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Abstract

In this thesis the NiFi-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 technigues used in the current study are outlined. Data foothyeamic
and elastic properties, phase equilibria and phase stabilities are given. -BagNtib
Sn, NBAI binary systems along the A15 B(X,Y) (X,Y=Si, Sn, Al, Ge) compounds
and tetragonal ThBnrY (TM=NDb, Ti, Y=Si, Al) phases were studied with ab initio
calculations. The N5i-Sn, NBAI-Sn, NBTi-Sn, NBTi-Si-Sn and NkCr-Sn ternary
systems were studied experimentally. Alloys with codes from IP1 to IP12 and actual
compositions (at. %) NB4Ti-18Si5Sn (IP1), Nb16Si13Sn (IP2), NBL8SH17Sn
(IP3), Nb17Al-17Sn (IP4), NEB3AI-13Sn (IP5), NHL6AI-20Sn (IP6), NbLOTi-18Sn
(IP7), Nb13Ti-3Sn (IP8), Nb40Ti-23Sn (IP9), NE39Ti-40Sn (IP10), NHL5Cr11Sn
(IP11) and NE55Cr18Sn (IP12) were studied in the as cast and heat treated conditions
(at 900 °C, 1000 °C, 1D °C, 1200 °C or 1400 °C).

The stable intermetallics in the M binary system were investigated and their
elastic and thermodynamic properties (enthalpy of formation versus temperature,
Debye temperature) wer e o0bMNbSiszanéNhSiwithhe most
the |l atter being the mostsSdantNbsi(wehthehi | e t h
latter being the most brittle). Also the transition temperatures e8iNb N b + Us8lsb
and s®iN ) Ngsiz and the stability of the NbSat 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 {8im system were calcuét. The NBSn was
found to be the less brittle compound, while the temperature dependence of its moduli
and Poissonds ratio, along with the corres|
found to be in good agreement with the literature.

The elast properties, enthalpies of formation and Debye temperatures of
intermetallics in the NHAI binary system were calculated. The temperature dependence
of their enthalpy of formation, along with the temperature dependence of the elastic
properties of the N#A\l were calculated and reported for the first time. TheAlllhas
the highest bulk modulus value, while the Nbilthe stiffest and most brittle phase.

A comparative study of the A15 intermetallics containing Nb and Sn, Si, Al, Ge was
carried out. Thir 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
NbsSiphasehas he hi ghest bul k, shear and Youngods
and less ductile of the four binary A15 intermetallics of the present studysihad
Al additions in the NESi stabilise the A15 structure over the competi?g8f, while the
Geaddition has the opposite effect.

An investigation of theéernaryWsSiz type TMSnrX compounds (TM=Nb, Ti and
X=Al,Si) was done. Useful data for the temperature dependence of the enthalpies of
formation of the TMSsX phases (TM=Nb, Ti and X=Al,Si) thatould allow the
construction and optimisation of the M3-Sn, NBAI-Sn, T+Si-Sn, TFAI-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 teraaeyare
considerably higher compared with the case of Ti.

Phase equilibria in the NBi-Sn system at 900 °C and 1200 °C and the solidification
paths of the alloy®Nb-16S+13Sn (IP2) and Nd8Si+17Sn (IP3)were studied. The
NbsSreSi is a thermodynamidgl stable phase forming between 900 °C and 1200 °C.

In NbsSn 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 ofthe Nb
Al-Sn alloys were studied using the alldys-17Al-17Sn (IP4) Nb-33Al-13Sn (IP5)
and NB16AI-20Sn (IP6) Tin showed high solubility in N#\l, reaching up to 21 at. %
in the Sarich areas, substituting Al atoms. Tin and Al substituted each other in the A15
phase (NBAI and NlzSn), while Sn showed limited solubility MbAls, not exceeding
~3.6 at. %. as it substituted Al atoms. The solubility of Al in Nb&mied from ~4.8
to ~6.8 at. %. The NISrpAl is a stable ternary intermetallic stable in the range between
~900 °C and ~1200 °C and it can be treated as a lineaiordp

In the NBTi-Sn system phase equilibria at 900 °C and 1200 °C and the solidification
paths of the alloys NOTi-18Sn (IP7), NBL3Ti-3Sn (IP8), Nb40Ti-23Sn (IP9) and
Nb-39Ti-40Sn (IP10) were studiech NsSn, the Ti substituted Nb, whereas inSh
Nb substituted Ti. In &5 Nb substituted both Ti and Sn, with primary preference to
the former.

Phase equilibria in Nf#i-Si-Sn system at 1000, 1100 and 1300 °C were studied
using the alloyNb-24Ti-18S+5Sn (IP1) Above a certain content of Ti (possibly-26
at. %) the oNbsSiz phase becomes stable. Titanium showed higher solubility in the
oNbsSiz intermetallic of all the N&Siz silicides and reduced the solubility of Si in the
NbsSn.

In the NBCr-Sn system th corresponding phase equilibria at 900 °C and 1200 °C
were studied. The solidification paths of the allbys15Cr11Sn (IP11) and NB5CF
18Sn (IP12)wvere deduced. Chromium substitutes Nb in theSdland NbSrs phases.

Tin on the other hand substitut€s and Nb in the Laves phase. Finally, Nb and Sn
showed very small solubility in &

The results from the present study can prove very beneficial to the Nb silicide based
alloys synthesisas a v ery ¢ o nasiysguachaitedebfIieSi-SnAI-Ct h e
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

Si nce t he-teinSettdré matehalsdéve 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 teraperatur
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 pde@htnology.com)

The first desirable characteristic of a higimperature alloy is thability 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 desicabtbid
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
redwtion 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 improvememsigh temperature capabilities of structural
alloys of aircraft gas turbines is increasing. The most advancédddid superalloys
used in state of the art gas turbine engines have reached the limit of their temperature
capabilities as they are currentdperating with surface temperatures around 1150 °C
in their hottest areas and their melting occurs around 13%0]°Chus, 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 signitant 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 densitytlamsl are considered as
candidate materials for high temperature applicatibigbium silicide based alloys
have attracted much interest as the next generatiorhiginetemperature alloys owing
to their excellent creep, high temperature strength andestnt@mperature fracture
toughnes§l, 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 compositiofi-3]. The choice of tb latter intermetallics is
influenced by considerations about achieving a balance of high and ambient
temperature propertig¢s, 2, 4]

Additions of Al, Ti, Cr and Sn in the N&ilicides are reported to benefit their
oxidation behaviouy roomtemperature toughness, and oxidation resistamck are
important for theihigh-temperature creep performarjée 3, 511]. The design of Nb
silicide based alloys requires better understanding of the effects of each alloying
element as well as thesynergy in the microstructure of the Nb silicide alloys. Thus, it
is important that data for thermodynamic and mechanical properties of afldys a
specific phases is obtained. Limited data exist for theSNBn, NBSnAl, Nb-Ti-Sn
and NBCr-Sn ternary syiems, 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 el ementpsréiureniel ti ng tem

In this study the aim is to explore the b Si-SntAl-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 wlipria and phase stabilities in NEB-Si-Al-Cr-Sn
subsystems, which have not beeportedn 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
andintermetallic 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 NbTi-Si-SnAl-Cr system anthe 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. Thenctusions of this work and suggestions of future work
are presented in chapter 14. In chapter 15 the Appendices containing formulae used in
the present workschematicof crystal structures of phases assessed in the current
work, details of the characteation of the alloys and the papers published from this

work are given.

14
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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

strengt h,

creep and

corrosi on

critical for their high temperature applications.

Refractory metals, namely Nb, Ta, Mo and W are considered to be suitable

resi stance,

candidates for high temperature applicatioMiobium has very attractive physical

properties

modulus (which means better ductility compared with another RM) high corrosion

as high

mel ting

point,

t he

resistance, good workability at room temperature, a Dowtile/Brittle Transition

Temperature (DBTT) (ductility at lower temperatures) and high vapour pressure

(suitable for high temperature applicatiofis)2]. Some of the properties of RM are

shown in Table 2.1.

Table 2.1
Physical and mechanical prapes of Nb, Ta, Mo and W12].
Niobium Tantalum | Molybdenum| Tungsten
Melting Point (C) 2470 2996 2610 3410
Density (g/cm) 8.57 16.6 10.2 19.3
Youngo6s M 110 186 290 358
(GPa)
Workability at Room Good Good Middle 2 Bad?
Temperature
CorrosionResistance High Very high Low Low
Ductile/Brittle -150 -260 -20 300
Transition
TemperatureiC)

aDepending on degreaf-deformation and dimension.

16
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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 (> IiZD)) low densities (6.67.2 g/cni)
[8] and contain mainly high strength intermetallic phases toughened by Nb solid
solution (NRg [13]. The NBSi system allows for a range of possible combinations of
phases to exigf], as is shown in the phase diagram (Fig. 2.1 (a)).

One of the attractive features of the-Sbsystem is the wide Nba n d sSkNaw
phase field. Different versions of the M 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 eutedtanraac
1916 AC (2189 ssKNbsSijdnd acputéctoid at 16RBIC (1946 K) ¢Sib
z N&+ USid. Thus there is a variety of ways to reach the region qf &tiul
U N3g%iz and have different volume fractions of §iNbsS i, sSdaNm d  sBisNFbur
intermetallic compounds are reported in the equilibriumSiiphase diagrarfil4],
namely the NESi (tP32-TisP), which is stable above 1766 ( 203 8 HKbsSiz t h e
(t132, CeB3, D8), which transforms t@NbsSis (1132, WESiz, D8v), with upper and
lower transformation temperatures of 1982 (2208 K) and 1648C (1918 K) (this
temperature is lower than that in Fig. 2.1 (a)) and the Nb89, CrSp, C40) which is
stable below 1934C (2208 K), where the structures were denotedchgifearson
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 th&i Nts leen
reportedo be stable is 167€C (1943 K)[15], the lowest and highest values of the
upper and lower transformation temperature&hbsSis to bBNbsSis have been 1642C
(1915 K)[16] and 194 7C (2220 K), respectivelj16] and the highest value for NbSi
has been 1963C (2236 K)[17]. The stability of the Né5i can be extended to lower
temperaturegl8] or its formation can be suppressed by alloyit®j. Alloying is also
crucial for the transformation @NbsSis to UNbsSis [20]. The stability range dflbSk
is important for the temperature capability of oxidation resistant silicide based bond
coat alloys for Nb silicide based alloj®l, 22] Thus, it is important to know the
thermal and physical properties of thesSbbNbsSis, INbsSiz and NbSi intermetallic

phases in order to

17
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improve the Nksilicide based alloys and silicide based coatings. A first principles study
of the NBSi system, excluding the NbSihase, has been reported23].

Niobium-silicide based alloys, also known as-Bilicide in-situ composites which
consist of a bcc Nbwith NbsSiz and/or NBSi exhibit excellent creep strength, but
often have poor fracture toughness and oxidation resistfic24]. 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, hitggmperature creep performance, and oxidation resista

2.2.1 Titanium addition

Titanium reduces the density of Nb silicide alloys and improves their oxidation
resistance and fracture toughngs4.1, 2426]. For better understanding of the effect
of titanium on the microstructure of Nb silicidesea alloys the ternary NDi-Si
system has been assesg&d (Fig. 2.2). The tetragonal NBi phasetP32 structure)
is present and stable above 1673(1946 K) in the NkSi system{13], (Fig. 2.1 (a))
while in the TiSi system a tetragonal sHi phase wh the same structure is stable
below 1170/ C (1443 K) [28] (Fig. 2.1 (b)). The above silicides are isomorphous and
it has been reportdd9, 29] that the addition of Ti in Ni$I-Ti ternary alloys leads to
the stabilisation of the (Nb, i phase at lwer temperatures. This stabilisation can be
enhanced by the synergy of Ti with [38]. This isomorphism however does not apply
to the NBSizand TsSizsilicides, hence there is a limited solubility of Nb iaSiz (~20
at. %) and Ti in NESiz (~ 30 at. % [31]. According to Bewlay et a[24] the addition
of Ti leads to lowering of the eutectic temperature from I&(2153 K) to 1330C
(1603 K). In order to maintain a eutectic temperature above IZ@0973 K) in Nb
Si-Ti silicide based alloys the Ti content should be less than 25[2#]%

According to Geng et g5, 32]the Ti addition enhances the eutectoid decomposition
of NbsSi to Nksa n d s8k2nm decreases the lattice parameter oNiggespecially
with increase of the Mo content. Grammenos and Tsakiropfl@showed that the
synergy of Ti wi t h s3kfwhile eeplacing tthee beutéctioid e t h e
transformation NS i Z ss +N bUsSIidby an alternate eutectoid transformation i

which the 53 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 seweral millimeters to centimeters or even meters) ( of Si in th4Nh-18St

5Sn (at. %)19] , as well as in the Nb8S5Cr-5Ge (at. %) and NB4Ti-18S+5Cr-

5Ge (at. %) alloys, especially in synergy with[82].

