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1 Introduction  

Since the mid-20
th
 century, Ni-based superalloys have been the dominant material of 

choice in the high temperature region of gas turbine engines. This working environment 

demands high temperature, stress, pressure and environmental resistance from the alloys 

used. The Ni-based superalloy structures advanced from polycrystalline, to directionally 

solidified single crystals. The alloys also underwent several critical alloying 

development stages such as the additions of Re and Ru in the latest generation 

superalloys to achieve higher temperature capabilities. These materials have thus far 

served their purpose well with increasing temperature capabilities to meet industry 

needs, now however further advances of their high temperature capabilities are not 

possible, as Turbine Entry Temperatures (TET) are expected to increase well beyond 

the melting temperature of Ni in future gas turbines. Current TETs are å 1600 ÁC and 

Ni-based superalloy melting temperatures are å 1350 ÁC, in order to operate at these 

TETs cooling channels within the turbine blades and thermal barrier coatings (TBC) are 

needed to maintain the surface temperature ~1150 °C. 

Due to environmental and operational requirements the TET will increase towards 

at least ~1900 °C and Ni-based superalloys will be inadequate for operation at these 

temperatures. New, higher temperature alloys must be developed to meet the future 

requirements of gas turbine engines. High temperature alloys that have gained interest 

are those based on the silicides of refractory metals Nb, Mo, Ta and W however, their 

silicides have poor toughness in their monolithic form (Bewlay et al. 1997). Table 1.1 

lists and compares the properties of the refractory metals (Grill & Gnadenberger 2006). 

 

Table 1.1 Properties of refractory metals (Grill & Gnadenberger 2006) 
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The inherent brittleness of the silicides in their unalloyed form can be overcome 

by alloying to give a combination of the refractory metal silicide along with a 

toughening solid solution phase. This dual phase microstructure can increase the 

toughness of the alloy and improve its mechanical properties (Bewlay et al. 1997). Both 

Nb and Mo silicide based alloys have been deemed as promising. The Nb5Si3 has the 

second highest melting temperature (2520 °C) of the 5-3 refractory metal silicides. 

Nb/Nb5Si3 based alloys have densities lower than those of Ni-based superalloys (<9 

g/cm
3
) (Lewandowski & Rigney 1996a) and Mo silicide based alloys (<10 g/cm

3
) and a 

lower ductile to brittle transition temperature (DBTT) than the latter. These attributes 

are among the reasons that Nb silicide alloys and are currently receiving much attention 

as potential replacements for the Nðbased superalloys in high pressure gas turbines. 

These new alloys, which are also known as Nb in situ composites owing to the in 

situ formation of the silicide phase during solidification or PM processing, must offer a 

balance of room and elevated temperature properties with oxidation resistance at low (< 

800 °C), intermediate (800 < T < 1100 °C) and high (1100 °C < T < 1400 °C) 

temperatures. Oxidation resistance with high temperature (> 1150 °C) strength and 

creep behaviour are key requirements. Oxidation behaviour is critical given the pest 

oxidation of Nb intermetallics and the susceptibility of Nb to contamination by 

interstitials. The new alloys must have ñacceptableò inherent oxidation resistance and 

will be protected by TBC type (i.e., bond coat(s) + thermally grown oxide(s) + ceramic 

top coat(s)) coatings in service, like the Ni based superalloys. 

The word composite implies that these new materials can be either of the metal 

matrix type (higher than 50% volume fraction of the solid solution phase Nbss) or 

intermetallic matrix type (higher than 50% volume fraction of intermetallic compounds 

like Nb3Si, Nb5Si3, NbCr2 and others depending on alloy chemistry). At room 

temperature their toughness is controlled by the Nbss (chemistry, spatial distribution, 

size, vol%) and their strength by the intermetallics (type, chemistry, vol%) and the Nbss 

(chemistry-solid solution strengthening, vol%). At all temperatures their oxidation 

behaviour is controlled by the Nbss (chemistry, spatial distribution, size, vol%) and the 

intermetallics (type, chemistry, spatial distribution, vol%) and their mechanical 

properties by the Nbss (chemistry-solid solution strengthening, vol%) and the 

intermetallics (type, chemistry, vol%). 
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The new alloys belong to Nb-Si-Ti-X-Y systems where X is sd electronic 

configuration (i.e., transition metal TM, for example Cr, and/or transition-refractory 

metal (RM), for example Mo) and Y is sp electronic configuration metal (for example 

Al, or metalloid). Alloying additions that are expected to benefit oxidation behaviour 

are Al, Cr, Si and Ti. With the exception of Si, the other elements have solid solubility 

in Nbss that increases as its Ti content increases. The solid solubilities of Al and Cr in 

the Nb silicides are low, particularly for the latter, but that of Ti is high. The Al and Cr 

are considered desirable owing to the properties of alumina and chromia but the 

concentrations of these two elements are limited by their effects on DBTT and liquidus 

temperature, respectively. Titanium is desirable because it significantly improves the 

oxidation of (Nb,Ti)ss and Si, as the element responsible for the formation of silicide 

intermetallics, is expected to form silica. Thus, the ñbasisò for developing the new 

alloys has been the Nb-Si-Ti-Al -Cr system (Zelenitsas & Tsakiropoulos 2006b; 

Subramanian 1997). 

Other alloying additions that have been shown to benefit oxidation behaviour are 

B, Ge, Hf and Sn. Hafnium is soluble in the Nbss and its solubility increases with the Ti 

content of the latter. Hafnium is expected to benefit oxidation via a ñreactive element 

effectò by scavenging oxygen and to control environmental embrittlement (Grammenos 

& Tsakiropoulos 2010b; Grammenos & Tsakiropoulos 2010a; Grammenos & 

Tsakiropoulos 2011).  

Titanium is the alloying addition that benefits the toughness of the Nbss and 

Nb5Si3. The Al, Cr and Si have an adverse effect on the toughness of the Nbss, which 

critically depends on the Al + Cr and Ti contents of Si free Nbss (Davidson & Chan 

1999). Thus, research on alloys of the Nb-Si-Ti-Al -Cr system has sought to optimise the 

(Nb,Al,Cr,Si,Ti)ss chemistry (Bewlay et al. 1997; Mathieu et al. 2012; Bewlay et al. 

1996; Grammenos & Tsakiropoulos 2010a; Zelenitsas & Tsakiropoulos 2005; Geng, 

Tsakiropoulos, et al. 2006a). Formation of Si free Nbss in ñsimpleò Nb-Si-RM alloys is 

controlled by the type(s) of refractory metal(s) in the alloy, but the oxidation behaviour 

of the alloys is poor. The RMs form continuous solid solutions with the Nb and offer 

significant solid solution strengthening on their own or in synergy (Sha, H. Hirai, et al. 

2003; Kim et al. 2002). The RM solid solubility in the Nb5Si3 is small. Elevated 

temperature strength and creep behaviour benefit from the effects of RM(s) on the 
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properties of the Nbss. However, the additions of Al, Cr, Hf and Ti tend to have an 

adverse effect on elevated temperature strength and creep behaviour.  

