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Abstract 

    In this thesis the Nb-Ti-Si-Al -Sn-Cr system was investigated. Literature on relevant 

phase equilibria and the ab initio theory is reviewed. Details about the experimental and 

theoretical techniques used in the current study are outlined. Data for thermodynamic 

and elastic properties, phase equilibria and phase stabilities are given. The Nb-Si, Nb-

Sn, Nb-Al binary systems along the A15 Nb3(X,Y) (X,Y=Si, Sn, Al, Ge) compounds 

and tetragonal TM5Sn2Y (TM=Nb, Ti, Y=Si, Al) phases were studied with ab initio 

calculations. The Nb-Si-Sn, Nb-Al -Sn, Nb-Ti-Sn, Nb-Ti-Si-Sn and Nb-Cr-Sn ternary 

systems were studied experimentally. Alloys with codes from IP1 to IP12 and actual 

compositions (at. %) Nb-24Ti-18Si-5Sn (IP1), Nb-16Si-13Sn (IP2), Nb-18Si-17Sn 

(IP3), Nb-17Al-17Sn (IP4), Nb-33Al-13Sn (IP5), Nb-16Al-20Sn (IP6), Nb-10Ti-18Sn 

(IP7), Nb-13Ti-3Sn (IP8), Nb-40Ti-23Sn (IP9), Nb-39Ti-40Sn (IP10), Nb-15Cr-11Sn 

(IP11) and Nb-65Cr-18Sn (IP12) were studied in the as cast and heat treated conditions 

(at 900 °C, 1000 °C, 1100 °C, 1200 °C or 1400 °C). 

    The stable intermetallics in the Nb-Si binary system were investigated and their 

elastic and thermodynamic properties (enthalpy of formation versus temperature, 

Debye temperature) were obtained. The most ductile phases are ɓNb5Si3 and Nb3Si with 

the latter being the most ductile while the less ductile are ŬNb5Si3 and NbSi2 (with the 

latter being the most brittle). Also the transition temperatures of Nb3Si Ÿ Nb+ŬNb5Si3 

and ɓNb5Si3 Ÿ ŬNb5Si3 and the stability of the NbSi2 at low and elevated temperatures 

were investigated and found to be in good agreement with the phase diagram. 

   The enthalpy of formation versus temperature, Debye temperatures and elastic 

properties of the intermetallics in the Nb-Sn system were calculated. The Nb3Sn was 

found to be the less brittle compound, while the temperature dependence of its moduli 

and Poissonôs ratio, along with the corresponding properties of Nb were calculated and 

found to be in good agreement with the literature. 

    The elastic properties, enthalpies of formation and Debye temperatures of 

intermetallics in the Nb-Al binary system were calculated. The temperature dependence 

of their enthalpy of formation, along with the temperature dependence of the elastic 

properties of the Nb3Al were calculated and reported for the first time. The Nb3Al has 

the highest bulk modulus value, while the NbAl3 is the stiffest and most brittle phase. 

    A comparative study of the A15 intermetallics containing Nb and Sn, Si, Al, Ge was 

carried out. Their linear thermal expansion coefficients were obtained and found to be 

in good agreement with the available literature. The temperature dependence of their 

enthalpy of formation along with their Debye temperatures were also calculated. The 

Nb3Si phase has the highest bulk, shear and Youngôs modulus values and is the stiffest 

and less ductile of the four binary A15 intermetallics of the present study. The Sn and 

Al additions in the Nb3Si stabilise the A15 structure over the competing tP32, while the 

Ge addition has the opposite effect. 

    An investigation of the ternary W5Si3 type TMSn2X compounds (TM=Nb, Ti and 

X=Al,Si) was done. Useful data for the temperature dependence of the enthalpies of 

formation of the TMSn2X phases (TM=Nb, Ti and X=Al,Si) that would allow the 

construction and optimisation of the Nb-Si-Sn, Nb-Al -Sn, Ti-Si-Sn, Ti-Al -Sn phase 

diagrams, were obtained. Aluminium and Nb improve ductility, while Ti and Si 

enhance brittleness. When the transition metal is Nb the moduli of the ternary phase are 

considerably higher compared with the case of Ti.  

   Phase equilibria in the Nb-Si-Sn system at 900 °C and 1200 °C and the solidification 

paths of the alloys Nb-16Si-13Sn (IP2) and Nb-18Si-17Sn (IP3) were studied. The 

Nb5Sn2Si is a thermodynamically stable phase forming between 900 °C and 1200 °C. 

In Nb3Sn the Si/Sn ratio reached up to ~1. 
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    Phase equilibria at 900 °C and 1200 °C, along with the solidification paths of the Nb-

Al -Sn alloys were studied using the alloys Nb-17Al-17Sn (IP4), Nb-33Al-13Sn (IP5) 

and Nb-16Al-20Sn (IP6). Tin showed high solubility in Nb2Al, reaching up to 21 at. % 

in the Sn-rich areas, substituting Al atoms. Tin and Al substituted each other in the A15 

phase (Nb3Al and Nb3Sn), while Sn showed limited solubility in NbAl3, not exceeding 

~3.6 at. %. as it substituted Al atoms. The solubility of Al in NbSn2 varied from ~4.8 

to ~6.8 at. %. The Nb5Sn2Al is a stable ternary intermetallic stable in the range between 

~900 °C and ~1200 °C and it can be treated as a line compound. 

    In the Nb-Ti-Sn system phase equilibria at 900 °C and 1200 °C and the solidification 

paths of the alloys Nb-10Ti-18Sn (IP7), Nb-13Ti-3Sn (IP8), Nb-40Ti-23Sn (IP9) and 

Nb-39Ti-40Sn (IP10) were studied. In Nb3Sn, the Ti substituted Nb, whereas in Ti3Sn 

Nb substituted Ti. In Ti6Sn5 Nb substituted both Ti and Sn, with primary preference to 

the former.  

    Phase equilibria in Nb-Ti-Si-Sn system at 1000, 1100 and 1300 °C were studied 

using the alloy Nb-24Ti-18Si-5Sn (IP1). Above a certain content of Ti (possibly 25-30 

at. %) the ɔNb5Si3 phase becomes stable. Titanium showed higher solubility in the 

ɔNb5Si3 intermetallic of all the Nb5Si3 silicides and reduced the solubility of Si in the 

Nb3Sn. 

    In the Nb-Cr-Sn system the corresponding phase equilibria at 900 °C and 1200 °C 

were studied. The solidification paths of the alloys Nb-15Cr-11Sn (IP11) and Nb-65Cr-

18Sn (IP12) were deduced. Chromium substitutes Nb in the Nb3Sn and Nb6Sn5 phases. 

Tin on the other hand substitutes Cr and Nb in the Laves phase. Finally, Nb and Sn 

showed very small solubility in Crss. 

    The results from the present study can prove very beneficial to the Nb silicide based 

alloys synthesis, as a very concise ñmapò of the as yet uncharted Nb-Ti-Si-Sn-Al -Cr 

territory, containing elastic properties, phase stabilities and phase equilibria data is 

produced, helping towards significant minimization of cost of the future alloy design. 
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    Since the 1950ôs high-temperature materials have been intrinsically linked to the 

development of gas turbines used in transport and energy industries. This has been due 

to their excellent resistance to chemical and temperature degradation at temperatures 

close to their melting points. They are employed in the very hottest sections of the 

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

    The first desirable characteristic of a high-temperature alloy is the ability to 

withstand loading at an operating temperature near to its solidus point. A second 

characteristic is a substantial resistance to mechanical degradation over long periods of 

time. As time increases creep strain is accumulated and it is desirable for this 

accumulation to be as low as possible. Furthermore, yield stress, ultimate tensile 

strength and fracture toughness should be maintained over time. Operating at high 

temperatures may enhance the possibility of corrosion and oxidation leading to 

reduction of the life of the component. Hence the final desirable characteristic is 

resistance to any kind of surface degradation. 

    As the economies and populations of the developing countries keep growing at a fast 

pace, the need for further improvements in high temperature capabilities of structural 

alloys of aircraft gas turbines is increasing. The most advanced Ni-based superalloys 

used in state of the art gas turbine engines have reached the limit of their temperature 

capabilities as they are currently operating with surface temperatures around 1150 °C 

in their hottest areas and their melting occurs around 1350 °C [1]. Thus, there is need 

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

Fig.1.1. Modern day gas turbine (Image taken from power-technology.com) 
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capabilities would mean significant improvement of efficiency, which in turn would 

mean reduction of fuel consumption and carbon emissions. 

    Alloys based on refractory metal intermetallic compounds can achieve a balance of 

mechanical and environmental properties with low density and thus are considered as 

candidate materials for high temperature applications. Niobium silicide based alloys 

have attracted much interest as the next generation ultra-high temperature alloys owing 

to their excellent creep, high temperature strength and ambient temperature fracture 

toughness [1, 2]. The microstructure consists of ductile Nb solid solution phase in which 

are embedded high strength silicide(s) and other intermetallic phase(s) or vice versa, 

depending on alloy composition [1-3]. The choice of the latter intermetallics is 

influenced by considerations about achieving a balance of high and ambient 

temperature properties [1, 2, 4].  

    Additions of Al, Ti, Cr and Sn in the Nb-silicides are reported to benefit their 

oxidation behaviour, room-temperature toughness, and oxidation resistance and are 

important for their high-temperature creep performance [1, 3, 5-11]. The design of Nb 

silicide based alloys requires better understanding of the effects of each alloying 

element as well as their synergy in the microstructure of the Nb silicide alloys. Thus, it 

is important that data for thermodynamic and mechanical properties of alloys and 

specific phases is obtained. Limited data exist for the Nb-Si-Sn, Nb-Sn-Al, Nb-Ti-Sn 

and Nb-Cr-Sn ternary systems, as well as elastic and thermodynamic properties of 

several important intermetallics containing Nb. This is mostly due to the difficulty to 

produce alloys of the aforementioned systems because of the large differences between 

the elementsô melting temperatures.  

    In this study the aim is to explore the Nb-Ti-Si-Sn-Al -Cr system in order to obtain 

data that will be used in the future to support the design of Nb silicide based alloys. The 

objectives of the current study are: 

(a) To investigate phase equilibria and phase stabilities in Nb-Ti-Si-Al -Cr-Sn 

subsystems, which have not been reported in the past; 

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

this system. 

    The strategy adopted to achieve these objectives included the use of XRD, SEM/EDS 

and EBSD to characterise the alloys produced in the present study, and ab initio 
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calculations to predict the thermodynamic and mechanical properties of the elemental 

and intermetallic phases involved in this study.

    The thesis starts with a review of literature on the existing data for the binary and 

ternary Nb containing systems in chapter 2. This chapter focuses on phase equilibria in 

the Nb-Ti-Si-Sn-Al -Cr system and the theory of the ab initio method. The experimental 

and theoretical methods are described in chapter 3. The results of the theoretical 

research are presented in chapters 4 to 8, while the experimental research results are 

shown in chapters 9 to 13. The conclusions of this work and suggestions of future work 

are presented in chapter 14. In chapter 15 the Appendices containing formulae used in 

the present work, schematics of crystal structures of phases assessed in the current 

work, details of the characterisation of the alloys and the papers published from this 

work are given. 
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2.1 Niobium 

 

     The high melting metals are divided in the group of noble metals, namely Ru, Rh, 

Os, Ir and Pt, and the group of refractory metals (RM), namely Zr, Hf, Nb, Ta, Cr, Mo, 

W, Tc and Re. Besides the high melting point other properties like high temperature 

strength, creep and corrosion resistance, Youngôs modulus and vapour pressure are 

critical for their high temperature applications. 

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

candidates for high temperature applications.  Niobium has very attractive physical 

properties as high melting point, the lowest density of the RM, the lowest Youngôs 

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

resistance, good workability at room temperature,  a low Ductile/Brittle Transition 

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

(suitable for high temperature applications) [1, 2].  Some of the properties of RM are 

shown in Table 2.1.  

 

 

Table 2.1  

Physical and mechanical properties of Nb, Ta, Mo and W [12]. 

 Niobium Tantalum Molybdenum Tungsten 

Melting Point (ϊC) 2470 2996 2610 3410 

Density (g/cm3) 8.57 16.6 10.2 19.3 

Youngôs Modulus 

(GPa) 

110 186 290 358 

Workability at Room 

Temperature 

Good Good Middle a Bad a 

Corrosion Resistance High Very high Low Low 

Ductile/Brittle 

Transition 

Temperature (ϊC) 

-150 -260 -20 300 

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

 

    Niobium-silicide based alloys are suitable candidates for next generation gas turbine 

components. They have high melting points (> 1700 ϊC), low densities (6.6 - 7.2 g/cm3) 

[8] and contain mainly high strength intermetallic phases toughened by Nb solid 

solution (Nbss) [13]. The Nb-Si system allows for a range of possible combinations of 

phases to exist [9], as is shown in the phase diagram (Fig. 2.1 (a)). 

    One of the attractive features of the Nb-Si system is the wide Nbss and ŬNb5Si3 two 

phase field. Different versions of the Nb-Si binary phase diagram have been proposed 

that essentially have different transformation temperatures and eutectic compositions. 

For example in the phase diagram shown in Fig. 2.1 (a) there is a eutectic reaction at 

1916 ÁC (2189 K) (Liquid ź Nbss + Nb3Si) and a eutectoid at 1673 °C (1946 K) (Nb3Si 

ź Nbss + ŬNb5Si3). Thus there is a variety of ways to reach the region of Nbss and 

ŬNb5Si3 and have different volume fractions of Nbss, Nb3Si, ŬNb5Si3 and ɓNb5Si3. Four 

intermetallic compounds are reported in the equilibrium Nb-Si phase diagram [14], 

namely the Nb3Si (tP32-Ti3P), which is stable above 1765 °C (2038 K), the ŬNb5Si3 

(tI32, Cr5B3, D81), which transforms to ɓNb5Si3 (tI32, W5Si3, D8m), with upper and 

lower transformation temperatures of 1934 °C (2208 K) and 1645 °C (1918 K) (this 

temperature is lower than that in Fig. 2.1 (a)) and the NbSi2 (hP9, CrSi2, C40) which is 

stable below 1934 °C (2208 K), where the structures were denoted using Pearson 

Symbols, crystal structure prototypes and Structurbericht Symbols (See appendix). As 

already mentioned different values for the aforementioned temperatures have been 

reported in the literature. The lowest temperature above which the  Nb3Si has been 

reported to be stable is 1670 °C (1943 K) [15], the lowest and highest values of the 

upper and lower transformation temperature of ŬNb5Si3 to ɓNb5Si3 have been 1642 °C 

(1915 K) [16] and 1947 °C (2220 K), respectively [16] and the highest value for NbSi2 

has been 1963 °C (2236 K) [17]. The stability of the Nb3Si can be extended to lower 

temperatures [18] or its formation can be suppressed by alloying [19]. Alloying is also 

crucial for the transformation of ɓNb5Si3 to ŬNb5Si3 [20]. The stability range of NbSi2 

is important for the temperature capability of oxidation resistant silicide based bond 

coat alloys for Nb silicide based alloys [21, 22]. Thus, it is important to know the 

thermal and physical properties of the Nb3Si, ɓNb5Si3, ŬNb5Si3 and NbSi2 intermetallic 

phases in order to   
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improve the Nb-silicide based alloys and silicide based coatings. A first principles study 

of the Nb-Si system, excluding the NbSi2 phase, has been reported in [23]. 

     Niobium-silicide based alloys, also known as Nb-silicide in-situ composites which 

consist of a bcc Nbss with Nb5Si3 and/or Nb3Si exhibit excellent creep strength, but 

often have poor fracture toughness and oxidation resistance. [2, 24]. The effect of 

various alloying additions including Ti, Cr, Al, Hf, Sn, Ta, Mo and Ge as well as the 

synergy of them has been studied in order to achieve balance between room-

temperature toughness, high-temperature creep performance, and oxidation resistance.  

 

2.2.1 Titanium addition  

 

    Titanium reduces the density of Nb silicide alloys and improves their oxidation 

resistance and fracture toughness [9-11, 24-26]. For better understanding of the effect 

of titanium on the microstructure of Nb silicide based alloys the ternary Nb-Ti-Si 

system has been assessed [27] (Fig. 2.2). The tetragonal Nb3Si phase (tP32 structure) 

is present and stable above 1673 ϊC (1946 K) in the Nb-Si system [13], (Fig. 2.1 (a)) 

while in the Ti-Si system a tetragonal Ti3Si phase with the same structure is stable 

below 1170 ϊC (1443 K)  [28] (Fig. 2.1 (b)). The above silicides are isomorphous and 

it has been reported [19, 29], that the addition of Ti in Nb-Si-Ti ternary alloys leads to 

the stabilisation of the (Nb,Ti)3Si phase at lower temperatures. This stabilisation can be 

enhanced by the synergy of Ti with Fe [30]. This isomorphism however does not apply 

to the Nb5Si3 and Ti5Si3 silicides, hence there is a limited solubility of Nb in Ti5Si3 (~20 

at. %) and Ti in Nb5Si3 (~ 30 at. %) [31]. According to Bewlay et al. [24] the addition 

of Ti leads to lowering of the eutectic temperature from 1880 ϊC (2153 K) to 1330 ϊC 

(1603 K). In order to maintain a eutectic temperature above 1700 ϊC (1973 K) in Nb-

Si-Ti silicide based alloys the Ti content should be less than 25 at. % [24]. 

    According to Geng et al. [5, 32] the Ti addition enhances the eutectoid decomposition 

of Nb3Si to Nbss and ŬɁb5Si3 and decreases the lattice parameter of bcc Nbss especially 

with increase of the Mo content. Grammenos and Tsakiropoulos [18] showed that the 

synergy of Ti with Hf can stabilise the Ɂb5Si3 while replacing the eutectoid 

transformation Nb3Si ź Nbss + ŬNb5Si3 by an alternate eutectoid transformation in 

which the 5-3 silicide has the hexagonal (hP16) structure, instead of the tetragonal one 
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(tI32). It has also been reported that the addition of Ti resulted to macrosegregation 

(variation in compositions that occur in the alloy and range in scale 

from several millimeters to centimeters or even meters) ( of Si in the Nb-24Ti-18Si-

5Sn (at. %) [19] , as well as in the Nb-18Si-5Cr-5Ge (at. %) and Nb-24Ti-18Si-5Cr-

5Ge (at. %) alloys, especially in synergy with Cr [32]. 

    In the Nbï24Tiï18Si-5Cr (at. %) alloy [29] microsegregation (variation in 

compositions that occur in the alloy and range in scale comparable to the size of the 

dendrite arm spacing) of Ti was particularly evident, increasing the solubility of Cr in 

the solid solution. In  the Nb-24Ti-18Si-5Al (at. %) alloy [29] the solubility of Al in the 

solid solution increased with Ti content and the solubility of Al in ŬNb5Si3 decreased 

[29]. 