In the NbB 24Tii 18Si5Cr (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 NB4Ti-18S+5Al (at. %) alloy[29] the solubility of Al in the
solid solution increased wit hsSigdecreasednt e n't
[29].

Apart from its influence on the microstructure of the Nb silicide alloys, Ti also has
an impact on the mechanicproperties of their constituent phases. A significant
improvement of the fracture toughness and ductility of thedfiol the NESiz has been
noted in the presence of T83, 34]as well as improvement of oxidation resistaj&e
24). However, when th&i content is increased beyond 30 at. % theStransforms
into TisSis [31]. The latter is not desirable due to its low creep strength. Titanium can
have a strong effect on Ntand NBSiz causing solid solution strengthening of the

former and decrease the hardness of the lat§@2].

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 discoverethat two groups of elements can benefit the oxidation
resistance of Nibased 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 afast 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 ofhe 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 oxidiZedis one of the elements
that has been shown to benefit the oxidation resistance of Nb silicide basedi2dl|oys

36] when present at low concentrations and in synergy with specific alloying additions.
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Tin suppresses the formation of #&#[19], in synergy with Ti and with Ti, Fe and Cr
encourages respecti v eNbsgiz ta UNBsSis {18]aandstfieo r mat i o |
formation of the metastable d&i[37] and oxidation improvement seems to be linked
with the formation of NkSrs below the scal¢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 Sn binary systen89] (Fig. 2.3 (a)).In the NBSn
system there are three stable intermeta]2&3 (Fig. 2.3 (). The NkSn has the A15
structure which is a cloggacked structure whose stability is largely governed by size
[40], has a primitive cell of 8 atoms and belongs to the space groBm Rs Pearson
symbol iscP8 and is of the GEi type and its melting temperature is 2342647 K).

The NIySrs has a D2H25 orthorhombic structure with a primitive cell of 22 atoms and
belongs to themthmmspace group witlel45 Pearson symbol and is of theSrs type

and its melting temperature 807 °C (1180 K). The NbSn has the D224
orthorhombic structure, Pearson symbbl8, space groupdddand is of the CuMg

type with its primitive cell containing 12 atoms and its melting temperature is 827 °C
(1100 K). The NBSn has attracted interesialto its superconducting propert[d4],

with a transition temperature €154.25°C (18.9 K) and its high melting temperature.
The transition temperatures of the other two intermetallic2a@47°C (2.68 K) and
-271.08°C (2.07 K) for NbSa and NSns, respectively{42]. The crystal structures
can be seen in the Appendix.

The resistivity [43], heat capacity{44], electromphonon interaction45] and
magnetic susceptibility46] of the N@Sn compound have been studied but there is
limited data[44, 47]about its thermodynamic properties. The elastic properties of the
NbsSn have also been calculafé8], but to the best of the aut
exists for the other twmtermetallics in the NtSn system. There is experimental and
theoreical data for the vibrational and elastic properties of[#8] and Sn[50] and
their Debye temperaturgsl, 52]

According to Geng et a5, 38] the addition of Sn in the NB4Ti-18Si5AI-5Cr-
5Hf-5Sn2Mo (at. %) caused the formation of -Boh and Srkpoor areas in the
(NDb,Ti)ss while it significantly increased the solubility of Si in the solid solution.
Subsequent research in the group confirtiedformer as NéSn. On the other hand

the Ti solubility in NBSiz increased slightly in the presence of Sn, compared with the
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Nb-24Ti-18Si5AI-5Cr-2Mo-5Hf (at. %) alloy. Significant improvements were noticed
[36] in the oxidation of the NH24Ti-18Si5AI-5Cr-2Mo-5Hf-5Sn alloy (at. %) at 800
1C and 12006 C by the addition of Sn. Geng et 6] reported that pest damage after
100 hours at 800C of this alloy was successfully eliminated by alloying with 5at. %
Sn.

Vellios and Tsakiropoulof87] repored that in the presence of Sn macrosegregation
of Si occurred in the NB4Ti-18St5Cr-5Fe5Sn (at. %) alloy, whereas in the 128 Ti-
18S+5Cr-5Fe (at. %) alloy macrosegregation of Si was not evident. Also the addition
of Sn increased the solubity of Ti inet solid solution, while it had no influence on the
solubility of Cr in the (Nb,TgSis. In the presence of Sn the hardness was reported to
be decreased as the hardness of the2dh-18Si5Cr5Fe5Sn (at. %) alloy was
approximately 15 at. % lower companeidh that of the NE24Ti-18S+5Cr-5Fe (at. %)

alloy.

2.2.3 Aluminium addition

Another important alloying element in Nb silicide based alloys that can improve their
oxidation resistancgb3], lower their density and possibly be beneficial for theam
temperature ductility is Al which tends to substitute Si. As the oxidation temperature
increases, Al plays an increasingly important rokeleditsas and Tsakiropoul§29]
suggested that Al destabilises theSiiand may have the same effect on theS\and
that Al additions in NHBTi-S i based al | oySgtomweatbmpeérattses t he D
and lower the Si content of the eutectic composition.

2.2.4 Chromium addition

Chromium is another important alloying addition that can form the Nb&ves
phase that can aid the oxidation resistance of Nb silicide based alloys. TheidNbCr
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 Tsakws 2@
reported that in the NI24Tii 18Si 5Cii 5Al (at. %) alloy the Cr addition retarded the
diffusion of Alfromthe53 si |l i ci de and decel er aSked t he t
t o d43iPdnd Ns The synergy of Al and Cr additions has been repdféfito
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improve the oxidation resistance without the solid solution becoming severely brittle,
when the concentration was withir62at. % for Al and B at. % for Cr. The synergy
of Cr and Ta retar dSs4 UN4Bier(Nb,Ti)a[B5%.f or mat i on

2.3 Niobium aluminides

The NBAI binary phase diagram consists of three intermetallics. ThAINtas a
primitive cell of 8 atoms, A15 cubic structure and belongs to the space gnrp P
with Pearson symbol isP8 and is of the G6i type. The NbAJ has a primitive cell of
4 atoms, D& tetragonal structure and belongs to the space gdupmn while its
Pearson symbol i88 and is of the AlTi type. The NbAI has a primitive cell of 30
atoms, D8 tetragonal structure and belongsPéy/mnm wherea its Pearson symbol
and structure type atB3 0  aQOnFe, reSpectively. Images of the crystal structures are
given in the Appendix

These N aluminide based alloys have been investigated as potential candidate
materials for high performance turbiragplications. The NI intermetallic has
desirable strength above 1000 but poor ductility and oxidation resistanéteshows
a high melting temperature (1940 °C (2213 K)) and low density, thus making it
interesting structural material for high temparatapplicationg56, 57] The NbAk
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 itswdemperature brittlenesBhe most
promising of the niobium aluminides appears to be theANbecause of its high
melting temperature (2127 °C (2400 K5B] and creep properties. However it shows
poor oxidation resistance. Alloying with elements like Ti, Cr, Sn or Si can improve
oxidation resistance for NAI alloys. Due to its low symmetry as a result of the A15
crystal structure though, it shows limitedctility and poor fracture toughness at
ambient temperaturgS9]. It has also been reportfsB, 60, 61]that additions of Mo,

W and Ta increase its high temperature strength.

To date and to the best of t heutanuhehor 6 s
enthalpies of formation of all the N&I intermetallic phased62, 63] and the
mechanical properties of the M [48, 64]and the NbAd [65-67]. Furthermore, work
on the heat capacity and Debye temperature of Nteixl be found ifi65].
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2.5Ternary systems

2.5.1 The NBSI-Ti system

One of the most important binary systems including Nb ESNIits latest assessment
was by David et a[13] and was based on Liang and Chf®j] and Fernandes et al.
[17]. Liang and Chang68] modelled tle GSkba n d sBisNab the same
stoichiometric phase. Fernandes et[&F] presented separate descriptions for those
phases, consideri ng tSseDavidetlaljl3]imodelled/theo f S [
U NdSis and NbSi as nonstoichiometric compounds with a very small (<1 at. %)
solubility. The phase diagram of N&i is shown in Fig. 2.1 (a). Three eutectic and one
eutectoid transformations are clear 1in the
Nbss + NbsSi occus at 1916/ C (2189 K), the eutectoid NB i  Zss+N bUsSigat
1673iC (1946 K), the secsSintNbSatdl8FIEA(R146KLI qui d z
and the third eut8iattliofiC (168q K)iThus, four dtdbIs i
intermetallic compounds exis the binary NESi phase diagrafd 3] (Fig. 2.1 (a), see
section 2.2).

The TiSi binary phase diagram has been calculated by Seifert[60h(Fig. 2.1
(b)). The T&Sis, which is isomorphous to the BRis, is present around 37.5 at. % Si.
Its mdting point is significantly lower, and has wider solubility range in Si thasSNb
Four other intermetallic compounds are shown in Fig. 2.1 (b), all of them modelled as
stoichiometric. They are 3%i, TisSis, TiSi and TiSi. The peritectoid reaction at 1170
iC (1443 K) b esSizpmduces theTtbi. ABLA20i C 2193 K) and 1572
iC (1845 K) two peritectsSigz tiEaanksligeod+nat i ons,
TisSuz Ti Si, take pl ace iCdhe poagruent traesforynatiorwhi | e @
Li qui doogcur3.i Si

The phase diagram of the Nl system modelled by Zhang et 0] is shown in
Figure 2.1 (c). It is much simpler than the-Sband TiSi binaries, as it does not show
any compounds formed betwen Nb and Ti . The UT{1138HCP) i s
K) and has a small solubility range of Nb (<3 at. %) beyond WhiciBCC) co-exists
with the Nb (BCC) and form the BCC (Nb, Eglid solution.
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Based on the assessments of the binarySNbTi-Si and NbSi systems the
optimisation of the NIi-Si system was conducted by Geng et[aF]. In the
aforementioned study no differentiation betweenlNesSi; and bNbsSi; 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 sectiori @ 1200
(1473 K) from[27] is shown in Fig. 2.2.
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Fig. 2.1. Calculated phasiiagrams of (a) Nisi [13], (b) Ti-Si[69], (c) Nb-Ti [70]
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Fig. 2.2. Isothermal section at 1200 °C of thé SibTi system[27]
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2.5.2 The NBSI-Sn system

The NBSi system was discussed in section 2.2. Th8Ssystem was recently
remodelled by Sun et 4I/1] based on the work done by Meng e{39] (Fig. 2.3 (a)).
The assessment of the 18im system was done by Toffolon et [@8] who took into
accaunt enthalpy of formation data for the $8m. 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 figSns Nb
with a signifiant solubility in Sn, N§5rs and NbSp, which are both treated as line
compounds.

Sun et al. produced a thermodynamic description of th&iNEn system based on
previous work by Waterstrat and Mullgf2], Vellios and Tsakiropoulog[19] and
Horyn ard Lukaszewic473]. The NBBSiSn is a ternary compound which was treated
as stoichiometric and was calculated to be stable betweeiC@L73 K) and 1200
1C (1473 K), consistent with the findings of Horyn and LukaszeWi8t. The crystal
structure othe ternary compound is tetragonat$¥ structure type and of the MEm
space group. No comprehensive experimental evidence about the temperature range of
the stability of this compound exist. Figure 2.4 shows thei@Q1173 K) Nbrich
isothermal seatin of the NBSi-Sn systenij71].

3000 ' | | |
1800 I L l “‘_\.JTrumbore IA Girault
+ Thurmond O Kobylkin |.["~"('" (b)
1600 (a) - 2500 1 Liquid
1400 7/ L
<004 2000 + T -
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600+ i £a” M‘l':n\e |§acn§n‘s}f 2 505 K B ‘ -i
.y - i T
400 . s) sn) 500 #— MhiSn
T \ T T
A 0 0.2 0.4 0.6 0.8 o0 ¥ —
Mole fraction, Sn 0 . . T I
0 0.4 0.6 0.8 1.0

Mole fraction Sn
Fig 2.3. The phase diagrams of (&)S8i[39] and (b) NbSn[28].
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Fig. 2.4. Nbrich isothermal section of NBi-Sn system at 900C [71]. A15 is the NBSn

phase.
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2.5.3 The NBAI-Snsystem

A description of the ternary NAI-Sn system does not exist as yet in the literature.
The NbSn, NBAI and Al-Sn binary phase diagrams are shown in Figures 2.3 (b), 2.6
(b) and [74], respectivelyThe NBAI phase diagram consists of the eletaéphases
and three intermetallics (Fig. 2.6 (b)), section 2/3.it can be seen in Fig. 2.7 (b),
there are no intermetallics in the-8h system. There is no thermodynamic data except
the work done by Pietzka and Schu$f&] who reported a series td#rnary aluminides
including the NBSAI ternary compound. Its crystal structure was shown to be
tetragonal WSiz structure type and of the I4/mcm space group. Hence, it is
isomorphous with the NBiSn in the NBSIi-Sn ternary systenfi71]. Pietzka and
Schuster reported that the $$HmA | phase has | attice paramet
¢=0.5216(2) nm, c/a=0.490 and V=0.5892°1j#5]. Also, Bachner et aJ76] reported
that the NBAlI and NBSn compounds show complete solid solubility.