The research described in this thesis is part of a wider R&D effort that aims to 

develop Nb silicide based alloys (Nb in situ composites) with a balance of properties at 

room and elevated temperatures. The same was therefore the aim of this research. The 

objective of this research was to understand how Sn and Hf affect the properties of Nb-

18Si silicide based alloys in the presence of RM(s) and/or TMs. The tactics to achieve 

the objective of the research were the following:  

 

(i) To investigate the effect of alloying with Hf on the properties on the 

ñbasicò alloy composition Nb-18Si-24Ti-5Al-5Cr. 

(ii)  To investigate the effect of the synergy of Hf and Sn with RM(s) by 

controlling the type of sp and sd electronic configuration elements and 

the concentration of the latter in the alloy. In this research the sp and sd 

elements of the studied alloys respectively were the Al, Si and Sn and Cr, 

Hf, Mo, Nb, Ti and W. 

 

Phase equilibria data was the key for the design and selection of the alloys for this 

research. Phase equilibria was available only for some subsystems of the Nb-Si-Ti-Al -

Cr-Hf-Mo-Sn-Ti-W either via commercial database(s) or internal (i.e., research group) 

work. The available phase equilibria relevant to this research are briefly reviewed in 

section 2.1. The processing of Nb silicide based alloys poses numerous challenges 

owing to the different melting points of the alloying elements (from 232 °C for Sn to 

660 °C for Al, to 1414 °C for Si, to 1668 °C for Ti, to 2477 °C for Nb, to 3422 °C for 

W) and the sluggish solid state kinetics. Solidification processing is the preferred route 

as early research demonstrated that it is possible to cast DS alloys (and thus the 

potential to cast single crystal (SX) alloys with/out internal cooling). PM route 

processing has also been considered to produce near net shape components. The 

processing of Nb silicide based alloys in briefly reviewed in section 2.2 The properties 

of developmental alloys are briefly reviewed in section 2.3 (oxidation) and 2.5 

(mechanical properties). 
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2 Literature review 

The following section discusses the general topic surrounding this body of work and 

covers the major areas of interest. 

 

2.1 Phase equilibria 

 

Alloy design and development requires a good understanding of phase equilibria so that 

phase selection and stability can be understood and exploited towards obtaining the 

desired properties. 

 

2.1.1 The Nb-Ti-Si system 

 

The addition of Ti to Nb-silicide based alloys is vital to the improvement of the room 

temperature fracture toughness and oxidation resistance of the alloy. Figure 2.1 shows 

(a) the binary phase diagram of the Nb-Si system, (b) the binary phase diagram of the 

Ti-Si system and (c) the 3D ternary phase diagram of the Nb-Si-Ti system. In the binary 

Nb-Si system there is a eutectic at ~ 18 at% Si. This is the concentration of Si in higher 

order alloys with optimum creep performance. Solidification of alloys with 18 at% Si 

can result in Nbss-Nb3Si3 or metastable Nbss-Nb5Si3 eutectics depending on alloy 

chemistry. The Nb3Si can transform eutectiodally to Nbss + ŬNb5Si3 and the stability of 

the latent microstructure can be controlled via alloying. 

 

 

 

 

 

 

 

 

 

(a) (b) 
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Figure 2.1 (a) the Nb-Si binary phase diagram (Zhao et al. 2004), (b) the Ti-Si binary 

phase diagram (Liang 1999) and (c) the Nb-Ti-Si 3D ternary phase diagram (Zhao et 

al. 2004). 

 

Figure 2.1 (c) shows the Nb-Ti-Si system with 4 main intermetallic phases; Nb3Si, 

Nb5Si3, Ti3Si and Ti5Si3. Table 2.1 shows the crystal structures for the main phases in 

the Nb-Ti-Si system. The Nb3Si and Ti3Si are isomorphous, as both have the tP32 

structure and the Ti3Si is stable to room temperature, see Figure 2.1(b). Therefore as the 

Ti content increases, the L Ÿ Nbss + Nb3Si eutectic is shifted from 1880 °C in the Nb-Si 

binary to lower temperatures and the Nb3Si is stabilised below 1700 °C.  

The ŬNb5Si3 (tI32) and Ti5Si3 (hP16) are not isomorphous. The Ti, which 

promotes the formation of the hexagonal phase Ti5Si3 tends to stabilise the tetragonal 

ɓNb5Si3 (owing to the stabilisation of Nb3Si to lower temperature, the transformation 

ɓNb5Si3 + Nb3Si ŸŬNb5Si3 is also shifted to lower temperatures thus the stability of 

ɓNb5Si3 is extended to temperatures below 1940 ÁC) and the hexagonal ɔNb5Si3. The 

stabilisation of Nb3Si and ɔNb5Si3, and the formation of Ti5Si3 mean that the amount of 

Ti used in the alloy must be chosen carefully owing to the adverse effect of high Ti on 

the melting temperature of the alloy and the formation of Ti5Si3 at high Ti contents in 

the 5-3 silicide. The Ti5Si3 has lower melting temperature than Nb5Si3 and thus is 

undesirable owing to its adverse effect on the creep properties of the alloy. The amount 

of Ti is limited to below 25 at% so that the alloy melting temperature is kept above 

(c) 
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1700 °C and the formation of Ti5Si3 is supressed (Bewlay et al. 2004). As well as being 

stabilised by Ti, the ɔNb5Si3 is also stabilised by impurities, especially C. 

 

Table 2.1Crystal structures of phases in the Hf-Ti -Si, Nb-Ti -Si, Nb-Hf-Si and Nb-

Ti -Hf -Si systems (Yang, B.P. Bewlay, et al. 2007). 

 

 

 

 

 

 

 

 

 

 

 

2.1.2 The Nb-Cr-Si system 

 

The Cr is added to Nb-silicide based alloys to improve their oxidation resistance. The 

beneficial effect of Cr is via its presence in the Nbss and the formation of the Cr2Nb 

oxidation resistant C14 Laves phase. The Cr content does not usually exceed 5 at% to 

maintain a low DBTT, an addition of 2 at% Cr raises the DBTT from ī200 to ī100 ÁC 

(Chan 2002a). The Cr addition at 5 at% is close to the minimum Cr concentration at 

which the Laves phase can be stabilised, thus contributing to oxidation resistance, 

without a strong adverse effect on the fracture toughness. Goldschmidt and Brand 

published the 1000 °C isothermal section of the Nb-Si-Cr system in 1961 (Goldschmidt 

& Brand 1961). Since then, phase equilibria in this system has been re-visited, either 

experimentally, using cast and heat treated alloys (Bewlay et al. 2009; Geng, Shao, et al. 
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2006) and diffusion multiples (Bewlay et al. 2009), or via the CALPHAD method (Shao 

2004; David et al. 2006; Zhao et al. 2003). The calculated 1000 °C and 1150 °C 

isothermal sections by Zhao et al (Zhao et al. 2003), gave a different three phase 

equilibria region to that of the Nbss-Nb5Si3-Cr2Nb region in the calculated isothermal 

sections by Bewlay et al (Bewlay et al. 2009), Shao (Shao 2004), and David et al (David 

et al. 2006). Geng et al (Geng, Shao, et al. 2006) confirmed the latter three phase 

equilibria that were first suggested by Goldschmidt and Brand (Goldschmidt & Brand 

1961). Figure 2.2 shows the calculated isothermal section of the Nb-Cr-Si phase 

diagram by Bewlay et al (Bewlay et al. 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Isothermal section of the Nb-Si-Cr ternary phase diagram at 1100 °C 

(Bewlay et al. 2009) 

 

The bulk alloy composition of an alloy with 18 at% Si and 5 at% Cr is shown in 

Figure 2.2. The alloy lies in the three phase field Nb5Si3, Nbss and Cr2Nb Laves phase. 