    Apart from its influence on the microstructure of the Nb silicide alloys, Ti also has 

an impact on the mechanical properties of their constituent phases. A significant 

improvement of the fracture toughness and ductility of the Nbss and the Nb5Si3 has been 

noted in the presence of Ti  [33, 34] as well as improvement of oxidation resistance [8, 

24]. However, when the Ti content is increased beyond 30 at. % the Nb5Si3 transforms 

into Ti5Si3 [31]. The latter is not desirable due to its low creep strength. Titanium can 

have a strong effect on Nbss and Nb5Si3 causing solid solution strengthening of the 

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

 

2.2.2 Tin addition  

 

    Niobium silicide based alloys exhibit desirable creep properties at higher 

temperatures than Ni based superalloys but their oxidation resistance must be improved. 

Wainer [35], in 1957 discovered that two groups of elements can benefit the oxidation 

resistance of Nb-based alloys. The first group consists of Be, Ti, Al, Zr, Cr, Si and V. 

These elements have atomic volumes or radii smaller than that of Nb and thus their ions 

or atoms will diffuse as fast as the base metal and are classified as retarders of oxidation 

(suppressing the rate of oxidation). The second group includes Ca, Ce, Er, La, Nd, Pr, 

Pb, Th and Sn which are characterised as diffusion barriers (can form thin layer on the 

surface of the alloy) as their atomic volumes are smaller than that of the first oxide that 

develops on the surface of the Nb alloy when it is oxidized. Tin is one of the elements 

that has been shown to benefit the oxidation resistance of Nb silicide based alloys [24, 

36] when present at low concentrations and in synergy with specific alloying additions. 
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Tin suppresses the formation of Nb3Si [19], in synergy with Ti and with Ti, Fe and Cr 

encourages respectively the transformation of ɓNb5Si3 to ŬNb5Si3 [19] and the 

formation of the metastable Nb3Si [37] and oxidation improvement seems to be linked 

with the formation of Nb6Sn5 below the scale [36, 38]. In order to understand alloy 

behaviour in ternary and higher order systems, knowledge of thermal and physical 

properties of the intermetallic compounds that are key to the development of the new 

alloys is critical. 

    No intermetallics exist in the Si-Sn binary system [39] (Fig. 2.3 (a)). In the Nb-Sn 

system there are three stable intermetallics [28] (Fig. 2.3 (b)). The Nb3Sn has the A15 

structure which is a close-packed structure whose stability is largely governed by size 

[40], has a primitive cell of 8 atoms and belongs to the space group Pm3n, its Pearson 

symbol is cP8 and is of the Cr3Si type and its melting temperature is 2374 °C (2647 K).  

The Nb6Sn5 has a D2H-25 orthorhombic structure with a primitive cell of 22 atoms and 

belongs to the Immm space group with oI45 Pearson symbol and is of the Ti6Sn5 type 

and its melting temperature is 907 °C (1180 K). The NbSn2 has the D2H-24 

orthorhombic structure, Pearson symbol oI48, space group Fddd and is of the CuMg2 

type with its primitive cell containing 12 atoms and its melting temperature is 827 °C 

(1100 K). The Nb3Sn has attracted interest due to its superconducting properties [41], 

with a transition temperature of -254.25 °C (18.9 K) and its high melting temperature. 

The transition temperatures of the other two intermetallics are -270.47 °C (2.68 K) and 

-271.08 °C (2.07 K) for NbSn2 and Nb6Sn5, respectively [42]. The crystal structures 

can be seen in the Appendix. 

    The resistivity [43], heat capacity [44], electron-phonon interaction [45] and 

magnetic susceptibility [46] of the Nb3Sn compound have been studied but there is 

limited data [44, 47] about its thermodynamic properties. The elastic properties of the 

Nb3Sn have also been calculated [48], but to the best of the authorôs knowledge no data 

exists for the other two intermetallics in the Nb-Sn system. There is experimental and 

theoretical data for the vibrational and elastic properties of Nb [49] and Sn [50] and 

their Debye temperatures [51, 52].  

    According to Geng et al. [5, 38] the addition of Sn in the Nb-24Ti-18Si-5Al-5Cr-

5Hf-5Sn-2Mo (at. %) caused the formation of Sn-rich and Sn-poor areas in the 

(Nb,Ti)ss, while it significantly increased the solubility of Si in the solid solution. 

Subsequent research in the group confirmed the former as Nb3Sn. On the other hand 

the Ti solubility in Nb5Si3 increased slightly in the presence of Sn, compared with the 
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Nb-24Ti-18Si-5Al-5Cr-2Mo-5Hf (at. %) alloy. Significant improvements were noticed 

[36] in the oxidation of the Nb-24Ti-18Si-5Al-5Cr-2Mo-5Hf-5Sn alloy (at. %) at 800 

ϊC and 1200 ϊC by the addition of Sn. Geng et al. [36] reported that pest damage after 

100 hours at 800 ϊC of this  alloy was successfully eliminated by alloying with 5at. % 

Sn.  

    Vellios and Tsakiropoulos [37] reported that in the presence of Sn macrosegregation 

of Si occurred in the Nb-24Ti-18Si-5Cr-5Fe-5Sn (at. %) alloy, whereas in the Nb-24Ti-

18Si-5Cr-5Fe (at. %) alloy macrosegregation of Si was not evident. Also the addition 

of Sn increased the solubity of Ti in the solid solution, while it had no influence on the 

solubility of Cr in the (Nb,Ti)5Si3. In the presence of Sn the hardness was reported to 

be decreased as the hardness of the Nb-24Ti-18Si-5Cr-5Fe-5Sn (at. %) alloy was 

approximately 15 at. % lower compared with that of the Nb-24Ti-18Si-5Cr-5Fe (at. %) 

alloy. 

 

2.2.3 Aluminium addition  

 

   Another important alloying element in Nb silicide based alloys that can improve their 

oxidation resistance [53], lower their density and possibly be beneficial for their room 

temperature ductility is Al which tends to substitute Si. As the oxidation temperature 

increases, Al plays an increasingly important role. Zelenitsas and Tsakiropoulos [29] 

suggested that Al destabilises the Ti3Si and may have the same effect on the Nb3Si and 

that Al additions in Nb-Ti-Si based alloys stabilise the ɓNb5Si3 to lower temperatures 

and lower the Si content of the eutectic composition.   

 

2.2.4 Chromium addition 

 

    Chromium is another important alloying addition that can form the NbCr2 Laves 

phase that can aid the oxidation resistance of Nb silicide based alloys. The NbCr2 is 

very brittle. Thus in order to control the fracture toughness of the alloys, the Laves 

phase volume fraction must be kept in low levels. Zelenitsas and Tsakiropoulos [29] 

reported that in the Nbï24Tiï18Siï5Crï5Al (at. %)  alloy the Cr addition retarded the 

diffusion of Al from the 5-3 silicide and decelerated the transformation of the ɓɁb5Si3 

to ŬɁb5Si3 and Nbss. The synergy of Al and Cr additions has been reported [54] to 
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improve the oxidation resistance without the solid solution becoming severely brittle, 

when the concentration was within 2-6 at. % for Al and 2-8 at. % for Cr. The synergy 

of Cr and Ta retarded the transformation ɓNb5Si3 Ą ŬNb5Si3+(Nb,Ti)ss [55].  

 

2.3 Niobium aluminides 

 

    The Nb-Al binary phase diagram consists of three intermetallics. The Nb3Al has a 

primitive cell of 8 atoms, A15 cubic structure and belongs to the space group Pm3n 

with Pearson symbol is cP8 and is of the Cr3Si type. The NbAl3 has a primitive cell of 

4 atoms, D022 tetragonal structure and belongs to the space group I4/mmn, while its 

Pearson symbol is tI8 and is of the Al3Ti type. The Nb2Al has a primitive cell of 30 

atoms, D8b tetragonal structure and belongs to P42/mnm, whereas its Pearson symbol 

and structure type are tP30 and ůCrFe, respectively. Images of the crystal structures are 

given in the Appendix 

    These Nb aluminide based alloys have been investigated as potential candidate 

materials for high performance turbine applications. The Nb2Al intermetallic has 

desirable strength above 1000 ϊC but poor ductility and oxidation resistance. It shows 

a high melting temperature (1940 °C (2213 K)) and low density, thus making it 

interesting structural material for high temperature applications [56, 57]. The NbAl3 

compound is regarded as a promising material for use at high temperatures due to its 

high melting temperature (1605 °C (1878 K)), low density and exceptional oxidation 

resistance, with its only disadvantage being its room temperature brittleness. The most 

promising of the niobium aluminides appears to be the Nb3Al because of its high 

melting temperature (2127 °C (2400 K)) [58] and creep properties. However it shows 

poor oxidation resistance.  Alloying with elements like Ti, Cr, Sn or Si can improve 

oxidation resistance for Nb3Al alloys. Due to its low symmetry as a result of the A15 

crystal structure though, it shows limited ductility and poor fracture toughness at 

ambient temperatures [59]. It has also been reported [58, 60, 61] that additions of Mo, 

W and Ta increase its high temperature strength.    

    To date and to the best of the authorôs knowledge work has been carried out on the 

enthalpies of formation of all the Nb-Al intermetallic phases [62, 63] and the 

mechanical properties of the Nb3Al [48, 64] and the NbAl3 [65-67]. Furthermore, work 

on the heat capacity and Debye temperature of NbAl3 can be found in [65].   
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2.5 Ternary systems 

2.5.1 The Nb-Si-Ti system 

 

    One of the most important binary systems including Nb is Nb-Si. Its latest assessment 

was  by David et al. [13] and was based on Liang and Chang [68] and Fernandes et al. 

[17]. Liang and Chang [68] modelled the ŬNb5Si3 and ɓNb5Si3 as the same 

stoichiometric phase. Fernandes et al. [17] presented separate descriptions for those 

phases, considering the solubility of Si in the ɓNb5Si3. David et al. [13] modelled the 

ŬNb5Si3 and NbSi2 as non-stoichiometric compounds with a very small (<1 at. %) 

solubility. The phase diagram of Nb-Si is shown in Fig. 2.1 (a).  Three eutectic and one 

eutectoid transformations are clear in the phase diagram. The first eutectic, Liquid ź 

Nbss + Nb3Si occurs at 1916 ϊC (2189 K), the eutectoid Nb3Si ź Nbss + ŬNb5Si3 at 

1673 ϊC (1946 K), the second eutectic Liquid ź ɓNb5Si3 + NbSi2 at 1873 ϊC (2146 K) 

and the third eutectic Liquid ź NbSi2 + Si at 1407 ϊC (1680 K). Thus, four stable 

intermetallic compounds exist in the binary Nb-Si phase diagram [13] (Fig. 2.1 (a), see 

section 2.2). 

    The Ti-Si binary phase diagram has been calculated by Seifert et al. [69] (Fig. 2.1 

(b)). The Ti5Si3, which is isomorphous to the Nb5Si3, is present around 37.5 at. % Si. 

Its melting point is significantly lower, and has wider solubility range in Si than Nb5Si3. 

Four other intermetallic compounds are shown in Fig. 2.1 (b), all of them modelled as 

stoichiometric. They are Ti3Si, Ti5Si4, TiSi and TiSi2. The peritectoid reaction at 1170 

ϊC (1443 K) between ɓTi and Ti5Si3 produces the Ti3Si. At 1920 ϊC (2193 K) and 1572 

ϊC (1845 K) two peritectic transformations, Liquid + ɓTi5Si3 ź Ti5Si4 and Liquid + 

Ti5Si4 ź TiSi, take place respectively, while at 1485 ϊC the congruent transformation 

Liquid ź TiSi2 occurs. 

    The phase diagram of the Nb-Ti system modelled by Zhang et al. [70] is shown in 

Figure 2.1 (c). It is much simpler than the Nb-Si and Ti-Si binaries, as it does not show 

any compounds formed between Nb and Ti. The ŬTi (HCP) is stable to 860 ϊC (1133 

K) and has a small solubility range of Nb (<3 at. %) beyond which ɓTi (BCC) co-exists 

with the Nb (BCC) and form the BCC (Nb,Ti) solid solution.  
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    Based on the assessments of the binary Nb-Si, Ti-Si and Nb-Si systems the 

optimisation of the Nb-Ti-Si system was conducted by Geng et al. [27]. In the 

aforementioned study no differentiation between the ŬNb5Si3 and ɓNb5Si3 was made. 

A good agreement between the experimental results of Geng et al. and of previous 

research, and the calculated data was accomplished. The isothermal section at 1200 ϊC 

(1473 K) from [27] is shown in Fig. 2.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1. Calculated phase diagrams of (a) Nb-Si [13], (b) Ti-Si [69], (c) Nb-Ti [70] 

(c) 
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Fig. 2.2. Isothermal section at 1200 °C of the NbïSiïTi system [27] 

 



Literature Review 

26 
 

  

2.5.2 The Nb-Si-Sn system 

 

    The Nb-Si system was discussed in section 2.2. The Si-Sn system was recently 

remodelled by Sun et al. [71] based on the work done by Meng et al. [39] (Fig. 2.3 (a)). 

The assessment of the Nb-Sn system was done by Toffolon et al. [28] who took into 

account enthalpy of formation data for the Nb3Sn. The obtained phase diagram was in 

good agreement with the experimental data as shown in Figure 2.3 (b). Three 

intermetallic compounds are observed as the Sn content increases. The first is Nb3Sn 

with a significant solubility in Sn, Nb6Sn5 and NbSn2, which are both treated as line 

compounds.  

    Sun et al. produced a thermodynamic description of the Nb-Si-Sn system based on 

previous work by Waterstrat and Muller [72], Vellios and Tsakiropoulos  [19] and 

Horyn and Lukaszewicz [73]. The Nb5SiSn2 is a ternary compound which was treated 

as stoichiometric and was calculated to be stable between 900 ϊC (1173 K) and 1200 

ϊC (1473 K), consistent with the findings of Horyn and Lukaszewicz [73]. The crystal 

structure of the ternary compound is tetragonal W5Si3 structure type and of the I4/mcm 

space group. No comprehensive experimental evidence about the temperature range of 

the stability of this compound exist. Figure 2.4 shows the 900 ϊC (1173 K) Nb-rich 

isothermal section of the Nb-Si-Sn system [71]. 

 

 

Fig 2.3. The phase diagrams of (a) Si-Sn [39] and (b) Nb-Sn [28]. 

(b) 

(a) 
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Fig. 2.4. Nb-rich isothermal section of Nb-Si-Sn system at 900 ϊC  [71]. A15 is the Nb3Sn 

phase. 

 



Literature Review 

28 
 

 

 

 

 

 

 

 2.5.3 The Nb-Al -Sn system 

 

    A description of the ternary Nb-Al -Sn system does not exist as yet in the literature. 

The Nb-Sn, Nb-Al and Al-Sn binary phase diagrams are shown in Figures 2.3 (b), 2.6 

(b) and  [74], respectively. The Nb-Al phase diagram consists of the elemental phases 

and three intermetallics (Fig. 2.6 (b)), section 2.3). As it can be seen in Fig. 2.7 (b), 

there are no intermetallics in the Al-Sn system. There is no thermodynamic data except 

the work done by Pietzka and Schuster [75] who reported a series of ternary aluminides 

including the Nb5Sn2Al ternary compound. Its crystal structure was shown to be 

tetragonal W5Si3 structure type and of the I4/mcm space group. Hence, it is 

isomorphous with the Nb5SiSn2 in the Nb-Si-Sn ternary system [71]. Pietzka and 

Schuster reported that the Nb5Sn2Al phase has lattice parameters Ŭ=1.0629(2) nm, 

c=0.5216(2) nm, c/a=0.490 and V=0.5892 nm3 [75]. Also, Bachner et al. [76] reported 

that the Nb3Al  and Nb3Sn compounds show complete solid solubility. 

     

 

2.5.4 The Nb-Ti-Sn system 

 

    The Nb-Ti-Sn system has also not been thermodynamically assessed to date. The Nb-

Ti (Fig. 2.1 (c)) [69] and Nb-Sn (Fig. 2.3 (b)) [28] phase diagrams were described 

previously. The most recent description for Ti-Sn is from Yin et al. [77] in which the 

compounds Ti2Sn and Ti3Sn were considered as non-stoichiometric. The phase diagram 

is shown in Figure 2.5 [77]. In order to proceed to a robust description of this ternary 

system experimental data is needed. 
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2.5.5 The Nb-Ti-Al system 

 

    Another important ternary system is the Nb-Ti-Al.  It has been extensively studied 

since the 1970ôs, owing to the emerging of the titanium aluminide alloys as aerospace 

materials. The latest assessment of the Nb-Al, Ti -Al and Nb-Ti-Al systems was 

conducted by Witusiewicz et al. [78, 79]. The Ti-Al and Nb-Al phase diagrams and the 

Nb-Al -Ti 1060 ϊC (1333 K) isothermal are presented in Figure 2.6 (a) (b) and (c) 

respectively. In Figure 2.6 (c) it can be seen that Ti exhibits high solubility in Nb3Al 

(up to about 25 wt. %), in Nb2Al (up to about 40 wt. %), while the TiAl3 and NbAl3 

phases are isomorphous and Nb has a solubility in TiAl up to ~30 wt. %. 

 

 

 

 

 

Fig. 2.5. The Ti-Sn phase diagram [77]. 
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Fig. 2.6 (a)  Al-Ti phase diagram [78], (b) Nb-Al phase diagram [79],  and (c) Nb-Ti-Al 

1060 ϊC isothermal section [79].  ɓ:BCC_A2 Ti (disordered), ɓ0:BCC_B2 Ti (ordered),  ŭ: 

Nb3Al,  ů: Nb2Al,  Ů: NbAl3,  ɔ: TiAl,  Ŭ2: Ti3Al, ɖ:Ti2Al. 

(a) (b) 

(c) 
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2.5.6 The Nb-Si-Al system 

 

        Understanding of the Nb-Si-Al system is essential in order to study thoroughly the 

effect of Al additions to the Nb-Si system. The Nb-Al binary is shown in Fig. 2.6 (b) 

and the Nb-Si in Fig. 2.1 (a). The Al-Si binary is based on the data from Dinsdale and 

is presented in Fig. 2.7 (a) [74]. Brukl et al. [80] reported the presence of two ternary 

compounds Nb3Si5Al 2 and Nb10Si3Al3 which were in equilibrium with each other. Pan 

et al. [81] contradicted this and reported that these ternary phases were not in 

equilibrium, instead the NbAl3 and ŬNb5Si3 were in equilibrium with each other. The 

Al solubility in ŬNb5Si3 was reported differently in each research.  Brukl et al. [80]  and 

Murakami et al. [82] agreed on it being near zero, while Pan et al. reported it being ~10 

at. %. Zelenitsas and Tsakiropoulos [29] reported the Al solubility in ŬNb5Si3 and 

ɓNb5Si3 to be 2.2 - 3.8 at. % and 3.3 - 3.8 at. %, respectively.  The most recent effort 

of integrating the experimental data to a model was done by Shao et al. [53]. The 

isothermal section at 900 °C (1173 K) by Murakami et al. [82] is shown in Fig 2.8. 

 

 

 

 

(a)                                                            (b)          

 

 

 

 

Fig. 2.7. The phase diagrams of (a) Si-Al [74] and (b) Al-Sn [74] 
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Fig. 2.8. Isothermal section of Nb-Si-Al at 1173 K [82] 

 

2.6 Cubic A15-structure phases  

 

    The Nb3Si and Nb5Si3 silicides can be present in the microstructure of Nb silicide 

based alloys [1, 2]. Both silicides can form as stable and metastable compounds [14]. 