2.5.4 The NBTi-Snsystem

The NBTi-Sn system has also not been thermodynamically assessed to date- The Nb
Ti (Fig. 2.1 (¢))[69] and NbSn (Fig. 2.3 (b))28] phase diagrams were described
previously. The most recent description forSh is from Yin et al[77] in which the
compounds &iSn and TiSn were considered as nretoichiometric. The phase diagram
is shown in Figure 2.577]. In order to proceed to a robust description of this ternary

system experimental data is needed.
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2.5.5 The NBTi-Al system

Another important ternary system is the-WisAl. It has been extensively studied
since the 19706s, owing to the emerging of
materials. The latest assessment of theANbTi-Al and NbTi-Al systems was
condwcted by Witusiewicz et a]78, 79] The TrAl and NBAI phase diagrams and the
Nb-Al-Ti 10601C (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 JAINb
(up toabout 25 wt. %), in NdAI (up to about 40 wt. %), while the TiAand NbAk
phases are isomorphous and Nb has a solubility in TiAl up to ~30 wt. %.
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2.5.6 The NESI-Al system

Understanding of the NBi-Al system is essential in order to study thoroughly the
effect of Al additions to the NBi system. The NI binary is shown in Fig. 2.6 (b)
and the NBSi in Fig. 2.1 (a). The ASi binary is based on the data from Dialedand
is presented in Fig. 2.7 (g§§4]. Brukl et al.[80] reported the presence of two ternary
compounds NiSisAl 2 and NheSisAl s which were in equilibrium with each other. Pan
et al. [81] contradicted this and reported that these ternary phases wer@ no
equilibrium, instead the NbAl n d sSkMére in equilibrium with each other. The
Al s ol u b iSkwas rgporied differdhbly in each research. Brukl ¢88]. and
Murakami et al[82] agreed on it being near zero, while Pan et al. reparteeing ~10
at. %. Zelenitsas and Tsakiropoul@®]r eport ed t he Asbizasdo!l ubi | it
b NsSiz to be 2.2- 3.8 at. % and 3.33.8 at. %, respectively. The most recent effort
of integrating the experimental data to a model was done by Shao[&B]a The
isothermal section at 900 °C (1173 K) by Murakami ei8#] is shown in Fig 2.8.
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NbsSi3(LT)

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

2.6 Cubic Al5structure phases

The NkSi and NSiz silicides can be present in the microstructure of Nb silicide
based alloy$1, 2]. Both silicides can form as stable and metastable comp¢isds
In the NBSi binary phase diagram the equilibrium (stabk8) $licide has théNbsSis
tetragonal structure at high temperatures ancafiilesSiz tetragonal structure at low
temperatures, and the tetragonal (stable3SNbansforms via a eutectoid reaction to
Nbss and UNbsSis [14] which can be used to generate desirable microstructures in the
alloys[2]. Metastable Ni&i can form with the A15 cubistructure. There is no data

about phase transformations involving the Ali&Si.

Additions of Al, Ge and Sn in Nb8Si (at. %) based alloys have been shown to
benefit their oxidation behavio{8, 5-7] and to influence the transformationbdibsSis
to aNbsSiz [1]. These elements suppress the formation of the tetragonal (stab®) Nb
[19, 55, 83]and Sn plays a key role in the elimination of pest oxiddi#or6]. The
effectiveness of Sn depends on its concentration and its synergy witleletnents in
the alloy and on whether the ANIsSn is stable in the microstructure. Furthermore,
Sn can stabilise metastable forms of the®lwhen it is in synergy with Fe and Cr
[30]. The formation of A18\NbsAl in Nb silicide based alloys is possiblymending on
the Ti/Al ratio in the alloy84].
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In the equilibrium NBSI binary phase diagram the b has a tetragonal sR-type
crystal structure. In Ni$i-Ti based alloys the formation of the A1548in destabilises
the tetragonal N§si [19]. Some mtermetallic 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
(T¢), namely NhGe (249.55°C (236 K)), NsGa (252.95°C (20.2 K)), NBSn ¢
254.25°C (18.9 K)) and NBAI (-254.35°C (18.8 K)). It has been suggested that the
A15 NksSi phase would have a @bove that of NiGe, of the order 0248.15°C (25

K) [41], owing to its small latticparameter.

The A15 structure is a clogmcked structure whose stability is largely governed by
cell size[41]. It has a primitive cell of 8 atoms and belongs to the space gro8p, P
its Pearson symbol P8 and is of the G6i type. The AB cubic urit 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 SnG¥,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 capacitj44, 47] electrorphonon interactiof45] and
magnetic susceptibilit46] of A15 compounds have been studied. There is limited data
about enthalpies of formation and Debye temperature of theN®3% (X=Sn, Al, Si,

Ge) compoundg44, 47] The elastic properties of BbBn and NBAI have been
calculated48, 64] buttothebestfo t he aut horsdéd knowl edge
NbsSi and NBGe intermetallics.

2.7 Tetragonal WsSis structure type phases

Investigations have been carried out on the phase diagrams of{Be Siland Ti
SnSi systems by Sun et 4¥1] and Bulanova et a[86], respectively. In both cases
the existence of a ternarys@/; type compound has been reported, beingSxisi and
TisSreSi for the NbSn-Si and TiSnSi systems, respectively. The stability of the latter
compound was confirmed I&olinet and Tedenac using ab initio calculatif8¥. The

first experimental work on the NBnSi compound was done by Horyn and
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Lukaszewic473]. Pietzka and Schustgf5] 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 NbSrnAl and TSnAl phases were amongst the compounds they found and
they had the same structure as the3wSi. 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 positiond73, 75, 87]

2.8 Ab initio (Density Functional Theory)

2.8.1 Introduction

If the Nb silicide based alloys were qoialify as materials for nexgeneration 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 ofta@pating 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 experimdntasults can be reliably predicteds a
method is faster and easier than the experiment in many cases, especial when it comes
to high temperature refractory materials. Density Functional Theory (BRTinodern
day tool that can help the researcheroagaish the above. 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 condensestgB8, 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 fulinte-dependent Melectron Schrddinger

equation:

( —" o »d >0 - »D (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 investigatiee ground state electronic structure of a given system.
A set of approximations and theorems is applied to the-diependent Schrodinger
equation in order to simplify it and make it reasonably feasible to be calculated. Those
approximations are anakyd 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 tbday, in a growing number
of cases, the calculations especially for ssligte 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 valuatilentdhe 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 calculatiofi23, 87, 90] whereas in terms ofibrational 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
metalg[91, 92] Also, the cost for deriving the enthalpy ofination 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 BorrOppenheimer approximation

The Ban-Oppenheimer approximatid@3] was first proposed in 1927, in the early
days of quantum mechanics, by Born and Oppenheimer and is still indispensable in
guantum chemistry. It consists of two steps. In the first step, the kinetic energy of the
nuclei isneglected, as a result of the assumption that nuclei are massive and slow when
compared to electrons. Thus the corresponding operajas @ubtracted from the total
molecular Hamiltonian. In the remaining electronic Hamiltoniar) (fHe nuclear
positions enter as parameters. The interactions between the nuclei and the electrons are
not removed and the electrons continue

clamped at certain spatial positions. This derives from the assumptidneledectrons
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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 epggesrable approach is

of the form:
Yy (R)=0(r,R)6(R) (2.8)
where 6 is the nucl ear wave function and

parametrically on the nuclear positions. The electronic Schrédinger equation is solved.
The quantities r and R stand for electronid aniclei 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,das a function of R can bédtined. 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 Eyppenheimer approximation the
nuclear kinetic energynlis reintroduced into the Schrddinger equation:

[Th+Ee( R)(R) = B G(R) (2.9)

which then is solved. In this second step of the &fproximation, separation of

vibrational, translational and rotational motions is involved:

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

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

2.8.2.2Hohenberg Kohn and KohASham Theorems

After applying the BorrOppenheimer approximation, the quantomachanical

problem is narrowed down to electrons and their {ingependent Schrédinger

equation. Even though DFT has its roots in the TheReami model, it has been

theoretically reinforced by the Hohenbdfghn and KohASham theorems.
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The Hohenberglohn [88] and the KohfSham[89] papers show that the ground
state energy and charge density of interacting electrons in the potential fromaneiclei
exactly the same as those of Anteracting 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 k&fmam schemehe
fairly difficult many-body problem of interacting electrons in a static external potential

is reduced to a solvable problem of Aateracting electrons moving in an effective

potential:
O O O O " o (2.12)
On the right hand side, tHe , the O and the extra term, are the non

interacting kinetic energy, the non interacting electron energy and a functional of the
electron density (r) that is called the exchange correlation functional. The electron
density is now vital in order for the Schrodingsguation to be solved and can be
calculated from the wavefunctiogs :

"» B § m»s (2.12)
The Schrédinger equation becomes:
[T » O1 » (2.13)

in which the Hamiltonian operator is:

[ . ' "

2 @ R Qo (2.14)

where is the non interacting electron potential, ttoe " is the electron

nucleus potential and the is the exchange correlation potential. Every term of
the equation can be calculated precisely, except fowthe , as the exact funtionals

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 oordinate where the functional is evaluated:
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O & Qe Qi (2.15)

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

0 ElEy TQEnREs Qi (2.16)

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

0 &ulEs | QEsREsh Esh & QI (2.17)

Using the latter (GGA) very good results for various physical quantities and
geometries have been achieved. The PY84]l and PBE95] GGA functionals have
been extensively used until now and eonsidered equivalent.

To summarise, what started as a tidependent, manguclei, manyelectron
guantum mechanics problem, transformed to a static, single particle quantum

mechanics problem. The researcher must always bear in mind though that the

ExchangeCor rel ati on i s coarsely approxi mated a
exact for the ground state of the system.
2.8.2.4 Blochds 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 a®E@trons, this add
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.
£Ef the nucl ei are arranged in periodicaldl
the electrons mmst be periodic as well:
V(I +L)=V(r) (2.18)
where L is any lattice vector. This leads to the conclusion that the electron density is
periodic as well:
y+L) 7)) 4 ( (2.19)
and the magnitude of the wavefunction will be periodic as well:
Jr)=¢ »s (2.20)
According to Blochdés Theor em, in a period

periodicity so the possible wavefunctions are:
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r » Q" » (2.21)
where w(r+L)=w(r) is aperiodic function with the same periodicity as the crystal and

€k is an arbitrary phase factor. This means that :

ro» 4 Q1 » (2.22)

2.8.2.5 kpoint sampling, Pseudopotais, Cutoff Energy

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

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

Fig. 2.9. Real potential of nucleus (blue), compared to the pseudopotentidirage take!
from Google images)

For many material sé properties essatyegr al s
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 psiatibstantial. Only a

finite number of kpoints is used to sample the BZ. The Monkh&atk (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 rectamggta of points of
dimensions MxMyxMg, 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
nucl eus, they repel the outer elanther ons, s
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
atomds nucleus and core electrornhathass an i o0
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; noroonserving and ultrasoft. The methodology of mor
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 wavefupdtien b
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 conditiobecused
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 dttraso
pseudopotentials are produdéd].