Bewlay et al (Bewlay et al. 2009) showed that for alloys in this region there is the 

possibility of forming the Nb9(Cr,Si)5 phase during solidification, for example in the 

Nb-16Si-8Cr alloy. According to Bewlay et al, the formation of Nb9(Cr,Si)5 could be 

via the following solidification paths: L+Nb5Si3 Ÿ (Nbss)+Nb9(Cr,Si)5, L Ÿ 

(Nbss)+Nb9(Cr,Si)5, and L Ÿ Nb9(Cr,Si)5+(Nbss)+Cr2Nb (Bewlay et al. 2009). There is 

no chemical analysis available for this phase, the latter eutectic transformation is shown 

in the microstructure in Figure 2.3 (b). 

Bulk alloy composition 
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Figure 2.3 BSE images of the as-cast microstructure of the Nbï16Siï8Cr alloy at (a) 

low magnification and (b) high magnification (Bewlay et al. 2009). 

 

The microstructure shown in Figure 2.3 consists of large-scale (~50 ɛm) (Nb)ss 

dendrites, and an inter-dendritic two-phase (Nb)ssïNb5Si3 eutectic, and a terminal 

ternary eutectic of Nb5(Cr,Si)3 + (Nb)ss + Cr2Nb (Bewlay et al. 2009). The Nb9(Cr,Si)5 + 

Nbss + Cr2Nb eutectic was observed in the as-cast structure of the directionally 

solidified (DS) Nb-18Si-15Cr alloy (located in the three phase Nbss ï Nb5Si3 ï Cr2Nb 

region in Figure 2.2) but not in an alloy of the same composition that was studied by 

Geng et al (Geng, Shao, et al. 2006). This discrepancy could be attributed to the 

sensitivity of the aforementioned phases on growth conditions, as the eutectic was 

formed by the last of the liquid to solidify and it is highly likely that the DS structures 

studied by Bewlay et al were grown slowly compared with the arc melted alloys of 

Geng et al.  
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2.1.3 The Cr-Hf-Si system 

 

Hafnium is an important alloying addition in Nb-silicide based alloys because it 

provides solid solution strengthening (SSS) in the Nbss and scavenges oxygen in 

solution to form HfO2. Hafnium, like Ti, can substitute for Nb in the lattice of Nb5Si3. 

Figure 2.4 shows an isothermal section at 1200 °C of the Cr-Hf-Si system and the 

binary Hf-Si phase diagram.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 2.4 (a)isothermal section of the Hf-Cr-Si ternary phase diagram at 1200 °C 

(Yang et al. 2009) and (b) the Hf-Si binary phase diagram (Zhao et al. 2000). 
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The isothermal section in Figure 2.4 shows that the (Cr,Hf)5Si3 is stable at 1200 °C, 

even though in the binary phase diagram the Hf5Si3 phase transforms to Hf2Si + Hf3Si2 

at ~ 1920 °C. This means that Cr stabilises the Hf5Si3 phase to lower temperatures. 

Table 2.2 gives the crystal structure data for the Hf-Cr-Si system. The (Cr, Hf)5Si3 has 

the same crystal structure as Ti5Si3 and thus Cr and Hf in synergy would aid the 

stabilisation of the hexagonal ɔNb5Si3. This must be taken into account when 

developing alloys as the hexagonal phase is less resistant to creep than the tetragonal 

phase. 

According to Yang et al (Yang et al. 2009) Cr and Hf form the (Cr,Hf,Si)5Si3 that 

has the same structure as Cr5B3, which is isomorphous with ŬNb5Si3. Thus the synergy 

of Cr and Hf would also destabilise the ɓNb5Si3.   

 

Table 2.2 Crystal structure data for phases in the Hf-Cr -Si ternary system (Yang 

et al. 2009). 
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2.1.4 The Hf-Ti-Si System 

 

Hf and Ti are both added to the alloy to improve the oxidation and pest resistance and 

the toughness of the alloy. These two alloys however have a synergistic effect on the 

Nb5Si3 in which they stabilise the hexagonal ɔNb5Si3 over the ɓ and Ŭ Nb5Si3. Figure 

2.4  (b) shows the binary phase diagram for the Hf-Si system. The Hf5Si3 phase has the 

hP16 hexagonal crystal structure however, unlike the Ti-Si and Nb-Si systems, Hf5Si3 is 

not stable at room temperature as mentioned in section 2.1.3. The Ti-Si binary system 

(Figure 2.1b) does present a stable hexagonal hP16 Nb5Si3 phase at room temperature, 

as it is isomorphous with the 5-3 silicide formed with Hf, the Ti stabilises the Hf5Si3 to 

room temperature.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 isothermal sections of the ternary Ti-Hf-Si system at (a) 1000, (b) 1350 and 

(c) 1600 °C (Yang, B P Bewlay, et al. 2007) 

 

(a) (b) 

(c) 
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Figure 2.5 shows the ternary Ti-Hf-Si system at 1000, 1350 and 1600 °C, it shows 

that the (Hf,Ti)5Si3 phase is stable at these temperatures. As the temperature is reduced 

from 1600 to 1000 °C, the Hf solubility in (Hf,Ti)5Si3 reduces and destabilises the 5-3 

silicide phase, instead stabilising the Hf3Si2  phase.  

 

2.1.5 The Nb-Si-Hf System 

 

Hafnium is added to Nb-silicide based alloys to improve their oxidation at high 

temperature, Hf reduces the oxidation rate at ~1200 °C, but has little to no effect at 

lower temperatures ~800 °C (Geng, Tsakiropoulos, et al. 2006a). Hf is also added to 

increase the fracture toughness of the alloy as it increases the alloyôs ability to deform 

plastically. Hf forms Hf5Si3 but does not form Hf3Si (Figure 2.4 b), therefore it would 

be expected to destabilise the Nb3Si, which is beneficial as the Nb3Si has inferior creep 

properties compared to Nb5Si3. The Hf5Si3 is not isomorphous with tetragonal Nb5Si3 

but is with Ti5Si3, as both phases have a hP16 crystal structure (Zhao et al. 2004; Zhao 

et al. 2000) this means that Hf stabilises the Ti5Si3 silicide and vice versa. An increase 

in Hf and Ti content in the 5-3 silicide could also stabilise the hexagonal ɔNb5Si3, which 

is undesired. Due to the undesirable phase stabilisation, the amount of Hf and Ti must 

be limited to reduce the formation of these unwanted phases. The ratio Nb:(Ti+Hf) has 

been used to determine the stability of the hexagonal or the desired tetragonal phase. It 

has been suggested that the optimum ratio for tetragonal phase stabilisation is in the 

range 1.8-2.2. As the ratio decreases towards 0.8, the chance of stabilising the 

hexagonal phase increases (Bewlay et al. 2004). 

