-Hill scheme and bulk moduli and
first pressure derivatives of bulk moduli (B') from the B-M EQS for all compounds and
elements under study are shown. It was confirmed that the mechanical stability criteria

[107] were met for all phases. The elastic constants were in good agreement with the
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experimental data [49, 114] for the pure elements and with previous theoretical studies
[23, 115] for the intermetallics. Compared with the literature, it was observed that the
values of Cjj obtained in the present study were in general smaller (except for the C12
and Ci3 of aNbsSis and the Cy13 of BNbsSis) with the largest deviations observed for the
NDbSi2 and NbsSi phases. This is attributed to the use of different pseudopotentials. The
calculated bulk moduli from elastic constants were in very good agreement with the
available data in the literature. Furthermore, it can be seen that the values of the bulk
moduli obtained from the VRH approximation agreed well with those obtained by the
BM fitting, with the maximum deviation between them being ~7% (for the aNbsSiz and
NbSiy).

Table 4.1

Lattice parameters (A) of elemental and intermetallic phases in the present study.

a b C

Nb this work 3.309 3.309 3.309
Experimental [49] 3.311 3.311 3.311

Si this work 5.46 5.46 5.46
Experimental [116] 5431 5431 5431
aNbsSi3 this work 6.599 11.917
Experimental [117] 6.57 11.884

BNbsSi3 this work 10.068 5.082
Experimental [117] 10.018 5.077

NDbSi> this work 10.255 5.203
Experimental [117] 10.224 5.189

Nb3Si this work 4.811 6.614
Experimental [118] 4.791 6.588

The calculated values of the shear (G) and Young’s moduli (E) are reported in Table
4.3. The highest shear modulus value was calculated for the NbSi> phase, and the shear
modulus decreased from NbSi. (138.3 GPa) to aNbsSiz (116.8 GPa) to BNbsSis (106.4
GPa) to NbsSi (71.6 GPa), which means that the most resistant compound of the three
to reversible shear deformation is the NbSi>. The same trend was exhibited by their
stiffness as the elastic modulus (E) values decreased from 327 GPa for NbSi, to 291
GPa for aNbsSiz to 268.9 GPa for BNbsSiz to 190 GPa for NbsSi.
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Table 4.2
Elastic constants (Cjj) and bulk modulus (B) for the Nb, Si, NbsSi, aNbsSis, BNbsSis and NbSi» in GPa.

VRH approximation B-M EOS
Cn Cp Cis Cis Cas Cus Ces B (GPa) B (GPa) B' (GPa)
Nb 241 126.3 26.7 164.5 165.1 4
Experimental [49] 253 133 31
Experimental [119] 170.3
Theoretical [23] 2445 128 31.6 166.8
Si 151.2 57.4 73.1 88.7 91.2 4
Experimental [114] 166 64 79.6
Experimental [120] 98
Theoretical [23] 162.4 59.1 75 93.5
aNbsSis 362.2 103.9 118.1 312.6 121.9 109.9 190.6 204 6
Theoretical [23] 372.9 96 115.5 338.1 133.5 122.1 193.1
BNbsSis 367.2 117.2 109.6 306.1 88.1 128.7 189.6 197.9 5
Theoretical [23] 378.3 119.3 107.9 318.6 89.2 132.7 193.1
NbSi> 341.6 66.3 78 427 130.1 171.6 184.3 7.6
Experimental [115]" 380.2 75.9 88.3 468 145.3
Experimental [115]™ 1915
NbsSi 252.1 169.4 128.8 6.8 78.5 91.9 183.4 183.3 5
Theoretical [23] 290.2 150.5 117.6 9.8 306 101.5 119.4 184.1

*at T=120 K, "“at room temperature
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In order to investigate whether a material is ductile or brittle, the Cauchy pressures
(C12- Caa for cubic and C13-Cas and C12-Ces for tetragonal) and Pugh’s [104] index of
ductility (the shear modulus over bulk modulus ratio (G/B)) and the Poisson’s ratio (v)
are the parameters that must be taken into account. The values of the aforementioned
properties are given in Table 4.3. According to Pettifor [121], for metallic bonding, a
positive value of Cauchy pressure means ductile material and if negative brittle. A
compound would be brittle if the G/B ratio is greater than 0.57 and the v less than 0.26.
Regarding the above criteria, the aNbsSis and NbSi. intermetallics should be brittle
(with the latter being the most brittle) and the BNbsSiz and NbsSi ductile (with NbsSi

being the most ductile).

4.3.2 Enthalpies of formation

The vibrational density of states (DOS) for the compounds and elemental phases
under study can be seen in Fig. 4.1. All the eigenfrequencies were found to be real,
hence it is confirmed that the compounds under investigation are mechanically stable.
The vibrational contribution to free energies per atom (FP"" (T)) was calculated and is
presented for all compounds and elemental phases in Fig. 4.2. It can be seen that the
Fphonon decreases faster in the following order: NbSiz-oNbsSis-pNbsSiz-NbsSi. After
taking FP"°"" into account, the phonon contribution to the enthalpy of formation
(AH#™" (T)) was evaluated (Fig. 4.3). The AH#"" (T) rises faster in the order NbsSi-
NDbSi2-BNbsSis-aNbsSis. In Fig. 4.4 the enthalpy of formation versus temperature of all
the stable intermetallic compounds of the Nb-Si system is shown. At T=0 K the heat of
formation (AH) increases from aNbsSis (-62.231 kJ/mole) to BNbsSis (-59.338
kJ/mole) to NbSi> (-50.365 kJ/mole) to NbsSi (-37.34 kJ/mole). In Table 4.4 it can be
seen that the above values for aNbsSis, NbsSi and NbSi2 are in good agreement with
the available experimental and calculated data. As the temperature rises the AH¢ (T)
increases more steeply for the 5-3 silicides, especially for the aNbsSis, which crosses
the PNbsSiz above 2000 K. The slopes of the NbsSi and NbSi, are similar and rise
slower than those for the 5:3 stoichiometry phases.
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Table 4.3

Calculated shear (G) and elastic (E) moduli in GPa, Poisson’s ratio (v), Cauchy pressures in GPa, G/B ratio and Debye temperature (®p) from elastic

constants and Phonon DOS for Nb, Si, Nb3Si, aNbsSis, BNbsSiz and NbSis.

G E Bp (K)
VRH VRH % C12-Cas C13-Cas C12-Ces G/B Phonon DOS  Elastic constants Literature

Nb 365 101.9 0.396 99.6 0.228 277 268
Experimental [119] 37,5 104.9 0.397 275
Experimental [115] 267
Theoretical [23] 36.6 266

Si 612 149.2 0.216 -17.4 0.701 647 628
Experimental [122] 64.1  155.8 0.215 645
Experimental [115] 646
Theoretical [23] 58.2 608

aNbsSis 116.8 291  0.246 -3.8 -6 0.613 512 532
Theoretical [23] 127.9 555

BNbsSis 106.4 269 0.264 215 -11.5 0.561 489 508
Theoretical [23] 109.8 515

NDbSi> 138.3 327 0.182 -52.1 0.806 632 664
Experimental [115]° 153.2 362.8 0.183 688

NbsSi 716 1901 0.327 50.3 77.5 0.39 407 401
Theoretical [23] 96.4 462
Experimental [123] 430

“at room temperature
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Fig. 4.2. Phonon contribution to free energies calculated for the Nb (1), NbsSi (2),
BNbsSis (3), aNbsSiz (4), NbSi, (5) and Si (6).
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Fig. 4.3. Phonon contribution to enthalpies of formation calculated for the NbsSi (1),
NbSiz (2), BNbsSis (3) and aNbsSis (4).
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Table 4.4

Enthalpies of formation (kJ/mol) for Nb, Si, NbsSi, aNbsSis, BNbsSiz and NbSi..

Enthalpy of formation

Intermetallic Temperature (K) Current study Literature
aNbsSis 298 -61.2 -64.6 £2.4 [124]
298 -61.2 -47.7 to -64.7* [53]
298 -61.2 -52 t0 -65.3" [13]
BNbsSis 298 -58.5
NbSi2 298 -49.9 -53.7£1.6 [124]
298 -49.9 -46 t0 -59.47 [53]
NbsSi 298 -37 -29.6 t0 -35.9" [53]
0 -37.3 -40.5 [23]
“CALPHAD assessments
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4.3.3 Phase transitions

After acquiring the AHs (T) for all the phases, the phase equilibria at finite
temperatures can be investigated. In the Nb-Si phase diagram [14] below 2038 K the
NbsSi transforms via a eutectoid reaction to Nb and aNbsSis. As it was mentioned
above, both the NbsSi and aNbsSis heats of formation increase owing to the phonon
contribution. However, the heat of formation of the latter phase increases much faster,
resulting to the NbsSi lying below the tie line between Nb and aNbsSis at about 1704
K, so that it becomes stable above that temperature, as it can be seen in Fig. 4.5. The
difference between the phase diagram [14] and the value of the current study is about
16 % and reduces to 12 % when the lowest reported [15] transformation temperature is
considered. These differences are satisfactory considering the use of the quasi harmonic
approximation.

Another phase transition takes place for the 5:3 stoichiometry phases. According to
the phase diagram [14], the lower and upper transition temperatures where the aNbsSiz
transforms to BNbsSis are 1918 K and 2208 K, respectively. As it can be seen in Fig.
4.4, the aNDbsSiz phase is stable until 2085 K where its heat of formation curve crosses
that of the PNbsSis, which becomes stable above that temperature. This transition
temperature becomes clearer in Fig. 4.5 where the difference between the enthalpies of
formation of the competing phases is shown. Comparing the calculated transition
temperature with those reported in the literature [14, 16], it is clear that the agreement
is very good. Also, comparing with the value from the work of Chen et al. (3000 K)
[23], the value from the present work is significantly closer to the literature [14, 16].
For the 1:2 stoichiometry it can be seen in Fig. 4.6 that the NbSi phase is stable all the
way down to room temperature as it lies below the tie line between aNbsSiz and Si
through the whole range of temperatures. This is in agreement with the Nb-Si phase
diagram.

4.3.4 Debye temperatures

The resultant phonon DOS was used to calculate the Debye temperature. It should
be noted that it is considered more difficult to obtain accurate values in this way than
through the elastic constants (see above) because as a low temperature property the
Debye temperature is determined by low energy phonons i.e. the acoustic phonons. The

lower the temperature the smaller the part of the Brillouin Zone that contributes
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Fig. 4.4. Enthalpies of formation calculated for the NbsSi (1), NbSi: (2), BNbsSis (3)
and aNb58i3 (4)
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to thermodynamics. Despite this fact, the calculated values given in Table 4.2 are in
good agreement with [23, 122] and the values calculated in the present study from the
elastic constants. For the elemental phases both the results from the phonon DOS and
the elastic constants are in good agreement with the literature. Regarding the
intermetallics studied, the Debye temperatures calculated from both methods are also
in good agreement with the available data in the literature, with the phonon DOS
calculated values being lower than those calculated using the elastic constants, with the
exception of NbsSi.

4.4. Conclusions

First principles calculations were carried out for the NbsSi, aNbsSis, BNbsSis and
NDbSi; intermetallic compounds and their constituent elements. Elastic constants, bulk,
shear and Young’s modulus, Poisson’s ratio and Debye temperature were calculated.
According to the calculations the high temperature phases (BNbsSiz and NbsSi) should
be “ductile” with NbsSi being the most ductile and the aNbsSiz and NbSi> are brittle
(with the latter being the most brittle). The enthalpies of formation with regard to
temperature were calculated for all the intermetallic compounds, which enabled the
investigation of the transition temperatures of NbsSi to Nb, aNbsSiz and BNbsSis to
aNbsSis, and the stability of the NbSi. at low and elevated temperatures. There was a
good agreement between the results of the present study and the phase diagram. Despite
the fact that the quasi harmonic approximation was used in the phonon calculations,
this work is another demonstration of the usefulness of the ab initio calculations for

phase equilibria studies.
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5.1. Introduction

Advancing our understanding of how alloying with Sn affects the microstructure
and properties of Nb-silicide based alloys and improving alloy design require better
understanding of the properties of the phases in the Nb-Sn binary system.

The motivation for the present study was to investigate the elastic and
thermodynamic properties of the Nb-Sn compounds. The chapter focuses on the
calculation of the elastic constants and phonon properties to produce a complete set of
data for the aforementioned compounds. This data will be used to support the design of
Nb silicide based alloys.

5.2. Computational details

To reduce the basis set of plane wave functions used to describe the real electronic
functions norm conserving pseudopotentials [125] were implemented and the valences
for the atomic configurations were Sn-5s25p? and Nb-4d*5st. An energy cutoff of 500
eV, a Gaussian smearing of 0.7 eV and a Monkhorst—Pack k-point grid separation of
0.03 A% were employed. For the phonon calculations the linear response method (see
section 3.2.4) was used, while for the calculation of the linear expansion coefficients
and elastic properties versus temperature of the cubic Nb and NbsSn phases the
quasistatic approximation (see section 3.2.5) was implemented.

5.3. Results and discussion

5.3.1 Elastic properties at 0 K

The calculated lattice constants of Nb, Sn, NbsSn, NbeSns and NbSn> are given in
Table 5.1. The values obtained in the present work are in good agreement with those
reported in the literature. The highest deviation (about 2.5 %) is for the c lattice
parameter of Sn. Table 5.2 gives the results for the independent elastic constants (Cj),
bulk moduli (B) calculated from elastic constants according to the Voigt-Reuss-Hill
(VRH) approximation, and the bulk moduli and first pressure derivatives of bulk moduli
(B") from the Birch-Murnaghan equation of state for all compounds and elements at 0
K. The mechanical stability criteria [126] were satisfied for all phases. The elastic
constants and bulk moduli were in good agreement with the experimental data [49, 51]

for the pure elements and with a previous theoretical study [48] for the NbsSn.
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Furthermore, the bulk moduli obtained by the B-M EQOS fitting were in very good
agreement with those calculated using the VRH approximation, with the biggest
deviation (~3.5 %) for the NbeSns. The NbsSn had the highest bulk modulus (166.5
GPa) that decreased to 141.3 GPa for the NbsSns and to 106.7GPa for the NbSnz. Thus,
among the three intermetallics the NbsSn phase is the most resistant to uniform
compression.

The calculated values of the shear (G) and Young’s (E) moduli are given in Table
5.3. The NbsSn has the highest shear modulus that decreases in the same sequence as
the bulk modulus, which means that the NbsSn is the most resistant compound of the
three to plastic deformation. The same is the ranking of the intermetallics in terms of
their stiffness with the elastic modulus (E) values being 172.7 GPa for the NbzSn, 143.7
GPa for the NbsSns and 132.9 GPa for the NbSn..

The values of the Cauchy pressure are also listed in Table 5.3. According to [121],
for metallic bonding a higher value of Cauchy pressure means more ductile material.
Thus, the Nb3Sn can be regarded as the less brittle compared with the other two

intermetallics in the Nb-Sn system.

5.3.2 Enthalpies of formation

The vibrational density of states (DOS) for the compounds and elemental phases
under study can be seen in Fig. 5.1. All the eigenfrequencies were found to be real,
hence it is validated that the compounds under investigation are mechanically stable.
The vibrational contribution to free energy per atom (FP'" (T)) was calculated and is
presented for the compounds and elemental phases in Fig. 5.2. The FPM"" of the
intermetallics decreases in the following order: NbaSn — NbeSns —NbSn with the first
two almost coinciding and the latter decreasing much faster. After taking FP"" into
account, the phonon contribution to the enthalpy of formation (AH#"" (T)) was
computed (Fig. 5.3 (a)). The AH#"" (T) rises faster in the following order: NbSn; -
NbeSns - NbzSn. In Fig. 5.3 (b) the enthalpy of formation versus temperature of all the
stable intermetallic compounds of the Nb-Sn system is shown. In Table 5.4 the
enthalpies of formation of the intermetallics of the present study are compared with the
available literature [127-129] and it can be seen that there is good agreement between

the former and latter data.
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5.3.3 Temperature dependence of elastic properties

In order to investigate the temperature dependence of the elastic properties of the
cubic phases in the present study (Nb and NbsSn), the quasistatic approximation was
implemented. First the temperature dependence of the volume was calculated as it was
discussed in section 2.4. The volume versus temperature curves of Nb and NbsSn are
shown in Fig. 5.4. The linear thermal expansion coefficients at 293 K of Nb and NbsSn
were calculated using this data and were respectively ~7.9 um/mK and ~6.4 pm/mK
and in good agreement with the literature [130, 131]. In Fig. 5.5 the elastic constants

versus temperature of the cubic phases are shown. Comparing the results for

Table 5.1
Lattice constants (in A) of Nb, Sn, NbsSn, NbsSns and NbSn..

Nb Sn Nngn Nbesns NbSnz
a=5.781 a=5.591 a=9.772
Lattice constant(s) (this work) 3.299 0:3'102 5.258 b=9.185 b=5.595
e €=16.702 c=18.809
425832 b a=5.65649  a=9.874°¢
Lattice constant(s) from previous work  3.3112 c;3.182 , 5.289°¢ b=9.199¢  Db=5.626°

c=16.843¢ ¢=19.116°¢

2Ref [49], ® Ref [52],  Ref [64], ° Ref [132] ® Ref [133]
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Table 5.2
Elastic constants (C;) and bulk modulus (B) in GPa of Nb, Sn, NbsSn, NbsSns and NbSns.

VRH approximation B-M EOS
Cu Cin Cis C2 Ca Css Cua Css Ces B B B'
Nb 244 124.5 27 164.3 163.1 4.004
2538 1332 312
170.3°
Sn 74.2 58 22.2 81.2 234 9.9 47.8 45.01 3.703
83.7°¢ 48.7 ¢ 28.1°¢ 96.7 ¢ 175¢ 7.4°¢
7354 23.4¢ 28 ¢ 87¢ 224 22.7¢
735¢ 44.2 ¢ 40.7 ¢ 103°¢ 38.3¢ 42.8°¢
NbsSn 282.4 110.1 53.8 167.6 167.5 4
166.5f
NbeSN5 266.5 83 90.4 228.2 110.6 2104 65.5 62.9 25 141.3 146.5 4
NbSn, 180.8 77.3 68.9 178.5 60.1 188.3 52.5 37.3 57.4 106.7 107.9 4

2 Ref. [49], ® Ref. [134] °Ref. [52], 9 Ref. [135], © Ref. [136] ' Ref. [48]
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Table 5.3

Calculated shear modulus (G), elastic modulus (E) in GPa, Poisson’s ratio (v), Cauchy pressures (C12-Caa for cubic, C13-Cas and C12-Ces for tetragonal and

hexagonal and C12-Ces, C13-Css and Cz3-Cas for orthorhombic) in GPa, G/B ratio and Debye temperature (®p) from elastic constants for Nb, Sn, NbgSns,

NbSn;, and NbzSn.

G Op (K)
VRH VRH % C12-Cas C13-Cas C12-Ces  Ci3-Css  G/B C3-Cas Phonon DOS  Elastic constants
Nb 374 104.3 10192 0.394 97.5 0.228 277 268 2752  267°¢
Sn 17.3 46.2 0.339 -1.2 48.1 0.362 181 170 202°¢
Nb3zSn 65 172.7 19539 0.328 56.3 0.388 291 336 308° 2824
NbsSns 54 143.7 0.331 58 275 0.382 451 201 218
NbSn, 514 132.9 0.292 19.9 31.6 0.482 7.6 239 256

@ Ref. [134], ° Ref. [51], ° Ref. [115], ° Ref [48], ¢ Ref. [52]
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Nb with the literature [137] it can be seen that overall the agreement is very good (Table
5.5). The Cas4 constant of Nb becomes negative at 2750 K, which is its melting point.
Moreover the aforementioned coefficient decreased slower than the other independent
constants, and the C11 decreased the fastest. The results for NbsSn were also in good
agreement with the experimental data [138]. The curves of the Ci> and Cas constants
had similar slopes, with the latter decreasing slightly slower than the former, while the
curve of C11 showed the steepest descent of all three independent elastic constants. The
largest discrepancy was noticed for the Cas coefficient with the results of the current
study and the literature being ~51 and ~40 GPa, respectively. After obtaining the elastic
constants of both phases the bulk, shear and elastic moduli were computed with the
VRH approximation (Fig. 5.6). All the moduli decreased with increasing temperature.
The bulk and elastic moduli of the Nb and NbsSn the bulk and the elastic moduli
exhibited similar gradients and the shear modulus decreased slower. The bulk modulus
curve of the NbaSn crosses the Young’s modulus curve at 2600 K where the former
becomes higher. Furthermore, owing to the above behavior of the bulk and shear moduli
of both phases the Poisson’s ratios showed increasing slope (Fig. 5.7). In the case of
Nb v was ~0.47 close to the melting point, starting from ~0.39 (see Table 5.3) at 0 K.
For the NbsSn on the other hand the total increase was smaller, from ~0.328 at 0 K
(Table 5.3) to ~0.335 at the compound’s melting point. Also it must be noted that the
curve increases slower until ~2200 K, and above that temperature it rises significantly.

5.3.4 Debye temperatures

The phonon DOS was used to calculate the Debye temperatures. The values
calculated using the phonon DOS (Table 5.3) were in very good agreement with [48,
51] and those calculated from the elastic constants values. For the elemental and
intermetallic phases both the results for the Debye temperatures calculated from the
Phonon DOS and the elastic constants were in excellent agreement with the available
data in the literature (Table 5.3). The NbzSn phase exhibits the highest Debye

temperature of all the stable intermetallics in the Nb-Sn system.
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Table 5.4

Calculated enthalpies of formation of NbsSns, NbSn, and NbsSn.

Enthalpy of formation (kJ/mol)

Temperature (K) Nb3zSn NbeSns NbSn;
0 (this work) -16.542 -25.755 -18.434
298 (this work) -15.628 -24.829 -17.583
298 (previous work) -16.57 ¢
298 (previous work) -16.19 ¢
298 (previous work) -16.4°
298 (previous work) -16 2 =228 -162
2 Ref. [127] , ® Ref. [128] , ¢ Ref. [129]

Table 5.5

Calculated elastic constants and bulk and shear moduli in GPa of Nb and Nb3Sn at 300 K compared with available experimental results.