In the Nb-Si binary phase diagram the equilibrium (stable) 5-3 silicide has the bNb5Si3 

tetragonal structure at high temperatures and the aNb5Si3 tetragonal structure at low 

temperatures, and the tetragonal (stable) Nb3Si transforms via a eutectoid reaction to 

Nbss and ŬNb5Si3 [14] which can be used to generate desirable microstructures in the 

alloys [2]. Metastable Nb3Si can form with the A15 cubic structure. There is no data 

about phase transformations involving the A15-Nb3Si.  

    Additions of Al, Ge and Sn in Nb-18Si (at. %) based alloys have been shown to 

benefit their oxidation behaviour [3, 5-7] and to influence the transformation of bNb5Si3 

to aNb5Si3 [1]. These elements suppress the formation of the tetragonal (stable) Nb3Si 

[19, 55, 83] and Sn plays a key role in the elimination of pest oxidation [3, 6]. The 

effectiveness of Sn depends on its concentration and its synergy with other elements in 

the alloy and on whether the A15-Nb3Sn is stable in the microstructure. Furthermore, 

Sn can stabilise metastable forms of the Nb3Si when it is in synergy with Fe and Cr 

[30]. The formation of A15-Nb3Al in Nb silicide based alloys is possibly depending on 

the Ti/Al ratio in the alloy [84].  
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     In the equilibrium Nb-Si binary phase diagram the Nb3Si has a tetragonal Ti3P-type 

crystal structure. In Nb-Si-Ti based alloys the formation of the A15 Nb3Sn destabilises 

the tetragonal Nb3Si [19]. Some intermetallic phases with the A15 cubic structure have 

also attracted interest because of their superconducting properties. Niobium forms a 

number of superconducting A15 compounds that exhibit high transition temperatures 

(Tc), namely Nb3Ge (-249.55 °C (23.6 K)), Nb3Ga (-252.95 °C (20.2 K)), Nb3Sn (-

254.25 °C (18.9 K)) and Nb3Al (-254.35 °C (18.8 K)). It has been suggested that the 

A15 Nb3Si phase would have a Tc above that of Nb3Ge, of the order of -248.15 °C (25 

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

    The A15 structure is a close-packed structure whose stability is largely governed by 

cell size [41]. It has a primitive cell of 8 atoms and belongs to the space group Pm3n, 

its Pearson symbol is cP8 and is of the Cr3Si type. The A3B cubic unit cell has two B 

atoms at (0, 0, 0) and (0.5, 0.5, 0.5) sites and six A atoms at (0.25, 0, 0.5), (0.5, 0.25, 

0), (0, 0.5, 0.25), (0.75, 0, 0.5), (0.5, 0.75, 0) and (0, 0.5, 0.75) sites. In the current study 

the A atoms are Nb while the B atoms are Sn, Al, Ge or Si. In the case of the ternary 

compounds, two different atoms occupy either the (0, 0, 0) or (0.5, 0.5, 0.5) sites. 

    The resistivity [43, 85], heat capacity [44, 47], electron-phonon interaction [45] and 

magnetic susceptibility [46] of A15 compounds have been studied. There is limited data 

about enthalpies of formation and Debye temperature of the A15-Nb3X (X=Sn, Al, Si, 

Ge) compounds [44, 47]. The elastic properties of Nb3Sn and Nb3Al have been 

calculated [48, 64], but to the best of the authorsô knowledge no data exists for the A15 

Nb3Si and Nb3Ge intermetallics.  

 

2.7 Tetragonal W5Si3 structure type phases 

 

    Investigations have been carried out on the phase diagrams of the Nb-Sn-Si and Ti-

Sn-Si systems by Sun et al. [71] and Bulanova et al. [86], respectively. In both cases 

the existence of a ternary W5Si3 type compound has been reported, being Nb5Sn2Si and 

Ti5Sn2Si for the Nb-Sn-Si and Ti-Sn-Si systems, respectively. The stability of the latter 

compound was confirmed by Colinet and Tedenac using ab initio calculations [87]. The 

first experimental work on the Nb5Sn2Si compound was done by Horyn and 
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Lukaszewicz [73]. Pietzka and Schuster [75] prepared several ternary alloys with the T 

: M : Al ratio 5 : 2 :1 where T = Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W and M = Si, Ge, Sn, 

Pb. The Nb5Sn2Al and Ti5Sn2Al phases were amongst the compounds they found and 

they had the same structure as the Nb5Sn2Si. The T atoms (T=Nb, Ti) occupy the 4b 

and 16k Wyckoff positions, the Al and Si atoms the 4a positions and the Sn atoms the 

8h positions [73, 75, 87]. 

 

2.8 Ab initio (Density Functional Theory) 

 

2.8.1 Introduction 

 

   If the Nb silicide based alloys were to qualify as materials for next-generation gas-

turbine components a balance between mechanical and environmental properties must 

be achieved. This requires optimising alloying additions in the alloys and thus renders 

it essential that the alloy systems of participating elements are studied thoroughly and 

fully understood. To achieve this goal a consistent and robust description of each 

system must be obtained. In that way a set of stable phases and their thermodynamic 

properties in regions without experimental results can be reliably predicted. As a 

method is faster and easier than the experiment in many cases, especial when it comes 

to high temperature refractory materials. Density Functional Theory (DFT) is a modern 

day tool that can help the researchers accomplish the above. It is a modelling method 

based on quantum mechanics and applied in physics and chemistry in order to 

determine the electronic structure (in principal the ground state) of many body systems 

such as atoms, molecules as well as condensed phases [88, 89]. Functionals, which are 

functions of another function and more specifically of electron density are used in order 

to describe the properties of a many electron system, hence the name of the theory. 

While it is not possible to solve the full time-dependent N-electron Schrödinger 

equation:  

 

(
ᴐ
ᶯ ὠ ► ȟὸ  ► ȟὸ ‐► ȟὸ                               (2.7) 
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as it is a function of time and the position of every particle. Density functional theory 

gives a method to investigate the ground state electronic structure of a given system.    

A set of approximations and theorems is applied to the time-dependent Schrödinger 

equation in order to simplify it and make it reasonably feasible to be calculated. Those 

approximations are analysed extensively below. 

    While DFT had been popular in the 1970's, calculations using this method were not 

accurate enough until the 1990's when the models used for the exchange and correlation 

interactions were significantly refined. It can be said that today, in a growing number 

of cases, the calculations especially for solid-state systems are in quite good agreement 

with experimental data. As the computer power sees an ongoing increase and the 

computational cost decreases, DFT proves to be a valuable tool in the hands of 

researchers. Especially regarding the DFT modelling of metals, in the last years it is 

commonly accepted that it can be very accurate in terms of enthalpy of formation and 

elastic properties calculations [23, 87, 90], whereas in terms of vibrational properties 

calculations, the limitations posed from the inherent anharmonicity of the available 

methods can be surpassed by analytical methods that only lately became available for 

metals [91, 92]. Also, the cost for deriving the enthalpy of formation and the elastic and 

vibrational properties is undoubtedly smaller with the help of DFT than with the 

corresponding experimental methods, both in terms of time and work load. 

 

2.8.2 Approximations 

 

2.8.2.1 Born-Oppenheimer approximation 

 

    The Born-Oppenheimer approximation [93] was first proposed in 1927, in the early 

days of quantum mechanics, by Born and Oppenheimer and is still indispensable in 

quantum chemistry. It consists of two steps. In the first step, the kinetic energy of the 

nuclei is neglected, as a result of the assumption that nuclei are massive and slow when 

compared to electrons. Thus the corresponding operator (Tn) is subtracted from the total 

molecular Hamiltonian. In the remaining electronic Hamiltonian (He) the nuclear 

positions enter as parameters. The interactions between the nuclei and the electrons are 

not removed and the electrons continue to ñsenseò the nuclei Coulomb potential 

clamped at certain spatial positions. This derives from the assumption that the electrons 
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react so quickly to the nuclear motion that it may as well be instant. This first step is 

often referred to as the clamped nuclei approximation. A quasi-separable approach is 

of the form: 

 

ɣ(r,R)=ű(r , R) ɢ (R)                                                            (2.8) 

 

where ɢ is the nuclear wave function and ű the electronic wave function that depends 

parametrically on the nuclear positions. The electronic Schrödinger equation is solved. 

The quantities r and R stand for electronic and nuclei coordinates, respectively. The 

electronic energy depends on the chosen positions R of the nuclei. If small step 

variations of these positions R take place and the electronic Schrödinger equation is 

repeatedly solved, Ee as a function of R can be obtained. This is the Potential Energy 

Surface (PES). As this procedure resembles to the conditions of the adiabatic theorem, 

this way of calculating PES is often called adiabatic approximation and the PES, 

adiabatic surface. In the second step of the Born-Oppenheimer approximation the 

nuclear kinetic energy Tn is reintroduced into the Schrödinger equation: 

 

[Tn +Ee(R)] ű(R) = E ű(R)                                                       (2.9) 

 

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

vibrational, translational and rotational motions is involved: 

 

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

 

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

 

2.8.2.2 Hohenberg - Kohn and Kohn-Sham Theorems 

 

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

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

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

theoretically reinforced by the Hohenberg-Kohn and Kohn-Sham theorems.  
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    The Hohenberg-Kohn [88] and the Kohn-Sham [89] papers show that the ground 

state energy and charge density of interacting electrons in the potential from nuclei are 

exactly the same as those of non-interacting electrons in a potential from nuclei plus 

some extra potential. The Coulomb potential is now treated as a static external potential 

in which electrons are moving. Within the framework of the Kohn-Sham scheme, the 

fairly difficult many-body problem of interacting electrons in a static external potential 

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

potential: 

Ὁ  Ὁ Ὁ   Ὁ  ”  Ὁ ”                     (2.11) 

On the right hand side, the Ὁ , the  Ὁ  and the extra term, are the non 

interacting kinetic energy, the non interacting electron energy and a functional of the 

electron density ɟ(r ) that is called the exchange correlation functional. The electron 

density is now vital in order for the Schrödinger equation to be solved and can be 

calculated from the wavefunctions ɣm : 

”► В ȿ‪ ►ȿ                                                                    (2.12) 

The Schrödinger equation becomes: 

[ ” ‪ ► Ὁ‪ ►                                                                     (2.13) 

in which the Hamiltonian operator is: 

[ ”  
ᴐ
 ​  ὠ  ”  ὠ  ”  ὠ ”           (2.14) 

where   ὠ  is the non interacting electron potential, the  ὠ  ” is the electron-

nucleus potential and the ὠ ”  is the exchange correlation potential. Every term of 

the equation can be calculated precisely, except for the  ὠ ” , as the exact functionals 

for exchange and correlation are not known except for the free electron gas. However 

several approximations exist, that allow the calculation of different physical quantities 

with accuracy. 

 

2.8.2.3    Exchange Correlation Approximations 

 

    The major exchange correlation functionals are the Local Density Approximation 

(LDA) and the Generalised Gradient Approximation (GGA). The former, which is the 

older, is a pretty good approximation to the energy and depends only on the density at 

the coordinate where the functional is evaluated: 
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Ὁ  ὲ  ᷿ὪὲὨὶ                                                                  (2.15) 

The Local Spin-Density Approximation (LSDA) is a generalisation of the LDA to take 

electron spin into account: 

Ὁ  ὲᴻȟὲȢ Ὢ᷿ὲᴻȟὲȢ  Ὠὶ                                                  (2.16) 

The Generalised Gradient Approximation is still local but includes the gradient of the 

density at the same coordinate: 

Ὁ  ὲᴻȟὲȢ Ὢ᷿ὲᴻȟὲȢȟ♩ὲᴻȟ♩ὲȢ  Ὠὶ                                    (2.17) 

    Using the latter (GGA) very good results for various physical quantities and 

geometries have been achieved. The PW91 [94] and PBE [95] GGA functionals have 

been extensively  used  until now and are considered equivalent.  

    To summarise, what started as a time-dependent, many-nuclei, many-electron 

quantum mechanics problem, transformed to a static, single particle quantum 

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

Exchange-Correlation is coarsely approximated and that even ñperfectò DFT is only 

exact for the ground state of the system. 

 

2.8.2.4 Blochôs Theorem 

     

    The starting quantum problem has been simplified in a way that only a single particle 

equation needs to be solved, but it needs to be solved for enough states for every 

electron. Considering that even a few grams of material has 1023 electrons, this could 

mean that a large number of states are needed. One property of most of the solid state 

materials that can be taken advantage of is periodicity.  

    Ƚf the nuclei are arranged in periodically repeating pattern, their potential acting on 

the electrons must be periodic as well: 

V(r + L) = V(r)                                                                                (2.18) 

where L is any lattice vector. This leads to the conclusion that the electron density is 

periodic as well: 

ɟ(r + L) = ɟ(r)                                                                                 (2.19) 

and the magnitude of the wavefunction will be periodic as well: 

ɟ(r) = ȿ‪►ȿ                                                                                  (2.20) 

According to Blochôs Theorem, in a periodic potential the density has the same 

periodicity so the possible wavefunctions are: 
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‪ ►  Ὡ ► ό ►                                                                        (2.21) 

where uk(r+L )=uk(r ) is a periodic function with the same periodicity as the crystal and 

eikr is an arbitrary phase factor. This means that : 

‪ ► ╛  Ὡ  ‪ ►                                                                 (2.22) 

 

 

2.8.2.5 k-point sampling, Pseudopotentials, Cutoff Energy 

 

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

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

    For many materialsô properties integrals over the Brillouin Zone (BZ) are necessary.  

In order to optimise the calculations it is always preferable to compute the functions 

that are to be integrated at a specific set of points over the Brillouin Zone. This is crucial 

in calculations where the computational effort for each BZ point is substantial. Only a 

finite number of k-points is used to sample the BZ. The Monkhorst-Pack (MP) [96] 

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

from Google images) 
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scheme is implemented in most cases as it is an unbiased method of choosing a set of 

k-points for sampling. In fractional coordinates it is a rectangular grid of points of 

dimensions MxxMyxMz, spaced evenly throughout the Brillouin Zone.  The larger the 

dimensions of the grid the finer and more accurate will be the sampling. 

    Another important part of the calculation preparation is the selection of the 

pseudopotentials. The wavefunctions near the nuclei are not of interest as they do not 

affect the chemical, mechanical or electronic properties significantly. Hence, the 

Coulomb potential near each nucleus can be replaced with a weaker, modified potential, 

called pseudopotential. Due to the fact that the core electrons are all the time near the 

nucleus, they repel the outer electrons, so the latter ñfeelò a weaker potential from the 

nucleus. This phenomenon is known as screening. If this screening effect is taken into 

account in the pseudopotentials, the core electrons can be ignored by considering each 

atomôs nucleus and core electrons as an ion and producing a pseudopotential that has 

the same effect on the outer electrons. As can be seen in Fig. 2.9, after a certain radius 

the real and the pseudo wavefunction and potentials match. Two major kinds of 

pseudopotentials exist; norm-conserving and ultrasoft. The methodology of norm-

conserving pseudopotentials is that the pseudowavefunction matches the all electron 

wavefunction beyond a cutoff radius that represents the region of the core. Within that 

region the wavefunction has no nodes and is related to the electron wavefunction by the 

norm-conserving condition which states that both of these wave functions will have the 

same charge. These types of pseudopotentials can be highly accurate with a high energy 

cutoff. On the other hand, the relaxation of the norm conserving condition can be used 

to produce much softer pseudopotentials. In this scheme, the pseudowavefunctions are 

as soft as possible within the core, allowing that way the cutoff energy to be reduced. 

This is done by a generalised orthonormality condition. Thus the ultrasoft 

pseudopotentials are produced [97]. 

    Finally, the cutoff energy parameter, which defines the basis set (set of functions that 

are combined in linear combinations to create molecular orbitals), is one of the most 

important parameters that determine the accuracy and the computational cost of a 

calculation. It affects the energies of the plane waves that will be included in a 

calculation. The basis set of the wavefunctions at each k-point can be expanded in terms 

of a discrete plane wave basis set. In principle an infinite plane wave basis set would 

be needed for the expansion of those wavefunctions. However in practice the plane 

waves with lower kinetic energy are more important than those with higher kinetic 
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energy. This means that the plane wave basis set can be reduced to include plane waves 

with kinetic energy less than a specified cutoff energy. As with the MP grid, the higher 

the Cut-off energy, the more accurate the results.  

2.8.3 Density Functional Perturbation Theory (DFPT) 

 

    Linear response, or Density Functional Perturbation Theory (DFPT) is one of the 

most popular methods of lattice dynamics [98]. Its applicability extends further from 

the study of vibrational properties, as it provides an analytical way of calculating the 

second derivative of the total energy with respect to a given perturbation.  Various 

properties can be computed, depending on the nature of the perturbation. When ionic 

positions are perturbed, the dynamical matrix and phonon frequencies are obtained, 

whereas when the unit cell vectors are perturbed, one can derive the elastic constants. 

Magnetic and electric field perturbations yield NMR and dielectric response 

respectively. 

    The force constants matrix can be calculated by differentiating the Hellman-

Feynman forces on atoms, with respect to ionic coordinates. The force constants matrix 

depends on the ground state electron charge density and on its linear response to a 

distortion of atomic positions. The second order change in energy depends on the first 

order change of the electron density. 

     Density Functional Theory states that the total energy is a functional of the electron 

density, so by solving the DFT equations, the total energy can be minimised. In a similar 

way in DFPT the first order changes in density, potential and wavefunctions can be 

obtained by minimising the second order perturbation in total energy [99, 100]. 

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

energy and lattice heat capacity as a function of temperature, using the quasi-harmonic 

approximation [98]: 

 

ὉὝ  Ὁ Ὁ ᷿
ᴐ
ᴐ Ὢ‫Ὠ(2.23)                                     ‫ 

ὛὝ Ὧ᷿
ᴐ

ᴐ Ὢ‫Ὠ‫  ᷿Ὢ‫ ρ Ὡὼὴ
ᴐ

Ὠ(2.24)  ‫ 

ὊὝ  Ὁ Ὁ ὯὝ᷿Ὢ‫ÌÎ ρ Ὡὼὴ
ᴐ

Ὠ(2.25)              ‫ 

ὅ Ὕ Ὧ᷿
ᴐ

 
ᴐ

ᴐ Ὢ‫Ὠ(2.26)                                                     ‫ 
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ὅ Ὕ ωὔὯ ᷿ Ὠὼ                                                     (2.27) 

 

where Ὁ Ὂ᷿‫ᴐ‫Ὠis the zero point vibrational energy and Ὢ ,‫‫  is the 

phonon density of states. The Ὁ  term is the total energy at 0 K, Ὧ is Boltzmannôs 

constant, ᴐ is the reduced Planckôs constant, ὛὝ is the entropy versus temperature, 

ὊὝ is the free energy versus temperature, ὅ Ὕ is the heat capacity at constant 

volume versus temperature and Ὸ  is the Debye temperature. It must be noted here that 

the appearance of any imaginary frequency in the calculated phonon spectrum can be 

used as a signal of mechanically unstable crystal structure.  