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 thiccuracy 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 egudirk can be expanded in terms
of a discrete plane wave basis set. imgple 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 Istisan be reduced to include plane waves
with kinetic energy less than a specified cutoff energy. As with the MP grid, the higher
the Cutoff 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 dynamj@8]. Its applicability extends further from
the study of vibrational properties, as it provides an analytical way of calculaéng t
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 ost the fir
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 chaeg in density, potential and wavefunctions can be
obtained by minimising the second order perturbation in total efi@9gy00]

With the help of DFPT, phonon spectra can be used to calculate energy, entropy, free

energy and lattice heat capacity dsrection of temperature, using the quharmonic

approximatior98]:

oY O O | ——Q Q (2.23)
Y Q——"0 Q .Q p Qon = Q (2.24)
oY O 0 QYQ ilp Qon > Q (2.25)
6Y Q———1a 9 (2.26)
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6 Y W—  —Q (2.27)

where O - 'Ol 91 Q , is the zero point vibrational energy ait@ is the

phonon density of states. Tk term is the total energy at 0 Qi s Bol t zmannos
constantoi s t he r educ e dY'Pisthementkogys/erstsotempdraduref |,

"0"Y is the free energy versus temperatwe,”Y is the heat capacity at constant

volume versus temperature a@dis 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 tegquaidain
a distortion. Both stress and strain have three tensile and three shear components, giving
six in total. The linear el asGiyforsmalnstant s
stressesl and strainll The method to determine elastimstants 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 VoigtReussHill approximation[101, 102]can be used in order to obtain bulk (B),
shear (G) modulus, Poissoné6és ratio (v) for

temperaturg¢103], using the following equations:

5 — (2.28)
o) (2.29)
0 — (2.30)
b — p (2.31)
— -— — Ty (2.32)
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6 -— = 7 (2.33)
o] - (2.34)
6 — (2.35)
where B, G and E are bul k, shearUpiathed el ast i

Debye temperature, M is the molecular weight,iNs t he Avog,agth® 6 s numt

number of atoms per formula unjt,s the density and; 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 (glo4isdexuof ductilayrotsheBrungduldssover

bul k modulus ratio (G/B) and Poissond6s rat|
Furthermore, the relation betweenessure and volume, and internal energy and

volume can be investigated by obtaining the Biktrnaghan equation of state:

OoOw O — — p o0 — P O T — (2.36)

where 6 w— (2.37)

is the bulk modulus

and 0 — (2.38)

is the pressure derivative of the bulk modulu
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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2.8.5CAmbridge Serial Total Bergy Package (CASTEP)

Cambridge Serial Total Energy Package (CASTER) 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 DFIchviis based on
pseudopotential description (nofonserving 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
exchangecorrelation 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 o 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.
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3.1 Experimental details

The actual compositions of the twelve -Hased 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 NBSi by submitting it to other heat treatment
temperatures than the ones examined by Vellios and Tsakiropd@psvhile the
motivation for the IP2 and IP3 alloys was to study the stability and properties of the
NbsSnpSi phasg71, 73] The motivation for the IP4, IP5 and IP6 alloys was to gain
expeimental datafor the NBSn-Al ternary system and investigate the presence and
stability of the NBSrpAl. Furthermore, the incentive for the IP7, IP8, IP9, IP10 and
IP11 and IP12 alloys was the investigation of theT$n and NkCr-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 thelBllogan be seen in the
work of Vellios and Tsakiropoulos as it was the same alloy as the N\¢&sad 9].

For the preparation of the IP4, IP5 and IP6 alloys, two series of radisigs instead

of pure elements were used. The first wasMlproduced usig 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 undeafinosphere. This was
done in order to minimise the evaporation of Sn and Al during alingnelue 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 angelting (Fig. 3.1) under high purity Ar
atmosphere using a n@onsumable tungsten etemde and a waterooled 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 atmosphere. The IP1 alloy was
annealed at 1000C, 1100iC and 1300 C for 100 hours, the IP2 at 90C for 100
hours and at 1200C for 300 hours and the IP3 at 90D for 100 and 200 hours. The
IP4 alloy was annealed at 900 °C for 100 and 200 andd&t X2 for 100 hours, the IP5
at 900 °C for 100 and 300 hours and at 1200 °C for 100 hours and the IP6 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 hooes|R8 at 900 °C for 100 and

Fig. 3.1. The arenelter used in the current study.

300 hours and at 1200 °C for 100 &@D hours, the IP9 at 900 °C for 100 and 200
hours and at 1200 °C for 100 and 200 hours and the IP10 for 100 and 200 hours and at
1200 °C for 200 hours. The IP11 alloy was anneal@d@fC for 200 and at 1200 °C

for 100 and 200 hours, and the IP12 at 90Gor 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 ehtrance
the argon flow in the furnace. All samples reefurnace cooled. The aim of the
annealingvas to ensure that equilibrium conditions were met.

X-ray diffraction (XRD) was used to identify the phases present in the alloys. A
Siemens E5000 diffractometer (Fig. 3.2) with monochromatic CU K=(1.5418A)
radiation along with JCPDS Cards (Appendix B) were used, except for §8Xb
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phase for which no data existed, thus the reflection angles were calculated from the
lattice constants ifi5] (Appendix B). In the experiments the ClWkKadiation 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 coomgositthe alloys

were done by scanning electron microscopy (SEM), using JEOL JSM 6400 (Fig. 3.3)
and FEI InspeeF (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-S&ibn (Fig. 3.5) microscope,
equipped with an EBSD detector containing a phosphor sek#i¢he specimens were
flat and parallelepiped and were placed at a 70° from horizontal tilted angle towards the
detector. The step size was 0glb/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 (~€Im).

Fig. 3.2. The Siemens-B000 diffractometer.
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Fig. 3.3.The JEOL JSM 6400 used in the current study.

Fig. 3.4. The FEI Inspegt 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
P11 74 15 11
P12 17 65 18
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Table 3.2

Heat treatment conditiored 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 100h, 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 | 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 AAIl the calculations were performed using the CASTEP
(Cambridge Serial Total Energy Package) d@dg. The density functional theory and
the Komi Sham approach were used to calculate the fundamental eigeré8usse
section2.8.2.2) The interaction between valence electrons and core electrons was
treated under the pseudopotential approximation and the-wkve approaciil06]
(seesection2.8.2.5) The exchangeorrelation energy was estimated by the Peidew
Wang functional (PW91) approad®4] (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 ad stress, while the electronic energy tolerance for the SCF solver was
1x101° eV. All geometry optimisations of the structures were performed within the
BroydenFletcherGoldfarbShanno (BFGS) minimization schenjg05], with the
following thresholds forconverged structures: energy change per atom, maximum
residual force, maximum atomic displacement and maximum stress less than
1x107 eV, 1x104eV/A, 1x104 A and 0.001GPa, respectively.
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The values of the cutoff energy and the Monkh&atk gridfor the integration over
the Brillouin zone according to the MonkhamBack schem{96] (seesection2.8.2.5)
were selected after careful convergence testas they would be sufficient to reduce
the error in the total energy to less than 1 meV/atom. Ihawaverged kpoint 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 lessthan 10
cmt. The details concerning the basis set of planevfanctions, the pseudopotentials
and the valences for atomic configurations, as well as 4@k grid and smearing
width may vary in different systems depending on the convergence tests, thus they are

described separately in each chapter.

3.2.2Elastic 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 kepniixede
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
s uch it@U(eesection2.8.4)f or smal | snt rl.s sThii sa nnia tsrtirxa |
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 retjforea monoclinic structure
is six and one for cubic cells. Six strain steps (varying f@®03 to 0.003) were used
for each pattern to obtain a reliable linear fit of the stsdssn relationshipAfter
acquiring the elastic constants matrix and gaomhg that the mechanical stability
criteria[l07]ar e sati sfied, the bulk (B), Youngos
ratio (v) were obtained by using the Veidreuss 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 Bilginaghan equation of
state (BM EOS)[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 styoaglered compounds the main
contribution comes from the vibrational entropy, as the electronic and configurationally
entropies are considered to be relatively snfaD9]. The method of finite
displacements was implemented, a technique which is baseslautating the forces
on atoms when slightly perturbing the ionic positifhik0]. A large enough supercell
is required in order to contain the sphere for which the force constant matrix comprises
of nonzero elements. That sphere is described by thespzade 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 pjac#il 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 98] (see section 2.8.3)he vibrational contributions to the
enthalpy, entropy, free energy and heat capacity versus temperature as well as the
Debye temperature were obtained using the quasiharmonic approxirfefiations
24 to 27 in Appendix)Apart from the intermetallic eoppounds 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) whereagjusia 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 methodsf lattice dynamicg92, 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 stagailde

yield imaginary phonon frequency eigenvalues which is indicative of mechanical
instability. After directly computing the phonon frequencies on Monkiask g

vector grid 0f0.05 Al separationthe resultswereinterpolatedonto a very denseg-

point set,thusthe phonondensityof state§DOS) wasobtainedfor eachphaseunder
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 wellas the Debye temperature were obtained using the quasiharmonic approximation
(see equations 24 to 27 in the Appendix and section 2/8jt from the intermetallics

that are under study, the phonon DOS of each element separately were also calculated
as vell 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 Quasistatiapproximation

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 th&atic 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 resoues, 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 pridddsdd 2]
where the temperateirdependences 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 funot 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 volme, thus finding the equilibrium volume at each temperature. In the
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present study the investigated structures were obtained by varying the ragibp//V
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 sonstant
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 geometrysatpimi
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. Furtheappmication
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 anyeatfagigstic constants
was solely due to the thermal expansion which is in accordance with rgdd@}s$or

cubic symmetry.
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Ab initio study of the intermetallics in the N&i binary system

4.1. Introduction

The development of Nbilicide based alloys requires the 48bsystem to be fully
understood, as it is the base upon which any further research can be built. A first
principles study of théNb-Si binary system, excluding the NbSilicide 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 UNbsSis, the bNbsSis, the NbSi and the NBSi intermetallicsat T=0 K and to
compute the temperature dependence of their enthalpies of formation and to reevaluate the
transformation temperature foNbsSisA UNbsSis.

4.2. Computational details

In the current study, ultrasoft pseudopotentials were implemented and the valences
for the atomic configurations were NIs?4p°4d*5s and Si3s3p?. An energy cutoff of
450 eV, a Gaussian smearing width of 0.3 eV and a MonkRaick 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 1T 4 1 4 for Nb,6NbsSizANbsSzand NiBSi f or  Si
and 1 x 1 x 2 for NiSi.

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 tHenaeth 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 elastistenits (G), bulk moduli (B)
from elastic constants according to the VaRgussHill scheme and bulk moduli and
first pressure derivatives of bulk moduli (B') from thédvBEOS for all compounds and
elements under study are shown. It was confirmed tean#cthanical stability criteria

[107] were met for all phases. The elastic constants were in good agreement with the
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experimental datpl9, 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 G obtained in the present study were in general smaller (except forithe C
and Gz of UNbsSiz and the @ of bNbsSis) with the largest deviations observed for the
NbSk and NBSi 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 valuebukthe
moduli obtained from the VRH approximation agreed well with those obtained by the
BM fitting, with the maximum deviation between them being ~7% (folMiesSiz and
NbShb).

Table 4.1

Lattice parameters (A) of elemental and intermetallic phaseg iprésent study.

a b c

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

Si this work 5.46 5.46 5.46
Experimenta[116] 5.431 5.431 5.431
UNbsSis this work 6.599 11.917
Experimenta[117] 6.57 11.884

bNbsSiz this work 10.068 5.082
Experimenta[117] 10.018 5.077

NbSk this work 10.255 5.203
Experimenta[117] 10.224 5.189

NbsSi this work 4.811 6.614
Experimenta[118] 4.791 6.588

The calcul ated values of the shear (G) anct
4.3. The highest shear modulus value was calculated for the t(NtzSie, and the shear
modulus decreased from Nb$138.3 GPa) tdNbsSi; (116.8 GPa) tdNbsSiz (1064
GPa) to NBSi (71.6 GPa), which means that the most resistant compound of the three
to reversible shear deformation is the NbSihe same trend was exhibited by their
stiffness as the elastic modulus (E) values decreased from 327 GPa fotd\NPSL
GPa for UNbsSis t0268.9 GPa fobNbsSiz to 190 GPa for NiSi.

99



Ab initio study of the intermetallics in the NiSi binary system

Table 4.2
Elastic constants {and bulk modulus (Bfor the Nb, Si, N&Si, UNbsSis, bNbsSi; and NbSi in GPa.