Cu Crp Cas B G
Nb 233.7 119.3 25.2 157.4 35.2
[137] 235 121 28.2 159 37.5
NbsSn 265.4 104.8 51.3 158.3 61.4
[138] " 253.8 112.4 39.6 159.5 50.1
*(Single crystal)
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5.4. Conclusions

First principles calculations were carried out for the NbsSn, NbsSns and NbSn;
intermetallic compounds and the Nb and Sn elements. The elastic constants, bulk, shear
and Young’s moduli, Poisson’s ratio and Debye temperatures were calculated for all
the phases and were in good agreement with the available data in the literature. It is
concluded that the NbzSn is the less brittle of the Nb-Sn compounds. For the NbgSns
and NbSn; phases data for elastic properties and Debye temperatures were reported for
the first time. Furthermore, the enthalpies of formation versus temperature were
calculated for all the intermetallic compounds. Combining the quasiharmonic with the
quasistatic approximation the temperature dependence of the bulk, shear and elastic
moduli and Poisson’s ratios of the Nb and NbsSn were calculated and were in good
agreement with the available data in the literature. The thermal expansion coefficient
of Nb was in very good agreement with the literature, while the thermal expansion

coefficient of NbaSn was reported for the first time.
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6.1. Introduction

Due to their very good high temperature properties the transition metal-Aluminium
compounds are being subjected to extensive research. In order to understand fully the
alloy behaviour and fully investigate the binary and ternary phase diagrams,
information on the intermetallic compounds is of great importance. The motivation for
the present study was to investigate the elastic and thermodynamic properties of the
Nb-Al compounds. This work focuses on the calculation of the elastic constants and
phonon properties to produce a complete set of data for the NbAls, the NbAl and NbsAl
compounds. This data will be used to support the design of Nb based intermetallics

alloys.

6.2. Computational details

To reduce the basis set of plane wave functions used to describe the real electronic
functions norm conserving pseudopotentials were implemented and the valences for the
atomic configurations were Al-3s? 3p* and Nb-4d*5s. A Monkhorst—Pack k-point grid
separation of 0.03 A2, an energy cutoff of 700 eV and a Gaussian smearing of 0.7 eV
were used. The phonon calculations were conducted using the linear response method
(section 3.2.4), while for the calculation of the linear expansion coefficients and elastic
properties versus temperature of the NbsAl phase the quasistatic approximation (section

3.2.5) was implemented.

6.3. Results and discussion

6.3.1 Elastic properties at 0 K

The calculated lattice parameters of Nb, Al, Si, NbzAl, Nb>Al and NbAIls; are
compared with the experimental lattice constants in Table 6.1. It can be seen that the
lattice parameters for the elemental phases are slightly underestimated whereas for
NDbAIs they are somewhat overestimated but are overall in good agreement with the
values from previous work, with the c lattice constant of NbAlsz showing the largest
error of about 0.7%. In Table 6.2 the results for the independent elastic constants (Cij),

bulk moduli (B) from elastic constants according to the Voigt-Reuss-Hill (VRH)
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scheme and bulk moduli and first pressure derivatives of bulk moduli (B) from the
Birch-Murnaghan equation of state (B-M EOS) are shown for all phases. It is
established that the mechanical stability criteria [107] are met for all phases.
Comparing the value of bulk modulus of NbAlz with [65] it is clear that they are in good
agreement and their consistency is validated by the results of the B-M EOS fitting. Of
all the intermetallics the NbzAl has the highest bulk modulus of 162.2 GPa, with the
value for Nb2Al being quite close (161.5 GPa). The corresponding value for NbAls was
found to be 132.5 GPa. It is thus suggested that the most resistant to applied pressure
of the Nb-Al intermetallics is the NbsAll.

In Table 6.3 the calculated values of shear modulus (G), Young’s modulus (E) and
Debye temperature (®p) are reported. The shear modulus decreases from NbAls (106.5
GPa), to Nb2Al (72.3 GPa) to NbzAl (61.6 GPa), which means that the most resistant
compound of the three to reversible deformation upon shear strain is the NbAls. The
same ranking applies for the stiffness of the compounds as the Young’s modulus (E)
values were 252 GPa for NbAls, 188.7 GPa for NbAl and 164 GPa for NbszAl. It can
be seen that the highest to the lowest sequence for the elastic and shear moduli was
reverse compared with the corresponding sequence for the Bulk modulus. Ductile or
brittle behavior of a material can be deduced by taking into account Cauchy pressure
and Pugh’s [104] index of ductility of shear modulus over bulk modulus ratio (G/B)
and Poisson’s ratio (v). The values of the aforementioned properties are listed in Table
6.3. According to [121], for metallic bonding, a positive value of Cauchy pressure
means ductile behavior and brittle if negative. The other two conditions point to brittle

behavior when the G/B ratio is greater than 0.57 and the v is less than 0.26.

Table 6.1
Lattice constants for Nb, Al, NbAls, Nb,Al and NbzAl.

Nb Al NbAl3z NbAl NbsAl

. . a=3.803  a=9.945
Lattice constant(s) (this work) (A) 3.299 4.022 c=8.602  c=5.119 5171

. . a , a=3.801° a=9.942¢ .
Lattice constant(s) from previous work (A) 3.311* 4.098 =8 538 =5 16 5.187

= Ref [49], ® Ref [114], ¢ Ref [65], ¢ Ref [139], ¢ Ref [140]
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The data in Table 6.3 would thus suggest that the NbAlz is the most brittle compound.
Hence, the sequence from the less to most ductile intermetallic is NbAls to Nb2Al to
NbsAl.

6.3.2 Enthalpies of formation

The vibrational density of states (DOS) for the elements and compounds under study
can be seen in Fig. 6.1. All the eigenfrequencies were found to be real, thus the
mechanical stability of the compounds under study is confirmed. The vibrational
contribution to free energies per atom (FP™" (T)) was calculated and is presented in Fig.
6.2. It can be seen that the FP"°"" decreases faster in the order NbAls, NbyAl, NbsAl.
After taking FP'" into account, the phonon contribution to the enthalpy of formation
(AHP™" (T)) was obtained. It rises faster for NbAls while for NbsAl it exhibits the
smallest slope of the three curves. The curve of Nb2Al has about half the slope of the
corresponding value of NbAls. By taking into consideration the total internal energies
of the constituent elements and the compounds, the enthalpies of formation versus
temperature (AHf (T)) were obtained and they are shown in Fig. 6.3. At 0 K the heat of
formation (AH{°) increases from NbAls (-47.374 kJ/mol) to Nb2Al (-28.753 kJ/mol) to
NbsAl (-22.481 kJ/mol). The NbAl3z compound has the lowest AHs in the whole range
of temperatures, while NbsAl has the highest corresponding value until approximately
2930 K, in which temperature the AHf of Nb2Al rises higher. The enthalpies of

formation agree well with the experimental data as it can be seen in Table 6.4.
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Table 6.2

Elastic constants (Cj;) and bulk modulus (B) of Nb, Al, NbAls, Nb2Al and NbsAl in GPa.

VRH approximation

Birch-Murnaghan EOS

Nb

Al

NbAl3

NboAl
NbsAl

Cu

244
253°
107.4
107°
255.6

260.2 ¢
264.2
272.8

Ci

1245
133%
57.6
61°
101.4
96.7 ¢
109.9
106.9

Cis Css Cu

27
312
30.3
28°
51.2 274.8 104
46.5° 280.3 ¢ 109.9°¢
105.8 282 66.1
50.5

Ces B

164.3

173"

74.2

743"

140.5 132.5
142.5°¢ 131°
68.3 161.5
162.2

B

163.1

76.47

136

159.9
162.1

BI

4.004

4.037

a Ref. [49], ® Ref.[141], ¢ Ref. [65], " calculated from data in Ref [49] and [141] for Nb and Al, respectively.
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Table 6.3

Calculated shear (G) and elastic moduli (E) in GPa, Poisson’s ratio (v), Cauchy pressure (C12 - Cas for cubic, C13-Cas and C12-Ces for tetragonal), G/B ratio
and Debye temperature (®p) from elastic constants for Nb, Al, NbAls, Nb2Al and NbsAl.

G E @b (K)
VRH VRH v C12Cas  C13-Cus Ci12-Ces G/B Phonon DOS Elastic constants
Nb 37.4 104.3 0.394 97.5 0.228 277 268 275°
37.52 104.9? 0.3972
Al 28 747 0.334 27.3 0.377 394 420 428P
26.22 70.6° 0.3452
NbAI; 106.5 252 0.183 - -39.1 0.804 744 793 753
52.8
Nb.Al 72.3 188.7 0.305 39.7 41.6 0.448 243 269
NbsAl 61.6 164 0.331 56.4 0.38 353 374 370°

74.2° 193.5°

2Ref [119], © Ref [122], © Ref [48], *Ref [65]
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total enthalpy of formation versus temperature (b) for NbAls, Nb,Al and NbsAl.
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Table 6.4
Enthalpy of formation at 298 K of NbAlz, Nb.Al and NbzAl.

Enthalpy of formation at 298 K (kJ/mol)

Intermetallic Current study Experiment
NbAl3 -45.85 -40.62 @
Nb2Al -28.048 -25.086 "
NbsAl -22.114 -19.297°

*Ref [62], ® Ref [63]

6.3.3 Temperature dependence of the elastic properties of NbzAl

In order to investigate the temperature dependence of the elastic properties of the
NbsAl, the quasistatic approximation was implemented. First the temperature
dependence of the volume was calculated using the method discussed in section 2.4.
The volume versus temperature curves are shown in Fig. 6.4. The linear thermal
expansion coefficient at 293 K was calculated using this data and was 6.992 um/mK.
In Fig. 6.5 the elastic constants versus temperature are shown. The curves of the C12
and Ca4 constants had similar slopes, while the curve of C11 showed the steepest descent
of all three independent elastic constants. After obtaining the elastic constants of both
phases the bulk, shear and elastic moduli were computed with the VRH approximation
(Fig. 6.6). All the moduli decreased with increasing temperature. The elastic modulus
exhibited the fastest decrease and the shear modulus the slowest. Furthermore, owing
to the above behavior of the bulk and shear moduli of both phases the Poisson’s ratios
showed increasing slope (Fig. 6.7). Close to the melting point of the NbsAl the
Poisson’s ratio was ~0.364 starting from ~0.333. Unfortunately, to the author’s
knowledge no experimental data of the above properties exist in the literature to be used

for comparison.
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6.3.4 Debye temperatures

The Debye temperature values calculated from the elastic constants decrease from
NbAIz (520 °C (793 K)) to NbzAl (100 °C (374 K)) to Nb2Al (-4 °C (269 K)). The ©p
of NbsAl in the present study is in good agreement with the available results from the
literature. The largest deviation was for NbAlz when comparing the ®p value with the
value in [65] and was about 5 %. It should be noted that the latter value was not
calculated from elastic constants, but was derived from the phonon DOS. The resultant
phonon DOS from the calculations in section 3.2 were also used to calculate the Debye
temperatures. The calculated ®@p values (Table 6.3) were in good agreement with both
the data from previous work and the results of the present study that were calculated
from the elastic constants.

6.4. Conclusions

First principles calculations were carried out for the NbAls, NbsAl, Nb2Al and their
constituent elements. Elastic constants, bulk, shear and Young’s modulus, Poisson’s
ratio and Debye temperature were calculated. Specifically for the Nb2Al, most of the
data were obtained for the first time. The temperature dependence of the free energy
and enthalpy of formation regarding the intermetallic phases is reported for the first
time. Comparison with available experimental and theoretical data shows good
agreement with this work. It is concluded that NbzAl has the highest bulk, modulus
value, while NbAIs is the stiffest and most brittle of the Nb-Al intermetallics. The @p
value of NbAls is the highest amongst the Nb-Al compounds. Finally, the linear thermal
expansion coefficient and temperature dependence of the elastic properties of the NbsAl

were calculated and reported for the first time.
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7.1. Introduction

The motivation for the present study was to investigate the elastic and
thermodynamic properties of binary and ternary A15 Nb based intermetallics and to
compare their stability with the tP32 competing structure. Calculations of the elastic
constants and phonon properties are used to produce a complete set of data for the
NbsSn, NbsAl, NbsGe, NbsSi, NbsSnAl, NbsAISi, NbsSnSi, NbsSnGe, NbsAlGe and
NbsSiGe intermetallics. It must be noted that the NbeXY phases (denoted also as
Nbs(X,Y)) are ternary A15 structures with equi-atomic occupancies in the non-Nb sub-
lattice. There is experimental and theoretical data for the vibrational and elastic
properties of Nb, Si, Sn, Ge and Al [119, 120] and their Debye temperatures [122].
There is also experimental data for the linear thermal expansion coefficients of Nb, Al
and NbsGe [12, 119, 142].

7.2. Computational details

To reduce the basis set of plane wave functions used to describe the real electronic
functions norm conserving pseudopotentials were implemented and the valences for the
atomic configurations were Al-3s23p!, Sn-5s25p?, Nb-4d*5s!, Ge-4s?5p? and Si-3s%3p2.
A Monkhorst—Pack k-point grid separation of 0.03 A%, an energy cutoff of 1200 eV
and a Gaussian smearing of 0.7 eV were used. The phonon calculations were conducted

using the linear response method (section 3.2.4).

7.3. Results and discussion

The calculated lattice constants of the pure elements and the binary and ternary A15
phases are compared with the experimental ones in Table 7.1. It can be seen that in the
present calculations and with the exception of Si the lattice constants are slightly
underestimated but overall are in good agreement with the experimental values, with
the lattice constant of Al showing the largest difference of 1.85 %. Table 7.2 gives the
results for the independent elastic constants (Cjj) and bulk moduli (B) for all elements
and compounds under study. In this table the bulk moduli were calculated from elastic
constants according to the Voigt-Reuss-Hill (VRH) scheme and values are also given
for bulk moduli and first pressure derivatives of bulk moduli (B") from the Birch-
Murnaghan equation of state (B-M EQS). It was confirmed that the mechanical stability

criteria [107] are met for all phases. For the pure elements it can be seen that the elastic
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constants are in good agreement with the experimental data. The values of the bulk
moduli of the NbzSn and NbsAl are in good agreement with other theoretical [48, 64]
results and the consistency of the calculation is validated by the results of the B-M EOS

fitting. The current results show that the NbsSi has the highest bulk modulus of 181.5
GPa and that the bulk moduli of the NbsSn and NbsAl are close to each, other being
167.6 GPa and 162.2 GPa, respectively, while the corresponding value for NbsGe is
174.2 GPa. This means that the most resistant to applied pressure of the four binary
intermetallics of this study is the NbsSi. From the bulk modulus values of the ternary
A15 phases it can be seen that Si and Ge tend to increase bulk modulus, while Sn and

Al have the opposite effect.

The calculated values of shear modulus (G), Young’s modulus (E) and Debye
temperature (®p) are given in Table 7.3. The NbsSi phase has the highest shear modulus
value and the shear modulus decreases from NbsSi (80.3 GPa) to NbsGe (73.5 GPa), to
NbsSn (65 GPa) to NbsAl (61.6 GPa), which means that the most resistant binary
compound to reversible deformation upon shear strain is the NbsSi. The same ranking
applies for the stiffness of the compounds as the elastic modulus (E) values as they are
210 GPa for NbsSi, 193.3 GPa for NbzGe, 172.7 GPa for NbsSn and 164 GPa for NbsAl.
Judging from the values of the aforementioned moduli for the ternary phases, it is
suggested that Si and Ge additions increase them, while Sn and Al decrease them.

Ductile or brittle behavior of a material can be deduced by taking into account the
Cauchy pressure and Pugh’s [104] index of ductility of shear modulus over bulk
modulus ratio (G/B) and Poisson’s ratio (v). The values of the aforementioned

properties are listed in Table 7.3.

According to [121], for metallic bonding, a positive value of Cauchy pressure means
ductile behavior and brittle if negative. The other two conditions point to brittle
behavior when the G/B ratio is greater than 0.57 and the v is less than 0.26. Bearing
that in mind, it can be seen from Table 7.3 that the NbsSi and NbsAl are the most and
least brittle binary compounds, respectively and that Sn and Al additions improve

ductility, while Si and Ge have the opposite effect.
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Comparing the shear moduli, Young’s moduli and Debye temperature values of the
NbsSn and NbsAl of this study with data in [48], it can be seen that there is
disagreement, which in the case of NbsAl is 17%, 15% and 18% in G, E and @p,

Table 7.1
Lattice constants pure elements and binary and ternary A15 phases.

Phase this work (A) literature (A) deviation (%)
Nb 3.299 3.311¢4 0.36
sn a=5.741 a=5.832° Aa/a=1.56

c=3.102 c=3.182"° Ac/c=1.37
Al 4.022 4.008 ¢ 1.85
Si 5.469 5.43114 0.70
Ge 5.738 5.658 ¢ 1.41

NbsSn 5.258 5.289 ¢ 0.59

NbsAl 5171 5.187¢ 0.31

NbsGe 5.151 5.168 ¢ 0.33

NbsSi 5.101 5.155°F 1.05

NbsSnAl 5.221 5.2559 0.65
NbsAISi 5.136 5.173" 0.72
NbsSnSi 5.186 5.2161 0.58
NbeSnGe 5.21 52171 0.13
NbsAlIGe 5.161 5.175k 0.27
NbsSiGe 5.126 5.173" 0.91

2 Ref [49], ° Ref [52], © Ref [114], ¢ Ref [143], © Ref [64], ' Ref [144], 9 Ref [76], " Ref [21], '
Ref [145], | Ref [146],  Ref [147]
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Table 7.2
Elastic constants (Cjj) and bulk moduli (B) of pure elements and binary and ternary A15 phases in GPa.
VRH approximation B-M EOS
Phase Cu Ci2 Cis Css Cu Ces B B B'
Nb 244 1245 27 164.3 163.1 4.004
253% 1332 317 170.3?

Sn 74.2 58 222 812 234 99 518 53.2 3.703
723" 594b 358> 884° 22 225P 5gb

Al 107.4 57.6 30.3 74.2  76.47 4.037
75.22
Si 152.1 56.7 74.1 88.5 90.22 4.019
08¢
Ge 113.9 40.5 55.2 65 67.5 4.035
128.5° 48.3¢ 66.8° 75°
NbsSn 2824 110.1 53.8 167.6 1675 4
160.5¢
166.5¢
NbsAl  272.8 106.9 50.5 162.2 1621 4
156.3¢
165.5¢
NbsGe 298.3 112.2 62.8 1742 174 4
NbsSi  314.8 114.9 69.3 1815 1812 4
NbsSnAl 2767 107.7 52 164 1638 4
NbsAISi  293.3 110.1 59.4 171.1 1706 4
NbeSnSi  296.6 111.7 62 173.3 173 4
NbsSnGe 288.9 111.1 58.6 170.3 170 4
NbsAlGe 284.9 109.4 56.8 167.9 1672 4
NbeSiGe 3059 113.5 66.4 177.6 177 4

aRef. [119] , ® Ref [52], © Ref. [120], ¢ Ref. [64], ¢ Ref. [48]
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Table 7.3
Calculated shear (G) and elastic moduli (E) in GPa, Poisson’s ratio (v), Cauchy pressure in GPa, G/B ratio and Debye temperature (®p) from elastic constants

for pure elements and binary and ternary A15 phases.

G E Ob (K)
Phase VRH VRH \Y; C12-Cuy C13-Cuy C12-Ces G/B Phonon DOS Elastic constants
Nb 374 104.3 0.394 97.5 0.228 277 268 275°
375¢ 104.9°¢ 0.397°¢
Sn 16.3 44.3 0.357 54.1 -1.2 48.1 0.315 254 217 230°
17.7¢ 48°¢ 0.355¢
Al 28 74.7 0.334 27.3 0.377 394 420 428"
26.2°¢ 70.6°¢ 0.345¢
Si 62.1 151 0.216 -17.4 0.701 647 628 645 P
64.19 15589 0.215¢
Ge 46.9 113.4 0.209 -14.7 0.722 393 386 360°
41 ¢ 104 ¢
NbsSn 65 172.7 0.328 56.3 0.388 291 336 308° 282°
7492 195332
NbzAl 61.6 164 0.331 56.4 0.380 353 374 370 316
74,22 19352
Nbs;Ge 73.5 193.3 0.315 49.4 0.422 344 376
NbsSi 80.3 210 0.307 45.6 0.442 383 420
NbsSnAl 63.2 168 0.329 55.7 0.385 332 355
NbgsAISi 70.7 186.4 0.318 50.7 0.413 386 398
NbsSnSi 72.8 191.6 0.316 49.7 0.420 360 378
NbsSnGe  69.3 183.1 0.321 52.5 0.407 342 359
NbsAIGe 67.6 178.8 0.323 52.6 0.403 350 377
NbeSiGe 77 201.8 0311 47.1 0.434 378 400

2 Ref. [48], ® Ref. [122] °Ref. [52], ° Ref [120].
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Table 7.4

Calculated enthalpies of formation of binary and ternary A15 phases (unless denoted otherwise) compared with the literature.

Phase Temperature (K) AH;s from the present study (kJ/mol) Literature (kJ/mol)
NbsSn 298 -15.583 -16.7 to -16 2
1273 -11.36 13.232@
NbsAl 298 -22.101 -19.297°
298 -20.376 -19.7°¢
NbsSi 0 -34.73 -32.8¢
NbsGe 0 -33.288
NbeSnAl 0 -16.646
NbsAISI 0 -26.062
NbeSnSi 0 -23.321
NbeSnGe 0 -32.029
NbsAIGe 0 -29.633
NbeSiGe 0 -35.629
NbsSi tP32 0 -37.3 -40.5°
298 -37 -29.6t0-35.9F
NbsSiSn tP32 0 -15.985
NbeSIAl tP32 0 -22.497
NbeSiGe tP32 0 -36.021

“Ref [28], © Ref [63], © Ref [148], 9 Ref [23], © Ref [41], " Ref [92]
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respectively. The Debye temperature of NbsAl calculated from the elastic constants in
the present study is in very good agreement with the literature. The ®@p value decreases
as one moves from NbsSi (147 °C (420 K)) to NbszGe (103 °C (376 K)), to NbzAl (101
°C (374 K)) to NbsSn (63 °C (336 K)). When Si or Ge are added to the A15 structure
the Debye temperature tends to increase. The aforementioned property tends to
decrease in the presence of Sn and Al.