 

     

2.8.4 Elastic constants and equation of state 

     

    Generally the calculations regarding mainly phonons and elastic properties require 

optimising the structures in order to calculate each ground state. The elastic constants 

of a material describe its response to an applied stress, or the stress required to maintain 

a distortion. Both stress and strain have three tensile and three shear components, giving 

six in total. The linear elastic constants form a 6 x 6 matrix such that ůi=CijŮj for small 

stresses ů and strain Ů.  The method to determine elastic constants in CASTEP (see 

below) is applying a given strain and calculating the resulting stress, since the unit cell 

is fixed and does not require optimisation. After acquiring the elastic constants matrix 

the Voigt-Reuss-Hill approximation [101, 102] can be used in order to obtain bulk (B), 

shear (G) modulus, Poissonôs ratio (v) for polycrystalline crystal,  as well as the Debye 

temperature [103], using the following equations: 

 

ὄ                                                                                         (2.28) 

Ὃ                                                                                         (2.29) 

Ὁ                                                                                           (2.30) 

ὺ  ρ                                                                                         (2.31) 

— Ⱦό                                                                      (2.32) 
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ό Ⱦ                                                                       (2.33) 

ό                                                                                               (2.34)        

 ό                                                                                         (2.35) 

where B, G and E are bulk, shear and elastic modulus, v is the Poissonôs ratio, ŪD is the 

Debye temperature, M is the molecular weight, NA is the Avogadroôs number, n is the 

number of atoms per formula unit, ɟ is the density and ut and ul are the traverse and 

longitudinal elastic wave velocities of the polycrystalline material, respectively. 

Additionally, ductile or brittle behavior of a material can be deduced by taking into 

account Cauchy pressure and Pughôs [104] index of ductility of shear modulus over 

bulk modulus ratio (G/B) and Poissonôs ratio (v). 

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

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

 

Ὁὠ  Ὁ ρ ὄ ρ φ τ   (2.36) 

where  ὄ ὠ
Ἔ

                                                                      (2.37) 

 

is the bulk modulus 

 

and  ὄ
Ἄ

                                                                                (2.38) 

 

is the pressure derivative of the bulk modulus. 

     

    Finally, the mechanical stability of a phase can be determined as any negative elastic 

constant in the elastic properties calculations can lead to the conclusion that the phase 

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

 

    Cambridge Serial Total Energy Package (CASTEP) [91, 105] is a first principles 

plane wave simulation code that takes advantage of all the above in order to predict 

properties of materials. It provides an implementation of DFT which is based on 

pseudopotential description (norm-conserving and ultrasoft schemes available), 

extensive use of fast Fourier transform (FFT) for evaluation of the terms of the 

Hamiltonian, and implementation of the most popular DFT expressions for the 

exchange-correlation functional. As the code makes use of iterative schemes for the 

self-consistent minimisation in order to find the ground state, it offers a choice of 

methods to achieve electronic relaxation. The default and most efficient method is 

based on the density mixing. In this scheme the sum of electronic eigenvalues is 

minimised in the fixed potential. At the end of each step the new charge is mixed with 

the initial density until convergence is achieved. A number of options are available; 

linear, Kerker and Pulay mixing.  
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3.1 Experimental details 

 

    The actual compositions of the twelve Nb-based alloys studied in the current work 

are presented in Table 3.1.  IP1 was selected in order to further understand the effect of 

Sn and Ti on the microstructure of Nb-18Si by submitting it to other heat treatment 

temperatures than the ones examined by Vellios and Tsakiropoulos [19] while the 

motivation for the IP2 and IP3 alloys was to study the stability and properties of the 

Nb5Sn2Si phase [71, 73]. The motivation for the IP4, IP5 and IP6 alloys was to gain 

experimental data for the Nb-Sn-Al ternary system and investigate the presence and 

stability of the Nb5Sn2Al. Furthermore, the incentive for the IP7, IP8, IP9, IP10 and 

IP11 and IP12 alloys was the investigation of the Nb-Ti-Sn and Nb-Cr-Sn systems, 

respectively. 

    Niobium (99.99 wt. %), Si (99.999 wt. %), Ti (99.99 wt. %),  Cr (99.99 wt. %) and 

Sn (99.99 wt. %) were used as the starting materials for the IP1, IP2, IP3, IP7, IP8, IP9, 

IP10, IP11 and IP12 alloys. The preparation process of the alloy IP1 can be seen in the 

work of Vellios and Tsakiropoulos as it was the same alloy as the NV6 as-cast [19]. 

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

of pure elements were used. The first was Nb3Al produced using Nb (99.99 wt. %) and 

Al (99.99 wt. %) available in ribbon form. The second was produced by melting Sn 

(99.99 wt. %) with Al (99.99 wt. %) in a tube furnace under Ar-atmosphere. This was 

done in order to minimise the evaporation of Sn and Al during arc melting due to the 

large difference of the melting points of Nb (2477 °C (2750 K)) and Sn (231 °C (504 

K)) or Al (660 °C (933 K)). 

    All the alloys were produced by arc-melting (Fig. 3.1) under high purity Ar-

atmosphere using a non-consumable tungsten electrode and a water-cooled copper 

crucible. They were remelted at least three times each to ensure homogeneity. Cubic 

specimens for heat treatment were cut and afterwards wrapped in tantalum foil, placed 

in an alumina boat and annealed in a tube furnace in Ar atmosphere. The IP1 alloy was 

annealed at 1000 ϊC, 1100 ϊC and 1300 ϊC for 100 hours, the IP2 at 900 ϊC for 100 

hours and at 1200 ϊC for 300 hours and the IP3 at 900 ϊC for 100 and 200 hours. The 

IP4 alloy was annealed at 900 °C for 100 and 200 and at 1200 °C for 100 hours, the IP5 

at 900 °C for 100 and 300 hours and at 1200 °C for 100 hours and the 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 hours, the IP8 at 900 °C for 100 and 

300 hours and at 1200 °C for 100 and 300 hours, the IP9 at 900 °C for 100 and 200 

hours and at 1200 °C for 100 and 200 hours and the IP10 for 100 and 200 hours and at 

1200 °C for 200 hours. The IP11 alloy was annealed at 900 °C for 200 and at 1200 °C 

for 100 and 200 hours, and the IP12 at 900 °C for 100, 300 and 400 hours and at 1200 

°C for 100 and 300 hours. The heat treatments of the alloys are summarised in Table 

3.2. Titanium sponge was used as an oxygen getter and was placed at the entrance of 

the argon flow in the furnace. All samples were furnace cooled. The aim of the 

annealing was to ensure that equilibrium conditions were met. 

    X-ray diffraction (XRD) was used to identify the phases present in the alloys. A 

Siemens D-5000 diffractometer (Fig. 3.2) with monochromatic Cu KŬ (ɚ=1.5418 Å) 

radiation along with JCPDS Cards (Appendix B) were used, except for the Nb5Sn2Al 

Fig. 3.1. The arc-melter used in the current study. 
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phase for which no data existed, thus the reflection angles were calculated from the 

lattice constants in [75] (Appendix B). In the experiments the Cu KŬ radiation source 

was excited by an accelerating voltage of 40 kV and a current of 30 mA, and a step of 

0.06 degrees per second. The observing of the microstructures of the samples and the 

chemical analyses of the constituent phases and the actual compositions of the alloys 

were done by scanning electron microscopy (SEM), using JEOL JSM 6400 (Fig. 3.3) 

and FEI Inspect-F (Fig. 3.4) electron microscopes with EDS analysis facilities. 

Quantitative analyses were done in the former SEM which was equipped with the 

standards of the elements used in the alloys of this research. 

    The texture investigation was done using the FEI-Sirion (Fig. 3.5) microscope, 

equipped with an EBSD detector containing a phosphor screen. All the specimens were 

flat and parallelepiped and were placed at a 70º from horizontal tilted angle towards the 

detector. The step size was 0.15 ɛm/s for all specimens in the current study, that allowed 

for high indexing (above 85%, reaching 98.2% in some cases), as some features were 

found to be particularly small (~1 ɛm). 

  

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

 

Fig. 3.4. The FEI Inspect-F used in the current study. 
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Alloy Nb (at. %) Ti (at. %) Si (at. %) Al (at. %) Cr (at. %) Sn (at. %) 

IP1 53 24 18   5 

IP2 71  16   13 

IP3 65  18   17 

IP4 66   17  17 

IP5 54   33  13 

IP6 64   16  20 

IP7 72 10    18 

IP8 84 13    3 

IP9 37 40    23 

IP10 21 39    40 

IP11 74     15 11 

IP12 17    65 18 

Table 3.1.  

Actual compositions of the alloys in the current study. 

 

Fig. 3.5. The FEI Sirion used in the current study. 
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3.2. Computational details  

3.2.1 Methodology 

 

    In this section the approach of calculations is described. The relevant equations are 

given in the Appendix A. All the calculations were performed using the CASTEP 

(Cambridge Serial Total Energy Package) code [91]. The density functional theory and 

the KohnïSham approach were used to calculate the fundamental eigenvalues [89] (see 

section 2.8.2.2). The interaction between valence electrons and core electrons was 

treated under the pseudopotential approximation and the plane-wave approach [106] 

(see section 2.8.2.5). The exchange-correlation energy was estimated by the Perdewï

Wang functional (PW91) approach [94] (see section 2.8.2.3). A finite basis set 

correction and the Pulay scheme of density mixing were applied for the evaluation of 

energy and stress, while the electronic energy tolerance for the SCF solver was 

1×10ī10 eV. All geometry optimisations of the structures were performed within the 

Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization scheme [105], with the 

following thresholds for converged structures: energy change per atom, maximum 

residual force, maximum atomic displacement and maximum stress less than 

1×10ī7 eV, 1×10ī4 eV/Å, 1×10ī4 Å and 0.001 GPa, respectively.  

Alloy 900 °C 1000 °C 1100 °C 1200 °C 1300 °C 

IP1  100 h 100 h  100 h 

IP2 100 h   300 h  

IP3 100 h, 200 h     

IP4 100 h, 200 h   100 h  

IP5 100 h, 300 h   100 h  

IP6 100 h, 200 h   100 h  

IP7 200 h, 300 h   100 h, 300 h  

IP8 100 h, 300 h   100 h, 300 h  

IP9 100 h, 200 h   100 h, 200 h  

IP10 100 h, 200 h   200 h  

IP11 200 h   100 h, 200 h  

IP12 100 h, 300 h, 400 h   100 h, 300 h  

Table 3.2.  

Heat treatment conditions of the alloys in the current study. 
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    The values of the cutoff energy and the Monkhorst-Pack grid for the integration over 

the Brillouin zone according to the MonkhorstïPack scheme [96] (see section 2.8.2.5) 

were selected after careful convergence tests so as they would be sufficient to reduce 

the error in the total energy to less than 1 meV/atom. A well converged k-point set is 

required for high quality thermodynamics calculation, thus separate convergence tests 

were carried out to confirm that the error in the phonon frequencies was less than 10-3 

cm-1. The details concerning the basis set of plane wave functions, the pseudopotentials 

and the valences for atomic configurations, as well as the k-point grid and smearing 

width may vary in different systems depending on the convergence tests, thus they are 

described separately in each chapter. 

 

3.2.2 Elastic properties 

 

    The elastic constants of a material describe its response to an applied stress, or the 

stress required to maintain a distortion. To determine elastic constants a given strain 

was applied and the stress was calculated. Since the unit cell was kept fixed only the 

internal coordinates were optimised. Both stress and strain have three tensile and three 

shear components, giving six in total. The linear elastic constants form a 6 x 6 matrix 

such that ůi = CijŮj (see section 2.8.4) for small stress ů and strain Ů. This matrix can be 

reduced as the strain patterns (sets of distortions) are based on the crystal structure of 

each phase by taking advantage of the linear combinations of the second order elastic 

constants. Thus, the maximum number of patterns required for a monoclinic structure 

is six and one for cubic cells. Six strain steps (varying from -0.003 to 0.003) were used 

for each pattern to obtain a reliable linear fit of the stress-strain relationship. After 

acquiring the elastic constants matrix and confirming that the mechanical stability 

criteria [107] are satisfied, the bulk (B), Youngôs (E), shear (G) moduli and Poissonôs 

ratio (v) were obtained by using the Voigt- Reuss- Hill approximation (VRH) [101, 

102] (equations 1 to 18 in Appendix). Furthermore the Debye temperature at low 

temperatures can be determined from elastic constants using the formulas (equations 

19 to 22 in Appendix) [103] since at low temperatures the vibrational excitations arise 

solely from acoustic modes, i.e. when the Debye temperature is associated with lattice 

vibrations. In order to confirm the values of the bulk moduli, a fit of the energies versus 
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the volumes of the strained structures in the third order Birch-Murnaghan equation of 

state (B-M 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 strongly ordered compounds the main 

contribution comes from the vibrational entropy, as the electronic and configurationally 

entropies are considered to be relatively small [109]. The method of finite 

displacements was implemented, a technique which is based on calculating the forces 

on atoms when slightly perturbing the ionic positions [110]. A large enough supercell 

is required in order to contain the sphere for which the force constant matrix comprises 

of non-zero elements. That sphere is described by the real space cutoff radius, after 

which it is assumed that no atomic interactions exist. The larger the supercell, the more 

accurate, but also more expensive a calculation is. Thus convergence tests of the free 

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

    In accordance to these convergence tests, different sized supercells were used for 

each phase and are described in each section separately. By using the obtained phonon 

DOS and the formulae in [98] (see section 2.8.3), the vibrational contributions to the 

enthalpy, entropy, free energy and heat capacity versus temperature as well as the 

Debye temperature were obtained using the quasiharmonic approximation (equations 

24 to 27 in Appendix). Apart from the intermetallic compounds that are under study, 

the phonon DOS of each element separately were calculated as well in order to obtain 

the finite temperature enthalpy of formation. The heat of formation per atom at 0 K was 

obtained from equation 28 (see Appendix) whereas using the same equation the finite 

temperature heat of formation per atom is defined as in equations 28 to 30 in the 

Appendix. 

 

3.2.4 Linear Response method 

    Density Functional Perturbation Theory (DFPT) or Linear Response is one of the 

most popular methods of lattice dynamics [92, 98], was used in order to obtain the 

vibrational density of states. When ionic positions are perturbed, the dynamical matrix 
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and phonon frequencies can be obtained. In order for the calculations to be successful 

in the current study it was first ensured that every system was in the ground state, i.e., 

the geometry optimisation was fully converged as any underconverged structure could 

yield imaginary phonon frequency eigenvalues which is indicative of mechanical 

instability.  After directly computing the phonon frequencies on Monkhorst-Pack q-

vector grid of 0.05 Åī1 separation, the results were interpolated onto a very dense q-

point set, thus the phonon density of states (DOS) was obtained for each phase under 

investigation. By using the phonon DOS and the data in [98], the vibrational 

contributions to the enthalpy, entropy, free energy and heat capacity versus temperature 

as well as the Debye temperature were obtained using the quasiharmonic approximation 

(see equations 24 to 27 in the Appendix and section 2.8.3). Apart from the intermetallics 

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

as well in order to obtain the finite temperature enthalpy of formation. The heat of 

formation per atom at 0 K was obtained from equation 28 in the Appendix and the finite 

temperature heat of formation per atom was calculated using the equations 28 to 30 in 

the Appendix. 

 

3.2.5 Quasistatic approximation 

     The method to calculate the elastic constants at finite temperatures is to compute the 

second derivatives of the free energy with respect to the strain. This is not a small task 

however, as apart from the static part of the free energy (free energy at 0 K), the free 

energy at finite temperatures is needed, which means many phonon calculations for 

different strains. Phonon calculations can be tremendously costly from the point of view 

of computational resources, especially if the reduced symmetry of the structures under 

study due to the application of inhomogeneous strains is taken into account. Hence, an 

alternative procedure known as quasistatic approximation has been proposed [111, 112] 

where the temperature dependences of the variety of thermodynamic quantities are 

extracted from the volume dependencies of the phonon density of states calculated at 0 

K. The procedure consists of three main steps. The first is to express the 0 K elastic 

constants as a function of volume, using the stress strain approach described in section 

2.2. The second step is to calculate the equilibrium volume V(T,P) at every given 

temperature using the quasiharmonic approximation by minimising the total free energy 

with respect to volume, thus finding the equilibrium volume at each temperature. In the 
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present study the investigated structures were obtained by varying the ratio V/V0 (V0 

being the equilibrium volume) from 0.991 to 1.006 with an increment of 0.003. In all 

the structures the internal freedoms within the unit cell were fully relaxed before 

proceeding to the phonon calculations. In the third step the computed elastic constants 

from the first step at the volume V(T,P) were approximated as the corresponding values 

at finite temperatures. In order for the evaluation of the elastic constants as a function 

of temperature to be as accurate as possible, high precision geometry optimisation 

calculations for different volumes and robust phonon calculations are needed to obtain 

accurate Phonon DOS at different volumes. Using the approximation described above, 

expensive free energy versus strain calculations are avoided. Furthermore, application 

of inhomogeneous strain is not required as this method considers volume rather than 

strain which is much cheaper in calculation cost terms as the symmetry of the crystal is 

retained. 

    In the above procedure the assumption was made that any change of elastic constants 

was solely due to the thermal expansion which is in accordance with reports [113] for 

cubic symmetry.  
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4.1. Introduction 

    The development of Nb-silicide based alloys requires the Nb-Si system to be fully 

understood, as it is the base upon which any further research can be built. A first 

principles study of the Nb-Si binary system, excluding the NbSi2 silicide has been 

reported in [23]. The motivation for the research described here was to use Density 

Functional Theory (DFT) to calculate the enthalpy of formation and the elastic properties 

of the ŬNb5Si3, the ɓNb5Si3, the NbSi2 and the Nb3Si intermetallics at T=0 K and to 

compute the temperature dependence of their enthalpies of formation and to reevaluate the 

transformation temperature for ɓNb5Si3ĄŬNb5Si3. 

 

4.2. Computational details 

    In the current study, ultrasoft pseudopotentials were implemented and the valences 

for the atomic configurations were Nb-4s24p64d45s1  and Si-3s23p2. An energy cutoff of 

450 eV, a Gaussian smearing width of 0.3 eV and a Monkhorst-Pack grid of 0.03 A-1 

separation were selected. For the finite temperature properties study, the finite 

displacement (supercell) method was implemented. Different size supercells were used, 

namely 4 Ĭ 4 Ĭ 4 for Nb, 3 Ĭ 3 Ĭ 3 for Si,  2 Ĭ 2 Ĭ 2 for ŬNb5Si3, ɓNb5Si3 and NbSi2 

and 1 × 1 × 2 for Nb3Si.  

 

4.3. Results and Discussion 

4.3.1 Elastic properties     

    The calculated lattice parameters of the elemental and intermetallic phases in the 

present study are shown in Table 4.1. Compared with the literature, in this work the 

values were overestimated, and this has been attributed to the well-known underbinding 

of the GGA functional. The overall agreement is very good with the mean 

overestimation being less than 0.3%. 