VRH approximation B-M EOS
Cu1 Ci2 Ci3 Cis Css Cua Ces B (GPa) B (GPa) B' (GPa)
Nb 241 126.3 26.7 164.5 165.1 4
Experimenta[49] 253 133 31
Experimenta[119] 170.3
Theoretica[23] 2445 128 31.6 166.8
Si 151.2 57.4 73.1 88.7 91.2 4
Experimenta[114] 166 64 79.6
Experimenta[120] 98
Theoretica[23] 162.4 59.1 75 93.5
UNbsSis 362.2 103.9 118.1 312.6 121.9 109.9 190.6 204 6
Theoretica[23] 372.9 96 115.5 338.1 133.5 122.1 193.1
PNDbsSis 367.2 117.2 109.6 306.1 88.1 128.7 189.6 197.9 5
Theoretica[23] 378.3 119.3 107.9 318.6 89.2 132.7 193.1
NbShk 341.6 66.3 78 427 130.1 171.6 184.3 7.6
Experimenta[115] 380.2 75.9 88.3 468 145.3
Experimenta[115]” 191.5
NbsSi 252.1 169.4 128.8 6.8 78.5 91.9 183.4 183.3 5
Theoretica[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- Caafor cubic and @s-Cssand G2-Cesf Or t et r a g o[dCG]lindexafnd P
ductility (the shear modulus over bul Kk
are the parameters that must be taken into account. The values of the aforementioned
properties are given in Table 4.3. According to Pet{f@1], for metalic 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, thBlbsSi; and NbSj intermetallicsshould be brittle
(with the latter being the most brittle) and fi¢bsSis and NRSi ductile (with NBSi

being the most ductile).

4.3.2 Enthalpies of formation

The vibrational density of states (DOS) for the compounds and elemental phases
under studycan 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 atBMi°f(T)) was calculated and is
presented for all compounds and elemental phases in Fig. 4.2. It can be seen that the
Frhonon decreases faster in the following ordBibSi-UNbsSis-bNbsSis-NbsSi. After
taking FP"°"into account, the phonon contribution to thehaiy of formation
(p HPMO"(T)) was evaluated (Fig. 4.3). TlgHP"°"(T) rises faster in the order Abi-
NbSk-bNbsSis-UNbsSis. In Fig. 4.4 the enthalpy of formation versus temperature of all
the stable intermetallic compounds of the 8Sitsystem ishown.At T=0 K the heat of
formation ¢( ) increases fromUNbsSis (-62.231 kJ/mole) tobNbsSiz (-59.338
kJ/mole) to NbSi (-50.365 kJ/mole) to Nisi (-37.34 kd/mole). In Table 4.4 it can be
seen that the above values tbsSis, NbsSi and NbSi are in @od agreement with
the available experimental and ca(Tcul at
increases more steeply for the&5Silicides, especially for theNbsSis, which crosses
the bNbsSiz above 2000 K. The slopes of the 4d8band NbSi are similar and rise
slower than those for the 5:3 stoichiometry phases.
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rati o

Table 4.3
Cal cul ated shear (G) and elastic (E) modul. i n GPa,t @pog# fsog@lastics
constants and Phonon DOS for Nb, Siz8IbUNbsSis, BNbsSis and NbSi.
G E Upb (K)
VRH VRH v C12-Cas Ci13Cas  C12-Ces G/B Phonon DOS Elastic constantt Literature
Nb 36.5 101.9 0.396 99.6 0.228 277 268
Experimenta[119] 37.5 104.9 0.397 275
Experimenta[115] 267
Theoretical23] 36.6 266
Si 61.2 149.2 0.216 -17.4 0.701 647 628
Experimenta[122] 64.1 155.8 0.215 645
Experimenta[115] 646
Theoretical23] 58.2 608
UNDbsSis 116.8 291 0.246 -3.8 -6 0.613 512 532
Theoretical23] 127.9 555
bNbsSiz 106.4 269 0.264 21.5 -11.5 0.561 489 508
Theoretical23] 109.8 515
NbSk 138.3 327 0.182 -52.1 0.806 632 664
Experimenta[115] 153.2 362.8 0.183 688
NbsSi 71.6 190.1 0.327 50.3 77.5 0.39 407 401
Theoretical23] 96.4 462
Experimenta[123] 430

"at room temperature
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Fig. 4.3.Phonon contribution to enthalpies of formation calculated foNthSi (1),
NbSk (2), bNbsSis (3) andUNbsSis (4).
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Table 4.4

Enthalpies of formatiofkJ/mol)for Nb, Si, NaSi, UNbsSis, BNbsSis and NbSi.

Enthalpy of formation

Intermetallic Temperature (K) Current study Literature
UNbsSis 298 -61.2 -64.6 +2.4[124]
298 -61.2 -47.7 10-64.7*[53]
298 -61.2 -52 10-65.3 [13]
bNbsSis 298 -58.5
NbSi2 298 -49.9 -53.7+1.6[124]
298 -49.9 -46 t0-59.4 [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 acqui(T)ifar gll the hpkasesplthe phase equilibria at finite
temperatures can be investigated. In theS\phase diagrarfl4] below 2038 K the
NbsSi transforms via a eutectoid reaction to Nb &ibsSis. As it was mentioned
above, both the Ni8i andUNbsSis heats of formation increase owing to the phonon
contribution. However, the heat of formation of the latter phase increases much faster,
resultirg to the NBSi lying below the tie line between Nb abNbsSiz 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 diagfdd and the value of the current study is about
16 %and reduces to 12 % when the lowest repdttBtitransformation temperature is
considered. These differences are satisfactory considering the use of the quasi harmonic
approximation.

Another phase transition takes place for the 5:3 stoichiometrgghascording to
the phase diagrafi4], the lower and upper transition temperatures whereheSis
transforms tdbNbsSiz are 1918 K and 2208 K, respectively. As it can be seen in Fig.
4.4, theUNbsSi; phase is stable until 2085 K where its heat of formation curve crosses
that of thebNbsSiz, which becomes stable above that temperature. This transition
temperature becomes clearer in Fig. 4.5 where the difference between the enthalpies of
formation of tle competing phases is shown. Comparing the calculated transition
temperature with those reported in the literafdrke 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 fom the present work is significantly closer to the literaftide 16}
For the 1:2 stoichiometry it can be seen in Fig. 4.6 that thexl[ghSse is stable all the
way down to room temperature as it lies below the tie line betW&sSis and Si
through he whole range of temperatures. This is in agreement with tksi [dbase
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 accwaliees 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 Brillouimedbat contributes
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Fig. 4.4. Enthalpies of formation calculated for MieSi (1), NbS; (2), bNbsSis (3)
andWNbsSiz (4).
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to thermodynamics. Despite this fact, the calculated values given in Table 4.2 are in
good agreement witf23, 122]and the values calculated in the present sfraiy 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 method®are als
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 NBSi.

4.4. Conclusions

First principles calculations were cadieut for the NBSi, UNbsSis, bNbsSiz and
NbSk intermetallic compounds and their constituent elements. Elastic constants, bulk,
shear and Youngds modul us, Poissonbds ratio
According to the calculations the high temgtare phase$NbsSiz and NkSi) should
be #fduct is$ibeing the nost dubtie and thhlbsSis 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 of8ilto Nb, UNbsSiz and bNbsSis to
UNDbsSis, and the stability of the NbSat 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 phonalatais,
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 NBilicide based alloys and improving alloy design require better
understanding of the properties of the phases in th8iNbinary system.

The motivation for the present study was to investigate the elastic and
thermodynamic properties of the Mim compounds. The chapter focuses on the
calculation of the elastic constants and phonon properties to produce a complete set of
data for the afieementioned 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 pseudopotentja®5] were implemented arttie valences

for the atomic configurations were -S&5p? and Nb4d*5s'. An energy cutoff of 500

eV, aGaussian smearing of 0.7 evid a Monkhor$tPack kpoint grid separation of

0.03 At were employedFor the phonon calculations the linear response method (see
section 3.2.4) was used, while for the calculation of the liegpansion coefficients

and elastic properties versus temperature ofciic Nb and NESn phases the
guasistatic 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, Snz$i) NkSns and NbSe 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
paameter of Sn. Table 5.2 gives the results for the independent elastic constgnts (C
bulk moduli (B) calculated from elastic constants according to the \RegssHill
(VRH) approximation, and the bulk moduli and first pressure derivatives of bulkimodu
(B") from the BirchkMurnaghan equation of state for all compounds and elements at 0
K. The mechanical stability criteril26] were satisfied for all phases. The elastic
constants and bulk moduli were in good agreement with the experimentpl@lcid

for the pure elements and with a previous theoretical spd8j for the NkSn.
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Furthermore, the bulk moduli obtained by thevBEOS fitting were in very good
agreement with those calculated using the VRH approximation, with the biggest
deviation (~3.5 %for the NBSrs. The NBSn had the highest bulk modulus (166.5
GPa) that decreased to 141.3 GPa for théSRand to 106.7GPa for the NbSiThus,
among the three intermetallics the 3Sh phase is the mosesistant to uniform
compression.

The calculated values of the shear (G)
5.3. The NBSn has the highest shear modulus that decreases in the same sequence as
the bulk modulus, which means that thes8it 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 t8a NIz 3.7
GPa for the NkSrs and 132.9 GPa for the NbSn

The values of the Cauchy pressure are also listed in Table 5.3. Accordlirj }o
for metallic bonding a higher value of Cauchy pressure means more ductile material.
Thus, the NESn can be regarded as the less brittle compared with the other two

intermetallics in the NiSn 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 validatechat the compounds under investigation are mechanically stable.
The vibrational contribution to free energy per atd#®'{’(T)) was calculated and is
presented for the compounds and elemental phases in Fig. 5.F°"PH8 of the
intermetallics decreases in the following ordersz8ii NbeSrs T NbSrn with the first
two almost coinciding and the latter decreasing much fasfeer taking F°"°""into
account, the phonon contribution to the enthalpy of formatapi(°" (T)) was
computed (Fig. 5.3 (a)). Thew HP"°"(T) rises faster in the following order: NbSn
NbeSrs - NbsSn. In Fig. 5.3 (b) the enthalpy of formation versus temperature of all the
stable intermetallic compounds of the -Sh system is shownin Table 5.4 te
enthalpies of formation of the intermetallics of the present study are compared with the
available literaturg127-129] 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 pragzerti

In order to investigate the temperature dependence of the elastic properties of the
cubic phases in the present study (Nb angSNh the quasistatic approximation was
implemented. First the temperature dependence of the volume was calculatedsas it
discussed in section 2.4. The volume versus temperature curves of Nb z8rdaxi
shown in Fig. 5.4. The linear thermal expansion coefficients at 293 K of Nb afeh Nb
were calculated using this data and were respectivelyetii/thK and ~6.4m/mK
ard in good agreement with the literatyfe&0, 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 (iid) of Nb, Sn, NaSn, NkSns and NbSa

Nb Sn NbsSn  NbgsSre NbSn

a=5.591 a=9.772

Lattice constant(s) (this work) 3.299 2?313; 5.258 b=9.185 b=5.595
o c=16.702 ¢=18.809
_ a=5.656" a=9.874°

Lattice constant(s) from previous wol 3.3112 g;gfgg; 5.289° b=9.199 b=5.626°

c=16.843 ¢=19.116°

aRef[49], ® Ref[52], ¢ Ref[64], 9 Ref[132] ¢ Ref[133]
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Table 5.2
Elastic constants @@ and bulk modulus (B GPa of Nb, SniNbsSn, NbsSrs andNbSh.

VRH approximation B-M EOS
Cu Ci2 Cis Ca Cas Css Cua Css Ces B B B'
Nb 244 124.5 27 164.3 163.1 4.004
2532 1332 312
170.3°
Sn 74.2 58 22.2 81.2 23.4 9.9 47.8 45.01 3.703
83.7¢ 48.7°¢ 28.1°¢ 96.7°¢ 17.5¢ 7.4°¢
73.5¢ 23.4¢ 284 87¢ 224 22.7¢
73.5¢ 44 .2¢ 40.7¢ 103¢ 38.3°¢ 42.8¢
NbsSn 282.4 110.1 53.8 167.6 167.5 4
166.51
NbsSn5 266.5 83 90.4 228.2 110.6 210.4 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

aRef.[49], ® Ref.[134] ° Ref.[52], 9 Ref.[135], ¢ Ref.[136] ' Ref.[48]
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temper

Table 5.3
Cal cul ated shear modulus (G), el ast prassumesdCdfonabic( &L anthG-GHa tetragopal axds on 6 s r
hexagonal and zCgs, Ci-Cssand Gs-Caaf or or t hor hombi c¢) i n GPa, p@GbnBelastiadonstantsdon b, ieSmy e
NbSn andNbsSn.
G E Up (K)
VRH VRH v Ci2Css Ci3Cas Ci12Css Ci3Css G/IB  Cp3Cas  Phonon DOS Elastic constants
Nb 37.4 375 104.3 101.92 0.394 97.5 0.228 277 268 275  267°
Sn 17.3 46.2 0.339 -1.2 48.1 0.362 181 170 202¢
NbsSn 65 7499 1727 195.3¢ 0.328 56.3 0.388 291 336 308> 2824
NbsSrs 54 143.7 0.331 58 27.5 0.382 45.1 201 218
NbSn  51.4 132.9 0.292 19.9 31.6 0.482 7.6 239 256

aRef.[134], ® Ref.[51], ° Ref.[115], * Ref[48], ¢ Ref.[52]
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Nb with the literaturg¢137] it can be seen that overall the agreement is very good (Table

5.5). The G4 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 th@:1 decreased the fastest. The results fogSxibwere also in good

agreement with the experimental dft&8]. The curves of the 2and Ga constants

had similar slopes, with the latter decreasing slightly slower than the former, while the

curve of Gi1showed the steepest descent of all three independent elastic constants. The

largest discrepancy was noticed for the efficient with the results of the current

study and the literature being ~51 and ~40 GPa, respectively. After obtaining the elastic
congants 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 andsSh the bulk and the elastic moduli

exhibited sinilar gradients and the shear modulus decreased slower. The bulk modulus

curve ofthe N6Sn cr osses the Youngdés modulus curyv
becomes higher. Furthermore, owing to the above behavior of the bulk and shear moduli

of both phasestheoi ssondés ratios showed increasing
Nb v was ~0.47 close to the melting point, starting from ~0.39 (see Table 5.3) at 0 K.