The vibrational density of states (DOS) for the elemental phases and compounds
under study were computed and all the eigenfrequencies were found to be real, hence
it was confirmed that the compounds under investigation are mechanically stable (Fig.
7.1). The phonon contribution to free energies per atom (FP"*" (T)) was calculated and
is presented for all elemental phases and binary compounds in Fig. 7.2. It can be seen
that the FP'*"" decreases faster in the order NbsSi, Nb3Al, NbsGe, Nb3Sn. In Fig. 7.3
the phonon contribution to the free energy of the ternary compounds is shown. It can
be seen that it decreases faster in the order NbsAlSi, NbsGeSi, NbsSiSn, NbsGeAl,
NbsAlSn, NbsGeSn. After taking FP™" into account, the phonon contribution to the
enthalpy of formation (AHF'™ (T)) was evaluated. The AHF' (T) rises faster for
NbsSn, owing to the steep descent of the vibrational contribution to the free energy of
Sn compared with the other elements, as it can be seen in Fig. 7.4. The AHF™" (T) of
NbsSi on the other hand exhibits the smallest slope of the four curves, which is
attributed to the behaviour of the FP'" (T) of Si, while the curves of NbsAl and NbsGe
are close to each other and have about half the slope of the corresponding value of
NbsSn. Regarding the ternary phases, the AHP™" (T) increases faster in the order
NbsAlSi, NbsGeSn, NbsGeAl, NbsSiSn, NbgAlSn, NbsGeSn. The enthalpies of
formation versus temperature (AHs(T)) were obtained and are shown in Figs 7.5 and
7.6. At 0 K the heat of formation (AH{) increases from NbsSi (-34.734 ki/mol) to NbsGe
(-33.288 kJ/mol), to NbsAl (-22.467 kJ/mol) to NbsSn (-16.54 kJ/mole). In Table 7.4
the good agreement between the present study and previous experimental results
regarding the enthalpies of formation of the intermetallics is shown. The NbsSi phase
has the lowest AH¢(T) of the binary A15
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Fig. 7.1. Phonon DOS of the pure elements and binary and
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Table 7.5

Linear thermal expansion coefficients of Nb, Al, NbsSn, NbsAl, Nb;Ge and NbsSi (um/mK).

Phase this work literature
Nb * 7.9 7.3%
Al™ 22.5 23.1°

Nb3Sn 6.4

NbsAl 7

NbsGe 7.6 7.7°¢

NbsSi 8.1

* At room temperature, * Ref [130], ® Ref [149] , ¢ Ref [150]

intermetallics, while the Nb3Sn is the phase with the highest value in the whole range
of temperatures. The AH¢(T) of the tP32 NbsSi [22] is also shown in Fig. 7.6 and Table
7.4. Itis confirmed that the tetragonal NbsSi is more stable than the cubic NbsSi. Even
though the phonon contribution in the enthalpy of formation of the tP32 Nb3Si exhibits
a steeper ascent than that of the A15 NbsSi, in the whole range of temperatures the
enthalpy of formation of the former structure is always lower than that of the latter,
owing mostly to the considerably lower enthalpy of formation at 0 K. Regarding the
ternary intermetallics containing Si and Sn, Al or Ge the enthalpy of formation at 0 K
was calculated, separately for A15 and tP32 structure and the values are given in Table
7.4. Itis suggested that Sn and Al additions stabilise the A15 structure and Ge addition

stabilises the tP32 structure.
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The linear thermal expansion coefficients of Nb, Al, NbsSn, NbsAl, NbsGe and
NbsSi (A15) phases are shown in Table 7.5. The agreement with the available
experimental data is excellent, a fact that demonstrates the power and usefulness of the
linear response method. Regarding the A15 phases the aforementioned property tends
to decrease in the order NbsSi (8.1 um/mK), NbsGe (7.6 um/mK), NbsAl (7 um/mK),
NbsSn (6.4 um/mK).

The resultant phonon DOS from the calculations was also used to calculate the Debye
temperature. The calculated ®p values (Table 7.3) were in good agreement with both
the experimental data [122] and the results of the present study that were calculated
from elastic constants values. For the elemental phases the results were in good
agreement with the literature. The overall correlation validates the quality of the

calculations.

7.4. Conclusions

First principles calculations were carried out for binary and ternary A15 intermetallic
compounds and their constituent elements. Elastic constants, bulk, shear and Young’s
modulus, Poisson’s ratio and Debye temperature were calculated. In the case of the
NbsSi (A15), most of the data were obtained for the first time. The temperature
dependence of the enthalpy of formation regarding the intermetallic phases is reported
for the first time. The linear thermal expansion coefficients of Nb, Al, NbsSn, NbsAl,
NbsGe and NbsSi (A15) are reported as well. Comparison with available experimental
and other theoretical data shows good agreement with this work. It is concluded that
the NDb3Si has the highest bulk, shear and Young’s modulus values and that it is the
stiffest and less ductile of the four binary intermetallics of the present study. The NbsSi
has the highest Debye temperature of all the A15 compounds in the present study. It is
also concluded that Al and Sn additions improve ductility and Ge and Si additions
increase the Debye temperature. Finally the enthalpy of formation results suggest that
the Sn and Al additions in the NbsSi stabilise the A15 structure over the competing
tP32, while the Ge addition has the opposite effect.
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Ab initio study of the ternary WsSis type TMsSn2X compounds (TM=NDb,
Ti and X=Al,Si)

8.1. Introduction

This chapter presents the results of a study that used Density Functional Theory to
evaluate the stability and the electronic, vibrational and elastic properties of the
TMSn2X (TM=Nb, Ti and X=Al,Si) ternary phases. The results will be useful for the
construction and/or optimisation of the Nb-Si-Sn, Nb-Al-Sn, Ti-Si-Sn and Ti-Al-Sn

systems (see also sections 2.5.2 and 2.5.3).

8.2. Computational details

To reduce the basis set of plane wave functions used to describe the real electronic
functions norm conserving pseudopotentials were implemented and the valences for the
atomic configurations were Nb-4s24p®4d*5st, Ti-3s23p®3d24s?, Sn-5s25p?, Al-3s?3p?
and Si-3s23p?. A 9x9x9 Monkhorst—Pack k-point grid, an energy cutoff of 550 eV and
a Gaussian smearing of 0.3 eV were used. The phonon calculations were conducted
using the supercell method as discussed in section 3.2.3. The size of the supercells that
were used was 2x2x2 for the ternary phases, 4x4x4 for Nb and Al and 3x3x3 for Ti,
Siand Sn.

8.3. Results and Discussion

8.3.1 Elastic properties

The calculated lattice parameters are shown in Table 8.1 where they are compared
with the values reported in the literature. It can be seen that there is good agreement as
the mean deviation of all the lattice parameters is ~0.6 %. The results for the
independent elastic constants (Cj;), bulk moduli (B) from elastic constants according to
the Voigt-Reuss-Hill scheme and bulk moduli and first pressure derivatives of bulk
moduli (B') from the B-M EOS for all intermetallic phases and elements of this study
are shown in Table 8.2. In Table 8.3 the calculated values of the shear modulus (G) and
Young’s modulus (E) are reported. It was confirmed that the mechanical stability
criteria [107] are met for all compounds. The elastic constants were in good agreement
with the experimental data for the pure elements [49, 114]. To the authors’ knowledge
no data exists for the ternary intermetallics. Comparing the bulk moduli obtained from
the VRH approximation and the B-M EQOS fitting of all the phases, it can be seen that
they were in excellent agreement, with the maximum deviation between them being
~7% for the TisSn,Al phase.
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Table 8.1

Lattice parameters of Nb, Si, Al, Sn, NbsSn,Si, TisSn,Si, NbsSn,Al and TisSn,Al in A.

c

Nb

Si

Al

Sn

NbsSn2Si

TisSn,Si

NbsSnzAl

TisSn2Al

3.309
3.311°

5.46

5.431°
4.103
4.098°
5.798
5.832¢
10.683
10.541°
10.582
10.558"
10.735
10.6299
10.612
10.5499

3.309
3.311°
5.46
5.431°
4.103
4.098°
3.144
3.182¢
5.145
5.138°
5.05
5.03
5.203
5.216¢9
5.184
5.2429

2Ref [49], ® Ref [116], © Ref [114], ¢ Ref [52], ¢ Ref [73], T Ref [87], ¢ Ref [75]

Table 8.2

Elastic constants (Cj) and bulk modulus (B) for Nb, Si, Al, Sn, NbsSn,Si, TisSnzSi, NbsSn,Al

and TisSn Al in GPa.

VRH approximation B-M EOS
Cu Cu Cis Css Cu Ces B B B'
Nb 241 126.3 26.7 1645 165.1 4.005
2532 1332 312
Si 1512 574 73.1 88.7 91.2  4.009
166° 64° 79.6°
Al 1074  57.6 30.3 742 7647 4.037
107° 61° 28P
Sn 74.2 58 222 812 234 99 51.8 52.01 3.703
72.3° 59.4°¢ 358° 88.4° 22°  225° 54.9°
NbsSn,Si 3035 1044 989 3134 744 987 1694 168.8 5
TisSnSi 2148 736 711 1896 516 753 116.6 119.7 5
NbsSn,Al - 286.5 97 957 2696 625 817 157.6 158.6 5
TisSn,Al - 2115 751 633 1786 473 69.8 111.1 1189 5

2 Ref. [32], ° Ref. [31], ° Ref [37]
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Table 8.3

Calculated shear modulus (G) and elastic modulus (E) in GPa, Poisson’s ratio (v), Cauchy
pressures in GPa, G/B ratio and Debye temperature (®p) from elastic constants and Phonon
DOS (PDOS) for Nb, Si, Al, Sn, NbsSnSi, TisSn,Si, NbsSn,Al and TisSn,Al.

G E Op (K)

VRH VRH v C1-Cu  Ci3-Cyy CppCes G/B PDOS Elastic constants  Literature

Nb 365 1019 0.396 99.6 0.228 277 268 2752
37.5° 104.9° 0.397°

Si 612 1492 0216 -174 0701 647 628 6452
64.1° 155.8° 0.215°
Al 28 747 0334 273 0.377 394 420 4282
26.2°  70.6° 0.345°
Sn 16.3 443  0.357 -1.2 481 0315 254 217 230°
17.7¢ 48>  0.355¢
NbsSn,Si  89.7 2287 0275 245 5.7 0.53 311 327
TisSn,Si  61.8 1576  0.275 19.5 -1.7 0.53 305 326
NbsSm,Al - 77.1 1989  0.29 332 153 0489 298 305
TisSn,Al - 586 1495  0.276 16 53 0527 300 320

a Ref [122], ® Ref [119], ¢Ref [120], ¢ Calculated from Ref [52].

The NbsSn2Si phase had the highest values of bulk, shear and Young’s moduli of all
the intermetallics, while the TisSnoAl had the lowest. All these properties decreased
from NbsSn»Si, to NbsSn2Al, to TisSn,Si, to TisSn2Al. It can be seen that all the moduli
were significantly higher when Nb was the transition metal in the ternary phase.
Furthermore the Si-containing phases had slightly higher values of bulk, shear and

elastic moduli than those that contained Al.

To determine whether a material is ductile or brittle, Cauchy pressures (C12 - Cas for
cubic and C13-Cas and C12-Ces for tetragonal), Pugh’s [104] index of ductility (shear
modulus over bulk modulus ratio (G/B)) and Poisson’s ratio (v) are taken into account.
The values of the aforementioned properties are listed in Table 8.3. According to [121],
for metallic bonding, a positive value of Cauchy pressure means ductile material
whereas if negative brittle. The other two conditions for a compound to be brittle are
the G/B ratio to be greater than 0.57 and the v less than 0.26. Regarding all the
aforementioned criteria the data in Table 8.3 indicates that the NbsSn>Al and TisSnSi

are the most and less ductile phases, respectively, in the present study.
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8.3.2 Enthalpies of formation

The phonon density of states (DOS) for the compounds and elemental phases under
study can be seen in Fig. 8.1. All the eigenfrequencies were found to be real, hence it
was confirmed that the compounds under investigation are mechanically stable. After
obtaining the computed phonon DOS the vibrational contribution to free energies per
atom (FP"°" (T)) was calculated and is presented for all compounds and elemental phases
in Fig. 8.2. It can be seen that the FP"°"" decreases faster in the order; NbsSnzAl-
TisSn2Si- TisSn2Al- NbsSnzSi.  After taking FP"" into account, the phonon
contribution to the enthalpy of formation (AH#"*" (T)) was evaluated (Fig. 8.3). The
AHP™ (T) rises faster for NbsSnpAl, while for the other three intermetallics the
corresponding curves show very small differences between them. In Fig. 8.4 the
enthalpy of formation versus temperature of all the ternary intermetallic compounds is
shown. In Table 8.4 it is shown that at T=0 K the heat of formation (AH{) increases
from TisSn2Si (-50.655 kJ/mol) to TisSn2Al (-36.471 kd/mol) to NbsSnoSi (-30.296
kJ/mol) to NbsSnoAl (-21.516 kJ/mol). The above values are in good agreement with
the available experimental data. As the temperature rises the A Hs¢(T) increases more
steeply for the NbsSn,Al, while the curves of the other three phases show approximately

the same slope.

8.3.3 Debye temperatures

The resultant phonon DOS were also used to calculate the Debye temperature. It
should be noted that it is considered more difficult to obtain accurate values using this
approach than through the elastic constants (see above) because as a low temperature
property the Debye temperature is determined by low energy phonons i.e. the acoustic
phonons. The lower the temperature the smaller the part of Brillouin Zone that
contributes to thermodynamics. The calculated values (Table 8.3) were in very good
agreement with [23, 122] and the values calculated from elastic constants in the present

study. For the elemental phases both the results from the phonon DOS and the elastic
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constants were in excellent agreement with the literature. The NbsSnSi and NbsSn,Al

had the highest and lowest Debye temperatures, respectively.
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Fig. 8.1. Phonon density of states of Nb, Si, Al, Sn, NbsSn,Si, TisSn.Si,
Nb5Sﬂ2A| and Ti5Sﬂ2A|.
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Table 8.4

Enthalpies of formation (kJ/mol) at T=0 K for NbsSn,Si, TisSn;Si, NbsSn,Al and TisSnAl.

Enthalpy of formation

Intermetallic Current study Literature
NbsSn,Si -30.296
TisSn,Si -50.655 -50.751"
NbsSn,Al -21.516
TisSnzAl -36.471
“ Ref [87]
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8.4. Conclusions

First principles calculations were carried out for the NbsSnzAl, TisSn2Si, TisSn2Al and NbsSn2Si
intermetallic compounds and their constituent elements. Elastic constants, bulk, shear and Young’s
moduli, Poisson’s ratio and Debye temperature were calculated for the first time. The temperature
dependence of free energy and enthalpy of formation of the intermetallic phases is reported for the
first time. The NbsSn,Al and TisSn,Si are the most and less ductile phases, respectively. The
NDbsSn2Si phase is the stiffest and most resistant to uniform compression and to reversible

deformation upon shear strain.

131



Ab initio study of the ternary WsSis type TMSn2X compounds (TM=Nb, Ti and
X=Al,Si)

132



Phase equilibria in Nb-Si-Sn ternary
alloys at 900 °C and 1200 °C



Phase equilibria in Nb-Si-Sn ternary alloys at 900 °C and 1200 °C

9.1 Introduction

According to Sun et al. [71] in the Nb-Si-Sn ternary system there are eight stable intermetallics.
Three of those are in the Nb-Sn system and are NbsSn, NbsSns and NbSn.. The ab initio study of
these phases was presented in chapter 5. The NbsSn (Pm3n, cP8, CrsSi) has a primitive cell of 8
atoms. The phase melts at 2647 K and has a wide compositional range for Sn. NbsSns has a D2H-
25 orthorhombic structure (Immm, oI48, aTisSis) with a primitive cell of 22 atoms and a melting
temperature of 1180 K. NbSn2 is D2H-24 orthorhombic (Fddd, o148, CuMgy) with its primitive
cell containing 12 atoms and melting temperature at 1100 K. The other four phases exist in the
Nb-Si binary system and are the NbsSi (tP32, P42/n, TisP), which is stable above 2038 K, the
aNbsSis (t132, D81, CrsB3), which transforms to BNbsSis (132, D8m, WsSis3), with upper and lower
transformation temperatures of 2208 and 1918 K, respectively, and the NbSi> (hP9, C40, CrSi»)
which is stable below 2208 K. The ab initio study of the intermetallics of this system was presented
in chapter 4. The final stable intermetallic is a ternary phase, NbsSiSn, (14/mcm, D8m,WsSis). This
phase was studied in the previous chapter together with other TMsSn2X compounds (TM=NDb, Ti
and X=Al,Si)

Sun et al. introduced a thermodynamic description of the Nb-Si-Sn system based on previous
experimental work by Waterstrat and Muller [72], Vellios and Tsakiropoulos [19] and Horyn et
al. [73]. The 900 °C Nb-rich isothermal section of the system [71] can be seen in Fig. 2.4. The Nbs
SnySi is a ternary compound which Sun et al. [71] treated as stoichiometric and was modelled to
be stable up to and 900 °C (1473 K), which agreed with the experimental findings of Horyn and
Lukaszewicz [73]. No comprehensive experimental evidence about the temperature range of the
stability of this compound exist.

The alloys IP2 (Nb-16Si-13Sn) and IP3 (Nb-18Si-17Sn) in this research were manufactured to
verify the stable phases (in particular the NbsSn,Si intermetallic) and the phase equilibria in the
Nb-Si-Sn ternary system.
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9.2. Results

9.2.1. Alloy Nb-16Si-13Sn (IP2)

As cast. According to the XRD data (Fig. 9.1) and the SEM (Fig. 9.2 (a-b)) the
microstructure of IP2-AC consists of NbsSiz, Nb3(Sn,Si) and Sn solid solution. The
XRD data suggests that both the BNbsSiz and the aNbsSiz were present in the as cast
alloy. Macrosegregation of Sn was evident throughout the ingot (Fig. 9.2 (a)), while a
fine lamellar eutectic between the NbsSn and NbsSis was formed (Fig. 9.2 (b)). The
compositions of the constituent phases in the IP2-AC are shown in Table 9.1. Tin
content in NbsSiz was ~1.2 at. %. The Si/Sn ratio in Nbz(Sn,Si) was ~1.1 with the Si+Sn
content being 26.1 at. %.

Heat treated. The alloy was given two separate heat treatments, at 900 °C for 100 h
(IP2-HT-900 °C/100h) and at 1200 °C for 300 h (IP2-HT-1200 °C/300h). After the heat
treatment at 900 °C for 100 hours the aforementioned phases were present together with
the NbsSn2Si and NbeSns intermetallics (Fig. 9.3). This was confirmed by XRD (Fig.
9.1). According to the XRD data the number of peaks corresponding to BNbsSiz was
significantly reduced compared with the as cast alloy. According to the chemical
analysis (Table 9.1) the Sn content in the NbsSiz and NbeSns was ~1.6 and ~44.4 at. %,
respectively. The Si/Sn ratio in Nbs(Sn,Si) was ~1 with the Si+Sn content being 27.4
at. %. The chemical analysis of NbsSn.Si showed that it deviated slightly from its
stoichiometric composition, namely 60.7 at. % Nb- 25.8 at. % Sn- 13.5 at. % Si instead
of 62.5 at. % Nb- 25 at. % Sn-12.5 at. % Si.

The ternary NbsSnSi phase always formed next to large areas of solid solution of Sn
(Fig. 9.3). A boundary separating the areas containing Nbz(Sn,Si) and NbsSn,Si
formed, as can be seen in the X-ray line scan in Fig. 9.4 and the X-ray element maps in
Fig. 9.5. The concentration of Sn drops when moving across the boundary from the
NbsSiSnz region to the Nbs(Si,Sn) region. NbsSns formed in areas where Snss was in
the as cast alloy, as it can be seen in Fig. 9.3. Finally, the fine lamellar eutectic observed
in IP2-AC was still evident in the microsctructure.

To investigate the temperature range of the NbsSn,Si phase, the IP2 alloy was
annealed at 1200 °C. The alloy was heat treated for 300 hours in order to ensure that

the composition was closest to the phase equilibrium. After heat treatment, the large
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area analysis showed that the average overall Sn content was ~12 at. %, confirming that
significant Sn was not volatilised and that the alloy remained in the same compositional
range. The typical microstructure of the IP2-HT-1200 °C /300h alloy is shown in Fig.
9.6. The XRD (Fig. 9.1) and EDS (Table 9.1) data confirm that the present phases were
the NbsSn and NbsSis. The XRD also suggested that only the aNbsSiz phase was
present. Regarding the NbsSn.Si, it can be deduced from the EDS and the XRD results
that it was not stable at 1200 °C at this composition. In the BSE images (Fig. 9.6) and
the X-Ray element maps (Fig. 9.7) it can be seen that no Snss remained, while the fine
eutectic between the aNbsSiz and the NbsSn was still evident. The Si/Sn ratio in
Nb3(Sn,Si) was ~0.4 while the Si+Sn content was ~23 at. %.

Due to the presence of Sn that melts at low temperatures, it is difficult to obtain
homogeneity in these alloys using the arc melting technique. In order to investigate the
equilibria between different phases and the stability of the phase fields, large area
analyses were performed and compared with the calculated phase diagram of Sun et al.
[71]. The areas analysed in IP2-HT-900 °C/100h are shown in Figure 9.8 (a). Taking
into account the segregation of Sn, especially for areas 2, 3 and 4 it can be seen that the
experimental results regarding the phase fields are in good accordance with the phase
diagram given by Sun et al [71], and as such although the sample shows segregation it
can be used to verify equilibrium phase fields.
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Table 9.1.

Data from EDS analysis for the composition of the phases in IP2-AC, IP2-HT-900 °C/100h,

IP2-HT-1200 °C/300h, IP3-AC, IP3-HT-900 °C/100h and IP3-HT-900 °C/200h.