Figure 2.6 shows the ternary Nb-Hf-Si phase diagram and the isothermal section 

at 1500°C and the phases in the ternary system are shown in Table 2.1. 
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Figure 2.6 (a) the ternary phase diagram of the Nb-Hf-Si system (b) isothermal section 

of the Nb-Hf-Si system at 1500 °C (Bewlay, Zhao, et al. 1999). 

 

Alloying with Hf does not cause a significant drop in the melting temperature, the 

latter decreases it from 1880 °C towards 1800 °C with increasing Hf, it does however 

increase the eutectoid transformation temperature from 1700 °C to 1770 °C. The Nb 

stabilises the Hf5Si3 to lower temperatures (~1500 °C).  

 

2.1.6 The Nb-24Ti-18Si-5Cr-5Al alloy 

 

The Nb-24Ti-18Si-5Cr-5Al (at%) alloy is considered to be the base alloy for the 

development of Nb-silicide based alloys and thus important for this project. Zelenitsas 

and Tsakiropoulos (Zelenitsas & Tsakiropoulos 2005) performed a detailed study of this 

alloy to examine the effects of Cr and Al on its microstructure and oxidation resistance. 

(b) 

(a) 
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The alloy was studied in both the as cast and heat treated condition using SEM/EDS and 

EPMA. The microstructure of the as cast alloy consisted of two main phases, namely 

the (Nb,Ti)ss and ɓ(Nb,Ti)5Si3, as well as a small volume fraction of the C14 Laves 

phase, which formed at the interface between the (Nb,Ti)ss and ɓ(Nb,Ti)5Si3 as can be 

seen in Figure 2.7 (Zelenitsas & Tsakiropoulos 2005).  Both the (Nb,Ti)ss and the 

ɓ(Nb,Ti)5Si3 contained areas that were rich in Ti, which can be seen in Figure 2.7 as 

regions exhibiting darker contrast. However, after 100 h heat treatment at 1500 °C the 

(Nb,Ti)ss was homogenised and no longer contained Ti rich areas, which however were 

still present in the (Nb,Ti)5Si3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The alloy was heat treated twice, once at 1500 °C for 100 h and again at 1500 °C 

for another 100 h to promote homogenisation of the microstructure. Figure 2.7 shows 

the microstructure and the precipitation of Laves phase and TiN at grain boundaries 

after the first heat treatment.   

 

 

 

 

 

Figure 2.7 SEM image of as-cast microstructure of the Nb-24Ti-18Si-5Cr-5Al alloy 

showing Laves phase precipitates at 1000X magnification (Zelenitsas & 

Tsakiropoulos 2005).  The bright areas are (Nb,Ti)ss and the grey areas are 

(Nb,Ti)5Si3. 



2.1 Literature review  

16 

 

 

 

 

 

 

 

 

Figure 2.8 SEM images of the heat treated microstructure (1500 °C at 100 h) of the Nb-

24Ti-18Si-5Cr-5Al alloy showing formation of Nbss precipitates in Nb5Si3 and Laves 

phase and TiN at the Nbss/Nb5Si3 interface (a) 300X and (b) 2000X (Zelenitsas & 

Tsakiropoulos 2005). 

  

In the latter it is thought that the ɓ(Nb,Ti)5Si3 partially transformed into 

Ŭ(Nb,Ti)5Si3 and (Nb,Ti)ss, and small C14 Laves phase precipitates formed between the 

(Nb,Ti)5Si3 and (Nb,Ti)ss regions. There was also precipitation of small (Nb,Ti)ss grains 

within some of the (Nb,Ti)5Si3 grains. It is believed that the presence of Cr in the alloy 

caused the formation of the Laves phase and retarded the transformation of ɓ(Nb,Ti)5Si3 

Ÿ Ŭ (Nb,Ti)5Si3 + (Nb,Ti)ss. Figure 2.9 shows the microstructure of the alloy after the 

second heat treatment, showing that further homogenisation had occurred. 

 

 

 

 

 

 

 

 

 

Figure 2.9 SEM image 2000X of the Nb-24Ti-18Si-5Cr-5Al alloy after 200 h at 1500 

°C. The circled regions are grains which have Laves phase precipitates on their 

boundaries (see also figure 2.7 b) (Zelenitsas & Tsakiropoulos 2005). 

 

After the second heat treatment (1500 °C) further refinement to the microstructure 

and homogenisation had taken place. The transformation of ɓ(Nb,Ti)5Si3 to 

(b) (a) 
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Ŭ(Nb,Ti)5Si3 and (Nb,Ti)ss had progressed further. There was however still some 

ɓ(Nb,Ti)5Si3 present so the homogenisation process was not fully completed. This 

confirmed the sluggish transformation kinetics in this alloy and would indicate that 

alloying Nb-18Si with Cr and Al did not have a strong effect on the diffusion rate of Ti. 

There were also some areas of high Ti concentration in (Nb,Ti)5Si3 where the Cr and Al 

content was also high. Precipitates of C14 Laves phase had also formed around the 

(Nb,Ti)5Si3 particles at the boundary with (Nb,Ti)ss (Zelenitsas & Tsakiropoulos 2005). 

It has been suggested that the progression of the transformation 

ɓ(Nb,Ti)5Si3ŸŬ(Nb,Ti)5Si3 + (Nb,Ti)ss was accompanied by a reduction of Al and Cr in 

the ɓ(Nb,Ti)5Si3. It has also been suggested that the Ti, Al and Cr rich areas of 

(Nb,Ti)5Si3 corresponded to supersaturated ɓNb5Si3 phase and the Ti, Al and Cr poor 

areas corresponded to the ŬNb5Si3 phase. During heat treatment the (Nb,Ti)ss came to 

equilibrium and precipitates of the Laves phase formed on the outside of (Nb,Ti)5Si3 as 

the Al and Cr were rejected via the transformation of ɓ(Nb,Ti)5Si3 to Ŭ(Nb,Ti)5Si3. The 

(Nb,Ti)ss was formed as a product of this transformation and precipitated around and 

inside the (Nb,Ti)5Si3 grains. 