For the NBSn on the other hand the total increase was smaller, from ~0.328 at 0 K

(Table 5.3)to~ 0335 at the compoundds melting poin
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. Ties val
calculated using the phonon DOS (Table 5.3) were in very good agreemef#8yith
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 38Sh phase exhibits the highest Debye

temperature of all the stable intermetallics in theSQwbsystem.
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Table 5.4

Calculated enthalpies of formationbsSrs, NbSr andNbsSn.

Enthalpy of formation (kJ/mol)

Temperature (K) NbsSn NbsSrs 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) -228 -162

aRef.[127], ® Ref.[128], © Ref.[129]

Table 5.5

Calculated elastic constants and bulk and shear moduli in GPa of Nb g# 800 K compared with availatdeperimental results.

Cu Coo 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)

86



Ab initio study of the intermetallics in the N&Sn binary system

Poisson’s ratio

Poisson’s ratio

0.5

0.48

0.46

0.44

0.42

0.4

0.38 ' ,
0 500 1000 1500 2000 2500 3000
Temperature (K)
0.355 , .
(b)
035} -
0.345
034}
0.335
033}
0_325 | | 1 | 1
0 500 1000 1500 2000 2500 3000
Temperature (K)
Fi The Poi s s o nrShsersusdemperatsire. o f

87



Ab initio study of the intermetallics inhe Nb-Sn binary system

5.4. Conclusions

First principlescalculations were carried out for the 48im, NSrs and NbSa
intermetallic compounds and the Nb and Sn elements. The elastic constants, bulk, shear
and Youngds modul i, Poissonds ratio and
the phases and were in@l agreement with the available data in the literature. It is
concluded that the NBn is the less brittlef the NbSn compoundsFor the NbSns
and NbSa phases data for elastic properties and Debye temperatures were reported for
the first time. Furthenore, 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
modul i and P bdthesNd and diSn weee tcalcalated 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 NBSn was reportedf the first time.
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6.1. Introduction

Due to their very good high temperature properties the transition-Aatainium
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 poperties to produce a complete set of data foNth&ls, the NRAI and NAI
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 implementet@ndlences for the
atomic configurations were A< 3pt and Nb4d*5s'. A Monkhorst Pack kpoint grid
separation of 0.03'4, an energy cutoff of 700 eV and3aussian smearing of 0.7 eV
were usedThe phonon calculations were conducted using the linear response method
(section 3.2.4), while for the calculation of the linear expansion coefficients atid ela
properties versus temperature of M®Al phase the quasistatic approximation (section

3.2.5) was implemented.

6.3. Results and disussion

6.3.1 Elastic properties at 0 K

The calculated lattice parameters of Nb, Al, Si,sAlp Nb>Al and NbAk 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
NbAIlz they are somewhat overestimated but are overall in good agreement with the
values from previous work, with the c lattice constant of Nishlowing the largest
error of about 0.7%. In Table 6.2 the results for the independent elastic consiants (C

bulk moduli (B) from elastic constants according to the \‘BigtssHill (VRH)
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scheme and bulk moduli and first pressure derivatives of bulk moddlir(®n the
Birch-Murnaghan equation of state -8 EOS) are shown for all phases. It is
established that the mechanical stability critEt@v] are met for all phases.
Comparing the alue of bulk modulus of NbAMwith [65] it is clear that they are in good
agreement and their consistency is validated by the results of¥h&BS fitting. Of
all the intermetallics the NBI has the highest bulk modulus of 162.2 GPa, with the
value forNb2Al being quite close (161.5 GPa). The corresponding value for Niad
found to be 132.5 GPa. It is thus suggested that the most resistant to applied pressure
of the NBAI intermetallics is the NdAI

I n Table 6.3 the calculated values of she
Debye temperaturéJp) are reported. The shear modulus decreases froms\t29.5
GPa), to NBAI (72.3 GPa) to NjAl (61.6 GPa), which means that the most resistant
compound of the three to reversible deformation upon shear strain is the. Nt
same ranking applies for the stiffness of
values were 252 GPa for NpALL88.7 GPa for NdAl and 164 GPa for NgAIl. It can
be seen thathe 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 Pla0g]hndex of ductility of shear modulus over bulk modulus ratio (G/B)
and Poissonbds ratio (v). The values of the
6.3. According to[121], for metallic bonding, a positive value of Cauchy pressure
means ductile beavior 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 constantir Nb, Al, NbAl3z, Nb,Al and NbsAl.

Nb Al NbAI3 NbAI NbsAl

: . a=3.803 a=9.945
Lattice constant(s) (this work) (A) 3.299 4.022 c=8.602 ©=5119 5.171

, . a=3.80t a=9.94%
Lattice constant(s) from previous work (+ 3.31F 4.098 c=8538 =516 5.187°

aRef[49], ® Ref[114], ° Ref[65], ¢ Ref[139], ¢ Ref[140]
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The data iffable 6.3 would thus suggest that the NyaAlthe most brittle compound.
Hence, the sequence from the less to most ductile intermetallic i MboNIpAl 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 confiried.e v i br ati ona
conatridn to freePeiWBWys ecsalpceul atteodn and is p

6. 2. It canPB¥PBeremadeasatf a&shtegr MNibn sAtNlbe or de
Af ter FA"8%itrog account , the phonohocmatirobuti
(HP"("Twhs obtained. | tswhii lse sAld mistNbe x hfiobri tNsb

small est sl ope of t heAlt héa&baushalttherslope efthe The cu
corresponding value of NbAIBY taking into consideration the totaternal energies

of the constituent elements and the compounds, the enthalpies of formation versus
temperature (oHf (T)) were obtained and t he
f or mat {)mereagesdiom NbAI(-47.374 kJ/mol) to NdAl (-28.753 kJ/mol) to

NbzAl (-22.481 kJ/mol). The NbAlc o mp ound h a syintthe avhole camge st H

of temperatures, while NAI has the highest corresponding value until approximately

2930 K, i n whi c hs oft NbgAlprises digherr Ene enthadpiestpH

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 @@ and bulk modulus (Byf Nb, Al, NbAls, Nb.Al and NbsAl in GPa.

VRH approximation Birch-Murnaghan EOS
Cu Cr2 Cis Css Cus Ces B B B'
Nb 244 124.5 27 164.3 163.1 4.004
2532 1332 312 173"
Al 107.4 57.6 30.3 74.2 76.47 4.037
107" 61° 28° 74.3
NDbAl3 255.6 101.4 51.2 274.8 104 140.5 132.5 136 4
260.2¢ 96.7°¢ 46.5°¢ 280.3¢ 109.9° 142.5° 131°¢
NbAl 264.2 109.9 105.8 282 66.1 68.3 161.5 159.9 4
NbsAl 272.8 106.9 50.5 162.2 162.1 4

aRef.[49], P Ref.[141], ¢ Ref.[65], " calculated from data in R§49] and[141] for Nb and Al, respectively.
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Table 6.3

Calcul ated shear (G) and el astic mo d(Gib-iCssforcubici Ge-Ci@na Go-QRedar tetsagand)sS/Bratiot i o (V)
and Debye toppfromelaste constaats f@id) Al, NbAls, NbAl and NbzAl.

G E Up (K)
VRH VRH v C12Css  Ci13Cys C12-Ces G/B Phonon DOS Elastic constant:
Nb 37.4 104.3 0.394 97.5 0.228 277 268 27
37.5 104.9 0.397
Al 28 74.7 0.334 27.3 0.377 394 420 428
26.2 70.6 0.345
NbAl3 106.5 252 0.183 - -39.1 0.804 744 793 753
52.8
NbAl 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
aRef[119], P Ref[122], ¢ Ref[48], "Ref[65]
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Table 6.4
Enthalpy of formation at 298 K ®ibAlz, NbAl and NbsAl.

Enthalpy of formation at 298 K (kJ/mol)

Intermetallic Current study Experiment
NDbAl3 -45.85 -40.622
Nb2AI -28.048 -25.086°
NbsAl -22.114 -19.297°

aRef[62], ® Ref[63]

6.3.3 Temperature dependence of the elastic propertiessaf Nb

In order to investigate the temperature dependence of the elastic properties of the
NbsAl, the quasistatic approximation wasiplemented. 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 thisala and was 6. 992 ¢
In Fig. 6.5 the elastic constants versus temperature are shown. The curves of the C
and G4 constants had similar slopes, while the curve;asBowed the steepest descent
of all three independent elastic constants. After obigithie 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 modhds$awest. Furthermore, owing
to the above behavior of the bulk and shea
showed increasing slope (Fig. 6.7). Close to the melting point of thél Nhe
Poi ssonds rati o was ~0.36#elsy,artong her camt
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
NbAI3 (520 °C (793 K)) to NpAl (100 °C (374 K)) to NbAI (-4 °C (269 K)). Thedp
of NbzAl in the present study is igood agreement with the available results from the
literature. The largest deviation was for Nehen comparing thelp value with the
value in[65] and was about 5 %. It should be noted that the latter value was not
calculated from elastic constants, luats derived from the phonon DOBhe resultant
phonon DOS from the calculations in section 3.2 were also used to calculate the Debye
temperatures. The calculatglg values (Table 6.3) were in good agreement with both
the data from previous work and thesults of the present study that were calculated

from the elastic constants.

6.4.Conclusions

First principles calculations were carried out for the NbAbzAl, Nb2Al and their
constituent el ements. El as tmocd ucl ounss,t afPotiss, s obr
ratio and Debye temperature were calculated. Specifically for thalNost of the
data were obtained for the first time. The temperature dependence of the free energy
and enthalpy of formation regarding the intermetallic phases @stegpfor the first
time. Comparison with available experimental and theoretical data shows good
agreement with this work. It is concluded thatsAlbhas the highest bulk, modulus
value, while NbA¢ is the stiffest and most brittlef the NBAI intermetalics. The Up
value of NbAkis the highest amongst the Mtbcompounds. Finally, the linear thermal
expansion coefficient and temperature dependence of the elastic properties ghthe Nb

were calculated and reported for the first time.
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Ab initio study of binary and ternary Ng§X,Y) A15 intermetallic phases
(X,Y=Sn, Al, Si, Ge)

7.1. Introduction

The motivation for the present study was to investigate the elastic and
thermodynamic properties of binary and ternary A15 Nb based intdliosetnd to
compare their stability with th#°32 competing structure. Calculations of the elastic
constants and phonon properties are used to produce a complete set of data for the
NbsSn, NBAI, Nb3Ge, NBSi, NsSnAl, NIsAISi, NbeSnSi, NBSnGe, NBAIGe and
NbeSiGe intermetallics. It must be noted that thesX¥ phases (denoted also as
Nbs(X,Y)) are ternary A15 structures with eeptiomic occupancies in the ndib sub
lattice. There is experimental and theoretical data for the vibrational and elastic
properties of Nb, Si, Sn, Ge and 119, 120]and their Debye temperaturgi22].

There is also experimental data for the linear thermal expansion coefficients of Nb, Al
and NkGe[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 implementetiandlences for the
atomic configurations wer@l-3s23pt, Sn5s?5p7, Nb-4d'5s!, Ge-4s5p% and Si3s’3p.

A Monkhorst Pack kpoint grid separation of 0.03'A an energy cutoff of 1200 eV
and aGaussian smearing of 0.7 @ére usedThe phonon calculations were conducted

using the linear response method (section 3.2.4).