Nb (at. %) Si (at. %) Sn (at. %)
IP2-AC
Nbs(Sn,Si) 73.9£0.3 13.5+£0.2 12.6+0.1
NbsSis 63.9£0.2 349+0.1 1.2+0.1
IP2-HT-900 °C/100h
Nbs(Sn,Si) 726%0.1 13.6£0.1 13.8+0.1
NbsSn,Si 60.7£0.2 13.6+£0.2 25.8+0.1
NbsSis 62.3+0.2 36.1+0.1 16+0.1
NbsSns 543%0.1 1.3+0.1 444 +0.1
IP2-HT-1200 °C/300h
Nbs(Sn,Si) 77.1+£0.1 6.1+£0.1 16.8+0.2
NbsSis 63.3£0.3 33.3+0.3 35+0.2
IP3-AC
Nbs(Sn,Si) 73.1+£0.1 139104 13.0+0.2
NbsSis 62.8 £ 0.6 354+0.2 1.8+0.2
NbsSn,Si 60.2+£0.3 13.4+0.1 26.4+0.3
IP3-HT-900 °C/100h
Nbs(Sn,Si) 749+0.2 126 +0.3 125+0.1
NbsSn,Si 61.5+0.4 13.2+£0.1 25.3+0.2
NbsSis 62.5+0.4 35.7+05 1.8+0.2
NbeShs 554+0.1 0.6x0.1 44.0+£0.1
IP3-HT-900 °C/200h
Nbs(Sn,Si) 748 +0.3 12.7+0.1 125+0.2
NbsSn,Si 62.3£0.2 12.7+£0.2 25.0+£0.5
NbsSis 63.5+0.5 35.0+05 1.4+0.2
NbeSns 53.7+0.3 05+0.2 458+0.1
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Fig. 9.2. BSE images of IP2-AC showing the macrosegregation of Sn (a) and

the fine lamellar eutectic between NbsSiz and NbsSn (a and b).
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Fig. 9.3. BSE image of IP2-HT-900 °C/100h.
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Fig. 9.4. (a) BSE image of IP2-HT 900 °C/100h and (b), (c), (d) X-ray line scan of Sn, Si, and Nb,
respectively.

...... R

Nb,Sn,Si

: A e £y i 2 T S PR B 3 ; 3

Fig. 9.5. (a) BSE image of IP2-HT-900 °C/100h and (b), (c), (d) X-ray element map of Nb, Si,

and Sn respectively. The interface between NbsSn,Si and Nb3(Sn,Si) is clear in Nb (b) and Sn
(d) maps.
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Fig. 9.6. BSE image showing the typical microstructure of 1P2-HT-1200 °C /300h.
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Fig. 9.7. (a) BSE image of IP2-HT-1200 °C /300h and (b), (c), (d) X-ray element map of Nb,
Sn, and Si, respectively. The dark area in (a) is the area that Sn occupied in the as cast alloy.
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Fig. 9.8. Area analyses of (a) IP2-HT-900 °C/100h and (b) IP3-HT-900 °C/200h. Due to
the presence of Sn that has low melting point, bulk equilibrium was difficult to achieve,

but the local equilibria were in good agreement with Sun et al. [71].
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9.2.2. Alloy Nb-18Si-17Sn (IP3)

As cast. From XRD (Fig. 9.9) and EDS data (Table 9.1) it can be seen that in IP3-
AC the phases that were present were Snss, Nb3(Sn,Si), pNbsSiz and NbsSnSi.
According to the XRD (Fig. 9.9) both the aNbsSiz and BNbsSis were present in the as
cast alloy. Macrosegregation of Sn (Fig. 9.10 (a)) and a fine eutectic structure consisting
of Nb3(Sn,Si) and NbsSis were again observed (Fig. 9.10 (b)). The NbsSn,Si phase
formed a zone between the solid solution of Sn and the Nbs(Sn,Si) phase (Fig. 9.10 (a)).
The compositions of the constituent phases in the IP3-AC are shown in Table 9.1. The
Si/Sn ratio in Nb3(Sn,Si) was ~1.1 while the Si+Sn content was ~26.9 at. %. The Sn
content in NbsSiz was 1.8 at. %. Sn and Si contents were slightly higher than the
stoichiometry in NbsSn,Si phase (26.4 at. % Sn-13.4 at. % Si).

Heat treated. The alloy was given 2 separate heat treatments; IP3 was heat treated at
900 °C for 100 h (IP3-HT-900 °C/100h) and subsequently for an extra 100 h to achieve
conditions closer to equilibrium (IP3-HT-900 °C/200h). In IP3-HT-900 °C/100h, XRD
(Fig. 9.9) indicates that all phases were still present, including both the aNbsSis and
BNbsSis. In addition, NbeSns formed in some areas next to the Sn solid solution and the
volume fraction of the NbsSnSi phase increased, as shown in Fig. 9.11. Microscopy
showed the fine eutectic between Nbs(Sn,Si) and NbsSiz was still evident. The
compositions of the constituent phases in IP3- 900 °C/100h can be found in Table 9.1.
The Sn content in NbsSiz was 1.8 at. %. In the Nbs(Sn,Si) phase the ratio Si/Sn was
approximately 1 and Si+Sn was 25.1 at. %. The Si content in NbeSns was ~ 0.6 at. %.
In NbsSn,Si the Sn and Si contents were 25.3 and 13.2 at. %, respectively.

Following additional 100 h heat treatment at 900°C (IP3-HT-900 °C/200h) the Snss
and NbeSns fractions were significantly reduced and in many areas of the specimen
only traces were observed. In contrast the fraction of NbsSn,Si increased (Fig. 9.12 and
9.13). The fine eutectic lamellar structure between Nb3(Si,Sn) and NbsSiz was again
still evident but according to XRD only the aNbsSiz phase remained. The composition
of phases is shown in Table 9.1. The Sn concentration in NbsSizwas ~ 1.4 at. %. The
Si content of remaining NbeSns was ~ 0.5 at. %. The NbsSn,Si phase was close to its
stoichiometric composition (62.3 at. % Nb- 25 at. % Sn-12.7 at. % Si).

145



Phase equilibria in Nb-Si-Sn ternary alloys at 900 °C and 1200 °C

Again, due to the partitioning of Sn (shown in the Sn X-ray element maps in Fig. 9.12
(b),(f)), area analyses of the IP3-HT-900 °C/100h were conducted in order to confirm
the phase equilibria in the ternary system from the local equilibria (Fig. 9.8 (b)). It can
be seen that all the experimental data (presented as points in the 900 °C Nb-Si-Sn

isotherm) are in good agreement with the calculated diagram by Sun et al. [71].
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Fig. 9.10. BSE images showing the microstructure close to the area of
Snss (a) and the fine eutectic (a and b) in the IP3-AC.
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Fig. 9.11. BSE images of IP3-HT-900 °C/100h microstructure
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Fig. 9.12. (a),(e) BSE images of IP3-HT-900 °C/200h, (b),(f) element maps of Sn, (c),(g)
element maps of Nb and (d),(h) element maps of Si.

150



Phase equilibria in Nb-Si-Sn ternary alloys at 900 °C and 1200 °C

—_ 1Mm
#4,5900 . 18mm

Fig. 9.13. BSE images of IP3-HT-900 °C/200h microstructure. Only traces of
Shss and NbgSns are evident in the microstructure
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9.3 Discussion

The ternary compound, NbsSn,Si, was observed in IP2 and I1P3 heat treated at 900°C
and IP3 AC. In IP2-AC the ternary phase was not observed. A possible explanation for
this is the lower content of Sn in the IP2 alloy (~ 13 at. %) compared with the IP3 alloy
(~ 17 at. %). Thus, alloy IP3 is lower in the tie-triangle and closer to the NbsSn,Si
phase, and as such will contain a greater amount of the phase. Microscopy showed that
NbsSn2Si primarily formed next to regions of Snss, forming a layer between Snss and
NbsSn. After heat treatment the volume fraction of NbsSn2Si increased. The interface
between NbsSn and NbsSn,Si was seen to advance in the direction of NbsSn, indicating
the diffusion of Sn to react with Nb3Sn. This, along with the simultaneous significant
reduction of the volume fraction of the solid solution of Sn, indicates the Sn reacting
with Nb3(Sn,Si) to form the NbsSn,Si phase. It is suggested that the reaction L(Sn) +
Nbz(Sn,Si) = NbsSn.Si occurs.

At 1200 °C the ternary NbsSn,Si was absent which agrees somewhat with the
modelling of Sun et al. [71]. However, the exact decomposition temperature of this
phase below 1200 °C was not established. The lack of the ternary phase at 1200 °C
disagrees with the results of Geng et al. [36] and Knittel et al. [151] who reported the
presence of this phase during oxidation at 1200 °C. This could be because the O
stabilises the ternary phase at higher temperatures. At 1200 °C, the Sn content in the
Nbsz(Sn,Si) and NbsSis phases was increased compared with the corresponding content
in the as-cast alloy, which is in line with the decomposition of the Sn solid solution, the
absence of the NbsSn,Si ternary compound and the fact that no significant volatilization
of Sn occurred. The Si/Sn in the Nbz(Sn,Si) ratio in the 1P2 alloy was significantly
reduced to about 0.4 while the Sn solubility in NbsSiz increased compared with the as-
cast as the Sn content rose from 1.2 to 3.5 at. %. The above indicate that the alloy
entered the two phase region between NbzSn and NbsSis [71].

According to the XRD data the aNbsSis co-exists with fNbsSiz in the as cast IP2 and
IP3, while in the 100 hours heat treated alloys BNbsSiz peaks were significantly
decreased. In the IP3-HT-900 °C/200h no trace of BNbsSis was observed, only aNbsSis
was seen. In IP2-HT-1200 °C/300h the BNbsSiz was also fully transformed to aNbsSis.
This indicates that PNbsSis is the primary phase that forms during solidification,
however aNbsSiz is the equilibrium phase at 900 and 1200 °C.
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The NbsSns phase was formed after the heat treatment adjacent to regions of Snss in
all the samples (except IP3-HT-900 °C/200 h). It showed negligible solubility of Si.
According to Toffolon et al. [28] it forms from the reaction L(Sn) + NbsSn = NbeSns
which occurs at 911 °C. This suggests that it is a metastable phase that forms from a
reaction between the areas of unreacted Sn and equilibrium NbsSn. Based on the
equilibrium phase diagram modelled by Sun et al. [71], the equilibrium phases in IP2
at 900 °C should be NbsSn, aNbsSiz and NbsSn,Si. The presence of Sn and NbeSns
indicate non-equilibrium conditions owing to the difficulties of forming homogenous
alloys using the arc melting technique, with elements with widely differing melting
temperatures. Despite the fact that bulk equilibrium was difficult to achieve, the local
equilibria were in good agreement with Sun et al. [71] (Fig. 9.8). In the case of IP3-
900 °C/300 h, heat treated for the longest period, the microstructure was closest to
equilibrium conditions, and as such only traces of Sn and NbsSns were present.

According to the phase diagram of Nb-Si-Sn by Sun et al. [71] the solubility of Si in
the NbsSn phase at 900 °C is up to ~ 6 at. %. In contrast, in the present study silicon
solubility was measured to be up to ~ 13 at. %. Results from the present work agree
with Galasso et al. [145] and Vellios and Tsakiropoulos [19]. The Si/Sn ratio in the
Nbsz(Sn,Si) phase in IP2 and IP3 (as cast and heat treated alloys) was approximately 1.

The suggested solidification path of IP2-AC based on the observed microstructure is
L = L + BNbsSiz =2 L + BNbsSis + Nb3(Sn,Si) )= L + BNbsSiz + Nbs(Sn,Si) + (NbsSisz
+ Nbz(Sn,Si))eutectic = Sn + PNbsSiz + Nbz(Sn,Si) + (NbsSiz + Nbs(Sn,Si))eutectic With
BNbsSis as the primary phase and some BNbsSiz = aNbsSis transformation taking place
during cooling as both aNbsSisz and BNbsSiz were observed in the as cast alloy . The
corresponding path for IP3-AC is suggested to be L > L + BNbsSiz = L + BNbsSiz +
Nb3z(Sn,Si) > L + BNbsSisz + Nb3(Sn,Si) + (NbsSiz + Nbs(Sn,Si))eutectic 2 L + BNbsSi3
+ Nb3(Sn,Si) + (NbsSiz + Nb3(Sn,Si))eutectic + NbsSn2Si=> Sn + BNbsSiz + Nbs(Sn,Si) +
(NbsSiz + Nb3(Sn,Si))eutectic + NbsSn2Si with some PNbsSiz = aNbsSis transformation,
asin IP2-AC.

The solidification path for IP2 and IP3 was calculated using the Scheil solidification
[152] model which is integrated in Thermo-Calc [153], using data from [71]. The
resulting path for both alloys was L = L + BNbsSiz = L + BNbsSiz + aNbsSis > L +
aNbsSiz + NbsSn = L + NbsSn—>L + NbsSn + NbsSn,Si=> Sn + NbsSn + NbsSn3Si
which is inconsistent with experimental data mainly regarding the absence of the 5-3

silicide in the final constitution of the as cast. This demonstrates the need to reoptimise
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the thermodynamic database according to the experimental data obtained in the present

work.

9.4 Conclusions

The as cast and heat treated alloys Nb-16Si-13Sn (IP2) and Nb-18Si-17Sn (IP3) were

investigated. The conclusions of this study are as follows:

e The microstructure of IP2-AC consisted of Nbs(Sn,Si), NbsSiz and Sn. After the
heat treatment at 900°C, Nbs(Sn,Si), NbsSiz, Sn, NbsSns and NbsSn,Si were
present. The equilibrium phases are considered to be Nbs(Si,Sn), aNbsSiz and
NbsSn,Si (Sn and NbeSns are metastable). After the heat treatment at 1200°C,
Nbs3(Sn,Si) and aNbsSis were present. The equilibrium phases are considered to be
Nbs3(Si,Sn) and aNbsSis.

e The microstructure of IP3-AC consisted of Nbs(Sn,Si), NbsSn,Si, NbsSis and Sn,
while after the heat treatments Nbs(Sn,Si), NbsSis, Sn, NbeSns and NbsSn.Si were
evident. The equilibrium phases are considered to be the same as in IP2 at 900 °C.

e The a(Nb,Ti)sSis co-existed with B(Nb,Ti)sSiz in the IP2-AC as well as in the IP3-
AC, while after the heat treatment for 100 hours the transformation (Nb, Ti)sSiz=>
a(Nb,Ti)sSis took place, with traces of B(Nb,Ti)sSiz being left. In the IP3-HT-900
°C/200h only the a(Nb,Ti)sSiz was present which suggests that in 200 hours all the
B(Nb,Ti)sSiz transformed to a(Nb,Ti)sSis.

e A fine eutectic structure between Nbz(Sn,Si) and NbsSiz was evident in the IP2 and

IP3 as cast as well as the heat treated alloys.

e The NbsSn,Si phase was present at 900 °C and absent at 1200 °C, indicating that
the phase decomposes below 1200 °C.
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10.1. Introduction

To date the binary phase diagrams of the constituent elements have been thoroughly
investigated experimentally and to the author’s knowledge there is no data on ternary
equilibria. As discussed in section 2.5.3, the Nb-Al system contains the phases NbAls,
NbsAl and Nb2Al [79]. The ab initio study of those intermetallics was presented in
chapters 6 and 7. The Nb-Sn system consists of NbSn,, NbeSns and NbsSn [28]
intermetallics. The ab initio study of this system was presented in chapter 5. The Sn-Si
system has no intermetallic phases. NbsAl and NbsSn are isomorphous (same A15
structure) and show complete solid solubility (NbsAlxSnix) [76]. Furthermore, the
existence of a ternary compound with the stoichiometry NbsSn,Al has been reported by
[75], but no comprehensive experimental data exist, especially regarding equilibrium
data and temperature range of stability. Similarly to the NbsSn.Si phase discussed in
Chapter 9, the NbsSnAl intermetallic is reported to have the WsSis structure type which
belongs to a wide range of ternary intermetallics (see chapter 8). It must be noted that
as no data exists for the NbsSn,Al phase, the reflections in XRD were calculated from
the lattice constants in [75] (Table B.2 in Appendix B).

The alloys IP4 (Nb-17Al -17Sn), IP5 (Nb-33Al-13Sn) and IP6 (Nb-16Al-20Sn) were
manufactured for the current study. The aim was to verify the stable phases (in
particular the NbsSn2Al compound) and establish the phase equilibria in the Nb-Al-Sn
ternary system.

10.2. Results

10.2.1. Alloy Nb-17Al -17Sn (IP4)

As cast. The microstructure of the Nb-17Al-17Sn as cast alloy (IP4-AC) can be seen
in Fig. 10.1 (a-b) and the compositions of the constituent phases are shown in Table
10.1. Primarily, large areas of NbsSn were observed, while in the grain boundaries three
other phases were formed; namely NbSnz, NbAlz and Nb2Al (Fig. 10.1 (a-b)). XRD
confirmed the presence of these 4 phases (Fig. 10.2). The content of Al in NbsSn was
~10 at. % while in NbSn; is ~7 at. %. The Sn content in NbAlz and Nb2Al was about 4
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at. % and 10 at. %, respectively. Areas of Sn-rich Nb2Al were evident (Fig. 10.1b) with
a Sn content of ~17 at. %. The Al/Sn ratio and Al+Sn sum in NbzSn were 0.66 and
25.51 at. % respectively.

Heat treated. The alloy was given 3 separate heat treatments; 100 h at 900 °C, 200 h
at 900 °C and 100 h at 1200 °C. In Fig. 10.1 (c-d) the microstructure after 100 hours at
900 °C is shown (IP4-HT-900 °C/ 100h). Similarly to the as cast sample, bulk areas of
NbsSn were evident, while at the grain boundaries NbAlz and Nb2Al were present in
addition to the NbsSn,Al ternary compound. NbSnz was not observed. XRD (10.2)
confirmed the presence of these phases.

EDS maps of the microstructure of IP4-HT-900 °C/ 100h are shown in Fig. 10.3.
Evidence of the ternary phase is clear in the Sn maps, where areas of high Sn
concentrations are observed. The ternary phase was close to its stoichiometric formula
61.5 at% Nb - 13.6 at% Al -25 at% Sn. The Al concentration in NbzSn was similar to
the as cast. The Al/Sn ratio and Al+Sn sum in NbsSn was 0.72 and 26.65 at. %,
respectively. In Nb2Al the Al concentration decreased by less than 4 at. %. Areas of Sn-
rich Nb2Al were again observed, with the Sn and Al contents being about 17 and 19 at.
%, respectively. The NbAls phase became poorer in Sn and was always surrounded by
areas containing NbsSn2Al (Figures 10.1 (d), 10.3).

IP4 was heat treated for a further 100 hours at 900 °C to see if equilibrium could be
achieved. The same constituent phases were present in the alloy IP4-HT-900 °C/ 200h
(Fig. 10.1 (e-f)). No significant changes occurred in the compositions of the phases
(Table 10.1). The Al/Sn ratio (0.75) and Al+Sn sum (26.72 at. %) for NbsSn was also
unchanged. However some features of the grain boundaries were altered. At the grain
boundaries only remnants of NbAls were evident. Pores were observed where NbAl3
previously existed (10.1 (f)). Comparing XRD patterns it appears that NbAlz peaks are
less intense after heat treatment while those attributed to NbsSn and Nb,Al are more
intense (Fig 10.2).

IP4 was also heat treated at 1200 °C for 100 hours. The microstructure consisted
primarily of two phases, Nb>Al and NbsSn. Areas of Sn-rich and very Sn-rich Nb2Al
phase were evident throughout the alloy, as can be seen in Fig. 10.1 (g-h). Sn content
varied between ~2-6 at. % and ~18 at. %. The Al content in NbsSn was ~9.5 at. %,
which was slightly less than in the as cast and the heat treated alloys at 900 °C. The
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ratio of Al/Sn was 0.61 and the Al+Sn sum 24.98 at. % in NbsSn, which was again

slightly less than measured in the as cast and 900 °C heat treated alloy.

Table 10.1

Data from EDS analysis for the composition of the phases in IP4-AC, IP4-HT-900 °C/100h,
IP4-HT-900 °C/200h and 1P4-HT-1200 °C/100h.

Nb (at. %) Al (at. %) Sn (at. %)

IP4-AC

NbsSn 745+06  102+06  154+0.3

NbAl; 259+04 70403  3.7+02

NbAl 595+03  30.7+03  9.8+0.4

NbSn; 349+03  65+05  58.6+05
Sn-rich NbAl 649+02 18003  17.1+0.3

IP4-HT-900 °C/100h

NbsSn 73.4+05 11.2+0.4 15.4+0.3
NbsSn Al 61.5+0.4 13.6 +0.5 249+0.3
NbAlI; 27.0+0.2 72.3+04 0.7+0.1
Nb2Al 65.9+0.2 251+0.3 9.0+0.2
Sn-rich NbAl 63.2+0.5 194 +0.3 17.3+0.3

IP4-HT-900 °C/200h

NbsSn 73.3+0.5 11.5+0.2 153+0.2
NbsSn2Al 62.5+0.5 13.0+0.1 245+0.3
NbAl; 264 +0.2 721+0.3 14+0.1
NboAl 65.8 +0.6 254 +0.2 88+0.1
Sn-rich NbAl 62.7+0.6 20.3+0.3 17.0+0.2

IP4-HT-1200 °C/100h

NbsSn 75.0+0.6 9.6+0.1 15.4+0.2

NboAl 62.4+0.6 35.6+0.3 20+0.1
Sn-rich NbAl 65.2+0.5 28.8+0.3 6.1+0.2
Very Sn-rich NbzAl 63.1+0.2 19.1+0.1 178+0.1
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10.2.2. Alloy Nb-33AI-13Sn (IP5)

As cast. The microstructure and the compositions of the phases present in the Nb-
35Al-11Sn as cast alloy (IP5-AC) can be seen in Fig. 10.4 (a-b) and Table 10.2,
respectively. The SEM images along with XRD (Fig. 10.5) confirm that four phases
were formed; namely NbzAl, NbAls, NbSn, and NbzAl, with NbzAl having the largest
volume fraction. In the NbzAl phase the Sn content was ~12 at. %, while in Nb2Al was
~7 at. %. Of all the aluminides, Sn showed the least solubility in NbAls of less than 2
at. %. The Sn/Al ratio in the NbsAl phase was ~0.7 while the sum of Al+Sn was ~29
at. %.

Heat treated. IP5-AC was given 3 separate heat treatments; 100 h at 900 °C, 300 h
at 900 °C and 100 h at 1200 °C. In Fig. 10.4 (c-d) the microstructure of the alloy after
heat treatment at 900 °C for 100 hours (IP5-HT-900 °C/ 100h) can be seen. Large areas
of NbzAl were again evident, as in the as-cast alloy, with the Sn/Al ratio increasing to
about 0.75 and Al+Sn to ~29 at. %. The NbsSn,Al ternary compound was formed along
with NbAlz and Nb2Al. The NbSn; intermetallic was again no longer present. The
composition of NbsSn,Al again was close to stoichiometry (61.9 Nb - 13.2Al -24.9Sn
at. %). The concentration of Sn in NbsAl, Nb2Al and NbAlz was similar to the as cast.
Al content was also similar, except for the Nb2Al where Al concentration was decreased
by ~4 at. %. Some areas of Sn-rich NbAl were again observed. The Sn and Al content

were more than 20 and 19 at. % respectively.