 

2.1.7 The Nb-Mo-Si System 

 

Mo is an important alloying addition due to its solid solution strengthening, 

improvement of the oxidation (at low concentrations), creep and strength of the Nbss 

and refinement of the microstructure (Ma et al. 2000). Mo is fully miscible with Nb at 

all temperatures (Okamoto 2000). Figure 2.10 shows the Mo-Si binary phase diagram 

(Chen et al. 2009) and 800 °C isothermal section of the Nb-Mo-Si system (Savitskii 

1965). 
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Figure 2.10 (a) Binary Mo-Si phase diagram from 1200-2700 °C (Gokhale & 

Abbaschian 1990) and (b) 800 °C isothermal section of the Nb-Mo-Si system (Kozlov 

2010). 

 

(a) 

(b) 

Mo 
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Further work has been done to give finer detail of the Nb-Mo rich region of the 

ternary diagram as reported by Geng et al (Geng et al. 2010), Ma et al have investigated 

this Nb-Mo rich region using experimental techniques, quenching alloys of different 

compositions at 1973 °C to freeze the microstructure (Ma et al. 2000). The partial 

Ternary system derived from this work can be seen in Figure 2.1. The experimental 

results from this paper show no evidence of a (Nb(Mo))3Si phase in the Nb rich section 

of the diagram. This would suggest that Mo has a large effect on the destabilisation of 

the Nb3Si silicide phase. 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 Partial isothermal section of the Nb-Mo-Si system at 1973 °C (solid circles 

are alloy compositions, empty circles are EPMA results) (Ma et al. 2000). 

 

Table 2.3 shows the crystal structure data for the Nb-Mo-Si ternary system. It 

shows that Mo substitutes for Nb in Nb5Si3, as Mo5Si3 is isomorphous with ɓNb5Si3 

(Savitskii 1965; Bewlay et al. 2003). The ɓNb5Si3 phase is therefore stabilised in the 

presence of Mo, except at low Mo concentrations (below ~ 3 at%). Mo forms a 3:1 

silicide, the Mo3Si as does Nb, however the Mo3Si is not isomorphous with the Nb3Si 

thus Mo should be expected to destabilise the latter. The binary phase diagram shows 

that, although the melting temperature of Mo is higher than that of Nb, the melting 

temperature of Mo5Si3 is lower than that of Nb5Si3. It is therefore expected that the 

substitution of Nb by Mo will lower the melting temperature of the Nb5Si3 silicide 

phase and increase the melting temperature of the (Nb,Mo)ss phase, overall increasing 

the temperature of the Nb5Si3 eutectic. 
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Table 2.3 Crystal structure data for the Nb-Mo-Si phase diagram 

Phase Formula Prototype Pearson symbol 

(Si) 

Si 
 

Si C cF8 
 

(Nb,Mo) 

(Nb,Mo) 
 

Nb0.48Mo0.52 W cI2 
 

Mo3Si 

  

Mo3Si Cr3Si cP8 
 

MoSi2 rt 

MoSi2 
 

MoSi2 MoSi2 tI6 
 

Nb5Si3 rt 

Ŭ-Nb5Si3 
 

Nb5Si3 Cr5B3 tI32 
 

(Nb5Si3 ht,Mo5Si3) 

(Mo,Nb)5Si3 
 

Nb2.6Mo2.4Si3 W5Si3 tI32 
 

(NbSi2,MoSi2 ht) 

NbSi2 
 

Nb0.2Mo0.8Si2 CrSi2 hP9 
 

 

2.1.8 The Nb-W-Si System 

 

The addition of W is used to improve creep, high temperature strength and oxidation at 

low concentration. The main drawback of alloying with W is the effect on the alloy 

liquidus temperature and subsequently the problems with solidification, processing and 

homogenisation. Figure 2.12 shows the binary W-Si phase diagram from 1000-3500 °C. 
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Figure 2.12 The W-Si binary phase diagram from 1000-3500 °C (Naidu Negender et al. 

1990) 

 

The W forms a W5Si3 silicide that is isomorphous with the ɓNb5Si3 silicide 

(which has the prototype W5Si3). As was the case with Mo, the W5Si3 has a lower 

melting point than the Nb5Si3, but the Wss-Nb5Si3 eutectic temperature is higher due to 

the high melting temperature of W. The W does not form a 3-1 silicide and thus will not 

be expected to contribute to stabilising the Nb3Si phase. Figure 2.13 shows the 25 °C 

isothermal section of the Nb-W-Si ternary system. The solubility of W in ŬNb5Si3 is 5 

at%, above this concentration the two phase ŬNb5Si3 and (W,Nb)5Si3 is stabilised to ~15 

at% W. The solubility of Nb in W5Si3 is up to 50 at%. Experimental work has been 

done on the Nb-W rich section of the phase diagram with Nb-16Si-xW alloys (x= 5, 10, 

15) (Ma et al. 2004). The microstructures of the alloys at 1700 °C consisted of two 

phases, namely Nbss and Nb5Si3. 
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Figure 2.13 Isothermal ternary Nb-W-Si phase diagram at 25 °C (Russ 2007). 

 

Figure 2.14 displays the liquidus projection for the W rich section of the Nb-Si-W 

ternary phase diagram (a) and the W rich section of the 1700 °C isothermal section of 

the Nb-Si-W ternary phase diagram. The liquidus projection shows that the ɓ Silicide is 

stable over a large W concentration range, with the Eutectic ridge shifting towards the 

Si rich region with increasing W. The isothermal section shows a stable solid solution 

through all concentrations of W, the stability of the ɓ Silicide increases as both the W 

and the Si concentration increase, as indicated by the liquidus projection. 
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2.1.9 The Nb-Si-Sn System 

 

The importance of the addition of Sn to Nb silicide based alloys becomes apparent 

during oxidation studies at intermediate and high temperatures. At low levels ~1.5 at% 

(Bewlay et al. 2003) Sn has shown to improve oxidation resistance and eliminate 

pesting and to reduce the overall oxygen ingress into the bulk of the alloy, which is 

thought to be from the formation of Nb3Sn (Geng, Tsakiropoulos & G. Shao 2007; 

Geng & Tsakiropoulos 2007). The binary Si-Sn and Nb-Sn phase diagrams, are shown 

in Figure 2.15 (a and b). In the Nb-Sn system there are 3 intermetallic phases, Nb3Sn, 

Nb6Sn5 and NbSn2. In respect to this work the Nb3Sn is important. In earlier studies the 

stability of this phase down to room temperature was disputed (Okamoto 1990), more 

recent work has shown the Nb3Sn to be stable to room temperature (Toffolon et al. 

2002), as shown in the phase diagram in Figure 2.15. The Nb3Sn phase is isomorphous 

Figure 2.14 Liquidus projection (a) and Isothermal ternary section at 1700 °C (b) of the 

W rich section of the Nb-Si-W system (Ma et al. 2004) 

(a) 

(b) 
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with Nb3Al , the latter phase is considered to be detrimental for the Nb-silicide based 

alloys. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The 1600 °C isothermal section of the ternary Nb-Si-Sn system, shown in Figure 2.16, 

shows that the Nb3Sn can be in equilibrium with both the Nbss and Nb5Si3. Sn has solid 

solubility in the Nbss and Nb5Si3 and Si in Nb3Sn. Furthermore Sn supresses the 

formation of Nb3Si (Vellios & Tsakiropoulos 2007b) and its effect on the latter is strong 

and not affected when it is in synergy with Ti and Si (Vellios & Tsakiropoulos 2007b). 