   In Table 4.2 the results for the independent elastic constants (Cij), bulk moduli (B) 

from elastic constants according to the Voigt-Reuss-Hill scheme and bulk moduli and 

first pressure derivatives of bulk moduli (B') from the B-M EOS for all compounds and 

elements under study are shown. It was confirmed that the mechanical stability criteria 

[107] were met for all phases. The elastic constants were in good agreement with the 
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experimental data [49, 114] for the pure elements and with previous theoretical studies 

[23, 115] for the intermetallics. Compared with the literature, it was observed that the 

values of Cij obtained in the present study were in general smaller (except for the C12 

and C13 of ŬNb5Si3 and the C13 of ɓNb5Si3) with the largest deviations observed for the 

NbSi2 and Nb3Si phases. This is attributed to the use of different pseudopotentials. The 

calculated bulk moduli from elastic constants were in very good agreement with the 

available data in the literature. Furthermore, it can be seen that the values of the bulk 

moduli obtained from the VRH approximation agreed well with those obtained by the 

BM fitting, with the maximum deviation between them being ~7% (for the ŬNb5Si3 and 

NbSi2).  

Table 4.1 

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

  a b c 

Nb this work 3.309 3.309 3.309 

 Experimental [49] 3.311 3.311 3.311 

Si this work 5.46 5.46 5.46 

 Experimental [116] 5.431 5.431 5.431 

ŬNb5Si3 this work 6.599 11.917 

 Experimental [117] 6.57 11.884 

ɓNb5Si3 this work 10.068 5.082 

 Experimental [117] 10.018 5.077 

NbSi2 this work 10.255 5.203 

 Experimental [117] 10.224 5.189 

Nb3Si this work 4.811 6.614 

 Experimental [118] 4.791 6.588 

     

    The calculated values of the shear (G) and Youngôs moduli (E) are reported in Table 

4.3.  The highest shear modulus value was calculated for the NbSi2 phase, and the shear 

modulus decreased from NbSi2 (138.3 GPa) to ŬNb5Si3 (116.8 GPa) to ɓNb5Si3 (106.4 

GPa) to Nb3Si (71.6 GPa), which means that the most resistant compound of the three 

to reversible shear deformation is the NbSi2. The same trend was exhibited by their 

stiffness as the elastic modulus (E) values decreased from 327 GPa for NbSi2 to 291 

GPa for ŬNb5Si3 to 268.9 GPa for ɓNb5Si3 to 190 GPa for Nb3Si. 
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Table 4.2 

Elastic constants (Cij) and bulk modulus (B) for the Nb, Si, Nb3Si, ŬNb5Si3, ɓNb5Si3 and NbSi2 in GPa. 

 VRH approximation B-M EOS 

 C11 C12 C13 C16  C33 C44 C66  B (GPa) B (GPa) B' (GPa) 

           

Nb 241 126.3    26.7  164.5 165.1 4 

Experimental [49] 253 133    31     

Experimental [119]        170.3   

Theoretical [23] 244.5 128    31.6  166.8   

Si 151.2 57.4    73.1  88.7 91.2 4 

Experimental [114] 166 64    79.6     

Experimental [120]        98   

Theoretical [23] 162.4 59.1    75  93.5   

ŬNb5Si3 362.2 103.9 118.1  312.6 121.9 109.9 190.6 204 6 

Theoretical [23] 372.9 96 115.5  338.1 133.5 122.1 193.1   

 

ɓNb5Si3 367.2 117.2 109.6  306.1 88.1 128.7 189.6 197.9 5 

Theoretical [23] 378.3 119.3 107.9  318.6 89.2 132.7 193.1   

 

NbSi2 341.6 66.3 78  427 130.1  171.6 184.3 7.6 

Experimental [115]* 380.2 75.9 88.3  468 145.3     

Experimental [115]**         191.5   

 

Nb3Si 252.1 169.4 128.8 6.8  78.5 91.9 183.4 183.3 5 

Theoretical [23] 290.2 150.5 117.6 9.8 306 101.5 119.4 184.1     
* at T=120 K, ** at room temperature 
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    In order to investigate whether a material is ductile or brittle, the Cauchy pressures 

(C12 - C44 for cubic and C13-C44 and C12-C66 for tetragonal) and Pughôs [104] index of 

ductility (the shear modulus over bulk modulus ratio (G/B)) and the Poissonôs ratio (v) 

are the parameters that must be taken into account. The values of the aforementioned 

properties are given in Table 4.3. According to Pettifor [121], for metallic bonding, a 

positive value of  Cauchy pressure means ductile material and if negative brittle. A 

compound would be brittle if the G/B ratio is greater than 0.57 and the v less than 0.26. 

Regarding the above criteria, the ŬNb5Si3 and NbSi2 intermetallics should be brittle 

(with the latter being the most brittle) and the ɓNb5Si3 and Nb3Si ductile (with Nb3Si 

being the most ductile).  

4.3.2 Enthalpies of formation 

    The vibrational density of states (DOS) for the compounds and elemental phases 

under study can be seen in Fig. 4.1. All the eigenfrequencies were found to be real, 

hence it is confirmed that the compounds under investigation are mechanically stable. 

The vibrational contribution to free energies per atom (Fphon (T)) was calculated and is 

presented for all compounds and elemental phases in Fig. 4.2. It can be seen that the 

Fphonon decreases faster in the following order: NbSi2-ŬNb5Si3-ɓNb5Si3-Nb3Si. After 

taking Fphonon into account, the phonon contribution to the enthalpy of formation 

(ȹHf
phon (T)) was evaluated (Fig. 4.3). The ȹHf

phon (T) rises faster in the order Nb3Si-

NbSi2-ɓNb5Si3-ŬNb5Si3. In Fig. 4.4 the enthalpy of formation versus temperature of all 

the stable intermetallic compounds of the Nb-Si system is shown. At T=0 K the heat of 

formation (ɝ( ) increases from ŬNb5Si3 (-62.231 kJ/mole) to ɓNb5Si3 (-59.338 

kJ/mole) to NbSi2 (-50.365 kJ/mole) to Nb3Si (-37.34 kJ/mole). In Table 4.4 it can be 

seen that the above values for ŬNb5Si3, Nb3Si and NbSi2 are in good agreement with 

the available experimental and calculated data. As the temperature rises the ȹHf
 (T) 

increases more steeply for the 5-3 silicides, especially for the ŬNb5Si3, which crosses 

the ɓNb5Si3 above 2000 K. The slopes of the Nb3Si and NbSi2 are similar and rise 

slower than those for the 5:3 stoichiometry phases.  
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Table 4.3 

Calculated shear (G) and elastic (E) moduli in GPa, Poissonôs ratio (v), Cauchy pressures in GPa, G/B ratio and Debye temperature (ŪD) from elastic 

constants and Phonon DOS for Nb, Si, Nb3Si, ŬNb5Si3, ɓNb5Si3 and NbSi2. 

 G E      ŪD (K) 

  VRH VRH v C12-C44 C13-C44 C12-C66 G/B Phonon DOS Elastic constants Literature 

Nb 36.5 101.9 0.396 99.6   0.228 277 268  

Experimental [119] 37.5 104.9 0.397       275 

Experimental [115]          267 

Theoretical [23] 36.6         266 

Si 61.2 149.2 0.216 -17.4   0.701 647 628  

Experimental [122] 64.1 155.8 0.215       645 

Experimental [115]          646 

Theoretical [23] 58.2         608 

ŬNb5Si3 116.8 291 0.246  -3.8 -6 0.613 512 532  

Theoretical [23] 127.9         555 

ɓNb5Si3 106.4 269 0.264  21.5 -11.5 0.561 489 508  

Theoretical [23] 109.8         515 

NbSi2 138.3 327 0.182  -52.1  0.806 632 664  

Experimental [115]* 153.2 362.8 0.183       688 

Nb3Si 71.6 190.1 0.327  50.3 77.5 0.39 407 401  

Theoretical [23] 96.4         462 

Experimental [123]          430 

*at room temperature 
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Fig.  4.1. Phonon density of states for the Nb, Si, Nb3Si, ŬNb5Si3, ɓNb5Si3 

and NbSi2. 
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Fig. 4.2. Phonon contribution to free energies calculated for the Nb (1), Nb3Si (2), 

ɓNb5Si3 (3), ŬNb5Si3 (4), NbSi2 (5) and Si (6). 
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Fig. 4.3. Phonon contribution to enthalpies of formation calculated for the Nb3Si (1), 

NbSi2 (2), ɓNb5Si3 (3) and ŬNb5Si3 (4). 
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Table 4.4 

Enthalpies of formation (kJ/mol) for Nb, Si, Nb3Si, ŬNb5Si3, ɓNb5Si3 and NbSi2. 

   Enthalpy of formation 

Intermetallic Temperature (K) Current study Literature 

ŬNb5Si3 298 

298 

298 

-61.2 

-61.2 

-61.2 

-64.6 ±2.4 [124] 

-47.7 to -64.7* [53] 

-52 to -65.3* [13] 

ɓNb5Si3 298 -58.5  

NbSi2 298 

298 

-49.9 

-49.9 

-53.7±1.6 [124] 

-46 to -59.4* [53] 

Nb3Si 298 

0 

-37 

-37.3 

-29.6 to -35.9*  [53] 

-40.5 [23] 
*CALPHAD assessments 
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4.3.3 Phase transitions 

 

    After acquiring the ȹHf
 (T) for all the phases, the phase equilibria at finite 

temperatures can be investigated. In the Nb-Si phase diagram [14] below 2038 K the 

Nb3Si transforms via a eutectoid reaction to Nb and ŬNb5Si3. As it was mentioned 

above, both the Nb3Si and ŬNb5Si3 heats of formation increase owing to the phonon 

contribution. However, the heat of formation of the latter phase increases much faster, 

resulting to the Nb3Si lying below the tie line between Nb and ŬNb5Si3 at about 1704 

K, so that it becomes stable above that temperature, as it can be seen in Fig. 4.5. The 

difference between the phase diagram [14] and the value of the current study is about 

16 % and reduces to 12 % when the lowest reported [15] transformation temperature is 

considered. These differences are satisfactory considering the use of the quasi harmonic 

approximation.  

    Another phase transition takes place for the 5:3 stoichiometry phases. According to 

the phase diagram [14], the lower and upper transition temperatures where the ŬNb5Si3 

transforms to ɓNb5Si3 are 1918 K and 2208 K, respectively. As it can be seen in Fig. 

4.4, the ŬNb5Si3 phase is stable until 2085 K where its heat of formation curve crosses 

that of the ɓNb5Si3, which becomes stable above that temperature. This transition 

temperature becomes clearer in Fig. 4.5 where the difference between the enthalpies of 

formation of the competing phases is shown. Comparing the calculated transition 

temperature with those reported in the literature [14, 16], it is clear that the agreement 

is very good. Also, comparing with the value from the work of Chen et al. (3000 K) 

[23], the value from the present work is significantly closer to the literature [14, 16]. 

For the 1:2 stoichiometry it can be seen in Fig. 4.6 that the NbSi2 phase is stable all the 

way down to room temperature as it lies below the tie line between ŬNb5Si3 and Si 

through the whole range of temperatures. This is in agreement with the Nb-Si phase 

diagram. 

4.3.4 Debye temperatures 

    The resultant phonon DOS was used to calculate the Debye temperature. It should 

be noted that it is considered more difficult to obtain accurate values in this way than 

through the elastic constants (see above) because as a low temperature property the 

Debye temperature is determined by low energy phonons i.e. the acoustic phonons. The 

lower the temperature the smaller the part of the Brillouin Zone that contributes   
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Fig. 4.4. Enthalpies of formation calculated for the Nb3Si (1), NbSi2 (2), ɓNb5Si3 (3) 

and ŬNb5Si3 (4). 

 

1 
1 

2 

3 

 

4 



Ab initio study of the intermetallics in the Nb-Si binary system 
  

  

69 
 

Fig. 4.5. Difference of heats of formation between competing phases ŬNb5Si3 and 

ɓNb5Si3 and Nb3Si and Nb and ŬNb5Si3 with respect to the tie line between Nb and 

ŬNb5Si3 (solid line) 
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Fig. 4.6. Difference of heats of formation between competing phases of NbSi2 and 

ŬNb5Si3 with respect to the tie line between ŬNb5Si3 and Si. 
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to thermodynamics. Despite this fact, the calculated values given in Table 4.2 are in 

good agreement with [23, 122] and the values calculated in the present study from the 

elastic constants. For the elemental phases both the results from the phonon DOS and 

the elastic constants are in good agreement with the literature. Regarding the 

intermetallics studied, the Debye temperatures calculated from both methods are also 

in good agreement with the available data in the literature, with the phonon DOS 

calculated values being lower than those calculated using the elastic constants, with the 

exception of Nb3Si. 

 

4.4. Conclusions 

    First principles calculations were carried out for the Nb3Si, ŬNb5Si3, ɓNb5Si3 and 

NbSi2 intermetallic compounds and their constituent elements. Elastic constants, bulk, 

shear and Youngôs modulus, Poissonôs ratio and Debye temperature were calculated. 

According to the calculations the high temperature phases (ɓNb5Si3 and Nb3Si) should 

be ñductileò with Nb3Si being the most ductile and the ŬNb5Si3 and NbSi2 are brittle 

(with the latter being the most brittle). The enthalpies of formation with regard to 

temperature were calculated for all the intermetallic compounds, which enabled the 

investigation of the transition temperatures of Nb3Si to Nb, ŬNb5Si3 and ɓNb5Si3 to 

ŬNb5Si3, and the stability of the NbSi2 at low and elevated temperatures. There was a 

good agreement between the results of the present study and the phase diagram. Despite 

the fact that the quasi harmonic approximation was used in the phonon calculations, 

this work is another demonstration of the usefulness of the ab initio calculations for 

phase equilibria studies. 
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5.1. Introduction  

     Advancing our understanding of how alloying with Sn affects the microstructure 

and properties of Nb-silicide based alloys and improving alloy design require better 

understanding of the properties of the phases in the Nb-Sn binary system. 

    The motivation for the present study was to investigate the elastic and 

thermodynamic properties of the Nb-Sn compounds. The chapter focuses on the 

calculation of the elastic constants and phonon properties to produce a complete set of 

data for the aforementioned compounds. This data will be used to support the design of 

Nb silicide based alloys.      

5.2. Computational details 

    To reduce the basis set of plane wave functions used to describe the real electronic 

functions norm conserving pseudopotentials [125] were implemented and the valences 

for the atomic configurations were Sn-5s25p2 and Nb-4d45s1. An energy cutoff of 500 

eV, a Gaussian smearing of 0.7 eV and a MonkhorstïPack k-point grid separation of 

0.03 Åī1 were employed. For the phonon calculations the linear response method (see 

section 3.2.4) was used, while for the calculation of the linear expansion coefficients 

and elastic properties versus temperature of the cubic Nb and Nb3Sn phases the 

quasistatic approximation (see section 3.2.5) was implemented.  

5.3. Results and discussion 

5.3.1 Elastic properties at 0 K     

 

    The calculated lattice constants of Nb, Sn, Nb3Sn, Nb6Sn5 and NbSn2 are given in 

Table 5.1. The values obtained in the present work are in good agreement with those 

reported in the literature. The highest deviation (about 2.5 %) is for the c lattice 

parameter of Sn. Table 5.2 gives the results for the independent elastic constants (Cij), 

bulk moduli (B) calculated from elastic constants according to the Voigt-Reuss-Hill 

(VRH) approximation, and the bulk moduli and first pressure derivatives of bulk moduli 

(B') from the Birch-Murnaghan equation of state for all compounds and elements at 0 

K. The mechanical stability criteria [126] were satisfied for all phases. The elastic 

constants and bulk moduli were in good agreement with the experimental data [49, 51] 

for the pure elements and with a previous theoretical study [48] for the Nb3Sn. 
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Furthermore, the bulk moduli obtained by the B-M EOS fitting were in very good 

agreement with those calculated using the VRH approximation, with the biggest 

deviation (~3.5 %) for the Nb6Sn5. The Nb3Sn had the highest bulk modulus (166.5 

GPa) that decreased to 141.3 GPa for the Nb6Sn5 and to 106.7GPa for the NbSn2. Thus, 

among the three intermetallics the Nb3Sn phase is the most resistant to uniform 

compression. 

    The calculated values of the shear (G) and Youngôs (E) moduli are given in Table 

5.3. The Nb3Sn has the highest shear modulus that decreases in the same sequence as 

the bulk modulus, which means that the Nb3Sn is the most resistant compound of the 

three to plastic deformation. The same is the ranking of the intermetallics in terms of 

their stiffness with the elastic modulus (E) values being 172.7 GPa for the Nb3Sn, 143.7 

GPa for the Nb6Sn5 and 132.9 GPa for the NbSn2.  

    The values of the Cauchy pressure are also listed in Table 5.3. According to [121], 

for metallic bonding a higher value of  Cauchy pressure means more ductile material. 

Thus, the Nb3Sn can be regarded as the less brittle compared with the other two 

intermetallics in the Nb-Sn system. 

 

5.3.2 Enthalpies of formation 

 

    The vibrational density of states (DOS) for the compounds and elemental phases 

under study can be seen in Fig. 5.1. All the eigenfrequencies were found to be real, 

hence it is validated that the compounds under investigation are mechanically stable. 

The vibrational contribution to free energy per atom (Fphon (T)) was calculated and is 

presented for the compounds and elemental phases in Fig. 5.2. The Fphonon of the 

intermetallics decreases in the following order: Nb3Sn ï Nb6Sn5 ïNbSn2 with the first 

two almost coinciding and the latter decreasing much faster.  After taking Fphonon into 

account, the phonon contribution to the enthalpy of formation (ȹHf
phon (T)) was 

computed (Fig. 5.3 (a)). The ȹHf
phon (T) rises faster in the following order: NbSn2 - 

Nb6Sn5 - Nb3Sn. In Fig. 5.3 (b) the enthalpy of formation versus temperature of all the 

stable intermetallic compounds of the Nb-Sn system is shown. In Table 5.4 the 

enthalpies of formation of the intermetallics of the present study are compared with the 

available literature [127-129] and it can be seen that there is good agreement between 

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

 

    In order to investigate the temperature dependence of the elastic properties of the 

cubic phases in the present study (Nb and Nb3Sn), the quasistatic approximation was 

implemented. First the temperature dependence of the volume was calculated as it was 

discussed in section 2.4. The volume versus temperature curves of Nb and Nb3Sn are 

shown in Fig. 5.4. The linear thermal expansion coefficients at 293 K of Nb and Nb3Sn 

were calculated using this data and were respectively ~7.9 ɛm/mK and ~6.4 ɛm/mK 

and in good agreement with the literature [130, 131]. In Fig. 5.5 the elastic constants 

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

 

Table 5.1 

   Lattice constants (in Å) of Nb, Sn, Nb3Sn, Nb6Sn5 and NbSn2. 

a Ref [49], b Ref [52], c Ref [64], d Ref [132] e Ref [133] 

 

 Nb Sn Nb3Sn Nb6Sn5 NbSn2 

Lattice constant(s) (this work)   3.299 
a=5.781  

c=3.102 
5.258 

a=5.591 

b=9.185 

c=16.702 

a=9.772 

b=5.595 

c=18.809 

Lattice constant(s) from previous work 3.311 a a=5.832 b  

c=3.182 b 
5.289 c 

a=5.656 d 

b=9.199 d 

c=16.843 d 

a=9.874 e  

b=5.626 e 

c=19.116 e 
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                  Table 5.2 

                  Elastic constants (Cij) and bulk modulus (B) in GPa of Nb, Sn, Nb3Sn, Nb6Sn5 and NbSn2. 

a Ref. [49], b Ref. [134]  c Ref. [52], d Ref. [135], e Ref. [136]  f Ref. [48] 

 

VRH approximation B-M EOS 

 C11 C12 C13 C22 C23 C33 C44 C55 C66 B B B' 

             

Nb 244 124.5     27   164.3 163.1 4.004 

   253 a 133 a       31 a      

          170.3 b   

Sn 74.2 58 22.2   81.2  23.4   9.9 47.8 45.01 3.703 

 83.7 c 48.7 c 28.1 c     96.7 c   17.5 c    7.4 c      

 73.5 d 23.4 d 28 d   87 d 22 d  22.7 d    

 73.5 e 44.2 e 40.7 e   103 e 38.3 e  42.8 e    

Nb3Sn 282.4 110.1     53.8   167.6 167.5 4 

            166.5 f   

Nb6Sn5 266.5 83 90.4 228.2 110.6 210.4 65.5 62.9 25 141.3 146.5 4 

NbSn2 180.8 77.3 68.9 178.5 60.1 188.3 52.5 37.3 57.4 106.7  107.9 4 
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Table 5.3  

                   Calculated shear modulus (G), elastic modulus (E) in GPa, Poissonôs ratio (v), Cauchy pressures (C12-C44 for cubic, C13-C44 and C12-C66 for tetragonal and 

hexagonal and C12-C66, C13-C55 and C23-C44 for orthorhombic) in GPa, G/B ratio and Debye temperature (ŪD) from elastic constants for Nb, Sn, Nb6Sn5, 

NbSn2 and Nb3Sn.  