IP5 was heat treated for a further 200 hours at 900 °C (IP5-HT-900 °C/ 300h) to
achieve an equilibrium microstructure. Although a significant change in the
microstructure was seen (volume fraction of phases), no major change in compositions
was observed. NbzAl became the dominant phase, whereas only traces of the NbsAl
phases were found (Fig. 10.4 (e)). XRD showed less intense peaks for NbzAl,
confirming the SEM results (Fig. 10.5). At the grain boundaries NbAlz, NbsSn>Al and
Sn-rich Nb2Al were present (Fig. 10.4 (¥)).

The IP5-AC alloy was also heat treated at 1200 °C for 100 hours. Two phases were
present in the microstructure; NbAlz and Nb2Al. Areas of Sn-rich Nb2Al were evident
throughout the alloy, with larger volume fraction than the Nb2Al with lower Sn content
observed in the previous samples (Fig. 10.4 (g-h)). Compared with the as cast sample,

the NbAIs intermetallic had approximately the same composition, while NbAl was
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poorer in Sn by ~2.5 at. % (Table 10.2). The Sn content in the Sn-rich Nb2Al phase
decreased by ~3 at. % to ~17 at. % compared with the 900 °C heat treated alloys.
Neither NbSn2 or the ternary phase, NbsSn2Al, were observed. This suggests that
NbsSn2Al does not form at 1200 °C and therefore has a decomposition temperature
between 900-1200 °C, which is similar to the ternary phase NbsSnzSi, in the Nb-Si-Sn
system (Chapter 9).

Table 10.2

Data from EDS analysis for the composition of the phases in IP5-AC, IP5-HT-900 °C/100h,
IP5-HT-900 °C/300h and IP5-HT-1200 °C/100h.

Nb (at%) Al(at%) Sn (at %)

IP5-AC

NbsAl 708+06 17.1+04 121+03
NbAlI; 26.3+04 720x06 1.7%0.1
NboAl 582+04 344+x03 7402
NbSn: 315+15 48+04 63714

IP5-HT-900 °C/100h

NbsAl 71.3+06 164+04 123+0.2
NbsSn Al 619+04 132+01 249%04
NbAl; 269+04 724+06 0.7%0.1
NboAl 623+06 309+x02 68=%0.1
Sn-rich NbAl 60.2+0.6 195+02 203*04

IP5-HT-900 °C/300h

NbsAl 714+05 16704 11.9%0.2
NbsSnzAl 62.7+04 13.0%+03 243=*05
NbAlI; 266+02 732+x04 03%0.1
NboAl 61.1+03 336+x02 53%0.1
Sn-rich NbAl 61.2+05 181+02 20.7+0.2

IP5-HT-1200 °C/100h

NDbAI3 269+04 724+x04 0701
Nb2Al 628+04 324+05 4701
Sn-rich NbAl 626+05 201+04 173+0.3
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10.2.3. Alloy Nb-16AI1-20Sn (IP6)

As cast. In Fig. 10.7 (a-b) BSE images of the Nb-16Al-20Sn as cast alloy (IP6-AC)
are shown. Again, four intermetallics were identified in the microstructure; NbaSn,
Nb2Al, NbSn; and NbAlsz. The predominant phase was NbsSn. The other phases were
accumulated at the grain boundaries. In these area Sn-rich Nb2Al was also observed
(Fig. 10.7 (b)). Phase analysis was confirmed using XRD (Table 10.8). The
compositions of the aforementioned phases are given in Table 10.3. The concentration
of Al in NbsSn was ~9 at. %, while the Al/Sn ratio was ~0.5 and the Al+Sn sum less
than 26 at. %. The NbSn. phase contained ~6.8 at. % Al. NbAls, Nb2Al and the Sn-rich
Nb2Al contained ~1.6, ~7.7 and ~17 at. % Sn respectively.

Heat treated. The alloy was given 3 separate heat treatments; 100 h at 900 °C, 200 h
at 900 °C and 100 h at 1200 °C. After 100 hours at 900 °C (IP6-HT-900 °C/ 100h),
NbsSn, Nb2Al and NbAIs were still present along with newly formed NbsSnAl (Fig.
10.8 and Fig. 10.7c-d). The NbSn, was no longer observed. The NbsSn was again the
matrix phase, while the other phases were present at the phase boundaries (Fig. 10.7 (c-
d)). The Al content in NbzSn increased by about 1 at. % with the Al/Sn ratio increasing
to 0.55 and the Al+Sn sum less than 27 at. %. The NbsSn,Al was formed with its
formula being close to stoichiometry (Table 10.3). The bright areas in the X-ray element
map of Sn in Fig. 10.9 depict the areas where the ternary compound is present. Sn
concentration in Nb2Al decreased slightly, whereas in Sn-rich Nb2Al it increased, in
both cases by about 2 at. %. The NbAls intermetallic had a similar composition to the

phase in the as cast alloy.

The XRD pattern (Fig. 10.8) along with the EDS analysis (Table 10.3) confirmed
that after a further hundred hours at 900 °C (IP6-HT-900 °C/ 200h) the composition of
the constituent phases did not undergo any notable changes compared with IP6-HT-900
°C/ 100h. The same did not apply to the microstructure as a significant alteration took
place. The volume fraction of NbAl3z decreased considerably (Fig. 10.7 (e-f)). NbsSn
continued to be the matrix phase, whereas the rest of the phases again accumulated at

the grain boundaries.

The IP6-AC alloy was also heat treated at 1200 °C for 100 hours (IP6-HT-1200 °C/

100h). The microstructure was significantly altered after the heat treatment compared
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with the as cast. In the heat treated sample, only NbsSn (matrix) and Nb.Al were
observed. The NbSnz and NbAIlz were no longer present, while the dark areas were
pores (Fig. 10.7 (g-h)). Results were confirmed by XRD (Fig. 10.8). Nb2Al again
formed Sn-rich areas with larger volume fraction than the Nb2Al with low Sn content.
As it can be seen in Table 10.3, the composition of NbsSn was approximately the same
compared with the IP6-AC, with the Al/Sn ratio being 0.51 and Al+Sn concentration
sum being 26.6 at. %. Sn content in Nb2Al decreased by ~3 at. % to 4.6 at%, while in
Sn-rich Nb2Al Sn increased by ~4 at. % to ~21 at%.

Table 10.3

Data from EDS analysis for the composition of the phases in IP6-AC, IP6-HT-900 °C/100h,
IP6-HT-900 °C/200h and IP6-HT-1200 °C/100h.

NDb (at. %) Al (at. %) Sn (at. %)

IP6-AC

NbszSn 741+0.5 8.6+0.3 17.3+0.3

NbAl; 27.0+0.4 71.4+05 1.6+0.2

NboAl 60.2 + 0.6 321+04 7.7+0.2

NbSn: 30.2+0.9 6.8+0.2 63.0+1.3
Sn-rich NbAl 65.7 +0.6 171+0.3 172+0.3

IP6-HT-900 °C/100h

NbszSn 73.1+0.6 9.6+0.3 17.3+0.3
NbsSn Al 62.5+0.6 11.9+0.3 25.6 +0.4
NbAlI; 27.8+0.5 71.0+£0.5 12+01
Nb2Al 60.5+0.4 341+04 53+0.2
Sn-rich NbAl 64.3+0.5 16.2+0.3 195+0.2

IP6-HT-900 °C/200h

NbszSn 734+04 9.4+0.2 17.3+0.3
NbsSn Al 62.8+0.4 123+0.2 249+0.3
NbAlI; 26.8+0.3 72.3+0.3 09+0.1
Nb2Al 61.7+0.5 329+0.4 54+01
Sn-rich Nb,Al 64.2+0.5 171+0.3 18.7+0.2

IP6-HT-1200 °C/100h

NbsSn 74.0+0.6 85%0.3 175+0.3
Nb2Al 60.3+0.4 35.1+0.3 46+0.2
Sn-rich NbAl 625+04 16.2+0.3 21.3+0.3
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10.3. Discussion

All the as-cast alloys in the present study contained NbSnz, NbAlz, Nb2Al and NbsSn (P4, 1P6)
or NbsAl (IP5). The NbSn, phase was formed to be metastable, disappearing after heat treatment
at 900 and 1200 °C. For the alloys IP4 and IP6 after heat treatment at 900°C for 200 hours the
fraction of NbAIlz diminished significantly, thus it is concluded that this phase was also metastable
at the given compositions. For the IP5 alloy, only remnants of NbsAl were present after 300 hours
of annealing at 900°C, indicating that it was not an equilibrium phase. The solubility of Al in the
NbSn; ranged from 4.8 at. % (IP5) to 6.8 at. % (IP6). In NbAlsz and Nb2Al the solubility of Sn was
found to be up to 3.65 at. % (IP4) and 9.77at. % (IP4) respectively. In IP4 and IP6 Sn-rich areas
of Nb2Al were observed with Sn solubility up to about 18 at. % (IP4), whereas in IP5 no such areas
were noticed. In both 1P4 and IP6 the Al/Sn ratio in NbaSn increased after the heat treatment at
900 °C, whereas it remained constant after the heat treatment at 1200 °C, compared with the as-
cast alloys. In IP5 there was no significant change in the Sn/Al ratio in NbsAl after the heat
treatment at 900 °C. The Sn+Al sum in A15 phases (NbsSn and NbsAl) in IP4 and IP6 was ~25-
26 at. %, while in IP5 it was ~29 at. %.

It is clear that the NbsSn2Al compound was present in all the heat treated specimens at 900 °C.
It primarily formed in the grain boundaries, co-existing in most cases with NbAlz and Nb2Al. The
ternary compound was however not formed at 1200 °C. This suggest that the phase is stable up to
a temperature between 900 and 1200 °C. Its stability appears to be similar to the ternary phase
NbsSn,Si (Chapter 9). Its composition was found to be close to stoichiometry, which suggests that

it behaves as a line compound, similarly to the NbsSn;Si phase.

The solidification paths have been deduced based on the as cast microstructure. In the as cast
IP4 and IP6 alloys, as the primary NbsSn solidified from the melt, the remaining liquid became
leaner in Sn but richer in Al near NbaSn. Thus Nb>Al was formed at the grain boundaries, along
with Sn-rich areas between Nb.Al and NbsSn. After that and as the melt was still rich in Al the
NDbAI3z phase was formed again in the grain boundaries, whereas the last phase to solidify was
NbSn; as the melt became leaner in Al and richer in Sn. It is suggested that the solidification path
of IP4 and 1IP6 was L—L+NbsSn—L+NbsSn+NbzAl— L+NbsSn+NbAl+NbAl;—
NbsSn+Nb2Al+NbAIls+NbSn2. On the other hand, in the as cast IP5 alloy the NbsAl solidified first
and closely after that the Nb2Al. At that point the melt was still rich enough in Al to produce NbAl3
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whereas after that it became leaner in Al and richer in Sn, thus allowing the formation of the NbSn..
The suggested solidification path of IP5 was L—L+NbsAl->L+NbsAl+NbAl—
L+NbsAl+Nb2Al+NbAI;— NbsAl+Nb2Al+NbAlz+NbSn;

10.4. Conclusions

The as cast and heat treated alloys Nb-17Al-17Sn (IP4), Nb-33Al-13Sn (IP5) and Nb-16Al-20Sn
(1P6) were investigated. The conclusions of this study are as follows:

e The equilibrium phases in IP4 and 1P6 at 900 °C are NbsSn, NbsSn.Al and Nb2Al. The primary
phase is NbsSn. The NbsSn>Al and Nb2Al form at the grain boundaries.

e The equilibrium phases in IP4 and IP6 at 1200 °C are NbsSn and Nb,Al. The primary phase is
NbsSn. The Nb2Al forms at the grain boundaries.

e The equilibrium phases in IP5 at 900 °C are Nb2Al, NbsSn,Al and NbAls. The primary phase
is Nb2Al. The NbsSn2Al and NbAlz form at the grain boundaries.

e The equilibrium phases in IP5 at 1200 °C are Nb,Al and NbAls. The primary phase is NbzAl.

The NbAlI3 forms at the grain boundaries.

e The Nb2Al shows a high solubility for Sn, reaching up to 21 at. % in the Sn-rich areas. Based

on EDS analysis it is concluded that Sn substitutes for Al atoms.
e Tin and Al substitute for each other in the A15 phase (NbzAl and NbsSn)

e Tin shows limited solubility in NbAls, not exceeding ~3.6 at. %. Similarly to Nb2Al, Sn
substitutes for Al atoms.

e The solubility of Al in NbSn. varies from ~4.8 to ~6.8 at. %.

e The NbsSn2Al is a ternary intermetallic which decomposes somewhere between ~900 and

~1200 °C and it can be treated as a line compound.

e The solidification path for all the alloys was:
L—>L+A15—>L+A15+Nb2Al->L+A15+Nb2Al+NbAlz— A15+Nb2Al+NbAlz+NbSn;.
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11.1. Introduction

To date the binary phase diagrams of the constituent elements have been thoroughly investigated
experimentally. The Nb-Sn system consists of NbSn2, NbeSns and NbsSn intermetallics [28]. The
ab initio study of these phases was presented in chapter 5. The intermetallic phases in the Ti-Sn
system are TisSn, Ti2Sn, TisSns, TieSns and Ti>Snz [77]. No binary phases exist in the Nb-Ti
system [70]. Limited ternary data exists which reports that Ti substitutes for Nb atoms in NbsSn
at 700 °C [154], 1200 °C [19, 30] and 1600 °C [155]. A single pseudo binary at 1600 °C between
NbsSn and TisSn has been published [155]. Changes in phases and lattice parameters as Nb is
replaced by Ti are given [155]. Holeck et al. report that the solubility limit of Ti in NbsSn is 45 at.
%. Above this a two phase mixture of NbsSn and TisSn was observed [155].

The alloys IP7 (Nb-10Ti-18Sn), IP8 (Nb-13Ti-3Sn), IP9 (Nb-40Ti-23Sn) and 1P10 (Nb-39Ti-
40Sn) were manufactured in the current research. The motivation of this work was to verify the

stable phases and the phase equilibria in the Nb-Ti-Sn ternary system.

11.2. Results

11.2.1. Alloy Nb-10Ti -18Sn (IP7)

As cast. The microstructure of the Nb-10Ti -18Sn as cast alloy (IP7-AC) can be seen in Fig. 11.1
(a-b), while the compositions of the constituent phases are shown in Table 11.1. Primarily, large
areas of NbsSn were observed (bright areas). Within NbsSn, Nb solid solution (Nbss, grey areas)
was formed along with Ti-rich regions (dark areas) at the grain boundaries. EDS and XRD were
not conclusive owing to the low volume fraction of the phase. The content of Ti and Sn in NbsSn
was 9.2 and 18.4 at. % respectively. In the Nbss the amount of Ti and Sn substitution was 9.3 and
10 at. %, respectively, making the Ti/Sn ratio ~1.

Heat treated. The alloy was given 4 separate heat treatments; 200 h at 900 °C, 300 h at 900 °C
and 200 h at 1200 °C and 300 h at 1200 °C. In Fig. 11.1 (c-d) the microstructure of the alloy after
200 hours at 900 °C is shown (IP7-HT-900 °C/ 200h). There was no significant change in the
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microstructure. Bulk areas of NbsSn remained. The Nbss was again present and some precipitation
of Ti (dark spots) at the grain boundaries was seen. As it can be seen in Table 11.1 the composition
of Nb3Sn was approximately the same as in the as cast alloy. In Nbss the Ti content increased to
11.4 at. % whereas the Sn content reduced slightly. The Ti/Sn ratio for Nbss reached ~1.2. The
similarity of the heat treated alloy to the as cast was confirmed by XRD (Fig. 11.2).

Due to the low volume fraction of the areas of dark phase, EDS could not be used. Thus the IP7-
HT-900 °C/ 200h was heat treated for a further 100 h at 900 °C. This was also done to ensure that
equilibrium conditions were met. In Fig. 11.3 X-ray element maps of the IP7-HT-900 °C/ 300h
alloy are shown. Titanium and Sn maps indicate that the dark contrast phase formed at the grain
boundaries contains more Ti and Sn and less Nb than the other phases. After the heat treatment the
dark contrast phase coarsened and as such the composition could be measured using EDS. EDS
analysis confirmed that the phase was TisSn (Table 11.1). The Nb content in the TisSn was 19.5
at. % and the Sn content was close to stoichiometry at just over 24 at. %. The composition of
NbsSn was similar to that measured in IP7-HT-900 °C/ 200h. The Nbss in contrast was poorer in
Ti (8.6 at. %) and richer in Sn (11 at. %). The Ti/Sn ratio was approximately 0.8. Images of the
microstructure of the IP7-HT-900 °C/ 300h are shown in Fig. 11.1 (e-f).

The IP7-AC was heat treated at 1200 °C for 100 hours. The microstructure consisted of Nbss,
NbsSn and Tiss (Fig. 11.1 (g-h)). Morphologically there was a notable difference in the areas of
the Tiss in the grain boundaries between NbzSn and the solid solution as the dark spots (Tiss) were
evidently coarsened compared with the corresponding areas of the as cast and heat treated at 900
°C samples. Niobium and Sn contents in Tiss were 19.4 and 5 at. %, respectively. The Ti content
in NbsSn was ~8.8 at. %, while the Sn concentration was 18.7 at. %. The composition of Nbss
changed dramatically. The Sn content decreased to 3.1 at. % and the Ti content to 6.1 at. %. The

resulting Ti/Sn ratio was ~2.

To ensure the alloy was at equilibrium, the IP7-HT-1200 °C/ 100h alloy was heat treated for a
further 200 hours. In Fig. 11.1 (i-j) it can be seen that again NbzSn makes up the matrix. Nbss and
Tiss also formed. Tiss was confirmed by XRD (Fig. 11.2). In the Nbss there was precipitation of Ti
to the grain boundaries. The Tiss and Nbss areas are evident in the Ti and Nb maps respectively
(Fig. 11.4). Titanium and Sn contents in NbsSn were 9.4 and 18.6 at. % respectively, while in Nbss

the corresponding values were 7.1 and 2.7 respectively with the Ti/Sn ratio being ~2.6. Lastly, in
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Tiss the Nb and Sn concentrations were about 19.6 and 5.5 at. % respectively. In Fig. 11.4 the X-
ray element maps of the IP7-HT-1200 °C/ 300h alloy are shown. The dark areas in the BSE image
(Tiss) were richer in Ti and poorer in Nb and Sn than the other phases. Compositions of these areas

from EDS are given in Table 11.1 and confirm this result.

Table 11.1.

Data from EDS analysis for the composition of the phases in IP7-AC, IP7-HT 900 °C/200h, IP7-HT-900
°C/300h, IP7-HT-1200 °C/100h and IP7-HT-1200 °C/300h.

Nb (at %) Ti (at %) Sn (at %)
IP7-AC

NbsSn 724+0.2 9.2+£0.2 18.4+0.1

Nbss 80.8+0.2 9.3+0.1 9.9+0.1
IP7-HT-900 °C/200h

Nbs3Sn 728+0.2 89+0.2 18.3+£0.2

Nbss 79.4+0.1 11.4+0.2 9.2+0.1
IP7-HT-900 °C/300h

NbsSn 73.0£0.2 8.6+0.1 18.4+0.1

Nbss 80.5+0.2 8.6+0.1 109+0.1

TisSn 195+£1.6 56.4+1.4 241+1.4
IP7-HT-1200 °C/100h

NbsSn 725+0.3 8.8+0.2 18.7+£0.2

Nbss 90.8+0.1 6.1+£0.2 3.1+£0.2

Tiss 19.4+25 75.7+2.6 50+0.9
IP7-HT-1200 °C/300h

NbszSn 720+0.3 9.4+0.2 18.6 +0.2

Nbss 90.2+0.3 7.1+0.2 2.7+0.2

Tiss 19.6+1.6 75.0+1.9 55+0.6

174



Phase equilibria in Nb-Ti-Sn ternary alloys at 900 °C and 1200 °C

TsSUl1EL 2ok “ ¥ sU1E28 2BKy

Fig. 11.1. BSE images of IP7-AC (a-b), IP7-HT-900 °C/200h (c-d), IP7-HT-900 °C/300h (e-f),

IP7-HT-1200 °C/100h (g-h) and IP7-HT-1200 °C/300h (i-j) 175



Phase equilibria in Nb-Ti-Sn ternary alloys at 900 °C and 1200 °C

A
n # TisSn
A A  NbiSn
| m  Nb,
| f @ Ti.
A || |
j ‘
| | " A
| | | : L 0
| | K "" fl JI | ".| A
f \ A 01 A it
IP7-HT-1200 C/300h | ~_ ;l )'| il £ Al SV Al
e = TR | PR, w it bl W et
|| A ", A
| T A '. | | F L
(1] m A ] ﬁ ‘,_tlt A
IP7-HT-1200 °C/100h  ~,__ A | A j ALV P A
LT PN Tpp— --,’ | LT NP T R Y e L T |
jllf ‘ : ¢a A m A "":
IPT-HT-900°C/300h | oo | % o ma o WA
i
A | A A F
I 4 i
| ] \ f FY AR
IP7-HT-900 °C/200h | Jo A . A "“___
A
A
A A A A
[ m A AN
IP7-AC
20 3 4 s e 70 8 90
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Fig. 11.3. X-ray element maps of IP7-HT-900 °C/300h

Fig. 11.4. X-ray element maps of IP7-HT-1200 °C/300h
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11.2.2. Alloy Nb-13Ti -3Sn (IP8)

As cast. The microstructure of the Nb-13Ti -3Sn as cast alloy (IP8-AC) consisted of only a
single phase, Nbss as it can be seen in Fig. 11.5 (a-b) and confirmed by the XRD (Fig. 11.6). In
Table 11.2 the composition of the solid solution is shown which coincides with the alloy

composition. The Ti and Sn contents were 13.9 and 3.2 at. %, respectively.