 

 

 

 

 

 

 

 

 

 

 

  

 

(a) (b) 

Figure 2.15 Si-Sn (a) and Nb-Sn (b) binary phase diagrams (Olesinski & Abbaschian 

1990) (Okamoto 2003) 

Figure 2.16 Nb-Si-Sn phase diagram at 1600 ºC (Waterstrat & Muller 1977) 
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2.2 Melting and processing techniques 

 

The following sections will  briefly review processing techniques, some of which will be 

used in this study and others that have been applied by different groups in previous 

studies. 

2.2.1 Vacuum Arc melting 

 

Arc melting has been used in laboratory based studies and pilot studies to produce 

alloys from 10 g to 1 Kg. Arc melting uses a non-consumable tungsten electrode to 

produce an arc in an argon atmosphere to melt the elemental charge. The charge is 

melted in a water cooled copper crucible and forms a skull between the melt and the 

crucible.  The electrode movement and its distance from the surface of the charge 

control the melt to improve homogeneity in the melt.  

There are several advantages and disadvantages with regards to using vacuum arc 

melting. Large enough samples can be produced for mechanical testing and further 

processing (Bewlay, Jackson, et al. 1999) such as heat treatment and extrusion. 

Disadvantages include the possible formation of defects, macro/micro cracking due to 

the large thermal gradient between the electrode and the cooled crucible (Bewlay, 

Jackson, et al. 1999) and macrosegregation. The water cooled crucible causes the 

formation of randomly orientated microstructures with dendrites growing, perpendicular 

to the crucible walls at a different rate compared with the dendrites growing from the 

top and in the centre of the solidifying melt, resulting in a microstructure with non-

uniform grain size and orientation. The fast cooling rate also hinders solid state 

transformations during cooling and thus heat treatments are needed to bring the 

microstructure to equilibrium and complete the transformation of phases (Geng, 

Tsakiropoulos, et al. 2006a; Vellios & Tsakiropoulos 2007b). If high melting 

temperature elements such as Mo and W are present in the alloy charge, their melting 

may be difficult using this technique. 
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2.2.2  Powder metallurgy  

 

Powder metallurgy (PM) processing has been used to produce Nb-silicide based alloys 

using elemental Nb, Hf, Al, Cr, Ti and Si powders or pre-alloyed powder particles. In 

the former case, to achieve the desirable microstructure (owing to the sluggish 

transformation kinetics of Nb-silicide based alloys), the use of HIPing/extrusion (hot 

isostatically pressed) is required to refine the microstructure and aid in homogenisation 

of the alloy and minimise porosity. In the latter case the pre-alloyed powder must be 

produced by atomisation. Special atomisation techniques however must be used owing 

to the very high liquidus temperatures of the alloys and the reactivity of their melts. The 

latter requires container less melting. Elemental powders are first cold-isostatically 

pressed at 200 MPa and then sintered under vacuum (Ò10
-3
 Pa) at about 1500 °C to form 

a bar. The bar is then atomised using an EIGA atomiser. The powder particles are then 

mixed and hot-isostatically pressed at 1400 °C under 200 MPa for 4 hours to produce a 

billet that is then pre-heated to 1500 °C before being extruded at a 6:1 ratio. A second 

step such as forging, or hot extrusion, is mandatory for the enhancement of the 

mechanical properties of the alloy (Jéhanno et al. 2005). An advantage of the PM 

method with pre-alloyed powder particles is the directionality caused by the extrusion 

process, giving an increase in strength and ductility in the required direction.  

Disadvantages are the formation of pores and Hf oxide inclusions during the PM 

processing (Jéhanno et al. 2005). 

 

2.2.3 Directional solidification and processing 

 

Directional solidification (DS) has been exploited to produce alloys to be compared 

with Ni-based superalloys. DS can improve the mechanical properties of the alloys by 

aligning their grains in a single direction. Two DS processing techniques have been 

used for Nb-silicide based alloys. 
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2.2.4 Float zone processing 

 

Float zone processing uses a heat source, for example, a tungsten halogen lamp, electron 

beam or electromagnetic induction to heat the alloy (Bewlay, Jackson, et al. 1999). The 

melt zone is formed in a relatively large rod-type charge that was pre-melted using 

another technique and is held in position by surface tension between two co-linear rods 

of the same alloy. The melt is then translated along the rod, without the need for a 

crucible, producing a directionally solidified alloy (Bewlay, Jackson, et al. 1999). 

Advantages of this process are the cleanliness of the product and the ability to 

produce a wide range of materials (Bewlay, Jackson, et al. 1999). Disadvantages are 

that only induction heating is viable for the melting of Nb-Si based alloys due to the 

high vapour pressure of some of its constituent elements (i.e. Al). The specimen size is 

limited due to a compromise between liquid surface tension and hot-zone dimensions. 

In the case of induction melting, some allowances can be made for the electromagnetic 

levitation zone, which can contain a larger area of melt. The alloy being melted must 

have been produced with a high level of homogeneity. Evaporation of volatile species 

and condensation on the furnace tube can lead to attenuation of the heat input from the 

optical source, and destabilization of the directional-solidification conditions (Bewlay, 

Jackson, et al. 1999).  

 

2.2.5 Czochralski Method 

 

The alloy is first induction levitation melted in a segmented, water cooled, copper 

crucible. A seed of the alloy, which is to be directionally solidified, is then lowered into 

the melt and then drawn out. A schematic of this can be seen in Figure 2.17. This 

produces a directionally solidified bar attached to the seed. Samples up to ~15 mm 

diameter and more than 100 mm long have been prepared using this technique (Bewlay, 

Jackson, et al. 1999). Nb-Si binary and higher order alloys have been produced using 

this method with melting temperatures up to 2300 °C. Ingots were machined by 

grinding and lathe turning to produce small airfoils (Bewlay, Jackson, et al. 1999).  
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2.2.6 Extrusion 

 

Large ingots and PM billets have been extruded by first machining them to a cylinder 

and then placing them in molybdenum cans with a wall thickness of ~6 mm. The alloy 

is then heated in an induction furnace to 1400 to 1600 °C and extruded through tool-

steel dies with extrusion ratios in the range of 3:1 to 10:1 (Bewlay, Jackson, et al. 1999). 

 

2.2.7 Rapid solidification 

 

Rapid solidification (RS) has been used to study the microstructural effects of alloying 

under non-equilibrium conditions. The RS microstructures exhibit many features such 

as fine grain structure and metastable phases and transformations, similar to those 

formed when the ingot is in contact with the water cooled copper crucible. The literature 

on the effect of high cooling rates on the microstructure of Nb-Silicide based alloys is 

limi ted. In binary Nb-Si alloys RS has been shown to suppress the Nbss-Nb3Si eutectic 

which is replaced by the Nbss-Nb5Si3 eutectic. 