 

 a Ref. [134],  b Ref. [51], c Ref. [115], d Ref [48], e Ref. [52] 

  

 G E        ŪD (K) 

 VRH  VRH  v C12-C44 C13-C44 C12-C66 C13-C55 G/B C23-C44 Phonon DOS Elastic constants   

Nb 37.4 37.5 a 104.3 101.9 a 0.394 97.5    0.228  277 268 275 b 267 c 

Sn 17.3  46.2  0.339  -1.2 48.1  0.362  181 170 202 e  

Nb3Sn 65 74.9 d 172.7 195.3 d 0.328 56.3    0.388  291 336 308 b 282 d 

Nb6Sn5 54  143.7  0.331   58 27.5 0.382 45.1 201 218   

NbSn2 51.4  132.9  0.292    19.9 31.6 0.482 7.6 239 256   
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Fig. 5.1. Phonon density of states of Nb, Sn, Nb3Sn, Nb6Sn5 and NbSn2. 
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Fig. 5.2. (a) Phonon contribution to free energies calculated by the linear response method for all intermetallics and single 

elements. The curves of Nb6Sn5, Nb, Nb3Sn (numbered 3, 4 and 5, respectively) are very close to each other. The NbSn2 curve is 

denoted as 1 and the curve of Sn as 2. (b) The same diagram as (a), for a smaller range of temperatures (1200 to 1700 K) in order 

to distinguish better between the curves of Nb6Sn5, Nb, Nb3Sn. 

(a) 

(b) 
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Nb with the literature [137] it can be seen that overall the agreement is very good (Table 

5.5). The C44 constant of Nb becomes negative at 2750 K, which is its melting point. 

Moreover the aforementioned coefficient decreased slower than the other independent 

constants, and the C11 decreased the fastest. The results for Nb3Sn were also in good 

agreement with the experimental data [138]. The curves of the C12 and C44 constants 

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

curve of C11 showed the steepest descent of all three independent elastic constants. The 

largest discrepancy was noticed for the C44 coefficient with the results of the current 

study and the literature being ~51 and ~40 GPa, respectively. After obtaining the elastic 

constants of both phases the bulk, shear and elastic moduli were computed with the 

VRH approximation (Fig. 5.6). All the moduli decreased with increasing temperature. 

The bulk and elastic moduli of the Nb and Nb3Sn the bulk and the elastic moduli 

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

curve of the Nb3Sn crosses the Youngôs modulus curve at 2600 K where the former 

becomes higher. Furthermore, owing to the above behavior of the bulk and shear moduli 

of both phases the Poissonôs ratios showed increasing slope (Fig. 5.7). In the case of 

Nb v was ~0.47 close to the melting point, starting from ~0.39 (see Table 5.3) at 0 K. 

For the Nb3Sn on the other hand the total increase was smaller, from ~0.328 at 0 K 

(Table 5.3) to ~0.335 at the compoundôs melting point. Also it must be noted that the 

curve increases slower until ~2200 K, and above that temperature it rises significantly.  

5.3.4 Debye temperatures 

    The phonon DOS was used to calculate the Debye temperatures. The values 

calculated using the phonon DOS  (Table 5.3) were in very good agreement with [48, 

51] and those calculated from the elastic constants values. For the elemental and 

intermetallic phases both the results for the Debye temperatures calculated from the 

Phonon DOS and the elastic constants were in excellent agreement with the available 

data in the literature (Table 5.3).  The Nb3Sn phase exhibits the highest Debye 

temperature of all the stable intermetallics in the Nb-Sn system. 
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Fig. 5.3. (a) Phonon contributions to the enthalpy of formation and (b) calculated 

total enthalpy of formation versus temperature (b) for Nb6Sn5 (1), NbSn2 (2) and 

Nb3Sn (3). 

(a) 

(b) 
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Fig. 5.4. Temperature dependence of the volume of (a) Nb and (b) Nb3Sn 
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Fig. 5.5. The C11 (1), C12 (2) and C44 (3) elastic constants of (a) Nb and (b) Nb3Sn 

versus temperature. 
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Fig. 5.6. Bulk (1), shear (2) and Youngôs (3) moduli of  (a) Nb and (b)  Nb3Sn 

versus temperature. 
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                Table 5.4  

                 Calculated enthalpies of formation of Nb6Sn5, NbSn2 and Nb3Sn. 

 Enthalpy of formation (kJ/mol) 

Temperature (K) Nb3Sn Nb6Sn5 NbSn2 

0 (this work) -16.542 -25.755 -18.434 

298 (this work) -15.628 -24.829 -17.583 

298 (previous work) -16.57 c   

298 (previous work) -16.19 c   

298 (previous work) -16.4 b   

298 (previous work) -16 a -22 a -16 a 
a Ref. [127] ,  b Ref. [128] , c Ref. [129] 

 

                  Table 5.5 

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

 C11 C12 C44 B G 

Nb 233.7 119.3 25.2 157.4 35.2 

[137] 235 121 28.2 159 37.5 

Nb3Sn 265.4 104.8 51.3 158.3 61.4 

[138] * 253.8 112.4 39.6 159.5 50.1 

*(Single crystal) 
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 Fig. 5.7. The Poissonôs ratios of (a) Nb and (b) Nb3Sn versus temperature. 
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5.4. Conclusions 

    First principles calculations were carried out for the Nb3Sn, Nb6Sn5 and NbSn2 

intermetallic compounds and the Nb and Sn elements. The elastic constants, bulk, shear 

and Youngôs moduli, Poissonôs ratio and Debye temperatures were calculated for all 

the phases and were in good agreement with the available data in the literature. It is 

concluded that the Nb3Sn is the less brittle of the Nb-Sn compounds. For the Nb6Sn5 

and NbSn2 phases data for elastic properties and Debye temperatures were reported for 

the first time. Furthermore, the enthalpies of formation versus temperature were 

calculated for all the intermetallic compounds. Combining the quasiharmonic with the 

quasistatic approximation the temperature dependence of the bulk, shear and elastic 

moduli and Poissonôs ratios of the Nb and Nb3Sn were calculated and were in good 

agreement with the available data in the literature. The thermal expansion coefficient 

of Nb was in very good agreement with the literature, while the thermal expansion 

coefficient of Nb3Sn was reported for the first time.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

6 
Ab initio study of the intermetallics 

in the Nb-Al binary system 
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6.1. Introduction 

    Due to their very good high temperature properties the transition metal-Aluminium 

compounds are being subjected to extensive research. In order to understand fully the 

alloy behaviour and fully investigate the binary and ternary phase diagrams, 

information on the intermetallic compounds is of great importance. The motivation for 

the present study was to investigate the elastic and thermodynamic properties of the 

Nb-Al compounds. This work focuses on the calculation of the elastic constants and 

phonon properties to produce a complete set of data for the NbAl3, the Nb2Al and Nb3Al 

compounds. This data will be used to support the design of Nb based intermetallics 

alloys. 

6.2. Computational details 

    To reduce the basis set of plane wave functions used to describe the real electronic 

functions norm conserving pseudopotentials were implemented and the valences for the 

atomic configurations were Al-3s2 3p1 and Nb-4d45s1. A MonkhorstïPack k-point grid 

separation of 0.03 Åī1, an energy cutoff of 700 eV and a Gaussian smearing of 0.7 eV 

were used. The phonon calculations were conducted using the linear response method 

(section 3.2.4), while for the calculation of the linear expansion coefficients and elastic 

properties versus temperature of the Nb3Al phase the quasistatic approximation (section 

3.2.5) was implemented.  

6.3. Results and discussion 

6.3.1 Elastic properties at 0 K     

 

    The calculated lattice parameters of Nb, Al, Si, Nb3Al, Nb2Al and NbAl3 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 

NbAl3 they are somewhat overestimated but are overall in good agreement with the 

values from previous work, with the c lattice constant of NbAl3 showing the largest 

error of about 0.7%. In Table 6.2 the results for the independent elastic constants (Cij), 

bulk moduli (B) from elastic constants according to the Voigt-Reuss-Hill (VRH) 
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scheme and bulk moduli and first pressure derivatives of bulk moduli (Bô) from the 

Birch-Murnaghan equation of state (B-M EOS) are shown for all phases. It is 

established that the mechanical stability criteria [107] are met for all phases.  

Comparing the value of bulk modulus of NbAl3 with [65] it is clear that they are in good 

agreement and their consistency is validated by the results of the B-M EOS fitting. Of 

all the intermetallics the Nb3Al has the highest bulk modulus of 162.2 GPa, with the 

value for Nb2Al being quite close (161.5 GPa). The corresponding value for NbAl3 was 

found to be 132.5 GPa. It is thus suggested that the most resistant to applied pressure 

of the Nb-Al intermetallics is the Nb3Al. 

    In Table 6.3 the calculated values of shear modulus (G), Youngôs modulus (E) and 

Debye temperature (ŪD) are reported. The shear modulus decreases from NbAl3 (106.5 

GPa), to Nb2Al (72.3 GPa) to Nb3Al (61.6 GPa), which means that the most resistant 

compound of the three to reversible deformation upon shear strain is the NbAl3. The 

same ranking applies for the stiffness of the compounds as the Youngôs modulus (E) 

values were 252 GPa for NbAl3, 188.7 GPa for Nb2Al and 164 GPa for Nb3Al.  It can 

be seen that the highest to the lowest sequence for the elastic and shear moduli was 

reverse compared with the corresponding sequence for the Bulk modulus. Ductile or 

brittle behavior of a material can be deduced by taking into account Cauchy pressure 

and Pughôs [104] index of ductility of shear modulus over bulk modulus ratio (G/B) 

and Poissonôs ratio (v). The values of the aforementioned properties are listed in Table 

6.3. According to [121], for metallic bonding, a positive value of Cauchy pressure 

means ductile behavior and brittle if negative. The other two conditions point to brittle 

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

 

Table 6.1 

   Lattice constants for Nb, Al, NbAl3, Nb2Al and Nb3Al. 

  Nb Al  NbAl3 Nb2Al  Nb3Al  

Lattice constant(s) (this work)  (Å) 3.299 4.022 
a=3.803 

c=8.602 

a=9.945 

c=5.119 
5.171 

Lattice constant(s) from previous work (Å) 3.311a 4.098b 
a=3.801c 

c=8.538 

a=9.942 d 

c=5.16 
5.187 e 

a Ref [49], b Ref [114], c Ref [65], d Ref [139], e Ref [140] 
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The data in Table 6.3 would thus suggest that the NbAl3 is the most brittle compound. 

Hence, the sequence from the less to most ductile intermetallic is NbAl3 to Nb2Al to 

Nb3Al. 

6.3.2 Enthalpies of formation 

 

    The vibrational density of states (DOS) for the elements and compounds under study 

can be seen in Fig. 6.1. All the eigenfrequencies were found to be real, thus the 

mechanical stability of the compounds under study is confirmed. The vibrational 

contribution to free energies per atom (Fphon (T)) was calculated and is presented in Fig. 

6.2. It can be seen that the Fphonon decreases faster in the order NbAl3, Nb2Al, Nb3Al. 

After taking Fphon into account, the phonon contribution to the enthalpy of formation 

(ȹHf
phon (T)) was obtained. It rises faster for NbAl3 while for Nb3Al it exhibits the 

smallest slope of the three curves. The curve of Nb2Al has about half the slope of the 

corresponding value of NbAl3. By taking into consideration the total internal energies 

of the constituent elements and the compounds, the enthalpies of formation versus 

temperature (ȹHf (T)) were obtained and they are shown in Fig. 6.3. At 0 K the heat of 

formation (ȹHf
0) increases from NbAl3 (-47.374 kJ/mol) to Nb2Al (-28.753 kJ/mol) to 

Nb3Al (-22.481 kJ/mol). The NbAl3 compound has the lowest ȹHf in the whole range 

of temperatures, while Nb3Al has the highest corresponding value until approximately 

2930 K, in which temperature the ȹHf of Nb2Al rises higher. The enthalpies of 

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

                  Elastic constants (Cij) and bulk modulus (B) of Nb, Al, NbAl3, Nb2Al and Nb3Al in GPa. 

 VRH approximation Birch-Murnaghan EOS 

 C11  C12  C13 C33  C44  C66  B B  B'  

          

Nb 244 124.5   27  164.3 163.1 4.004 

 253 a 133 a   31 a  173 *   

Al  107.4 57.6   30.3  74.2 76.47 4.037 

 107 b 61 b   28 b  74.3 *   

NbAl3 255.6 101.4 51.2 274.8 104 140.5 132.5 136 4 

 260.2 c 96.7 c 46.5 c 280.3 c 109.9 c 142.5 c 131 c   

Nb2Al  264.2 109.9 105.8 282 66.1 68.3 161.5 159.9 4 

Nb3Al  272.8 106.9   50.5  162.2 162.1 4 
a Ref. [49],  b Ref. [141], c Ref. [65], * calculated from data in Ref [49] and [141] for Nb and Al, respectively. 
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                   Table 6.3 

Calculated shear (G) and elastic moduli (E) in GPa, Poissonôs ratio (v), Cauchy pressure (C12 - C44 for cubic, C13-C44 and C12-C66 for tetragonal), G/B ratio 

and Debye temperature (ŪD) from elastic constants for Nb, Al, NbAl3, Nb2Al and Nb3Al. 

 G E       ŪD (K) 

  VRH VRH v C12-C44 C13-C44 C12-C66 G/B Phonon DOS Elastic constants  

Nb 37.4 104.3 0.394 97.5   0.228 277 268 275b  

 37.5a 104.9a 0.397a        

Al  28 74.7 0.334 27.3   0.377 394 420 428b 

 26.2a 70.6a 0.345a        

NbAl3 106.5 252 0.183  -

52.8 

-39.1 0.804 744 793 753 

Nb2Al  72.3 188.7 0.305  39.7 41.6 0.448 243 269  

Nb3Al  61.6 164 0.331 56.4   0.38 353 374 370b 

 74.2c 193.5c         

a Ref [119], b Ref [122], c Ref [48], d Ref [65]  
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Fig.  6.1. Phonon density of states for Nb, Al, NbAl3, Nb2Al and Nb3Al.  
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Fig. 6.2. Phonon contribution to free energies calculated by the linear response method for all 

intermetallics. 
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Fig. 6.3. Phonon contributions to the enthalpy of formation (a) and calculated 

total enthalpy of formation versus temperature (b) for NbAl3, Nb2Al and Nb3Al. 
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                    Table 6.4 

Enthalpy of formation at 298 K of NbAl3, Nb2Al and Nb3Al.  

 

 

 

 

 

 a Ref [62], b Ref [63]       

  

6.3.3 Temperature dependence of the elastic properties of Nb3Al  

 

    In order to investigate the temperature dependence of the elastic properties of the 

Nb3Al, the quasistatic approximation was implemented. First the temperature 

dependence of the volume was calculated using the method discussed in section 2.4. 

The volume versus temperature curves are shown in Fig. 6.4. The linear thermal 

expansion coefficient at 293 K was calculated using this data and was 6.992 ɛm/mK. 

In Fig. 6.5 the elastic constants versus temperature are shown. The curves of the C12 

and C44 constants had similar slopes, while the curve of C11 showed the steepest descent 

of all three independent elastic constants. After obtaining the elastic constants of both 

phases the bulk, shear and elastic moduli were computed with the VRH approximation 

(Fig. 6.6). All the moduli decreased with increasing temperature. The elastic modulus 

exhibited the fastest decrease and the shear modulus the slowest. Furthermore, owing 

to the above behavior of the bulk and shear moduli of both phases the Poissonôs ratios 

showed increasing slope (Fig. 6.7). Close to the melting point of the Nb3Al the 

Poissonôs ratio was ~0.364 starting from ~0.333. Unfortunately, to the authorôs 

knowledge no experimental data of the above properties exist in the literature to be used 

for comparison. 

 

Enthalpy of formation at 298 K (kJ/mol) 

Intermetallic Current study Experiment 

NbAl3 -45.85 -40.62 a 

Nb2Al  -28.048 -25.086 b 

Nb3Al  -22.114 -19.297 b 
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Fig. 6.4. Temperature dependence of the volume of Nb3Al. 
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Fig. 6.5. The C11, C12 and C44 elastic constants of Nb3Al versus temperature. 
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Fig. 6.6. Bulk, shear and Youngôs moduli of Nb3Al versus temperature. 
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Fig. 6.7. The Poissonôs ratio of Nb3Al versus temperature. 
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6.3.4 Debye temperatures 

 

    The Debye temperature values calculated from the elastic constants decrease from 

NbAl3 (520 °C (793 K)) to Nb3Al (100 °C (374 K)) to Nb2Al (-4 °C (269 K)). The ŪD 

of Nb3Al in the present study is in good agreement with the available results from the 

literature. The largest deviation was for NbAl3 when comparing the ŪD value with the 

value in [65] and was about 5 %. It should be noted that the latter value was not 

calculated from elastic constants, but was derived from the phonon DOS. The resultant 

phonon DOS from the calculations in section 3.2 were also used to calculate the Debye 

temperatures. The calculated ŪD values (Table 6.3) were in good agreement with both 

the data from previous work and the results of the present study that were calculated 

from the elastic constants.  