Heat treated. The alloy was given 4 separate heat treatments; 100 h at 900 °C, 300 h at 900 °C
and 100 h at 1200 °C and 300 h at 1200 °C. The microstructure of the alloy heat treated at 900 °C
for 100 hours (IP8-HT-900 °C/ 100h) in shown in Fig. 11.5 (c-d). The microstructure consisted of
Nbss with some partitioning of Ti (dark areas) to the grain boundaries. The Ti content in Nbss was
slightly reduced from 13.9 (as-cast) to 13.6 at. %. In order to make sure that the equilibrium state
was reached as well as to be conclusive as to the composition of the dark contrast areas, IP8-HT-
900 °C/ 100h was heat treated for a further 200 hours. The Ti at the grain boundaries did not
undergo significant coarsening, as it can be seen in Fig. 11.5 (e-f). The Ti content in the solid
solution further decreased to 13.2 at. % (Table 11.2). In the XRD patterns of the IP8-HT-900 °C/
100h and the IP8-HT-900 °C/ 300h (Fig. 11.6) only the Nbss was evident most probably owing to

the small volume fraction of Tiss.

The IP8-AC was heat treated at 1200 °C for 100 hours (IP8-HT-1200 °C/ 100h). Again bulk
Nbss and Ti at the grain boundaries were observed (Fig. 11.5 (g-h) and Table 11.2). The
concentration of Ti in Nbss was lower than in the as cast by more than 1 at. %. The amount of Sn
was similar. The sample was heat treated for a further 200 hours. The Ti at the grain boundaries
coarsened (Fig. 11.5 (i-j)) and the Ti content in the solid solution was reduced slightly (by 0.7 at.
%), a fact indicative of the partitioning of Ti to the grain boundaries. The X-ray element maps of
the microstructure are shown in Fig. 11.7. It is clear that the dark areas in the BSE image are Ti
rich (bright areas in Ti map) and poor in Nb and Sn (dark areas in Nb and Sn maps), indicating
that the phase is Tiss. The darker areas within Nbss (Fig. 11.5 (i-j)) were Nbss slightly richer in Ti
(~1 at. % richer than the regular Nbss). The EDS and XRD analysis (Fig. 11.6) did not provide

conclusive evidence of this phase due to its low volume fraction.
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Table 11.2.

Data from EDS analysis for the composition of the phases in IP8-AC, IP8-HT-900 °C/100h, IP8-HT-900
9C/300h, IP8-HT-1200 °C/100h and IP8-HT-1200 °C/200h. Note: Tiss features were too small to analyse

Nb (at %) Ti (at %) Sn (at %)
IP8-AC
Nbss 829+0.1 13.9+0.1 32101
IP8-HT-900 °C/100h
Nbss 83.4+0.1 13.6+£0.2 3.0+£01
IP8-HT-900 °C/300h
Nbss 83.6+0.1 13.2+£0.2 3.2+0.2
IP8-HT-1200 °C/100h
Nbss 84.0+0.1 12.7+£0.2 3.3+0.1
IP8-HT-1200 °C/200h
Nbss 84.7+0.1 12.0+0.2 3.2+0.1
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11.2.3. Alloy Nb-40Ti -23Sn (IP9)

As cast. In Fig. 11.8 (a-b) the microstructure of the as-cast Nb-40Ti-23Sn (IP9-AC) alloy is
shown. TizSn and NbsSn were present, with NbsSn being the primary phase (brighter areas) and
TisSn formed in the grain boundaries (darker areas). These phases were confirmed by XRD (Fig.
11.9). Tiand Sn contents in NbaSn were about 32.6 and 20.7 at. %, respectively, whereas Nb and
Sn contents in TisSn were ~15.3 and ~25.4 at. %, respectively (Table 11.3). Between TizSn and
NbsSn there were always areas of Nb-rich TisSn (grey contrast areas) within which the Nb content

was ~30 at. %, while the Sn concentration was approximately 24 at. %.

Heat treated. The alloy was given 4 separate heat treatments; 100 h at 900 °C, 200 h at 900 °C
and 100 h at 1200 °C and 200 h at 1200 °C. After the heat treatment at 900 °C for 100 hours (IP9-
HT-900 °C/ 100h), there were no noticeable differences in the phases present or morphology of
the microstructure compared with the as-cast alloy (Fig. 11.8 (c-d)). The compositions of the
constituent phases did not vary significantly. Niobium-rich TisSn was still present along with
NbsSn and TisSn. The TisSn intermetallic was poorer in Nb and richer in Ti, both by ~2.5 at. %
(Table 11.3). In contrast, the concentration of Ti in NbsSn was lower, and the Nb content higher,
both by approximately 2 at. %. The IP9-HT-900 °C/ 100h was heat treated for an additional 100 h
in order to attain equilibrium. The microstructure again consisted of the same phases (Fig. 11.8 (e-
f)), confirmed by XRD (Fig. 11.9). The composition of the phases was similar to the previous
sample (Table 11.3). In both the IP9-HT-900 °C/ 100h and IP9-HT-900 °C/ 200h, the borders
around the TisSn intermetallic were significantly darker indicating higher Ti content (Fig. 11.8
(f)). The IP9-AC was heat treated at 1200 °C for 100 hours. There were no substantial alterations
in the microstructure or phases compared with the as cast alloy, as it is shown in Fig. 11.8 (g-h)).
Titanium content in TisSn increased by ~4 at. % and the Nb content decreased by the same amount.
In NbsSn the Ti content decreased by ~1.5 at. %, whereas Nb content was increased by about 1 at.
%. The Nb-rich TisSn areas became poorer in Ti by ~1 at. % and richer in Nb by ~1.7 at. %,
compared with the as cast alloy. The IP9-HT-1200 °C/100h was heat treated for a further 100
hours. Again no significant changes in the microstructure occurred (Fig. 11.8 (i-j)). EDS showed
no noteworthy changes in compositions (Table 11.3). The XRD diffractograms of IP9-HT-1200
°C/100h and 1P9-HT-1200 °C/200h alloys were very similar (Fig. 11.9).
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Table 11.3.

Data from EDS analysis for the composition of the phases in IP9-AC, IP9-HT-900 °C/100h, IP9-HT-900

°C/200h, IP9-HT1200 °C/100h and 1P9-HT-1200 °C/200h.

Nb (at %) Ti (at %) Sn (at %)
IP9-AC
NbsSn 46.7+0.1 326+0.2 20.7+0.2
TisSn 153+04 59.2+04 255+0.3
Nb-rich TisSn 295+04 46.8+0.5 23.7+05
IP9-HT-900 °C/100h
NbsSn 485+0.2 30.8+0.2 20.7+0.1
TisSn 129+0.2 61.6+0.3 25.6+0.2
Nb-rich TisSn 30.2+0.3 46.2+0.3 23.6+0.3
IP9-HT-900 °C/200h
NbsSn 48.7+0.2 305+0.3 20.8+0.2
TisSn 134+04 61.4+0.4 25.2+0.3
Nb-rich TisSn 30.8+0.5 46.1+0.4 231+04
IP9-HT-1200 °C/100h
NbsSn 476+0.1 31.1+0.2 21.3x0.1
TizSn 114+04 63.4+0.3 252+0.2
Nb-rich TisSn 31.2+0.6 45.6 0.5 23204
IP9-HT-1200 °C/200h
NbsSn 478+0.1 314+01 20.8+0.2
TizSn 11.3+04 63.5+0.2 253+0.2
Nb-rich TisSn 309+05 459+0.4 23204
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Fig. 11.9. XRD diffractograms of IP9-AC, IP9-HT-900 °C /100h, IP9-HT-900 °C /200h, IP9-
HT-1200 °C /100h and IP8-HT-1200 °C /200h. The very large peak at ~85° most possibly is
due to the preferential orientation due to the method used (bulk sample analysis)

11.2.4. Alloy Nb-39Ti -40Sn (IP10)

As cast. From the BSE images of IP10-AC (Fig. 11.10 (a-b)) it is evident that three phases were
present. As it was confirmed by the XRD (Fig. 11.11) and EDS analysis, these were NbzSn
(brighter grains) and TieSns (darker areas) with Nb-rich TieSns areas (grey areas) having the
highest volume fraction. The compositions of the phases are given in Table 11.4. The Ti content
in Nb3Sn was 28.6 at. % while the Nb content was 45.7 at. %. The Nb content varied from 9.2 in
TieSns to 16.7 at. % in Nb-rich TiegSns.
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Heat treated. The alloy was given 3 separate heat treatments; 100 h at 900 °C, 200 h at 900 °C
and 200 h at 1200 °C. After 100 h at 900 °C there was partitioning of Ti in Nb3Sn to the grain
boundaries between NbsSn and Nb-rich TisSn5 (Fig. 11.10 (c-d)). The composition of the Ti-rich
areas (dark areas) could not be measured using EDS as there were too small. The XRD analysis of
IP10-HT-900 °C/100h indicated that it was TisSn. After heat treatment the volume fraction of the
regular TieSns decreased significantly. Compared with the as-cast alloy, the composition of the
NbsSn and Nb-rich TieSns did not undergo any considerable changes (Table 11.4), while the

regular TieSns became about 2.5 at. % richer in Ti and 2 at. % poorer in Sn.

IP10-HT-900 °C/100h was heat treated for an additional 100 hours at 900 °C. As it can be seen
in Fig. 11.10 (e-f), the dark areas at the grain boundaries of NbsSn coarsened significantly, and
thus they were analysed by EDS. The EDS confirmed that the dark phase was TizSn with Nb and
Ti contents of 14.5 and ~60 at. %, respectively. According to the BSE images only traces of the
regular TigSns were present. Compared with the IP10-HT-900 °C /100h, no significant alterations

of the chemical compositions of the present phases were noted.

IP10-AC was heat treated at 1200 °C for 200 hours. The microstructure consisted of Nb-rich
TieSns, NbaSn and TisSn with remnants of regular TisSns, as can be seen in the BSE images in Fig.
11.10 (g-h) and XRD in Fig. 11.11. In Fig. 11.12 the X-ray element maps of the IP10-HT-1200
9C/200h are shown, which clarify the presence of the aforementioned phases. The Ti element map
highlights the location of phases in the microstructure. The brightest areas are TizSn whereas the
darkest areas are NbsSn. The TisSns and Nb-rich TieSns can also be distinguished by their
brightness in the Ti map (the latter being darker than TisSns regions). Compared with the 1P10-
AC, NbsSn was considerably poorer in Ti and correspondingly richer in Nb by approximately 5
at. %. TieSns was poorer in Ti by ~2 at. % and richer in Nb by ~3 at. %. Regarding the Nb-rich
TieSns, the Sn content was about 1.3 at. % higher with respect to the IP10-AC. In Ti3Sn the Sn
content was 26.1 at. %, while Ti and Nb were 58.8 and 15.1 at. %, respectively.
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Table 11.4. Data from EDS analysis for the composition of the phases in IP10-AC, IP10-HT-900
°C/100h, IP10-HT-900 °C/200h and 1P10-HT-1200 °C/200h.

Nb (at %) Ti (at %) Sn (at %)
IP10-AC
Nb3Sn 45.7+0.2 28.6 £0.3 25.7+0.2
Nb-rich TisSns 16.7+£0.1 41.1+0.3 422+0.2
TieSns 9.2+0.38 51.8+15 39.0+15
IP10-HT-900 °C /100h
Nb3Sn 45.9+0.3 28.3+0.2 25.8+0.2
Nb-rich TisSns 16.5+£0.2 41.2+0.2 423+0.2
TisSns 88105 543+1.3 36.9+1.2
IP10-HT-900 °C /200h
NbsSn 46.5+0.5 27.3+0.5 26.2+0.5
Nb-rich TisSns 17.1+£0.1 40.2+0.3 42.7+0.2
TisSns 9.0+1.1 529+15 38.1+1.6
TisSn 145+15 59.8+2.2 25.7+2.4
IP10-HT-1200 °C /200h
NbsSn 50.5+0.3 23.8%0.2 25.7+0.3
Nb-rich TisSns 16.1£04 404+0.8 435+0.9
TisSns 12205 50.0+0.5 378105
TisSn 15.1+£0.7 58.8+0.9 26.1+0.6
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Fig. 11.10. BSE images of in in IP10-AC (a-b), IP10-HT-900 °C/100h (c-d), IP10-HT-900
9C/200h (e-f) and IP10-HT-1200 °C/200h (g-h)
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Fig. 11.11. XRD diffractograms of IP10-AC, IP10-HT-900 °C /100h, IP10-HT-900 °C /200h
and IP10-HT-1200 °C /200h

Nb-rich TigSny

Fig. 11.12. X-ray element maps of IP10-HT-1200 °C/200h
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11.3. Discussion

Regarding the IP7 alloy the suggested equilibrium at 900 °C is Nbss, Nb3Sn and TizSn, while at
1200 °C it is Nbss, Nb3Sn and Tiss. The Nbss shows a striking compositional variation between 900
and 1200 °C. It was considerably richer in Nb at 1200 °C by ~10 at. % compared with the 900 °C,
while it was poorer in Ti and significantly poorer in Sn by about 1.5 and 8 at. %, respectively. At
900 °C the Ti/Sn ratio of Nbss decreased as the hours of heat treatment increased, mainly due to
the decrease in Ti content, a fact that agrees with the precipitation of Ti to the grain boundaries to
form TisSn. Also considerable coarsening of the TisSn, which was always formed in the grain
boundaries, took place as the heat treatment time increased. Hence, it is suggested that Ti moves
from the solid solution to form the TisSn phase at 900 °C. On the contrary, the Ti/Sn ratio of Nbss
increased as the hours of heat treatment increased at 1200 °C. Furthermore, the compositions of
NbsSn and TisSn in all the IP7 specimens investigated indicate that it is more probable for Ti to
substitute Nb as the Sn content was found constant in NbsSn and TisSn at ~18 at. % and ~25 at.
%, respectively which correspond well with the typical compositions of the aforementioned phases
in the literature [28, 77]. In the IP7-AC alloy the primary phase formed was Nbss. After that the
melt became richer in Sn, leading to the formation of NbsSn. It is suggested that the solidification
path was L—L+Nbss—Nbss+NbzSn.

Considering the IP8 alloy, the primary phase formed was Nbss along with some Tiss evident after
the heat treatments at 900 °C and 1200 °C. Compared with the as-cast alloys in both IP8-HT-900
°C/300h and IP8-HT-1200 °C/200h the Ti content decreased by ~0.7 at. % and ~2 at. %
respectively. Furthermore, in both cases the Tiss volume fraction increased after the heat treatment
at the grain boundaries of the solid solution. Thus, it can be suggested that Ti moves from Nbss to
the grain boundaries to form Tiss. According to the Nb-Ti phase diagram [70] in the vicinity of the
IP8 composition the microstructure should consist of only Nbss. These results suggest that despite
its low content, Sn presence causes Ti to partition from Nbss. This suggests that in the ternary phase
diagram one would expect a miscibility gap to exist between Nbss and Tiss in the presence of Sn,

which may have implications for alloy design.

In the IP9 alloy the suggested equilibrium phases at 900 °C and 1200 °C are NbzSn and TizSn.
After heat treatment at both temperatures, the TizSn was richer in Ti (~2 at. % at 900 °C and ~4
at. % at 1200 °C) and correspondingly poorer in Nb compared with the as-cast alloy. On the other
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hand, NbsSn and Nb-rich TizSn areas became slightly poorer in Ti and richer in Nb. The above
indicates that Ti diffuses from NbsSn to TizSn during annealing. Tin content in NbsSn and TisSn
was ~ 21 at. % and 26 at. %, respectively, in all the samples. It is suggested that Ti mainly
substitutes Nb in Nb3Sn and Nb substitutes Ti in TisSn. This confirms the work of Velios and
Tsakiropoulos [19] and Wang et al. [154] who reported the substitution of Ti on the Nb site in Nb-
Ti-Si-Sn and Nb-Ti-Sn alloys, respectively. However the substitution of Nb in TizSn conflicts with
the results of Holleck et al. [155].

In the IP9-AC the primary phase formed was NbsSn. As this phase formed the melt became
richer in Ti, and thus TisSn would subsequently form. Hence the suggested solidification path is
L—L+Nb3Sn—L+Nb3Sn+TisSn— NbzSn+TisSn+ Nb-rich TisSn with Nb-rich TisSn being
formed by the reaction L+NbzSn— Nb-rich TizSn.

In IP10 it is suggested that the equilibrium phases at 900 and 1200 °C are NbsSn, TizSn and Nb-
rich TisSns. After heat treatment at 900 and 1200 °C the Ti content in the Nb3zSn decreased by ~1
at. % and ~4.5 at. %, respectively. Furthermore, TisSn always formed at the grain boundaries of
NbsSn. These results indicate that Ti partitioning occured from NbaSn to Nb-rich TieSns leading
to the formation of Ti3Sn at the grain boundaries. In both NbaSn and TisSn the Sn content was
approximately 26 at. %, which again suggests that Ti substitutes Nb in Nb3Sn and Nb substitutes
Ti in TizSn. Niobium substitutes primarily Ti and secondarily Sn in TisSns_In IP10-AC the Nb3Sn
phase formed first, followed by the formation of Nb-rich TigSns and as the melt was still rich in Ti
the TieSns was formed in some areas. The proposed solidification path was
L—L+Nb3Sn—L+NbsSn+Nb-rich TisSns— NbsSn+ Nb-rich TisSns+TieSns with TieSns being
formed by the reaction L+ Nb-rich TigSns—TisSns.
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11.4. Conclusions

The as cast and heat treated alloys Nb-10Ti-18Sn (IP7), Nb-13Ti-3Sn (IP8), Nb-40Ti-23Sn (IP9)

and Nb-39Ti-40Sn (IP10) were investigated. The conclusions of this study are as follows:

e In IP7 at 900 °C the equilibrium consisted of Nbss, Nb3Sn and TisSn, while at 1200 °C it
consisted of Nbss, NbaSn and Tiss. It is suggested that Ti moved from the solid solution to the
grain boundaries to form the TizSn phase at 900 °C. In TizSn Nb substituted Ti and in NbsSn
Ti substituted Nb. Also in the solid solution the Ti/Sn ratio increased as the temperature of

heat treatment increased, mainly due to the decrease in Sn content.
e The suggested solidification path of IP7-AC was L—L+Nbss—Nbss+NbsSn.

e InIP8, at both 900 and 1200 °C, the equilibria consisted of Nbssand Tiss. Titanium moved from
Nbss to the grain boundaries to form Tiss. It can be concluded that despite its low content, Sn

caused Ti to partition from Nbss.

e In IP9, at both temperatures under the current study the equilibria consisted of Nbss and NbsSn.
Titanium moved from NbsSn to TizSn after the heat treatment process. Titanium substitutes
Nb in Nb3Sn and Nb substitutes Ti in TisSn.

e The suggested solidification path of IP9-AC was L—L+NbzSn—L+Nb3Sn+TizSn—
Nb3Sn+TisSn+ Nb-rich TisSn with Nb-rich TisSn formed by the reaction L+NbzSn— Nb-rich
TisSn.

e InIP10,at900 °C and at 1200 °C the equilibria consisted of NbsSn, TizSn and TisSns. Titanium
partitioning took place from NbsSn to Nb-rich TisSns leading to the formation of TizSn. In
NbsSn Ti substitutes Nb, whereas in TizSn Nb substitutes Ti. In TisSns Nb substitutes both Ti

and Sn, with primary preference to the former.

e The proposed solidification path of IP10-AC was L—L+NbzSn—L+NbsSn+Nb-rich TigSns—
NbsSn+ Nb-rich TieSns+TieSns with TigSns formed by the reaction L+ Nb-rich

TisSns—TigSns.
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12.1. Introduction

The microstructure of the Nb-24Ti-18Si-5Sn (IP1) alloy was studied in the as cast (NV6-AC)
and heat treated at 1200 °C for 100 hours (NV6-HT) alloy in [19]. Overall, the microstructure of
the as cast and heat treated alloy consisted of the (Nb, Ti)ss, (Nb,Ti)3Sn and (Nb, Ti)sSi3 phases (Fig.
12.1). There were areas of Ti-rich and very Ti-rich 5-3 silicide observed, while macrosegregation
of Ti and Si was evident. The co-existence of the a(Nb,Ti)sSiz, B(Nb,T1)sSiz and y(Nb,Ti)sSiz was
confirmed in the as-cast alloy by XRD [19], while in the heat-treated only the a(Nb,Ti)sSis and
yY(Nb, Ti)sSi3 phases were evident. Only the a(Nb,T1)sSiz and B(Nb, Ti)sSis intermetallics are stable
in the Nb-Si system, while the y(Nb,Ti)sSiz is considered metastable. Lamellar structures between
(NDb, Ti)sSiz and (Nb,Ti)ss were observed in as cast (NV6-AC) and heat treated (NV6-HT) alloy
(Fig. 12.1).

The motivation of the research described in this chapter was to verify the stable phases and the
phase equilibria in the above alloy at 1000, 1100 and 1300 °C.

12.2 Results

As cast. The EBSD analysis of the cast alloy (NV6-AC in [19]) is shown in Fig.12.2 and 12.3.
From the phase map (Fig. 12.2 (b)) it can be seen that the present phases were Nb, NbzSn, aNbsSis,
BNbsSiz and yNbsSiz. The aNbsSis silicide formed bulk dendrites throughout the specimen, while
remnants of the  where found where the NbzSn grains were of a specific orientation. The Ti-rich
and very Ti-rich areas reported in [19] were aNbsSiz and yNbsSis respectively. Furthermore the
orientation maps of the as cast alloy (Fig. 12.3) showed that all the phases (except the yNbsSis)
and especially the a silicide exhibited large regions with similar orientation extending over several
hundreds of micrometers.

Heat treated. The IP1 alloy was heat treated for 100 hours at 1000 °C or 1100 °C or 1300 °C.
The chemical analysis data and the typical microstructures of all the heat treated alloys are given
in Table 12.1 and Fig. 12.4 to 12.6, respectively. Table 12.1 includes data from [19] for NV6-AC
and NV6-HT (the alloy compositions of IP1 and NV6 were the same). The X-ray element maps
and X-ray line-scans of the IP1-HT 1000 °C are shown in Fig. 12.9 and 12.10.
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Table 12.1

EPMA data of the NV6-AC [19] and NV6-HT 1200 °C alloy [19], and EDS data (at. %) of the IP1-HT

1000 °C, IP1-HT 1100 °C, IP1-HT 1300 °C alloy.