Rapid solidification techniques include containerless drop tube solidification in 

which small droplets are dropped down an Ar f illed long tube. The resultant solidified 

droplets are then bisected and their microstructures are analysed (Yu-ren et al. 2006; Li 

Figure 2.17 A schematic diagram of the Czochralski method (Bewlay, Jackson, et al. 

1999) 
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& Kuribayashi 2003; Han & Wei 2002; Yao et al. 2006; Li et al. 2006; Abbaschian & 

Lipschutz 1997; Dai & Wei 2009). 

Other rapid solidification techniques include melt spinning in which a stream of 

molten alloy is ejected from a nozzle or levitated melt onto a spinning wheel. This 

technique provides a ribbon of material about 50 ɛm thick and 1 to 2 cm wide which 

displays a tiered microstructure; as the distance from the cooled surface increases so 

does the grain size. 

 

2.3 Oxidation 

 

The ability for Nb-silicide based alloys to resist oxidation at low and high temperatures 

is critical to their application as high temperature alloys in gas turbines. The oxidation 

resistance of Nb-Si based alloys is inherently poor, with the Nbss oxidising readily. 

Alloying additions must therefore be added to improve the oxidation resistance of an 

alloy but efforts must also be made to achieve a balance of properties. This section will 

cover the advantages and disadvantages of different additions that have been made 

through various studies. The most widely studied additions for improving the oxidation 

of Nb-silicide based alloys are Al, Cr, Ge, Hf, Sn and Ti. 

 

2.3.1 Oxidation resistance of Nb-silicide based alloys 

 

The main issue with regards to the poor oxidation resistance of Nb-silicide based alloys 

is the high solid solubility of oxygen in Nb (~9 at%) and the tendency for the Nbss to 

readily form low and high order oxides such as NbO, NbO2 and Nb2O5 (Hennessey & 

Morral 1992; Lyutyi et al. 1996). XRD studies of the oxide scale, formed on Nb silicide 

based alloys, have shown that the main Nb based oxide present is Nb2O5 (Geng & 

Tsakiropoulos 2007; Geng, Tsakiropoulos & G. Shao 2007; Geng, Tsakiropoulos, et al. 

2006a). The speed of formation of Nb2O5 is too small to be detected by kinetic studies 

above 500 °C in air and it is therefore thought that the lower oxides play a negligible 

role in the oxidation of Nb at high temperatures (Geng 2006).   
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Additions must be made in an attempt to retard the formation of Nb based oxides, 

and to decrease the diffusion of O2 into the alloy. Many of the oxides formed allow the 

diffusion of O2 through the oxide scale into the substrate.  Alloying additions define the 

phase equilibria and thus the volume fraction of the Nb5Si3 and Nbss thus allowing the 

alloy developer to achieve a balance between mechanical properties and oxidation.  For 

example an optimum balance between oxidation resistance and creep properties is 

achieved with Si content between 17-19 % (Bewlay et al. 2003; Zelenitsas & 

Tsakiropoulos 2006b). The C14 NbCr2 Laves phase can be stable with the appropriate 

Cr concentration and synergy with other elements. This is said to give improved 

oxidation resistance, however it can be detrimental to fracture toughness due to the 

brittle nature of the Laves phase and the decreased volume fraction of Nbss. 

Several elements are known to have a marked effect on the diffusion rate of O2 

within the Nbss, these are Ti, Zr, V, Hf, Cr, Mo and Si. These elements either interact 

more strongly with O2 than Nb or have a smaller atomic radius which traps oxygen and 

limits diffusivity (Geng 2006). Unfortunately, although having a reducing effect on the 

diffusion of oxygen, the additions Zr and V have a negative effect on the oxidation 

resistance of the alloy. Small concentrations ~ 2 at% of Mo increase the oxidation 

resistance at 800 °C and have a small effect at 1200 °C when compared with a Mo free 

alloy (Geng, Tsakiropoulos, et al. 2006a). Other studies have shown that the use of Mo 

at very high concentrations >10 at% had mixed effects. Alloys displayed catastrophic 

oxidation due to the evaporation of MoO3 (Mo å 10 at%) (Xiong et al. 2009), whereas 

other alloys showed improved oxidation resistance with increased Mo content (Mo å 20 

at%) (Chattopadhyay et al. 2008; Liu et al. 2005). This implies that the synergy of Mo 

with other elements is very important as they can have negative (W), or positive (B) 

effects on oxidation resistance. 

 

2.3.2 Oxidation mechanism 

 

The greatest issue with the oxidation of Nb is the phenomenon known as pest oxidation 

or ópestingô (Grabke & Meier 1995; Katsman et al. 1996), which occurs in the 

temperature range 700 to 1000 °C (Chattopadhyay et al. 2008). Pesting is caused by the 
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accelerated oxidation of Nb, particularly in pre-existing micro cracks, originally caused 

by the stresses induced during the high cooling rates found in clean melting with a water 

cooled copper crucible. This rapid oxidation causes a volume increase which, in turn, 

causes shear stresses in the Nbss matrix around the silicide grains resulting in internal 

tensile stress within the silicide itself. These tensile stresses cause transgranular 

cracking perpendicular to the applied stress (parallel to the oxygen ingress), ultimately 

ópulverisingô the oxidised sample (Mathieu et al. 2012). 

The oxidation of Nb silicides happens through the formation of a non-cohesive 

mixed oxide scale. With the addition of Hf, Al and/or Sn  the risk of pest oxidation at 

intermediate temperatures ~800 °C can be avoided (Bewlay et al. 2003). The oxidation 

occurs in 3 zones; first the base metal, second a diffusion zone that is still coherent with 

the base metal, lastly an oxide scale which is generally very brittle and has a tendency 

towards spallation. Figure 2.18 shows an image of the three zones after oxidation at 800 

°C. The additions of Al, Cr and Hf stopped catastrophic pest oxidation occurring but 

there was severe cracking in the diffusion zone. 

 

 

 

 

 

 

 

 

 

 

Figure 2.18 BSE image of the as-cast alloy Nb-18Si-24Ti-5Al-5Cr-5Hf-2Mo after 

oxidation at 800 °C for 100 h (Geng, Tsakiropoulos, et al. 2006a). 

 

In the diffusion zone the Nbss preferentially oxidised to form Nb2O5, mixed oxides 

and SiO2 and TiO2.  During the oxidation of the alloy at 800 °C there was no 

measurable oxygen dissolved in the Nb5Si3 phase (Geng, Tsakiropoulos, et al. 2006a). 

The oxidation occurred primarily via diffusion along the grain boundaries but also 

through diffusion into the Nbss grains, oxidising the Nbss (Sheasby & Smeltzer 1981). It 
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is thought to be beneficial to form HfO2, NbCr2 or Nb3Sn along the grain boundaries to 

reduce the rate of oxygen diffusion and stop pest oxidation occurring.  