 

6.4. Conclusions 

    First principles calculations were carried out for the NbAl3, Nb3Al, Nb2Al and their 

constituent elements. Elastic constants, bulk, shear and Youngôs modulus, Poissonôs 

ratio and Debye temperature were calculated. Specifically for the Nb2Al, most of the 

data were obtained for the first time. The temperature dependence of the free energy 

and enthalpy of formation regarding the intermetallic phases is reported for the first 

time. Comparison with available experimental and theoretical data shows good 

agreement with this work. It is concluded that Nb3Al has the highest bulk, modulus 

value, while NbAl3 is the stiffest and most brittle of the Nb-Al intermetallics. The ŪD 

value of NbAl3 is the highest amongst the Nb-Al compounds. Finally, the linear thermal 

expansion coefficient and temperature dependence of the elastic properties of the Nb3Al 

were calculated and reported for the first time. 
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7 
Ab initio study of binary and ternary 

Nb3(X,Y) A15 intermetallic phases 

(X,Y= Sn, Al, Si, Ge) 
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7.1. Introduction 

    The motivation for the present study was to investigate the elastic and 

thermodynamic properties of binary and ternary A15 Nb based intermetallics and to 

compare their stability with the tP32 competing structure. Calculations of the elastic 

constants and phonon properties are used to produce a complete set of data for the 

Nb3Sn, Nb3Al, Nb3Ge, Nb3Si, Nb6SnAl, Nb6AlSi, Nb6SnSi, Nb6SnGe, Nb6AlGe and 

Nb6SiGe intermetallics. It must be noted that the Nb6XY phases (denoted also as 

Nb3(X,Y)) are ternary A15 structures with equi-atomic occupancies in the non-Nb sub-

lattice. There is experimental and theoretical data for the vibrational and elastic 

properties of Nb, Si, Sn, Ge and Al [119, 120] and their Debye temperatures [122]. 

There is also experimental data for the linear thermal expansion coefficients of Nb, Al 

and Nb3Ge [12, 119, 142]. 

7.2. Computational details 

    To reduce the basis set of plane wave functions used to describe the real electronic 

functions norm conserving pseudopotentials were implemented and the valences for the 

atomic configurations were Al -3s23p1, Sn-5s25p2, Nb-4d45s1, Ge-4s25p2 and Si-3s23p2. 

A MonkhorstïPack k-point grid separation of 0.03 Åī1, an energy cutoff of 1200 eV 

and a Gaussian smearing of 0.7 eV were used. The phonon calculations were conducted 

using the linear response method (section 3.2.4). 

7.3. Results and discussion 

    The calculated lattice constants of the pure elements and the binary and ternary A15 

phases are compared with the experimental ones in Table 7.1. It can be seen that in the 

present calculations and with the exception of Si the lattice constants are slightly 

underestimated but overall are in good agreement with the experimental values, with 

the lattice constant of Al showing the largest difference of 1.85 %. Table 7.2 gives the 

results for the independent elastic constants (Cij) and bulk moduli (B) for all elements 

and compounds under study. In this table the bulk moduli were calculated from elastic 

constants according to the Voigt-Reuss-Hill (VRH) scheme and values are also given 

for bulk moduli and first pressure derivatives of bulk moduli (B') from the Birch-

Murnaghan equation of state (B-M EOS). It was confirmed that the mechanical stability 

criteria [107] are met for all phases. For the pure elements it can be seen that the elastic 
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constants are in good agreement with the experimental data. The values of the bulk 

moduli of the Nb3Sn and Nb3Al are in good agreement with other theoretical [48, 64] 

results and the consistency of the calculation is validated by the results of the B-M EOS  

 

fitting. The current results show that the Nb3Si has the highest bulk modulus of 181.5 

GPa and that the bulk moduli of the Nb3Sn and Nb3Al are close to each, other being 

167.6 GPa and 162.2 GPa, respectively, while the corresponding value for Nb3Ge is 

174.2 GPa. This means that the most resistant to applied pressure of the four binary 

intermetallics of this study is the Nb3Si. From the bulk modulus values of the ternary 

A15 phases it can be seen that Si and Ge tend to increase bulk modulus, while Sn and 

Al have the opposite effect. 

    The calculated values of shear modulus (G), Youngôs modulus (E) and Debye 

temperature (ŪD) are given in Table 7.3. The Nb3Si phase has the highest shear modulus 

value and the shear modulus decreases from Nb3Si (80.3 GPa) to Nb3Ge (73.5 GPa), to 

Nb3Sn (65 GPa) to Nb3Al (61.6 GPa), which means that the most resistant binary 

compound to reversible deformation upon shear strain is the Nb3Si. The same ranking 

applies for the stiffness of the compounds as the elastic modulus (E) values as they are 

210 GPa for Nb3Si, 193.3 GPa for Nb3Ge, 172.7 GPa for Nb3Sn and 164 GPa for Nb3Al.  

Judging from the values of the aforementioned moduli for the ternary phases, it is 

suggested that Si and Ge additions increase them, while Sn and Al decrease them. 

    Ductile or brittle behavior of a material can be deduced by taking into account  the 

Cauchy pressure and Pughôs [104] index of ductility of shear modulus over bulk 

modulus ratio (G/B) and Poissonôs ratio (v). The values of the aforementioned 

properties are listed in Table 7.3. 

According to [121], for metallic bonding, a positive value of Cauchy pressure means 

ductile behavior and brittle if negative. The other two conditions point to brittle 

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

that in mind, it can be seen from Table 7.3 that the Nb3Si and Nb3Al are the most and 

least brittle binary compounds, respectively and that Sn and Al additions improve 

ductility, while Si and Ge have the opposite effect. 
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    Comparing the shear moduli, Youngôs moduli and Debye temperature values of the 

Nb3Sn and Nb3Al of this study with data in [48], it can be seen that there is 

disagreement, which in the case of Nb3Al is 17%, 15% and 18% in G, E and ŪD, 

 

 

 

 

 

 

 

Table 7.1 

   Lattice constants pure elements and binary and ternary A15 phases. 

Phase  this work (Å) literature (Å) deviation (%) 

Nb 3.299 3.311 a 0.36 

Sn 
a=5.741               

c=3.102 

a=5.832 b                     

c=3.182 b 

ȹa/a=1.56      

ȹc/c=1.37 

Al  4.022 4.098 c 1.85 

Si 5.469 5.431 d 0.70 

Ge 5.738 5.658 d 1.41 

Nb3Sn 5.258 5.289 e 0.59 

Nb3Al  5.171 5.187 e 0.31 

Nb3Ge 5.151 5.168 e 0.33 

Nb3Si 5.101 5.155 f 1.05 

Nb6SnAl 5.221 5.255 g 0.65 

Nb6AlSi 5.136 5.173 h 0.72 

Nb6SnSi 5.186 5.216 i 0.58 

Nb6SnGe 5.21 5.217 j 0.13 

Nb6AlGe 5.161 5.175 k 0.27 

Nb6SiGe 5.126 5.173 h 0.91 

a Ref [49], b Ref [52], c Ref [114], d Ref [143], e Ref [64], f Ref [144], g Ref [76], h Ref [21], I 

Ref [145], j Ref [146], k Ref [147] 
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Table 7.2 

Elastic constants (Cij) and bulk moduli (B) of pure elements and binary and ternary A15 phases in GPa. 

VRH approximation                                                             B-M EOS 

Phase  C11 C12 C13 C33 C44 C66 B B B' 

Nb 244 124.5   27  164.3 163.1 4.004 

 253a 133a   31a  170.3a   

Sn 74.2 58 22.2 81.2 23.4 9.9 51.8 53.2 3.703 

 72.3b 59.4b 35.8b 88.4b 22b 22.5b 58 b   

Al  107.4 57.6   30.3  74.2 76.47 4.037 

       75.2a    

Si 152.1 56.7   74.1  88.5 90.22 4.019 

       98c   

Ge 113.9 40.5   55.2  65 67.5 4.035 

 128.5c 48.3c   66.8c  75c   

Nb3Sn 282.4 110.1   53.8  167.6 167.5 4 

       160.5d   

          166.5e   

Nb3Al  272.8 106.9   50.5  162.2 162.1 4 

       156.3d   

          165.5e   

Nb3Ge 298.3 112.2   62.8  174.2 174 4 

Nb3Si 314.8 114.9   69.3  181.5 181.2 4 

Nb6SnAl 276.7 107.7   52  164 163.8 4 

Nb6AlSi 293.3 110.1   59.4  171.1 170.6 4 

Nb6SnSi 296.6 111.7   62  173.3 173 4 

Nb6SnGe 288.9 111.1   58.6  170.3 170 4 

Nb6AlGe 284.9 109.4   56.8  167.9 167.2 4 

Nb6SiGe 305.9 113.5   66.4  177.6 177 4 
a Ref. [119] , b Ref [52], c Ref. [120], d Ref. [64], e Ref. [48]  
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                  Table 7.3 

                   Calculated shear (G) and elastic moduli (E) in GPa, Poissonôs ratio (v), Cauchy pressure in GPa, G/B ratio and Debye temperature (ŪD) from elastic constants 

                   for pure elements and binary and ternary A15 phases. 

 G  E      ŪD (K) 

Phase VRH VRH v C12-C44 C13-C44 C12-C66 G/B Phonon DOS Elastic constants   

Nb 37.4 

37.5 c 

104.3 

104.9 c 

0.394 

0.397 c 

97.5   0.228 277 268 275 b  

Sn 16.3 

17.7 c 

44.3 

48 c 

0.357 

0.355 c 

54.1 -1.2 48.1 0.315 254 217 230 b  

Al  28 

26.2 c 

74.7 

70.6 c 

0.334 

0.345 c 

27.3   0.377 394 420 428 b  

Si 62.1 

64.1 d 

151 

155.8 d 

0.216 

0.215 d 

-17.4   0.701 647 628 645 b  

Ge 46.9 113.4 0.209 -14.7   0.722 393 386 360 b  

 41 d 104 d          

Nb3Sn 65 

74.9 a 

172.7 

195.3 a 

0.328 56.3   0.388 291 336 308 b 282 a 

Nb3Al  61.6 

74.2 a 

164 

193.5 a 

0.331 56.4   0.380 353 374 370 b 316 a 

Nb3Ge 73.5 193.3 0.315 49.4   0.422 344 376   

Nb3Si 80.3 210 0.307 45.6   0.442 383 420   

Nb6SnAl 63.2 168 0.329 55.7   0.385 332 355   

Nb6AlSi 70.7 186.4 0.318 50.7   0.413 386 398   

Nb6SnSi 72.8 191.6 0.316 49.7   0.420 360 378   

Nb6SnGe 69.3 183.1 0.321 52.5   0.407 342 359   

Nb6AlGe 67.6 178.8 0.323 52.6   0.403 350 377   

Nb6SiGe 77 201.8 0.311 47.1   0.434 378 400   
a Ref. [48], b Ref. [122]  c Ref. [52], d Ref [120].    
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                   Table 7.4 

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

a Ref [28], b Ref [63], c Ref [148], d Ref [23], e Ref [41], f Ref [92] 

Phase Temperature (K) ȹHf from the present study (kJ/mol) Literature (kJ/mol) 

Nb3Sn 

 

298 

1273 

-15.583 

-11.36 

-16.7 to -16 a 

13.232 a 

    

Nb3Al  298  -22.101 -19.297 b  

 298 -20.376 -19.7 c 

    

Nb3Si 0 -34.73 -32.8 d  

Nb3Ge 0 -33.288  

Nb6SnAl 0 -16.646  

Nb6AlSi 0 -26.062  

Nb6SnSi 0 -23.321  

Nb6SnGe 0 -32.029  

Nb6AlGe 0 -29.633  

Nb6SiGe 0 -35.629  

Nb3Si tP32 0 -37.3 -40.5 e 

 298 -37 -29.6 to -35.9 f 

Nb6SiSn tP32 0 -15.985  

Nb6SiAl tP32 0 -22.497  

Nb6SiGe tP32 0 -36.021  



Ab initio study of binary and ternary Nb3(X,Y) A15 intermetallic phases 

(X,Y=Sn, Al, Si, Ge) 

112 
 

 

respectively. The Debye temperature of Nb3Al calculated from the elastic constants in 

the present study is in very good agreement with the literature. The ŪD value decreases 

as one moves from Nb3Si (147 °C (420 K)) to Nb3Ge (103 °C (376 K)), to Nb3Al (101 

°C (374 K)) to Nb3Sn (63 °C (336 K)). When Si or Ge are added to the A15 structure 

the Debye temperature tends to increase. The aforementioned property tends to 

decrease in the presence of Sn and Al. 

    The vibrational density of states (DOS) for the elemental phases and compounds 

under study were computed and all the eigenfrequencies were found to be real, hence 

it was confirmed that the compounds under investigation are mechanically stable (Fig. 

7.1). The phonon contribution to free energies per atom (Fphon (T)) was calculated and 

is presented for all elemental phases and binary compounds in Fig. 7.2. It can be seen 

that the Fphonon decreases faster in the order Nb3Si, Nb3Al, Nb3Ge, Nb3Sn. In Fig. 7.3 

the phonon contribution to the free energy of the ternary compounds is shown. It can 

be seen that it decreases faster in the order Nb6AlSi, Nb6GeSi, Nb6SiSn, Nb6GeAl, 

Nb6AlSn, Nb6GeSn. After taking Fphon into account, the phonon contribution to the 

enthalpy of formation (ȹHf
phon (T)) was evaluated. The ȹHf

phon (T) rises faster for 

Nb3Sn, owing to the steep descent of the vibrational contribution to the free energy of 

Sn compared with the other elements, as it can be seen in Fig. 7.4. The ȹHf
phon (T) of 

Nb3Si on the other hand exhibits the smallest slope of the four curves, which is 

attributed to the behaviour of the Fphon (T) of Si, while the curves of Nb3Al and Nb3Ge 

are close to each other and have about half the slope of the corresponding value of 

Nb3Sn. Regarding the ternary phases, the ȹHf
phon (T) increases faster in the order 

Nb6AlSi, Nb6GeSn, Nb6GeAl, Nb6SiSn, Nb6AlSn, Nb6GeSn. The enthalpies of 

formation versus temperature (ȹHf (T)) were obtained and are shown in Figs 7.5 and 

7.6. At 0 K the heat of formation (ɝ( ) increases from Nb3Si (-34.734 kJ/mol) to Nb3Ge 

(-33.288 kJ/mol), to Nb3Al (-22.467 kJ/mol) to Nb3Sn (-16.54 kJ/mole). In Table 7.4 

the good agreement between the present study and previous experimental results 

regarding the enthalpies of formation of the intermetallics is shown. The Nb3Si phase 

has the lowest ȹHf (T) of the binary A15 
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Fig. 7.1. Phonon DOS of the pure elements and binary and 

ternary A15 intermetallics of the present study. 
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Fig. 7.2. Phonon contribution to free energies of the (a) binary A15 

phases and (b) Sn (1), Nb (2), Ge (3), Al (4) and (5) Si. 

(b) 

(a) 
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Fig. 7.3. Phonon contribution to free energies of the ternary A15 phases; Nb6GeSn (1), Nb6AlSn (2), Nb6GeAl (3), Nb6SiSn (4), Nb6GeSi (5) and Nb6AlSi (6). 
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Fig. 7.4. Phonon contributions to the enthalpy of formation of (a) the 

binary  and (b) the ternary (Nb6GeSn (1), Nb6AlSn (2), Nb6SiSn (3), 

Nb6GeSi (4), Nb6AlSi (5) and Nb6GeAl (6))  A15 phases. 
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Table 7.5 

Linear thermal expansion coefficients of Nb, Al, Nb3Sn, Nb3Al, Nb3Ge and Nb3Si (ɛm/mK). 

Phase this work literature 

Nb * 7.9 7.3 a 

Al * 22.5 23.1 b 

Nb3Sn 6.4  

Nb3Al  7  

Nb3Ge 7.6 7.7 c 

Nb3Si 8.1  

* At room temperature,  a Ref [130], b Ref [149] , c Ref [150] 

 

intermetallics, while the Nb3Sn is the phase with the highest value in the whole range 

of temperatures. The ȹHf(T) of the tP32 Nb3Si [22] is also shown in Fig. 7.6 and Table 

7.4. It is confirmed that the tetragonal Nb3Si is more stable than the cubic Nb3Si. Even 

though the phonon contribution in the enthalpy of formation of the tP32 Nb3Si exhibits 

a steeper ascent than that of the A15 Nb3Si, in the whole range of temperatures the 

enthalpy of formation of the former structure is always lower than that of the latter, 

owing mostly to the considerably lower enthalpy of formation at 0 K. Regarding the 

ternary intermetallics containing Si and Sn, Al or Ge the enthalpy of formation at 0 K 

was calculated, separately for A15 and tP32 structure and the values are given in Table 

7.4. It is suggested that Sn and Al additions stabilise the A15 structure and Ge addition 

stabilises the tP32 structure. 
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Fig. 7.5. Enthalpy of formation curves showing the influence of each element under study in the (a) Nb3Sn and (b) Nb3Al intermetallics. 

(b) (a) 
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Fig. 7.6. Enthalpy of formation curves showing the influence of each element under study in the (a) Nb3Ge and (b) Nb3Si intermetallics. All phases are of 

A15 structure unless denoted otherwise. 

(b) (a) 
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    The linear thermal expansion coefficients of Nb, Al, Nb3Sn, Nb3Al, Nb3Ge and 

Nb3Si (A15) phases are shown in Table 7.5. The agreement with the available 

experimental data is excellent, a fact that demonstrates the power and usefulness of the 

linear response method. Regarding the A15 phases the aforementioned property tends 

to decrease in the order Nb3Si (8.1 ɛm/mK), Nb3Ge (7.6 ɛm/mK), Nb3Al (7 ɛm/mK), 

Nb3Sn (6.4 ɛm/mK). 

    The resultant phonon DOS from the calculations was also used to calculate the Debye 

temperature. The calculated ŪD values (Table 7.3) were in good agreement with both 

the experimental data [122] and the results of the present study that were calculated 

from elastic constants values. For the elemental phases the results were in good 

agreement with the literature. The overall correlation validates the quality of the 

calculations. 

7.4. Conclusions 

    First principles calculations were carried out for binary and ternary A15 intermetallic 

compounds and their constituent elements. Elastic constants, bulk, shear and Youngôs 

modulus, Poissonôs ratio and Debye temperature were calculated. In the case of the 

Nb3Si (A15), most of the data were obtained for the first time. The temperature 

dependence of the enthalpy of formation regarding the intermetallic phases is reported 

for the first time. The linear thermal expansion coefficients of Nb, Al, Nb3Sn, Nb3Al, 

Nb3Ge and Nb3Si (A15) are reported as well. Comparison with available experimental 

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

the Nb3Si has the highest bulk, shear and Youngôs modulus values and that it is the 

stiffest and less ductile of the four binary intermetallics of the present study. The Nb3Si 

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 Nb3Si stabilise the A15 structure over the competing 

tP32, while the Ge addition has the opposite effect. 
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8.1. Introduction 

    This chapter presents the results of a study that used Density Functional Theory to 

evaluate the stability and the electronic, vibrational and elastic properties of the 

TMSn2X (TM=Nb, Ti and X=Al,Si) ternary phases. The results will be useful for the 

construction and/or optimisation of the Nb-Si-Sn, Nb-Al -Sn, Ti-Si-Sn and Ti-Al -Sn 

systems (see also sections 2.5.2 and 2.5.3). 