Nb Ti Si Sn Si+Sn Si/Sn
NV6-AC [19]

(Nb,Ti)ss 56.7+2.1 356+21 16+04 6.1x03 7.7 0.26
(Nb,Ti)sSn 61.6+0.7 202+10 76+04 106x0.7 18.2 0.72
(Nb,Ti)sSis 466+0.7 16.6+05 353x0.7 15+04

Ti-rich (Nb,Ti)sSis 423+12 21.0+12 355+04 12+0.2
very Ti-rich (Nb,Ti)sSis 340+x41 304+38 342+09 14x06
IP1-HT 1000 °C

(Nb,Ti)ss 66.2+1.1 299+12 04+01 3606 3.9 0.10
(Nb,Ti)sSn 55.7+09 285+12 55+06 104+0.3 15.8 0.53
(Nb,Ti)sSis 480+08 151+09 355+05 14+05

Ti-rich (Nb,Ti)sSis 40715 242+16 339x06 1.2%03
very Ti-rich (Nb,Ti)sSis 334+22 308+29 349+08 09+05
IP1-HT 1100 °C

(Nb,Ti)ss 669+15 29.1+21 06+21 34x02 4.0 0.16
(Nb,Ti)sSn 541+10 284+x05 74+03 101x038 17.5 0.74
(Nb,Ti)sSi3 485+08 19.0+06 31.3+x06 1.2%03

Ti-rich (Nb,Ti)sSis 39.0+12 251+13 344+08 15%02
very Ti-rich (Nb, Ti)sSis 314+£13 325+22 358+10 04x01
NV6-HT 1200 °C/100h [19]

(Nb,Ti)ss 66.5+0.7 29.2+0.7 03+03 4002 4.3 0.08
(Nb,Ti)sSn 555+15 282+11 53+05 11.0+038 16.3 0.48
(Nb,Ti)sSis 473+0.2 16.2+0.2 347+01 18+0.1

Ti-rich (Nb,Ti)sSis 419+23 219x2 350x03 12%02
very Ti-rich (Nb,Ti)sSis 32715 321+12 349+11 03%02
IP1-HT 1300 °C

(Nb,Ti)ss 640+£11 311+x21 04+£01 45x01 5.0 0.10
(Nb,Ti)sSn 53.0+£06 29.3%£0.7 4105 136%+1.0 17.8 0.30
(Nb,Ti)sSi3 46.7+08 16.0+06 36406 10x04

Ti-rich (Nb,Ti)sSis 40.7+13 239+12 345+x04 09£03
very Ti-rich (Nb,Ti)sSis 31.0+£13 326+11 360+x12 05%02
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Fig. 12.1. BSE images of (a) the as cast and (b) the heat treated at 1200 °C alloy NV6 as reported

in [19].
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Fig. 12.2. SE image (a) and EBSD phase map (b) of IP1- AC (i.e. NV6-AC). The fuchsia,

black, grey, blue and yellow areas denote Nb, NbsSn, aNbsSis, BNbsSiz and yNbsSis.
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Fig. 12.3. Inverse pole figure (IPF) maps for Nb (a), NbsSn (b), aNbsSis (C),
BNbsSis (d) and yNbsSis (e) in IP1 — AC (i.e. NV6-AC) showing the orientation of

each phase within the sample.

198



Phase equilibria in Nb-Ti-Si-Sn quaternary system

(Nb, Ti)sSis

SUrVz2es =8

Fig.12.4. BSE images (a-b) of the IP1-HT 1000 °C.
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Fig. 12.7. SE image (a) and EBSD phase map (b) of IP1- HT 1300 °C. The fuchsia, black,

grey and yellow areas denote Nb, NbsSn, aNbsSiz and yNbsSis. (See Fig. 12.8 for IPF map).
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Fig. 12.8. Inverse pole figure (IPF) maps for Nb (a), NbsSn (b), aNbsSis (c) and yNbsSis (d)

in IP1- HT 1300 °C showing the orientation of each phase within the sample.
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Fig. 12.9 (a) BSE image of IP1-HT/1000 and (b),(c),(d),(e) X-ray element maps of Nb, Ti, Si and Sn respectively.
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Fig. 12.10 (a) BSE image of IP1-HT/1000 and (b),(c),(d),(e) X-ray line scan patterns of Nb, Ti, Si and Sn respectively.
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Fig. 12.11. X-Ray diffractograms patterns of the IP1-HT/1000, IP1-HT 1100 °C and IP1-HT

1300 °C alloys.
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Fig. 12.12. (a) BSE image of the IP1-HT 1300 °C alloy and (b),(c),(d),(e) X-ray element
map of Nb, Ti, Si and Sn, respectively. The Si map (d) would suggest the precipitation of
a Si-rich phase in the (Nb,Ti)ss.
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In Fig. 12.7 and 12.8 the EBSD phase map and orientation maps of each phase of the IP1-HT 1300
°C respectively are presented. It was confirmed the BNbsSiz was absent from the microstructure
with the aNbsSis still forming bulk dendrites throughout the sample and the yNbsSis occupying
the very Ti-rich areas of the ingot. The solid solution still exhibited large regions of similar
orientation while the NbsSn and the y 5-3 intermetallic did not show any preferred orientation
compared with the as cast alloy. Also, smaller areas with similar orientation were preserved for
the a silicide. In Figure 12.12 the X-ray element maps of the IP1-HT 1300 °C are presented, while
the XRD data of all the heat treated conditions of the present study is shown in Fig. 12.11.
According to the EBSD and XRD data the microstructure of the heat treated alloy consisted of the
a(Nb,Ti)sSis, y(Nb,Ti)sSis, (Nb, Ti)sSn and the (Nb,Ti)ss phases at 1000 °C, 1100 °C and 1300 °C.
Lamellar microstructure of (Nb,Ti)sSis and (Nb,Ti)ss was present in all heat treatment
temperatures. Areas of Ti-rich and very Ti-rich 5-3 silicide were observed (Table 12.1), with the
size of the latter increasing as the heat treatment temperature increased, while partitioning of Sn
and Ti was evident in all samples. The Ti concentration in the (Nb,Ti)ss in all the heat treatment
temperatures was approximately 30 at. %, which indicates a reduction of about 6 at. % compared
with the as cast alloy (35.6 at. % Ti), whereas in the (Nb,Ti)sSn it was increased (~ 29 at. % as
compared with ~ 20 at. % in the as cast alloy). At the 1000 °C and 1100 °C heat treatment
temperatures the Si + Sn concentration in the (Nb,Ti)ss was approximately 4 at. % and for the IP1-
HT 1300° it was ~ 5 at. %, whereas in the as cast alloy it was 7.7 at. %. In the (Nb,Ti)3Sn the Si +
Sn concentration was 15.8, 17.5 and 17.8, at 1000 °C, 1100 °C and 1300 °C, respectively.

12.3 Discussion

In all three heat treatment temperatures of this study the compositions of the phases present in
the microstructure of IP1 were about the same with the results for the heat treated alloy at 1200 °C
in the work of Velios and Tsakiropoulos [19]. Also, it was confirmed by the XRD and the EBSD
analysis that the PNbsSiz was absent from all of the heat treated alloys and that only aNbsSiz and
yNbsSis were present. Moreover, the lamellar eutectic structure of solid solution and (Nb,Ti)sSis
was observed to be present in all the heat treatment temperatures. The ratio Si/Sn in the (Nb,Ti)3Sn
phase in the NV6-AC [19], IP1-HT 1000 °C, IP1-HT 1100 °C, NV6-HT 1200 °C [19] and IP1-
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HT 1300 °C alloys did not exceed 0.7 and the solubility of Si in (Nb,Ti)3Sn was not significantly
affected by the heat treatment temperatures. Compared with the IP2 and IP3 alloys (see chapter 9)
the presence of Ti in IP1 reduced the solubility of Si in the NbsSn phase.

12.4 Conclusions

The Nb-24Ti-18Si-5Sn (IP1) alloy was investigated in the as cast and heat treated conditions at
1000 °C, 1100 °C and 1300 °C. The conclusions of this study are as follows:

e The microstructure of IP1 consisted of (Nb,Ti)ss, (Nb,Ti)sSn and (Nb,Ti)sSiz in all the heat
treatment temperatures. Only the a(Nb,Ti)sSiz was present in the heat treated microstructures

and Ti-rich (Nb, Ti)sSiz and very Ti-rich (Nb,Ti)sSiz areas were evident in all the conditions.

e The presence of lamellar eutectic between the solid solution and (Nb, Ti)sSis was confirmed in

all IP1 heat treated specimens.
e The Ti-rich areas were aNDbsSis,
e The very Ti-rich areas were yNbsSis.

e The presence of Ti in the alloy reduced the solubility of Si in the NbzSn phase.
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13.1. Introduction

The Nb-Cr-Sn system is of interest for the development of Nb silicide based alloys as the phases
NbCr, and NbsSn are reported to benefit oxidation resistance. To date the binary phase diagrams
of the constituent elements have been thoroughly investigated. The Nb-Sn system consists of the
NbSn2, NbsSns and NbsSn intermetallics [28] (see also chapters 5 and 9). Two intermetallics exist
in the Nb-Cr system [156], the NbCr> with the C15 fcc-based structure (Pearson symbol cF24)
which is stable until about 1850 K, above which it undergoes a transformation to C14 hexagonal
structure (Pearson symbol hP12). In the Cr-Sn system no intermetallic compounds are reported
[157]. Ternary systems containing Nb and Cr that have been investigated are the Nb-Cr-Si [13,
158] and Nb-Cr-Al [148]. To the author’s knowledge there is no data about ternary phase equilibria
in the Nb-Cr-Sn system to date.

The alloys IP11 (Nb-15Cr-11Sn) and IP12 (Nb-65Cr-18Sn) were manufactured for the current
study are described in Chapter 3. The motivation of the current work was to investigate stable
phases and phase equilibria in the Nb-Cr-Sn ternary system.

13.2. Results
13.2.1. Alloy Nb-15Cr -11Sn (IP11)

As cast. The microstructure and the compositions of the phases present in the Nb-15Cr-11Sn as
cast alloy (IP11-AC) can be seen in Fig. 13.1 (a-b) and Table 13.1, respectively. The EDS data of
the IP11-AC confirm that the Nbss and NbsSn phases were formed, with the Nbss having the largest
volume fraction. Areas of Cr-rich solid solution were observed throughout the microstructure.
Dark areas near the NbsSn phase were evident (Fig. 13.1 (a)). Judging from the contrast of the
phases in these areas (Fig. 13.1 (b)) they consisted of NbsSn and a Cr-rich phase. The EDS analysis
was not accurate enough to allow the measurement of the stoichiometry of the Cr-rich phase owing
to its size and volume fraction. XRD (Fig. 13.2) confirmed only NbsSn and Nbss. In the NbzSn
phase the Cr content was ~7.8 at. %, and the ratio Cr/Sn was 0.44. In the Nbss the Cr content was
9.9 at. % and the Cr/Sn ratio was 1.13 and the Cr+Sn sum was equal to 18.54. The Cr-rich areas
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of the solid solution contained about 17.2 at. % of Cr, with the Cr/Sn ratio and the Cr+Sn sum
reaching ~2.2 and ~25 at. %, respectively (Table 13.1).

Heat treated. Three heat treatments were performed at 900 °C for 200h, at 1200 °C for 100h and
at 1200 °C for 200h. In Fig. 13.1(c-d) the microstructure of IP11-AC after 200 hours at 900 °C is
shown (IP11-HT-900 °C/ 200h). The same phases were present, however the dark areas underwent
significant coarsening. As such the phase corresponding to these areas was detectable by XRD
(Fig. 13.2) and analysed by EDS. It was concluded that this phase was NbCr, with ~2at. % Sn and
~59 at. % Cr content. In the NbsSn and Nbss the Cr content was ~7.2 at. % and ~9.8 at. %,
respectively. The Cr/Sn ratio was 0.42 and 0.99 in NbsSn and Nbss respectively. The Cr+Sn sum
was ~19.7 at. % in the Nbss. No significant difference was noted in the composition of the Cr-rich
solid solution areas (Table 13.1).

The IP11 alloy was heat treated at 1200 °C for 100 hours. The microstructure consisted primarily
of the Nbss, NbsSn and NbCr; phases, (Fig. 13.1 (e-f) and 13.2. In addition to the large grains of
NbsSn, new smaller grains of NbaSn formed inside the Nbss. Significant coarsening of NbCr, was
observed. The Cr content in Nb3Sn was ~5.3 at. % with the Cr/Sn ratio being 0.3 and Cr+Sn sum
being 23 at. %. The corresponding values for the solid solution were about 11.8 at. %, 1.3 and 20.9
at. %. In the Laves phase the Sn content was approximately 2.2 at. % while the Nb concentration
was ~39.7 at. % (Table 13.1).

The IP11 was heat treated at 1200 °C for a further 100 hours. The same constituent phases were
evident in the alloy (Fig. 13.1 (g-h) and Fig. 13.2). No significant changes occurred in the
microstructure or in the composition of the constituent phases. The Sn content in the NbCr» phase
was about 1.9 at. % whereas the Nb content was ~38.5 at. %. In the NbzSn on the other hand the
Cr content was ~5.9 at. % with the Cr/Sn ratio being ~0.3 and the Cr+Sn sum being 23.1 at. %. In
the Nbss the corresponding values for the solid solution were about 11.7 at. %, 1.23 and 21.1 at. %
(Table 13.1).
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Cr-rich Nb,,

NbCr,+ Nb;Sn

Fig. 13.1. BSE images of IP11-AC (a-b), IP11-HT-900 °C/200h (c-d), IP11-HT-1200
9C/100h (e-f) and IP11-HT-1200 °C/200h (g-h)
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Fig. 13.2. XRD diffractograms of IP11-AC, IP11-HT-900 °C/200h, IP4-HT-1200
°C/100h and 1P4-HT-1200 °C/200h
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Table 13.1.

EDS data for the phases in IP11-AC, IP11-HT-900 °C/200h, 1P4-HT-1200 °C/100h and IP4-HT-
1200 °C/200h alloys.

Nb (at. %) Cr (at. %) Sn (at. %)
IP11-AC

NbsSn 74.7+0.7 7.8x0.3 17.5+£04

Nbss 814+11 9.9+0.7 8704
IP11-HT-900 °C/200h

NbsSn 755+05 7.2+£03 172+04

NDbss 80.3+0.9 9.8+£05 99+04

Cr-rich Nbss 75.0+1.4 17.3+0.9 7.7x05

NbCr> 389+27 59.0+£25 2.1+£0.7
IP11-HT-1200 °C/100h

NbsSn 77.0+£0.2 53%0.1 17.7£0.3

Nbss 79.1+1.6 118+10 9.1+£11

NbCr> 39.7+1.9 58.1+1.3 221038
IP11-HT-1200 °C/200h

NbsSn 76.9+0.2 54+0.1 17.7+£0.2

Nbss 78.9+0.9 11.7+10 9.4+0.9

NbCr» 385+1.0 59.7+ 0.9 1.8+05

13.2.2. Alloy Nb-65Cr-18Sn (IP12)

As cast. The microstructure of the Nb-65Cr-18Sn as cast alloy (IP12-AC) can be seen in Fig.
13.3 (a-b), and the data of the compositions of the constituent phases is shown in Table 13.2. Large
areas of the NbCr, phase were primarily observed. The Laves phase was often surrounded by
NbeSns and in between the Cr solid solution and NbsSn were formed. The NbsSn was formed
amongst the NbsSns grains. These phases were confirmed by XRD (Figure 13.4). The Nb3zSn was
difficult to distinguish in the microstructure. The X-ray element maps (Fig. 13.5) of IP12-AC show
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evidence of this phase. The Sn and Nb contents in NbCr, were approximately 5.5 and 28.3 at. %,
respectively, while in the Cr solid solution the corresponding values were both less than 1 at. %.
Furthermore the Cr and Nb contents in NbeSns were 12.6 and 42.2 at. %, respectively, whereas in
the NbsSn the corresponding values were approximately 10.8 and 64.4 at. %.

Heat treated. The IP12 alloy was heat treated at 900 °C for 100h, 300h and 400h and at 1200
°C for 100h and 300h. After heat treatment at 900 °C for 100 hours the NbCr was still the primary
phase. The Crss was still present with the NbsSns (Fig. 13.3 (c)). A fine structure consisting of Crss
and NbeSns formed around the grain boundaries between NbsSns and NbCr> where the NbCr, was
in the as cast alloy. This can be clearly seen in Fig. 13.3 (d). The XRD data of the IP12-HT-900
°C/ 100h alloy suggested that the NbsSn was still present (Fig. 13.4) but this phase was not
confirmed by the EDS. As it is shown in Table 13.2, the Sn and Nb contents in NbCr, were ~6.6
and ~30.2 at. %, respectively, whereas the Cr and Nb concentrations in the NbsSns were 11 and
~44 at. %, respectively. The Crss contained less Nb and Sn, with both elements adding up to
approximately 0.6 at. %.

The compositions of the constituent phases were approximately the same after heat treating the
IP12-HT-900 °C/ 100h alloy at the same temperature for a further 200 hours (Table 13.2). The
microstructure was significantly altered as the volume fraction of the NbsSns increased and the
volume fraction of the Laves phase decreased (Fig. 13.3 (€)). In Fig. 13.3 (f) it appears that the
Laves phase transformed to NbeSns and the Cr solid solution. The NbCr2 was surrounded by an
area of NbsSns and Crss. The boundary between these two regions appeared to be progressing
inwards, consuming the Laves phase. Still some remnants of the NbzSn were confirmed by the
XRD (Fig. 13.4) but not by the EDS. To see the progress of the above transformation the IP12-
HT-900 °C/ 300h alloy was annealed at 900 °C for an additional 100 hours. A further coarsening
of the NbeSns phase was observed. The NbCr, phase was no longer present and was replaced by
the Cr solid solution and the NbeSns (Fig. 13.3 (g-h)). The compositions of the constituent phases
are given in Table 13.2. In the Crss the Nb+Sn content was ~1 at. %. The Cr and Nb contents in
NbsSns were 11.4 and 44.6 at. %, respectively. The XRD data of the IP12-HT-900 °C/ 400h
confirmed the presence of only the Crss and NbsSns (Fig. 13.4).

The IP12 alloy was heat treated at 1200 °C for 100 hours (IP12-HT-1200 °C/ 100h). The NbsSns,
Crss and the Laves phase were observed, along with some traces of the NbzSn phase confirmed

only by the XRD. The Laves phase formed between the areas that contained the NbeSns and the
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solid solution (Fig. 13.3 (i)). A fine structure consisting of these phases was observed in the same
areas as in the alloys heat treated at 900 °C (Fig. 13.3 (j)). The XRD data and the compositions of
the phases are shown in Fig. 13.4 and Table 13.2 respectively. The Snand Nb contents in the Laves
phase was about 8.8 and 27.7 at. % whereas in the NbeSns phase the Cr and Nb contents were
approximately 10.4 and 44.8 at. % respectively. The Nb+Sn sum in the solid solution was less than
1 at. %.

The IP12-HT-1200 °C/ 100h was heat treated for a further 200 h at 1200 °C (IP12-HT-1200 °C/
300h). The alloy consisted mainly of the Cr solid solution and the NbsSns phase. As it can be seen
in Fig. 13.3 (k) some remnants of the Laves phase were still present, confirmed by XRD (Fig.
13.4). The composition of the Laves phase was ~8.1 at. % Sn and ~28.4 at. % Nb. The Nb+Sn sum
in the solid solution was ~0.8 at. %, while in the NbeSns the Nb and Cr concentrations were

approximately 10.9 and 44.7 at. %, respectively.
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Table 13.2.

EDS data for the composition of the phases in IP12-AC, IP12-HT-900 °C/100h, IP12-HT-900

°C/300h, IP12-HT-900 °C/400h, IP12-HT-1200 °C/100h and IP12-HT-1200 °C/300h alloys.

Nb (at. %) Cr (at. %) Sn (at. %)
IP12-AC

NbCr» 28.3+£0.6 66.2 £ 0.7 55+05

Crss 06+£0.2 99.0+0.1 04+0.1

NbeSns 422 +0.4 126+0.4 452 +0.2

NbsSn 64.4+0.7 10.8+£0.6 24.8+0.3
IP12-HT-900 °C/100h

NbCr» 30.2+£0.6 63.3+0.2 6.5+0.2

Crss 05+£0.1 99.4+0.2 0.1+£0.1

NbsSns 440+ 0.4 11.0+£05 45.0%0.2
IP12-HT-900 °C/300h

NbCr» 30.8+£05 63.7+£0.5 55+0.3

Crss 04+0.1 99.4+0.3 02+0.1

NbsSns 43.8+0.6 11.7+0.6 445+ 0.6
IP12-HT-900 °C/400h

Crss 0.7+£0.1 99.0+0.3 03+0.1

NbsSns 44,6 £0.6 11.4+0.5 440+£04
IP12-HT-1200 °C/100h

NbCr; 27.7+0.6 63.4+0.2 89104

Crss 06+0.1 99.1+0.2 03+0.1

NbsSns 448+04 10405 447+04
IP12-HT-1200 °C/300h

NbCr; 28.4+0.6 63.5+0.5 8.1+0.2

Crss 06+0.1 99.2+0.1 02+£0.1

NbeSns 44,7 +0.3 10.9+0.3 445+0.2
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Fig. 13.3. BSE images of IP12-AC (a-b), IP12-HT-900 °C/100h (c-d), IP12-HT-900 °C/300h (e-f)
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Fig. 13.5. X-ray element maps of IP12-AC

13.3. Discussion

The as cast IP11 alloy consisted of the Nbss, NbCrz, and NbsSn phases. The Nbss
should be surrounded by the NbsSn, consistent with the peritectic reaction
L+Nbss—NbzSn. This was not the case in IP11-AC, where the NbsSn was surrounded
by the Nbss. Within the solid solution Cr-rich areas were observed. The NbzSn phase
was decorated by layers of Cr-rich solid solution and a structure resembling a fine
eutectic that consisted of NbCr. and NbsSn. The solidification path was
L—L+NbsSn—L+NbzSn+Nbss— L+Nb3Sn+Nbss+NbCro+(NbCra+NbaSn)eutectic. In the
cast alloy the NbsSn was primarily formed from the melt. The surrounding melt became
rich in Cr and lean in Nb and the Nbss was formed. As the Nbss formed, the surrounding
liquid became rich in Cr, forming the NbCrz. After 200 hours of heat treatment at 900
°C the composition of the phases was not significantly altered. However, the
morphology of the microstructure changed and the NbCrz had considerably coarsened.
In the NbsSn the Cr substituted Nb as the Nb+Cr sum was ~82 at. % and the Sn content
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was 18 at. %, which is in good agreement with the typical composition of the NbsSn
phase [28]. In the Laves phase Sn and Nb substitute Cr. In the solid solution, the Cr and
Sn contents were about the same, however in the Cr-rich areas, the Cr content was more
than two times the content of Sn. The Cr-rich areas were approximately 5.2 at. % poorer
in Nb compared with the “normal” solid solution.