7.3. Results and discussion

Thecalculated 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 constan$ é8d bulk moduli (B) for all elenmss
and compounds under study. In this table the bulk moduli were calculated from elastic
constants according to the VeiBeussHill (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-(BEOS). 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 valuesolkthe
moduli of the NBSn and NBAI are in good agreement with other theoret{dd, 64]

results and the consistency of the calculation is validated by the results eSS

fitting. The current results show that theaSbhas the highest butkodulus of 181.5

GPa and that the bulk moduli of the 48in and NBAI are close to each, other being
167.6 GPa and 162.2 GPa, respectively, while the corresponding values(ae b

174.2 GPa. This means that the most resistant to applied pressure airthanéry
intermetallics of this study is the . 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 modul@) (, Youngds modul us
temperaturel{p) are given in Table 7.3. The b&i phase has the highest shear modulus
value and the shear modulus decreases frogBiN80.3 GPa) to Nie (73.5 GPa), to
NbsSn (65 GPa) to Nl (61.6 GPa), which means ththe most resistant binary
compound to reversible deformation upon shear strain is tg®iNkhe same ranking
applies for the stiffness of the compounds as the elastic modulus (E) values as they are
210 GPa for N§5i, 193.3 GPa for NiGe, 172.7 GPa fordSn and 164 GPa for NAl.

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 deducethking into account the

Cauchy pr es s (lo4 indexnofl duddilitygoh shear modulus over bulk

(E)

modul us ratio ( G/ B) and Poi ssonds rati o

properties are listed in Table 7.3.

According to[121], for metallic bonithg, 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 Tal#l8 that the N§5i and NBAI 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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(X,Y=Sn, Al, Si, Ge)

Comparing
NbsSn and NBAIl of this study with data in[48], it can be seen that there is

t he

shear mo d u |

Youngos

disagreement, which in the case ofsAbis 17%, 15% and 18% in G, E ahlp,

Table 7.1

Lattice constantpure elements and binary and ternary A15 phases.

Phase this work (A) literature (A) deviation (%)
Nb 3.299 3.3112 0.36
sn a=5.741 a=5.832 pal/ a=1."
€=3.102 c=3.182° pc/ c=1.":
Al 4.022 4.098° 1.85
Si 5.469 5.431¢ 0.70
Ge 5.738 5.658¢ 141
NbsSn 5.258 5.289¢ 0.59
NbsAl 5.171 5.187¢ 0.31
NbsGe 5.151 5.168¢ 0.33
NbsSi 5.101 5.155f 1.05
NbsSnAl 5.221 5.2559 0.65
NbgAISi 5.136 5.173" 0.72
NbsSnSi 5.186 5.216' 0.58
NbsSnGe 5.21 5.217 0.13
NbsAIGe 5.161 5.175k 0.27
NbeSiGe 5.126 5.173" 0.91

aRef[49], ® Ref[52], ° Ref[114], ¢ Ref[143], ¢ Ref[64], ' Ref[144], ¢ Ref[76], " Ref[21], !

Ref[145],! Ref[146], k Ref[147]
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Table 7.2
Elastic constants {and bulk moduli (Bpf pure elements and binary and ternary A15 phases in GPa.
VRH approximation B-M EOS
Phase Cu Co2 Ci3 Css Cua Ces B B B'
Nb 244 1245 27 164.3 163.1 4.004
253 133 312 170.3

Sn 742 58 222 812 234 99 518 53.2 3.703
723 594 358 884 22 228 58P

Al 107.4 57.6 30.3 742 76.47 4.037
75.2
Si 152.1 56.7 74.1 88.5 90.22 4.019
og°
Ge 113.9 40.5 55.2 65 67.5 4.035
128.5 48.3 66.8 75°
NbsSn 282.4 110.1 53.8 167.6 1675 4
160.5
166.5
NbsAl  272.8 106.9 50.5 162.2 162.1 4
156.3!
165.5
NbsGe 298.3 112.2 62.8 174.2 174 4
NbsSi  314.8 114.9 69.3 181.5 1812 4
NbsSnAl 276.7 107.7 52 164 163.8 4
NbsAISi 293.3 110.1 59.4 171.1 1706 4
NbsSnSi 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
NbsSiGe 305.9 113.5 66.4 1776 177 4

aRef.[119], ® Ref[52], ¢ Ref.[120], ¢ Ref. [64], ¢ Ref.[48]
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Table 7.3

Calcul at ed

for pure elements and binary and ternary A15 phases.

shear (G)

and

el astic

mo dinGPa, G(B Eajio andrDeb§ee anp e R @) tfrany almstiq cbhstardst i o

G E Up (K)
Phase VRH VRH \Y; C12Cus C13Cus C12-Css G/B Phonon DOS Elastic constants
Nb 374 104.3 0.394 97.5 0.228 277 268 275°
37.5¢ 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°
64.19 155.8¢ 0.215¢
Ge 46.9 113.4 0.209 -14.7 0.722 393 386 360°
419 1044
NbsSn 65 172.7 0.328 56.3 0.388 291 336 308 2822
74.9% 195.32
NbsAl 61.6 164 0.331 56.4 0.380 353 374 370° 3162
74.22 193.52
NbsGe 73.5 193.3 0.315 49.4 0.422 344 376
NbsSi 80.3 210 0.307 45.6 0.442 383 420
NbeSnAl  63.2 168 0.329 55.7 0.385 332 355
NbsAISi 70.7 186.4 0.318 50.7 0.413 386 398
NbsSnSi  72.8 191.6 0.316 497 0.420 360 378
NbsSnGe 69.3 183.1 0.321 52,5 0.407 342 359
NbsAlGe 67.6 178.8 0.323 52.6 0.403 350 377
NbesSiGe 77 201.8 0.311 47.1 0.434 378 400

aRef.[48], ® Ref.[122] °Ref. [52], “Ref[120].

110

(v)



Ab initio study of binary and ternary Ni§X,Y) A15 intermetallicphases (X,Y=Sn, Al, Si, Ge)

Table 7.4

Calculated enthalpies of formationlmhary and ternary A15 phases (unless denoted othemdsg)ared with the literature.

Phase Temperature (K) gH¢ from the present study (kJ/mol) Literature (kJ/mol)
NbsSn 298 -15.583 -16.7 to-162
1273 -11.36 13.2322
NbsAl 298 -22.101 -19.297°
298 -20.376 -19.7¢
NbsSi 0 -34.73 -32.8¢
NbsGe 0 -33.288
NbsSnAl 0 -16.646
NbeAISi 0 -26.062
NbsSnSi 0 -23.321
NbsSnGe 0 -32.029
NbsAIGe 0 -29.633
NbsSiGe 0 -35.629
NbsSi tP32 0 -37.3 -40.5¢
298 -37 -29.6 t0-35.9'
NbeSiSntP32 0 -15.985
NbsSIAl tP32 0 -22.497
NDbsSiGetP32 0 -36.021

aRef[28], ® Ref[63], © Ref[148], Y Ref[23], ¢ Ref[41], ' Ref[92]
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respectively. The Debye temperature obMlcalculated from the elastic constants in
the present study is in very good agreement with the literatureJJhalue decreases
as one moves from N8i (147 °C (420 K)) to Ndi5e (103 °C (376 K)), to Nl (101
°C (374 K)) to NBSn (63 °C (336 K)). WheSBi 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). The phonon contributiBPA{"TPAS real emleatge & s
is presented for all el ement al phases and
t hatFP'"ellP@creases f asiSer,AiNPp:GEbeSNbdr de8 FNby . 7.
t he phonon contribution to the free energy
be seen that it d e c sAd aSsi ese BlifbaSsitRebisGeiAb ,t he o

NBAl SnsGeBSIh. Af Ffdfi"nt @k iacgcount , the phonon ¢
enthal py odH®P"@Tmd i ewnall ght"&®tTNi $ke faster |
NBSn, owing to the steep descent of the vilek

Sn compared with the other el gtfdQ"Tapf, as it
N RS i on the other hand exhibits the smal/l
attributed to FP'"f{eTobeBayi whil esAt haeGeuNbes o
are close to each other and have about hal
NBSn. Regarding theHP°¢Tihraa rye apsheass efsg s ttehre i n
NBAIl Si ¢Ge 8lb,cGeMb 6Si$msAl S8b sGelSih . The enthal pi
formation ver&ysTWwigempobdtauimed and are show
7.60 Ktt he he a3z )modreademmist (134734 ki/mol) to Nitse

(-33.288 kJ/mol), to NdAl (-22.467 kI/mol) to NgBn (16.54 kJ/mole). In Table 7.4

the good agreement between the present study and previous experimental results
regardingthe enthalpies of formation of the intermetallics is shown. The&SNihase

has the lowesgHs( To)f t he binary ALl1l5
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Fig. 7.1.Phonon DOS of the pure elements and binary

ternary A15 intermetallics of the present study.
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Table 7.5

Linear thermal expansion coefficients of Nb, Al,38h, NBBAI, NbsGe and NES i (em/ mK).

Phase this work literature
Nb* 7.9 7.32
Al 22.5 23.1°

NbsSn 6.4

NbsAl 7

NbsGe 7.6 7.7°¢

NbsSi 8.1

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

i nt er mwehilathelNBSn $s the phase with the highest value in the whole range
of temperatures. ThegH:(T) of thetP32 NSi[22] is also shown in Fig. 7.6 and Table
7.4. It is confirmed that the tetragonaldSbis more stable than the cubicdSb Even
though the phonon contribution in the enthalpy of formation ofRB2 NkxSi exhibits

a steeper ascent than tloditthe A15 NRSI, 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 containg Si and Sn, Al or Ge the enthalpy of formation at 0 K
was calculated, separately for A15 dR82 structure and the values are given in Table
7.4. It is suggested that Sn and Al additions stabilise the A15 structure and Ge addition
stabilises theP32 structure.
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The linear thermal expansion coefficients of Nb, Al,z8in, NbzAl, NbsGe and

NbsSi (Al5) 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 aforementionet gievyisr
to decrease in the order 8 (8.1em/mK), NksGe (7.6em/mK), NsAl (7 em/mK),
NbsSn (6.4em/mK).

The resultant phonon DOS from the calculations was also used to calculate the Debye
temperature. The calculatéth values (Table 7.3) were in good agreement with both
the experimental datd22] 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. Tlowerall 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 el ements.
modul us, Poissonds ratio and Debye temper a
NbsSi (Al15), 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, ABSNbNRAI,

NbsGe and NBSi (A15) are reported as well. Comparison with available experimental

and other theoretical data shows good agreement with this work. It is concluded that

the NkSihas the highest bul k, shear isthed Young:«
stiffest and less ductile of the four binary intermetallics of the present study. t8e Nb

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 B 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 \ASiz type TMsSneX compounds (TM=Nb,
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
TMSmX (TM=NDb, Ti and X=Al,Si)ternary phases. The results will be useful for the
construction and/or optimisation of the 48$iSn, NBAI-Sn, TiSi-Sn and THAI-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 nom conserving pseudopotentials were implementedrendalences for the
atomic configurations werdlb-44pP4d'5s!, Ti-33p°3cP4<%, Sn555p?, Al-3523pt
and Si3s3p%. A 9x9x9 MonkhorstPack kpoint grid an energy cutoff of 550 eV and
a Gaussiarsmearing of 0.3 eWvere usedThe phonon calculations were conducted
using the supercell method as discussed in section 3.2.3. The size of the supercells that
were used wagx2x2 for the ternary phases, 4x4x4 for Nb and Al and 3x3x3 for Ti,
Si and 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 thiattice parameters is ~0.6 %. The results for the
independent elastic constants \®ulk moduli (B) from elastic constants according to
the VoigtReussHill scheme and bulk moduli and first pressure derivatives of bulk
moduli (B9 from the BM EOS for dl 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
Youngbés modulus (E) are reported. |t was
criteria[107] are met for all compands. The elastic constants were in good agreement
with the experimental data for the pure elem¢f®s114] To t he aut horsod Kk
no data exists for the ternary intermetallics. Comparing the bulk moduli obtained from
the VRH approximation and the @ EOS 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 T4SmAl phase.
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Table 8.1

Lattice parametersf Nb, Si, Al, Sn, NESn:Si, TisSreSi, NbsSrpAl and TsSreAl in A.

a C

Nb 3.309 3.309
3.31F 3.31F

Si 5.46 5.46
5.43P 5.43P

Al 4.103 4.103
4.098 4.098

Sn 5.798 3.144
5.832 3.182

NbsSn:Si 10.683 5.145
10.54¢ 5.138

TisSnSi 10.582 5.05
10.558 5.03

NbsSreAl 10.735 5.203
10.629 5.216
TisSnAl 10.612 5.184
10.549 5.242

aRef[49], P Ref[116], ° Ref[114], ¢ Ref[52], ¢ Ref[73], ' Ref[87], Y Ref[75]

Table 8.2

Elastic constants {and bulk modulus (Bfpr Nb, Si, Al, Sn, NbSnSi, TisSreSi, N:SrpAl

and TESnAl in GPa.