8.2. Computational details 

    To reduce the basis set of plane wave functions used to describe the real electronic 

functions norm conserving pseudopotentials were implemented and the valences for the 

atomic configurations were Nb-4s24p64d45s1, Ti-3s23p63d24s2, Sn-5s25p2, Al-3s23p1  

and Si-3s23p2. A 9×9×9 MonkhorstïPack k-point grid, an energy cutoff of 550 eV and 

a Gaussian smearing of 0.3 eV were used. The phonon calculations were conducted 

using the supercell method as discussed in section 3.2.3. The size of the supercells that 

were used was 2×2×2 for the ternary phases, 4×4×4 for Nb and Al and 3×3×3 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 the lattice parameters is ~0.6 %. The results for the 

independent elastic constants (Cij), bulk moduli (B) from elastic constants according to 

the Voigt-Reuss-Hill scheme and bulk moduli and first pressure derivatives of bulk 

moduli (Bô) from the B-M EOS for all intermetallic phases and elements of this study 

are shown in Table 8.2. In Table 8.3 the calculated values of the shear modulus (G) and 

Youngôs modulus (E) are reported. It was confirmed that the mechanical stability 

criteria [107] are met for all compounds. The elastic constants were in good agreement 

with the experimental data for the pure elements [49, 114]. To the authorsô knowledge 

no data exists for the ternary intermetallics. Comparing the bulk moduli obtained from 

the VRH approximation and the B-M 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 Ti5Sn2Al phase.   
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Table 8.1 

Lattice parameters of Nb, Si, Al, Sn, Nb5Sn2Si, Ti5Sn2Si, Nb5Sn2Al and Ti5Sn2Al in Å. 

 a c 

Nb 3.309 3.309 

 3.311a 3.311a 

Si 5.46 5.46 

 5.431b 5.431b 

Al  4.103 4.103 

 4.098c 4.098c 

Sn 5.798 3.144 

 5.832d 3.182d 

Nb5Sn2Si 10.683 5.145 

 10.541e 5.138e 

Ti5Sn2Si 10.582 5.05 

 10.558f 5.03f 

Nb5Sn2Al  10.735 5.203 

 10.629g 5.216g 

Ti5Sn2Al 10.612 5.184 

 10.549g 5.242g 
a Ref [49], b Ref [116], c Ref [114], d Ref [52],  e Ref [73], f Ref [87], g Ref [75]  

 

Table 8.2 

Elastic constants (Cij) and bulk modulus (B) for Nb, Si, Al, Sn, Nb5Sn2Si, Ti5Sn2Si, Nb5Sn2Al 

and Ti5Sn2Al in GPa. 

 VRH approximation B-M EOS 

 C11 C12  C13 C33 C44 C66  B B B' 

Nb 241 126.3   26.7  164.5 165.1 4.005 

 253a 133a   31a     

Si 151.2 57.4   73.1  88.7 91.2 4.009 

 166b 64b   79.6b     

Al  107.4 57.6   30.3  74.2 76.47 4.037 

 107b 61b   28b      

Sn 74.2 58 22.2 81.2 23.4 9.9 51.8 52.01 3.703 

 72.3c 59.4c 35.8c 88.4c 22c 22.5c 54.9c   

Nb5Sn2Si 303.5 104.4 98.9 313.4 74.4 98.7 169.4 168.8 5 

Ti5Sn2Si 214.8 73.6 71.1 189.6 51.6 75.3 116.6 119.7 5 

Nb5Sn2Al  286.5 97 95.7 269.6 62.5 81.7 157.6 158.6 5 

Ti5Sn2Al 211.5 75.1 63.3 178.6 47.3 69.8 111.1 118.9 5 
a Ref. [32], b Ref. [31], c Ref [37] 
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Table 8.3 

Calculated shear modulus (G) and elastic modulus (E) in GPa, Poissonôs ratio (v), Cauchy 

pressures in GPa, G/B ratio and Debye temperature (ŪD) from elastic constants and Phonon 

DOS (PDOS) for Nb, Si, Al, Sn, Nb5Sn2Si, Ti5Sn2Si, Nb5Sn2Al and Ti5Sn2Al. 

 G  E      ŪD (K) 

 VRH VRH v C12-C44 C13-C44 C12-C66 G/B  PDOS Elastic constants Literature  

Nb 36.5 101.9 0.396 99.6   0.228 277 268 275a 

 37.5b 104.9b 0.397b        

Si 61.2 149.2 0.216 -17.4   0.701 647 628 645a 

 64.1c 155.8c 0.215c        

Al  28 74.7 0.334 27.3   0.377 394 420 428a 

 26.2b 70.6b 0.345b        

Sn 16.3 44.3 0.357  -1.2 48.1 0.315 254 217 230a 

 17.7d 48b 0.355d        

Nb5Sn2Si 89.7 228.7 0.275  24.5 5.7 0.53 311 327  

Ti5Sn2Si 61.8 157.6 0.275  19.5 -1.7 0.53 305 326  

Nb5Sn2Al 77.1 198.9 0.29  33.2 15.3 0.489 298 305  

Ti5Sn2Al  58.6 149.5 0.276  16 5.3 0.527 300 320  

a Ref [122], b Ref [119], c Ref [120], d Calculated from Ref [52]. 

 

    The Nb5Sn2Si phase had the highest values of bulk, shear and Youngôs moduli of all 

the intermetallics, while the Ti5Sn2Al had the lowest. All these properties decreased 

from Nb5Sn2Si, to Nb5Sn2Al, to Ti5Sn2Si, to Ti5Sn2Al. It can be seen that all the moduli 

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

Furthermore the Si-containing phases had slightly higher values of bulk, shear and 

elastic moduli than those that contained Al. 

    To determine whether a material is ductile or brittle, Cauchy pressures (C12 - C44 for 

cubic and C13-C44 and C12-C66 for tetragonal), Pughôs [104] index of ductility (shear 

modulus over bulk modulus ratio (G/B)) and Poissonôs ratio (v) are taken into account. 

The values of the aforementioned properties are listed in Table 8.3. According to [121], 

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

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

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

aforementioned criteria the data in Table 8.3 indicates that the Nb5Sn2Al and Ti5Sn2Si 

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

 

    The phonon density of states (DOS) for the compounds and elemental phases under 

study can be seen in Fig. 8.1. All the eigenfrequencies were found to be real, hence it 

was confirmed that the compounds under investigation are mechanically stable. After 

obtaining the computed phonon DOS the vibrational contribution to free energies per 

atom (Fphon (T)) was calculated and is presented for all compounds and elemental phases 

in Fig. 8.2. It can be seen that the Fphonon decreases faster in the order; Nb5Sn2Al- 

Ti5Sn2Si- Ti5Sn2Al- Nb5Sn2Si. After taking Fphonon into account, the phonon 

contribution to the enthalpy of formation (ȹHf
phon (T)) was evaluated (Fig. 8.3). The 

ȹHf
phon (T) rises faster for Nb5Sn2Al, while for the other three intermetallics the 

corresponding curves show very small differences between them. In Fig. 8.4 the 

enthalpy of formation versus temperature of all the ternary intermetallic compounds is 

shown. In Table 8.4 it is shown that at T=0 K the heat of formation (ɝ( ) increases 

from Ti5Sn2Si (-50.655 kJ/mol) to Ti5Sn2Al (-36.471 kJ/mol) to Nb5Sn2Si (-30.296 

kJ/mol) to Nb5Sn2Al (-21.516 kJ/mol). The above values are in good agreement with 

the available experimental data. As the temperature rises the ȺHf
 (T) increases more 

steeply for the Nb5Sn2Al, while the curves of the other three phases show approximately 

the same slope.   

 

8.3.3 Debye temperatures 

 

    The resultant phonon DOS were also used to calculate the Debye temperature. It 

should be noted that it is considered more difficult to obtain accurate values using this 

approach than through the elastic constants (see above) because as a low temperature 

property the Debye temperature is determined by low energy phonons i.e. the acoustic 

phonons. The lower the temperature the smaller the part of Brillouin Zone that 

contributes to thermodynamics. The calculated values (Table 8.3) were in very good 

agreement with [23, 122] and the values calculated from elastic constants in the present 

study. For the elemental phases both the results from the phonon DOS and the elastic 
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constants were in excellent agreement with the literature. The Nb5Sn2Si and Nb5Sn2Al 

had the highest and lowest Debye temperatures, respectively. 

 

 

 

 

 

Fig.  8.1. Phonon density of states of Nb, Si, Al, Sn, Nb5Sn2Si, Ti5Sn2Si, 

Nb5Sn2Al  and Ti5Sn2Al. 

. 
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Table 8.4 

Enthalpies of formation (kJ/mol) at T=0 K for Nb5Sn2Si, Ti5Sn2Si, Nb5Sn2Al and Ti5Sn2Al. 

 Enthalpy of formation  

Intermetallic Current study Literature  

Nb5Sn2Si -30.296  

Ti5Sn2Si -50.655 -50.751 *  

Nb5Sn2Al  -21.516  

Ti5Sn2Al -36.471  
* Ref [87] 
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Fig. 8.2. Phonon contribution to free energies for (1) Si, (2) Al, (3) Ti, (4) Nb, (5) Sn, (6) Nb5Sn2Al , 

(7) Ti5Sn2Si, (8) Ti5Sn2Al and (9) Nb5Sn2Si 
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Fig. 8.3. Phonon contribution to enthalpies of formation of Nb5Sn2Si, Ti5Sn2Si, 

Nb5Sn2Al  and Ti5Sn2Al. 
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Fig. 8.4. Enthalpies of formation of Nb5Sn2Si, Ti5Sn2Si, Nb5Sn2Al  and Ti5Sn2Al. 
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8.4. Conclusions 

    First principles calculations were carried out for the Nb5Sn2Al, Ti 5Sn2Si, Ti5Sn2Al and Nb5Sn2Si 

intermetallic compounds and their constituent elements. Elastic constants, bulk, shear and Youngôs 

moduli, Poissonôs ratio and Debye temperature were calculated for the first time. The temperature 

dependence of free energy and enthalpy of formation of the intermetallic phases is reported for the 

first time. The Nb5Sn2Al and Ti5Sn2Si are the most and less ductile phases, respectively. The 

Nb5Sn2Si phase is the stiffest and most resistant to uniform compression and to reversible 

deformation upon shear strain. 
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Phase equilibria in Nb-Si-Sn ternary 

alloys at 900 °C and 1200 °C 
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9.1 Introduction 

 

    According to Sun et al. [71] in the Nb-Si-Sn ternary system there are eight stable intermetallics. 

Three of those are in the Nb-Sn system and are Nb3Sn, Nb6Sn5 and NbSn2. The ab initio study of 

these phases was presented in chapter 5. The Nb3Sn (Pm3n, cP8, Cr3Si) has a primitive cell of 8 

atoms. The phase melts at 2647 K and has a wide compositional range for Sn. Nb6Sn5 has a D2H-

25 orthorhombic structure (Immm, oI48, ŬTi5Si3) with a primitive cell of 22 atoms and a melting 

temperature of 1180 K. NbSn2 is D2H-24 orthorhombic (Fddd, oI48, CuMg2) with its primitive 

cell containing 12 atoms and melting temperature at 1100 K. The other four phases exist in the 

Nb-Si binary system and are the Nb3Si (tP32, P42/n, Ti3P), which is stable above 2038 K, the 

ŬNb5Si3 (tI32, D81, Cr5B3), which transforms to ɓNb5Si3 (tI32, D8m, W5Si3), with upper and lower 

transformation temperatures of 2208 and 1918 K, respectively, and the NbSi2 (hP9, C40, CrSi2) 

which is stable below 2208 K. The ab initio study of the intermetallics of this system was presented 

in chapter 4. The final stable intermetallic is a ternary phase, Nb5SiSn2 (I4/mcm, D8m,W5Si3). This 

phase was studied in the previous chapter together with other TM5Sn2X compounds (TM=Nb, Ti 

and X=Al,Si) 

    Sun et al. introduced a thermodynamic description of the Nb-Si-Sn system based on previous 

experimental work by Waterstrat and Muller [72], Vellios and Tsakiropoulos [19] and Horyn et 

al. [73]. The 900 °C Nb-rich isothermal section of the system [71] can be seen in Fig. 2.4. The Nb5 

Sn2Si is a ternary compound which Sun et al. [71] treated as stoichiometric and was modelled to 

be stable up to and 900 °C (1473 K), which agreed with the experimental findings of Horyn and 

Lukaszewicz [73]. No comprehensive experimental evidence about the temperature range of the 

stability of this compound exist.  

    The alloys IP2 (Nb-16Si-13Sn) and IP3 (Nb-18Si-17Sn) in this research were manufactured to 

verify the stable phases (in particular the Nb5Sn2Si intermetallic) and the phase equilibria in the 

Nb-Si-Sn ternary system. 



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

  

135 
 

9.2. Results 

 

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

 

        As cast. According to the XRD data (Fig. 9.1) and the SEM (Fig. 9.2 (a-b)) the 

microstructure of IP2-AC consists of Nb5Si3, Nb3(Sn,Si) and Sn solid solution. The 

XRD data suggests that both the ɓNb5Si3 and the ŬNb5Si3 were present in the as cast 

alloy. Macrosegregation of Sn was evident throughout the ingot (Fig. 9.2 (a)), while a 

fine lamellar eutectic between the Nb3Sn and Nb5Si3 was formed (Fig. 9.2 (b)). The 

compositions of the constituent phases in the IP2-AC are shown in Table 9.1. Tin 

content in Nb5Si3 was ~1.2 at. %. The Si/Sn ratio in Nb3(Sn,Si) was ~1.1 with the Si+Sn 

content being 26.1 at. %. 

    Heat treated. The alloy was given two separate heat treatments, at 900 ϊC for 100 h 

(IP2-HT-900 ϊC/100h) and at 1200 ϊC for 300 h (IP2-HT-1200 ϊC/300h). After the heat 

treatment at 900 ϊC for 100 hours the aforementioned phases were present together with 

the Nb5Sn2Si and Nb6Sn5 intermetallics (Fig. 9.3). This was confirmed by XRD (Fig. 

9.1).  According to the XRD data the number of peaks corresponding to ɓNb5Si3 was 

significantly reduced compared with the as cast alloy. According to the chemical 

analysis (Table 9.1) the Sn content in the Nb5Si3 and Nb6Sn5 was ~1.6 and ~44.4 at. %, 

respectively. The Si/Sn ratio in Nb3(Sn,Si) was ~1 with the Si+Sn content being 27.4 

at. %. The chemical analysis of Nb5Sn2Si showed that it deviated slightly from its 

stoichiometric composition, namely 60.7 at. % Nb- 25.8 at. % Sn- 13.5 at. % Si instead 

of 62.5 at. % Nb- 25 at. % Sn-12.5 at. %  Si. 

    The ternary Nb5Sn2Si phase always formed next to large areas of solid solution of Sn 

(Fig. 9.3). A boundary separating the areas containing Nb3(Sn,Si) and Nb5Sn2Si 

formed, as can be seen in the X-ray line scan in Fig. 9.4 and the X-ray element maps in 

Fig. 9.5. The concentration of Sn drops when moving across the boundary from the 

Nb5SiSn2 region to the Nb3(Si,Sn) region. Nb6Sn5 formed in areas where Snss was in 

the as cast alloy, as it can be seen in Fig. 9.3. Finally, the fine lamellar eutectic observed 

in IP2-AC was still evident in the microsctructure. 

     To investigate the temperature range of the Nb5Sn2Si phase, the IP2 alloy was 

annealed at 1200 ϊC. The alloy was heat treated for 300 hours in order to ensure that 

the composition was closest to the phase equilibrium. After heat treatment, the large 
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area analysis showed that the average overall Sn content was ~12 at. %, confirming that 

significant Sn was not volatilised and that the alloy remained in the same compositional 

range. The typical microstructure of the IP2-HT-1200 ϊC /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 Nb3Sn and Nb5Si3. The XRD also suggested that only the ŬNb5Si3 phase was 

present. Regarding the Nb5Sn2Si, it can be deduced from the EDS and the XRD results 

that it was not stable at 1200 ºC at this composition. In the BSE images (Fig. 9.6) and 

the X-Ray element maps (Fig. 9.7) it can be seen that no Snss remained, while the fine 

eutectic between the ŬNb5Si3 and the Nb3Sn was still evident. The Si/Sn ratio in 

Nb3(Sn,Si) was ~0.4 while the Si+Sn content was ~23 at. %. 

    Due to the presence of Sn that melts at low temperatures, it is difficult to obtain 

homogeneity in these alloys using the arc melting technique. In order to investigate the 

equilibria between different phases and the stability of the phase fields, large area 

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

[71]. The areas analysed in IP2-HT-900 ϊC/100h are shown in Figure 9.8 (a). Taking 

into account the segregation of Sn, especially for areas 2, 3 and 4 it can be seen that the 

experimental results regarding the phase fields are in good accordance with the phase 

diagram given by Sun et al [71], and as such although the sample shows segregation it 

can be used to verify equilibrium phase fields. 
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Table 9.1. 

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

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

    Nb (at. %) Si (at. %) Sn (at. %) 

IP2-AC     

Nb3(Sn,Si)   73.9 ± 0.3 13.5 ± 0.2 12.6 ± 0.1 

Nb5Si3   63.9 ± 0.2 34.9 ± 0.1 1.2 ± 0.1 

     

IP2-HT-900 ϊC/100h     

Nb3(Sn,Si)  72.6 ± 0.1 13.6 ± 0.1 13.8 ± 0.1 

Nb5Sn2Si  60.7 ± 0.2 13.6 ± 0.2 25.8 ± 0.1 

Nb5Si3   62.3 ± 0.2 36.1 ± 0.1 1.6 ± 0.1 

Nb6Sn5  54.3 ± 0.1 1.3 ± 0.1 44.4 ± 0.1 

     

IP2-HT-1200 ϊC/300h     

Nb3(Sn,Si)  77.1 ± 0.1 6.1 ± 0.1 16.8 ± 0.2 

Nb5Si3   63.3 ± 0.3 33.3 ± 0.3 3.5 ± 0.2 

     

IP3-AC     

Nb3(Sn,Si)  73.1 ± 0.1 13.9 ± 0.4 13.0 ± 0.2 

Nb5Si3   62.8 ± 0.6 35.4 ± 0.2 1.8 ± 0.2 

Nb5Sn2Si  60.2 ± 0.3 13.4 ± 0.1 26.4 ± 0.3 

     

IP3-HT-900 ϊC/100h     

Nb3(Sn,Si)  74.9 ± 0.2 12.6 ± 0.3 12.5 ± 0.1 

Nb5Sn2Si  61.5 ± 0.4 13.2 ± 0.1 25.3 ± 0.2 

Nb5Si3   62.5 ± 0.4 35.7 ± 0.5 1.8 ± 0.2 

Nb6Sn5  55.4 ± 0.1 0.6 ± 0.1 44.0 ± 0.1 

     

IP3-HT-900 ϊC/200h     

Nb3(Sn,Si)  74.8 ± 0.3 12.7 ± 0.1 12.5 ± 0.2 

Nb5Sn2Si  62.3 ± 0.2 12.7 ± 0.2 25.0 ± 0.5 

Nb5Si3   63.5 ± 0.5 35.0 ± 0.5 1.4 ± 0.2 

Nb6Sn5   53.7 ± 0.3 0.5 ± 0.2 45.8 ± 0.1 
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Fig. 9.1. XRD diffractograms of IP2-AC, IP2-HT-900 ϊC /100h and IP2-HT-1200 ϊC /300h 

 




























































































































































