After 100 hours at 1200 °C the constituent phases were the same. The NbCr, and
NbsSn had coarsened compared with the as cast alloy. The NbzSn was poorer in Cr by
about 2.5 at. % and the Nbss was richer in Cr by about 2 at. % which would suggest
partitioning of Cr between the two phases. After an additional 100 h heat treatment
there were no significant alterations in the composition of phases, except for the Laves
phase which was richer in Cr by ~1.5 at. %. In the microstructure it was observed that
the NbCr, and NbsSn coarsened considerably at the expense of the volume fraction of
solid solution. The above data suggests that at both 900 °C and 1200 °C the equilibrium
phases of the IP11 alloy were NbsSn, Nbss and NbCro.

The IP12-AC alloy consisted of Cr solid solution, NbeSns, NbCrz and a low volume
fraction of the NbsSn phase. In the Laves phase the Sn and Nb contents were 5.5 and
28.3 at. %, respectively, indicating that Sn substitutes for Nb. The Cr and Nb contents
in the NbeSns (12.6 and 42.2 at. % respectively) suggested that Cr substitutes for Nb.
Furthermore, it must be noted that Sn and Nb had very low solubility in the Crss adding
up less than 1 at. % in all the conditions studied for the IP12 alloys. At 900 °C after 300
hours only traces of the NbsSn phase were present while after 400 hours no NbsSn was
found, indicating that it is a metastable phase at this composition and temperature. In
the NbCr the concentration of Nb and Cr was similar after 100 and 300 hours (~30.2
at. % Nb and 63.3 at. % Cr, and 30.8 and 63.7 at. %, respectively). Hence it is deduced
that Sn substitutes for Nb and Cr. After 400 hours the NbCr, was not present and it is
thus suggested that it is not an equilibrium phase at 900 °C. On the other hand the
NbsSns was present for all heat treatment times at 900 °C with Cr content varying from
11 (100 hours) to ~11.7 at. % (300 hours) and Nb content ranging from 43.8 (300 hours)
to 44.6 at. % (400 hours). It is hence deduced that Cr substitutes Nb in the NbsSns.

At 1200 °C the observed phases were the same as at 900 °C up to 300 hours. The
NbCr, phase was observed after 100 hours of heat treatment and contained ~27.7 at. %
Nb and ~63.4 at. % Cr. After 300 hours, remnants of the phase were present and
contained ~28.4 at% Nb and ~63.5 at. % Cr, respectively. Hence it is deduced that Sn
substitutes Nb and Cr. Comparing the two heat treatments, the solubility of Sn in NbCr»
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increased between 900 °C and 1200 °C. The NbsSns phase was present in both alloys
at 1200 °C with Cr content varying from ~10.4 (100 hours) to ~10.9 at. % (300 hours)
and Nb content being ~44.7 at. %. It is therefore confirmed that Cr substitutes Nb in the
NbsSns at 1200 °C as was the case at 900 °C. Compared with the 900 °C heat treatment
conditions it is suggested that the solubility of Cr in NbeSns decreases with increasing
temperature.

Microstructural changes occurred during annealing. The volume fraction of a fine
lamellar structure consisting of Crss and NbeSns increased and the volume fraction of
NbCr, decreased. The amount of NbCr, consumed was correlated to the annealing time
and temperature. Most of NbCr, was consumed with only remnants of it remaining in
IP12-HT-1200 °C/ 300h. It is suggested that the following solid state transformation
reaction took place: NbCrz + Nb3Sn — Crss + NbgSns.

In the cast alloy the primary phase was Crss. Following formation of the Crss, the melt
became poor in Cr and rich in Nb and Sn, allowing NbsSn solid solution to form. After
the formation of the NbsSn and as the melt became richer in Cr the NbCr; phase was
formed. The melt was poor in Cr and richer in Nb and Sn, thus the last phase that
solidified was NbeSns (it must be noted that it is also the phase with the lowest melting
temperature). Therefore the proposed solidification route was L—L + Crss — L + Crss
+ Nb3Sn — L + Crss + Nb3Sn + NbCr, — L + Crss + NbaSn + NbCrz + NbeSns. At both
900 °C and 1200 °C the equilibrium phases of IP12 were NbsSns and Crss.

13.4. Conclusions

e The primary phase in IP11 was the NbsSn. The phase equilibria of the alloy IP11 at
both 900 °C and 1200 °C consisted of NbsSn, Nbss and NbCr.

e Chromium substituted Nb in Nb3Sn, while Sn and Nb substituted Cr in the Laves
phase in the IP11 alloy.

e The primary phase in IP12 was the Crss. The phase equilibria of the alloy IP12 at
both 900 °C and 1200 °C consisted of NbsSns and Crss, with a fine structure between
the former and the latter phases forming in the areas that the NbCrz initially
occupied.

e The solid state transformation reaction NbCrz + Nb3Sn — Crss + NbsSns took place
in the heat treated IP12 alloy.
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e Chromium substituted Nb in NbsSns, while Sn substituted Cr and Nb in the Laves
phase in the IP12 alloy.

e Tin and Nb showed very small solubility in Crss in the IP12 alloy, as their sum was
less than 1 at. %.
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14.1 Conclusions

The aim of this study was to obtain data for the Nb-Ti-Si-Sn-Al-Cr system to support
the design of Nb silicide based alloys. The objectives of the current study were to
investigate phase equilibria and phase stabilities in the Nb-Ti-Si-Sn-Al-Cr subsystems,
which have not been reported in the past as well as investigate the elastic and
thermodynamic properties (enthalpy of formation versus temperature, Debye
temperature) of the intermetallics in selected binary systems. The use of clean melting
for alloy making, heat treatments and XRD, SEM/EDS, EBSD and ab initio calculations
was employed.

The Nb-Si binary system intermetallics were investigated using ab initio calculations
and their elastic and thermodynamic properties were. It was concluded that the most
ductile phases are the BNbsSiz and NbsSi with the latter being the most ductile while
the less ductile are aNbsSiz and NbSi (with the latter being the most brittle). The NbSi>
compound was investigated for the first time using ab initio calculations. Also the
transition temperatures for NbsSi — Nb + aNbsSiz and BNbsSis — aNbsSiz and the
stability of the NbSi, at low and elevated temperatures were confirmed and were in
good agreement with the Nb-Si phase diagram.

The intermetallics in the Nb-Sn system were investigated using ab initio calculations.
Their enthalpy of formation versus temperature, Debye temperatures and elastic
properties were obtained. The NbsSns was found to be the less brittle compound, while
the temperature dependence of its moduli and Poisson’s ratio, along with the
corresponding properties of Nb, were calculated using the quasistatic approximation
and the low temperature values were found to be in good agreement with the literature.
The high temperature elastic properties of NbsSn and the elastic properties at 0 K of
NbSnz and NbsSns were investigated for the first time.

The intermetallics of the Nb-Al binary system were studied using ab initio
calculations. Their elastic properties and Debye temperatures were calculated. The
temperature dependence of their enthalpy of formation, along with the temperature
dependence of the elastic properties of the NbsAl were calculated and reported for the
first time. The elastic properties of the Nb2Al were also reported for the first time. It
was concluded that the NbsAl has the highest bulk modulus value, while the NbAlz is
the stiffest and most brittle phase.
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A comparative study of the A15 intermetallics containing Nb and Sn, Si, Al, Ge was
also made using ab initio calculations. Their linear thermal expansion coefficients were
obtained and found to be in good agreement with the available literature. The
temperature dependence of their enthalpy of formation along with their Debye
temperatures were also calculated. It was concluded that the A15 NbsSi phase has the
highest bulk, shear and Young’s modulus values and that it is the stiffest and less ductile
of the four binary intermetallics of the present study and that alloying with Al and Sn
would improve ductility. The enthalpy of formation results suggest that the Sn and Al
additions in the NbsSi stabilise the A15 structure over the competing tP32, while the
Ge addition has the opposite effect.

Ab initio theory was used to investigate ternary WsSiz type TMSn2X compounds
(TM=Nb, Ti and X=Al,Si). Data for the temperature dependence of their enthalpies of
formation that would allow the construction and optimisation of the Nb-Si-Sn, Nb-Al-
Sn, Ti-Si-Sn, Ti-Al-Sn phase diagrams, along with Debye temperature data, were
obtained and reported for the first time (with the exception of TisSn,Si) . After obtaining
their elastic properties, it was found that Al and Nb improve ductility, while Ti and Si
enhance brittleness. It was concluded that when the transition metal is Nb the moduli
of the ternary phase are considerably higher compared with the case of Ti. The elastic
properties of NbsSn2Si, NbsSnoAl, TisSnaSi and TisSnoAl were investigated for the first
time.

An experimental investigation of the phase equilibria in Nb-Si-Sn ternary alloys at
900 °C and 1200 °C was made. The alloys (IP2/Nb-16Si-13Sn and IP3/Nb-18Si-17Sn)
were studied. The phase equilibria at 900 °C and 1200 °C and the solidification paths
of the latter alloys were reported. It was concluded that the NbsSn2Si is stable below
900 °C phase and that it is formed possibly by the substitution of Nb by Sn in the
Nbs3(Sn,Si) phase. Experimental data regarding the ternary NbsSn,Si phase was
reported for the first time.

An experimental study of phase equilibria in the Nb-Al-Sn system at 900 °C and 1200
°C was made. The alloys (IP4/Nb-17AIl-17Sn, IP5/Nb-33Al-13Sn and IP6/Nb-16Al-
20Sn) were studied. It was concluded that Sn shows high solubility in Nb2Al, reaching
up to 21 at. % in the Sn-rich areas and that it substitutes Al atoms. Also Sn and Al
substitute each other in the A15 phase (NbsAl and NbsSn), while Sn shows limited
solubility in NbAls, not exceeding ~3.6 at. % as it substitutes Al atoms as was the case
in the Nb2Al. The solubility of Al in NbSn; varies from ~4.8 to ~6.8 at. %. Furthermore,
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it was verified that the NbsSn,Al is a ternary intermetallic stable in the range ~900 °C
to ~1200 °C and it can be treated as a line compound. Experimental data of the ternary
NbsSn2Al phase was reported for the first time.

Phase equilibria in the Nb-Ti-Sn system at 900 °C and 1200 °C was also studied. The
alloys IP7 (Nb-10Ti-18Sn), IP8 (Nb-13Ti-3Sn), IP9 (Nb-40Ti-23Sn) and IP10 (Nb-
39Ti-40Sn) were studied. It was concluded that in NbsSn the Ti substitutes Nb, whereas
in TisSn Nb substitutes Ti. In TigSns the Nb substitutes both Ti and Sn, with primary
preference to the former. Phase equilibria data in the Nb-Ti-Sn system was obtained for
the first time.

Phase equilibria in the Nb-Ti-Si-Sn quaternary system was studied at 1000, 1100 and
1300 °C using the alloy IP1 (Nb-24Ti-18Si-5Sn). It was concluded that over a certain
content of Ti (possibly 25-30 at. %) the yNbsSis phase becomes stable. Titanium shows
higher solubility in the yNbsSisz intermetallic of all the NbsSis silicides and reduces the
solubility of Si in the NbsSn.

Finally, the phase equilibria in the Nb-Cr-Sn system was studied at 900 °C and 1200
°C using the alloys IP11 (Nb-15Cr-11Sn) and IP12 (Nb-65Cr-18Sn). The solidification
paths of the latter alloys were deduced. It was concluded that Cr substitutes Nb in the
NbsSn and the NbeSns phases. Tin on the other hand substitutes Cr and Nb in the Laves
phase. Finally, Nb and Sn show very small solubility in Crss.

Overall, the present study provided the valuable data on phase equilibria, phase
stability of key phases and the effects of additional alloying elements on the phases.
Thermodynamic data such as enthalpy of formation and the elastic properties were also
computationally obtained for the first time for some phases, which would be difficult
and costly if experimentally approached.

14.2 Suggestions for future work

The findings from the present study regarding phase equilibria and thermodynamic
properties, such as enthalpies of formation, can be used to create a robust
thermodynamic database starting from the Nb-Si-Sn, Nb-Ti-Sn, Nb-Al-Sn and Nb-Cr-
Sn ternary systems to gradually build up to higher than ternary order systems. The
ternary systems investigated in the present study can now be assessed with the use of
Calculation of Phase Diagrams method (CALPHAD). The construction of a larger
database, namely the Nb-Ti-Si-Sn-Al-Cr, can be accomplished by both experimental
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and theoretical approaches. No phase equilibria exist for quaternary systems such as the
Nb-AI-Cr-Sn, Nb-Al-Si-Sn, Nb-Cr-Si-Sn and Nb-Cr-Al-Sn.

Also the good agreement of the data obtained from the current study with the help of
the ab initio method with available experimental data in the literature should encourage
research of alloying additions in phases that are considered important for high
temperature application materials. To that end, the NbsSis, the NbsSi, the Nb3Sn and
the NbCr, (Laves) phases are considered to be very important. After acquiring elastic
and thermodynamic properties data of those phases in the present work, studies of the
effect of different alloying elements (for example Ge, Ti, Mo, Al, Cr etc.) on their
elastic and thermodynamic properties, phase stability and coefficients of thermal
expansion would provide valuable data, which would be otherwise very difficult to be
obtained experimentally. This data combined with phase equilibria in ternary,
quaternary or higher order systems would significantly aid the design of Nb based

alloys.
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APPENDIX A

Appendix
Elastic properties*
Cubic structures

Reuss’s shear modulus (lower bound)

_ 5(C11—=Cy2)Cyq
Gg = 4C44+3(C11—C (1)
44+3(C11—Cyq2)

Voigt’s shear modulus (upper bound)

Gy = é(cll —C12 +3C44) (2)

Reuss’s (lower bound) and Voigt’s (upper bound) bulk modulus

Bg = %(Cll +2C12) 3)

Tetragonal structures

Reuss’s shear modulus (lower bound)

15
GR = 8By, 6 6 3 (4)

4 4.

T T T
¢ C11—C12 Cy4 Cop

Voigt’s shear modulus (upper bound)

Gy = o5 (M +3Cy1 = 3C1 + 12C44 + 6Csq) (5)

Reuss’s bulk modulus (lower bound)

Br=S (6)

Voigt’s bulk modulus (upper bound)
By = %[Z(Cn +C12) + (33 +4C13] (7)
where C? = (Cy; + C13)C33 — 2C13% (8)

and M= Cyq + C1p + 2C33 — 4Cy3 (9)

Orthorhombic structures

Reuss’s shear modulus (lower bound)

232



Gr= 15{4[C11(Cy2 + C33 + C33) + C22(C33 + C13) + C33C12 — C12(Czi +C12) —
1 1 1 -
C13(C12 + C13) — C3(C13 + C23)] /A4 + 3[(54) + (0_55) + (C—%)]} s (10)

Voigt’s shear modulus (upper bound)

Gy = 1—15[(:11 +C22 + (33 +3(Caa + Cs5 + Cee) — (C12 + C13+ Cp3) (11)

Reuss’s bulk modulus (lower bound)

Br = A[C11(C2 + C33 — 2C33) + C3(C33 — 2Cq3) — 26313612 + C12(C23 — C12) +
C13(2C12 — C13) + Cx3(C13—C3)] — (12)

Voigt’s bulk modulus (upper bound)
By = %[Cn + Cyp + C33+ 2(C12 + €5+ Cy3] (13)
where A is defined as

A = C13(C12C53 — C13C55) + Cy3(C12C15 — Cz3Cll)+C33(CnCZZ - (3122) (14)
Bulk modulus
g =22 (15)
Shear Modulus

G — (GV';'GR) (16)

Young’s Modulus

_ 9GB
" (3B+6)

(17)
Poisson’s ratio
E
V= E -1 (18)
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Debye Temperature

n 1/3
0p =G (G um (19)

where M is the molecular weight, Na is the Avogadro’s number, n is the number of
atoms per formula unit and p is the density.
1,2 1713
un =G5+ u—?’)] (20)

where ut and u; are the traverse and longitudinal elastic wave velocities of the
polycrystalline material, respectively:

46
w=ﬁ @) w= 2% @

p

Birch—-Murnaghan equation of state:

E(WV) = E, + @{[(g)g - 1] Bl + l(%)g - 1] [6 —4 (%)gu (23)

3

where Eo and By are the equilibrium energy and bulk modulus respectively, while B’
is the first pressure derivative of the bulk modulus.

Quasiharmonic approximation*
E(T) = ;[ f(w)hwdw + fm(’;ﬁf(w)dw (24)

F(T) = %ff(a))hwda) + kT [ f(w)in [1 —exp (— Z—;’)] dw (25)

19)” exp(hy
Co(T) = k [ H———5 f(w)dw (26)

[exp(22)-1]

T3 ai
CU(T)=9Nk(9—D) fOD

L gy (27)
(e —1)

where k is the Boltzmann’s constant, A is the reduced Planck’s constant, N is the
number of atoms per cell f(w) the phonon density of states, E is the vibrational
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internal energy, F is the vibrational free energy, Cy is the heat capacity and ®p is the
Debye temperature.

Heat of formation

AHP = [E4mPn —mEA —nEP]/(m + n) (28)
with AHI? and AH;(T) being the static (T=0 K) and temperature dependent enthalpy of
formation of the given intermetallic respectively, E4AmB» E4and EP are the total

energies of the intermetallic, A and B element unit cell respectively, while m and n are
the number of A and B are atoms in the compound respectively,

AHp(T) = [FAmBr(T) — mFA(T) — nFB(T)]/(m + n) (29)
where:  FAmBn(T) = EAmBn 4 Fphon(T) (30)

After fitting the enthalpy of formation curves versus temperature for each intermetallic
studied in this work the equations 31 to 44 were obtained:

AHYPSH(T) = 1111078 « T2 4+ 0.00126 T —37.4  (31)
AHYPS2(T) = 411078 « T2 4+ 0.00173 T — 50.4  (32)
AH{MP3(T) = 5.5« 1078 « T2 + 0.00537 « T — 62.7  (33)
APV (T) = 1.51 %1078 + T2 4 0.00395 + T — 59.6 (34)
AH™S(T) = 3.59 x 1078 « T2 + 0.00428 T — 26 (35)
AHPM(T) = 3.45 %1078 x T2 4+ 0.00397 « T — 18.7  (36)
AHZP™(T) = 2.8 %1078 T2 4+ 0.00428 T — 168 (37)
AHZP#3(T) = —1.45x 1078 « T2 + 0.00856 « T — 48.2 (38)
AHP*N(T) = 6.69 x 1078 « T2 4+ 0.00401 « T — 29.2  (39)
AHPM(T) =311 %1078 « T2 + 0.00186 + T — 22.6  (40)
AHPSSMSH(T) = 3.6« 1078 « T2 + 0.00576 * T — 30.7  (41)
AHYPsS2AN (T = 7.23 % 1078 « T2 4 0.00723 + T — 20.3 (42)
AH{®S(T) = 513 %1078 % T2 4 0.0062 + T — 51.1  (43)

AH;"issnzAl(T) =6.35%x10"8 « T2 + 0.00645 « T — 37 (44)
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APPENDIX B

Table B.1 JCPDS cards used for the phases observed in the current study.

Phase Structure JCPDS Reference
NDss cubic 34-0370
Nb3zSn cubic 19-0875
NbsSns orthorhombic 19-0877
NbSn; orthorhombic 15-0481
Snss cubic 86-2265
aNDbsSis tetragonal 30-0874
bNbsSis tetragonal 65-2785
gNbsSi3 hexagonal 65-3599
NbsSn.Si tetragonal 24-0813
NbzAl cubic 12-0085
Al3Nb hexagonal 13-0146
Nb2Al tetragonal 14-0458
TieSns orthorhombic 65-6932
TisSn hexagonal 10-0226
Crss cubic 88-2323
C14 Crz2Nb hexagonal 65-9006
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Table B.2 Reflections of the NbsSn,Al intermetallic.

h K I d 0 20

0 0 2 0.2608 17.178 34.356
1 1 0 0.751584 5.882204 11.76441
1 1 2 0.246388 18.21701 36.43402
2 0 0 0.53145 8.333438 16.66688
2 0 2 0.234128 19.20728 38.41456
2 2 2 0.214258 21.0693 42.1386
2 1 1 0.351336 12.66408 25.32817
2 2 0 0.375792 11.82758 23.65515
2 1 3 0.163287 28.1458 56.29159
3 2 1 0.256643 17.46515 34.93029
3 3 0 0.250528 17.90567 35.81134
3 1 0 0.336118 13.24764 26.49528
3 1 2 0.206049 21.95136 43.90272
3 3 2 0.180672 25.23452 50.46903
3 2 3 0.14976 30.95222 61.90445
4 0 0 0.265725 16.85001 33.70003
4 2 0 0.237672 18.90994 37.81988
4 1 1 0.231106 19.46849 38.93698
4 4 0 0.187896 24.20071 48.40142
4 0 2 0.18613 24.44522 48.89044
4 1 3 0.144146 32.3001 64.60021
5 2 1 0.184601 24.66116 49.32231
5 3 0 0.182286 24.99572 49.99145
6 0 0 0.17715 25.77263 51.54527
6 2 0 0.168059 27.27879 54.55757
6 3 1 0.151607 30.53447 61.06894
7 1 0 0.150317 30.82502 61.65004
4 2 4 0.114323 42.3569 84.71381
7 1 2 0.130233 36.2591 72.5182
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NbSIz) (d) D022 (NbAIs), (e) D8y (szAI) () tetragonal Nb38|) (9) D8m
(BNbsSiz, NbsSnzSi, NbsSnoAl, TisSnaSi, TisSn2Al) and (h) A15 (NbsSn,
NbsAl, NbzGe).
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APPENDIX C

Publications made from this study

[1] Papadimitriou I., Utton C., Scott A., Tsakiropoulos P., Ab initio study of the
intermetallics in Nb-Si binary system, Intermetallics 2014;54:125

[2] Papadimitriou I., Utton C., Scott A., Tsakiropoulos P., Ab initio study of
binary and ternary Nbs(X,Y) Al5 intermetallic phases (X,Y= Al, Ge, Si, Sn),
Metallurgical and Materials Transactions A 2015;46A:566

[3] Papadimitriou I., Utton C., Tsakiropoulos P., Ab initio study of the
intermetallics in Nb-Sn binary system, Acta Materialia 2015;86:23
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