VRH approximation B-M EOS
Cu Ci2 Cis Cs3 Cas Ces B B B'
Nb 241 126.3 26.7 164.5 165.1 4.005
253 133 312
Si 151.2 574 73.1 88.7 91.2 4.009
166 64° 79.6
Al 107.4 57.6 30.3 74.2 76.47 4.037
107 61° 28
Sn 74.2 58 22.2 81.2 23.4 9.9 51.8 52.01 3.703
72.3 504 358 88.#4 2% 225 54.9
NbsSnSi  303.5 1044 98.9 3134 744 98.7 169.4 168.8 5
TisSneSi 2148 73.6 71.1 189.6 516 753 116.6 119.7 5
NbsSnAl 286.5 97 957 269.6 625 81.7 157.6 158.6 5
TisSnpAl 2115 75.1 63.3 1786 47.3 698 111.1 1189 5

aRef. [32]," Ref. [31],° Ref [37]
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Table 8.3

Calcul at ed

pressur es

i n

shear

modul us

(G)

and

el astic

modul

GPa, G/ B p) fmomielasticxonstantBantt Bhenot e mper at
DOS (PDOS) for Nb, Si, Al, Sn, N8n:Si, TisSneSi, NosSreAl and TsSmeAl.

G E U (K)
VRH VRH v Ci2Cs Ci13Cu Ci2Css G/B PDOS Elastic constants Literature
Nb 365 1019 039  99.6 0.228 277 268 275
37.89 1049 0397
Si 61.2 1492 0216 -17.4 0.701 647 628 645
64.1° 1558 0215
Al 28 747 0334 273 0.377 394 420 428
26.2 708 0.34%
sn 16.3 443 0.357 .12 481 0315 254 217 230°
177 48  0.358
NbsSnSi  89.7 228.7 0.275 245 57 053 311 327
TisSnSi  61.8 157.6 0.275 195  -1.7 053 305 326
NbsSnAl 771 1989  0.29 332 153 0489 298 305
TisSRAl  58.6 1495 0.276 16 53 0527 300 320
aRef[122], P Ref[119],¢Ref[120], ¢ Calculatedrom Ref [52].
The NBSnS i phase had the highest values

the intermetallics, while the F8pAl had the lowest. All these properties decreased

from NbsSneSi, to NlESnAl, to TisSeSi, to TeSnAl. It can be seen that all the moduli

were significantly higher when Nb was the transition metal in the ternary phase.

Furthermore the Stontaining 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 pressuresd4 for
cubic and @-Cas and G2>-Cee for tetr a g 0 n a | ]104] irfdlex gfhdbceslity (shear

mo d u |l

us

over

bul k

mo d u |l

us

rat.i

o

(G/ B))

The values of the aforementioned properties are listed in Table 8.3. Accorfli2dfto

for metallic bonding, a posites value of Cauchy pressure means ductile material

whereas if negative brittle. The other two conditions for a compound to be brittle are

of b u

and

the G/B ratio to be greater than 0.57 and the v less than 0.26. Regarding all the

aforementioned criteria the dataTiable 8.3 indicates that the §8pAl and TsSnSi

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 saein Fig. 8.1. All the eigenfrequencies were found to be real, hence it
was confirmed that the compounds under investigation are mechanically Afédle.
obtaining the computed phonon DOS the vibrational contribution to free energies per
atom E°"°"(T)) was calculated and is presented for all compounds and elemental phases
in Fig. 8.2. It can be seen that tR&'°"°" decreases faster in the ordBibhsSmpAl-
TisSneSi- TisSrpAl- NbsSneSi. After taking FP'°™" into account, the phonon
contribution to the ehalpy of formation ¢ H"°"(T)) was evaluated (Fig. 8.3). The
KO (T) rises faster for NgSrAl, while for the other three intermetallics the
corresponding curves show very small differences between threirffig. 8.4 the
enthalpy of formation versusmperature of all the ternary intermetallic compounds is
shown.In Table 8.4it is shown that aT=0 K the heat of formatiors{ ) increases
from TisSneSi (-50.655 kJ/mol) to ESmAl (-36.471 kJ/mol) to NgSneSi (-30.296
kJ/mol) to NBSnAl (-21.516 kdhol). The above values are in good agreement with
the available experimental data. As the temperature rise% th€T) increases more
steeply for the NéSpAl, while the curves of the other three phases show approximately

the same slope.

8.3.3 Debydemperatures

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) becauee asnaperature
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) wereyigogst
agreement witl23, 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. Tk@p8 andNbsSAl

had the highest and lowest Debye temperatures, respectively.
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Table 8.4

Enthalpies of formatiofkJ/mol)at T=0 Kfor NbsSn:Si, TisSneSi, Nb:SrpAl and TeSnAlL

Enthalpy of formation

Intermetallic Current study Literature
NbsSneSi -30.296
TisSneSi -50.655 -50.751
NbsSnAl -21.516
TisSnAl -36.471
" Ref[87]
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Ab initio study of the ternary \A6iz type TMSnX compounds (TM=Nb, Ti and
X=Al,Si)

8.4. Conclusions

First principles calculations were carrieat for the NBSrpAl, TisSneSi, TisSrpAl and NixSneSi
intermetallic compounds and their constituent
modul i, Poissonb6és ratio and Debye temperature
depemlence of free energy and enthalpy of formation of the intermetallic phases is reported for the
first time. The NBSrpAl and TsSneSi are the most and less ductile phases, respectively. The
NbsSreSi phase is the stiffest and most resistant to uniform casiore and to reversible

deformation upon shear strain.
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Phase equilibria in NBSI-Sn ternary alloys at 900 °C and 1200 °C

9.1 Introduction

According to Sun et aJ71] in the NBSi-Sn ternary system there are eight stable intermetallics.
Three of those are in the Min system and are BBn, NlaSrs and NbSp. The ab initio study of
these phases was presented in chapter 5. TE®eNPmM3n, cP8, G8i) has a primitive celbf 8
atoms. The phase melts at 264amd has a wide compositional range for I8bsSrs has a D2H
25 orthorhombic structurerimm o | 43s), withCaTpiimitive cell of 22 atoms and a melting
temperature of 1180 K. Nbsrs D2H-24 orthorhombic (8dd o0l48, CuMg) 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 atbe NRkSi (tP32, P42/n,TisP), which is stable above 2038 K, the
UNbsSis (t132, D&, CrsBs), which transforms tONbsSis (t132, D&, WsSis), with upper and lower
transformation temperatures of 2208 and 1918 K, respectively, and the (NB&i C40, CrS))
which is stable below 2208 K. The ab initio study of the intermetallics of this systepresasited
in chapter 4. The final stable intermetallic is a ternary phas&iSib (14/mcm D8m,WSis). This
phase was studied in the previous chapter together with oth€3riEXicompounds (TM=Nb, Ti
and X=Al,Si)

Sun et al. introduced a thermodynardescription of the NtSi-Sn system based on previous
experimental work by Waterstrat and Mul[@®], Vellios and Tsakiropoulofl9] and Horyn et
al.[73]. The 900 °C Nkrich isothermal section of the syst¢fii] can be seen in Fig. 2.4. TheNb
SneSi is a ternary compound which Sun et[@l] 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
LukaszewicZ73]. No comprehensive experimental evidence about thpdeature range of the
stability of this compound exist.

The alloys IP2 (NHL6S13Sn) and IP3 (NH18Si17Sn) in this research were manufactured to
verify the stable phases (in particular thes8HaSi intermetallic) and the phase equilibria in the
Nb-Si-Sn ternary system.
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9.2. Results

9.2.1. Alloy Nb16Si13Sn (IP2)

As castAccording to the XRD data (Fig. 9.1) and the SEM (Fig. 9:-B)jahe
microstructure of IP:AC consists of N&Bis, Nbs(Sn,Si) and Sn solid solution. The
XRD data suggestSgahnthat Sipveels lpiesent ia thebal bast
alloy. Macrosegregftion of Sn was evident throughout the ingot (Fig. 9.2 (a)), while a
fine lamellar eutectic between the 48im and NESiz was formed (Fig. 9.2 (b)). The
compositions of the constituent phases in theAB2are shown in Table 9.1. Tin
content in NbSizwas 1.2 at. %. The Si/Sn ratio in B®n,Si) was ~1.1 with the Si+Sn
content being 26.1 at. %.

Heat treatedThe alloy was given two separate heat treatments, at@@@ 100 h
(IP2-HT-900i C/100h) and at 120GC for 300 h (IP2HT-1200i C/300h). After the heat
treatment at 900C for 100 hours the aforementioned phases were present together with
the NlxSneSi and NS intermetallics (Fig. 9.3). This was confirmed by XRBQg.

9.1). According to th&XRD data the number of peaks correspann g 4Sipwa® N b
significantly reduced compared with the as cast alloy. According to the chemical
analysis Table 9.1) the Sn content in thed$iz and NlegSnswas ~1.6 and ~44.4 at. %,
respectivelyThe Si/Sn ratio in Ni{Sn,Si) was ~1 with the Si+Snment being 27.4

at. %. The chemical analysis of $8mnSi showed that it deviated slightly from its
stoichiometric composition, namely 60.7 at. %-195.8 at. % Sn13.5 at. % Si instead

of 62.5 at. % Nb25 at. % Srl2.5 at. % Si.

The ternary NESnSi phase always formed next to large areas of solid solution of Sn
(Fig. 9.3). A boundary separating the areas containing(bSi) and NESnSI
formed, as can be seen in thea¥ line scan in Fig. 9.4 and theray element maps in
Fig. 9.5. The concentiian of Sn drops when moving across the boundary from the
NbsSiSn region to the N§(Si,Sn) region. NBns formed in areas where Smas 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 thenicrosctructure.

To investigate the temperature range of theWsSi phase, the IP2 alloy was
annealed at 1200C. 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 Snwas not volatilised and that the alloy remained in the same compositional
range. The typical microstructure of the {AZ-1200i1 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 NBSnand NBSz. The XRD al so s u dN®issphasedwast h at
present. Regarding the B8rSi, 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 elementaps (Fig. 9.7) it can be seen that negs8mained, while the fine
eutectic between theNbsSis and the NbSn was still evidentThe Si/Sn ratio in
Nbs(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, deeg

analyses were performed and compared with the calculated phase diagram of Sun et al.

[71]. The areas analysed in HPEX-9007C/100h are shown in Figure 9.8 (a). Taking

into account the segregation of Sn, especially for areas 2, 3 and 4 it can bes#dee
experimental results regarding the phase fields are in good accordance with the phase
diagram given by Sun et pi1], 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 EDSanalysis for the composition of the phases inA2 IP2-HT-9001C/100h

IP2-HT-12001 C/300h, IP3AC, IP3-HT-900i C/100h and IP3HT-9001 C/200h.

Nb (at. %) Si (at. %) Sn (at. %)
IP2-AC
Nbs(Sn,Si) 73.9+03 13.5+0.2 126 £0.1
NbsSis 63.9+0.2 349+0.1 1.2+01
IP2-HT-9001C/100h
Nbs(Sn,Si) 726+0.1 13.6+0.1 13.8+0.1
NbsSnSi 60.7 £0.2 13.6 £0.2 25.8+0.1
NbsSis 62.3+0.2 36.1+0.1 16+0.1
NbeSre 543+0.1 1.3%0.1 444 +0.1
IP2-HT-12001 C/300h
Nbs(Sn,Si) 77.1+0.1 6.1+0.1 16.8 +0.2
NbsSis 63.3+03 33.3%0.3 3.5+£0.2
IP3-AC
Nbs(Sn,Si) 73.1+0.1 13.9+0.4 13.0+0.2
NbsSis 62.8+06  354+0.2 1.8+0.2
NbsSnSi 60.2+0.3 13.4+0.1 26.4+0.3
IP3-HT-9001C/100h
Nbs(Sn,Si) 749+0.2 12.6 £0.3 125+0.1
NbsSnSi 61.5+04 13.2+0.1 25.3+0.2
NbsSis 62.5+04 35705 1.8+0.2
NbeSrs 55.4+0.1 0.6+0.1 44.0+0.1
IP3-HT-9001C/200h
Nbs(Sn,Si) 74.8+0.3 12.7 £0.1 125+0.2
NbsSnSi 62.3+0.2 12.7+0.2 25.0+0.5
NbsSis 63.5+05 35005 1.4+0.2
NbeSre 53.7+0.3 0.5+0.2 458 0.1
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Fig. 91. XRDdiffractogramsof IP2-AC, IP2-HT-9001 C /100handIP2-HT-1200i C /300h
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