  

2.4 Effect of alloying additions on oxidation 

 

Different alloying additions have been made to Nb-silicide based alloys in order to 

systematically study their individual and combined effectiveness at improving oxidation 

resistance. The alloys that will be studied in this project will be a product of extensive 

research that has been undertaken to optimise the composition to decrease the rate of 

oxidation. Alloying additions have also been made to specifically target and remove the 

problem of pest oxidation which is caused by preferential oxidation at microstructural 

features. The preferential oxidation creates high internal stresses and causes the alloy to 

self-pulverise (Bewlay et al. 2003). The high residual compressive stresses are brought 

on by both a difference in anisotropic properties between the Nb2O5 and Nb5Si3, and an 

increase in volume. As the alloy cools the residual stresses cause micro-cracking of the 

Nb5Si3 parallel to the surface of the alloy, resulting in spallation (Mitra 2006). 

The base composition for the development of Nb-silicide based alloys is Nb-18Si-

24Ti-5Al-5Cr (Zelenitsas & Tsakiropoulos 2005). To this base alloy, additions of Mo, 

Ta, Hf, Ge and Sn (Geng, Tsakiropoulos, et al. 2006a; Geng & Tsakiropoulos 2007; 

Geng, Tsakiropoulos & G. Shao 2007; Zifu & Tsakiropoulos 2010; Ventura & Varma 

2009), have been made in an attempt to improve the oxidation resistance of the base 

alloy. All additions were made aiming to avoid the formation of undesired phases and 

reduce any large detrimental impact on mechanical properties. Figure 2.19 shows the 

effect of Al, Cr and Ta additions to Nb-24Ti-18Si. The compositions of the KZ alloys 

can be found in Table 2.4. 
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Table 2.4 Nominal compositions of the KZ series alloys (at%) (Zelenitsas & 

Tsakiropoulos 2006a). 

Alloy  Nominal composition (at%) 

KZ3  Nbï24Tiï18Si 

KZ4 Nbï24Tiï18Siï5Cr 

KZ7 Nbï24Tiï18Siï5Al 

KZ5 Nbï24Tiï18Siï5Crï5Al 

KZ6 Nbï24Tiï6Taï18Siï5Crï5Al 

KZ2 Nbï24Tiï18Siï8Crï4Al 

KZ8 Nbï24Tiï6Taï18Siï8Crï4Al 

 

It can be seen from Figure 2.19 that the alloy KZ5 exhibited the second lowest 

weight gain per unit area of all the alloys in their  heat treated condition at 800 °C 

(Zelenitsas & Tsakiropoulos 2006a).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19 Thermogravimetric analysis results of the heat treated KZ series of alloys 

at 800 °C (Zelenitsas & Tsakiropoulos 2006a). The compositions of the alloys are given 

in Table 2.4 

 

Figure 2.20 shows the effect that Ti addition of 24 at% has on the oxidation 

resistance of Nb-18Si-5Cr-5Al-xMo alloys at 800 and 1200 °C.  
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Figure 2.20 Thermogravimetric analysis data of Nb-18Si-5Cr-5Al-xMo alloys with 

varying Mo, Ti and Hf additions at 800 (a) and 1200 °C (b) for 100 h (Geng, 

Tsakiropoulos, et al. 2006a). 

 

Figure 2.20 shows that at both intermediate (a) and high (b) temperatures, the 

addition of Ti significantly increase the oxidation resistance. It can also be seen that at 

high temperatures the addition of Hf gave a slight decrease in weight change compared 

with the non Hf containing alloys. It also shows that even a small (3 at%) decrease in 

Mo content can drastically improve the oxidation resistance, displaying the detrimental 

effect Mo has on the oxidation resistance at high concentrations. 

Three of the alloys studied in this project contained Sn to improve the pest 

oxidation resistance and the intermediate strength. Figure 2.21 shows the improvement 

that Sn had on the oxidation resistance of the alloy JG6 (Nb-24Ti-18Si-5Al-5Cr-5Hf-

5Sn) compared with the alloy to JG4 (Nb-24Ti-18Si-5Al-5Cr-5Hf) at 800 (a) and 1200 

°C (b). The data shows that an addition of 5 at% Sn significantly increased the oxidation 

resistance of the JG4 as-cast and heat treated alloy at 800 °C. At 1200 °C the Sn still 

had a positive effect on the oxidation resistance of the alloy which was not as significant 

as at intermediate temperatures (Geng, Tsakiropoulos & G. Shao 2007). 
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Figure 2.21 Thermogravimetric analysis data of JG4 (Nb-24Ti-18Si-5Al-5Cr-5Hf-2Mo) 

and JG6 (Nb-24Ti-18Si-5Al-5Cr-5Hf-2Mo-5Sn) as-cast and heat treated after oxidation 

at 800 and 1200 °C for 100 h (Geng, Tsakiropoulos & G. Shao 2007). 

  

The Sn content was set as 5 at% in (Geng, Tsakiropoulos & G. Shao 2007), 

however Sn has been reported to have a beneficial effect on the intermediate oxidation 

resistance with additions as low as 1.5 at% (Bewlay et al. 2003).  

Additions of Hf were reported to have an effect on the oxidation resistance of Nb-

20Cr-20Si-(5, 10) Hf alloys, where higher Hf containing alloys showed an improvement 

in oxidation resistance, with a larger effect achieved at higher temperatures (~1400 °C) 

(Vazquez & Varma 2011). The addition of Ge has also been shown to be beneficial at 

high temperatures with regards to the adhesion of the oxide scale, with Ge diffusing to 

the region between the oxide scale and the substrate (Menon n.d.). 

 

2.5 Mechanical properties 

 

The mechanical properties of Nb silicide based alloys depend on the properties of the 

solid solution and the intermetallic phases. Alloying can have a strong effect on the 

properties of the solid solution and the intermetallic phases, increasing or decreasing the 

creep resistance, yield strength and fracture toughness of each phase. A key challenge 

with alloy development is that to increase the oxidation resistance, many alloying 

additions must be made that do not necessarily benefit the mechanical properties. This 

section will discuss the effects of alloying on fracture toughness, intermediate and high 

temperature strength and creep. 
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2.5.1 Fracture toughness  

 

Fracture toughness is a critical property for high temperature turbine blades, as the 

blades must be able to sustain impact during operation without catastrophic failure 

occurring. The minimum fracture toughness goal for Nb-silicide based alloys has been 

set as 20 MPaЍά (Bewlay et al. 1997) to ensure that components will survive 

manufacturing and assembly of the engine and resist foreign body damage (Bewlay et 

al. 1997). This target has been reached in developmental alloys, however, alloying 

additions must be made to improve oxidation resistance which means that the fracture 

toughness will change with the Nbss/Nb5Si3 volume fraction ratio, alloy microstructure 

and solid solution effects.  

 

2.5.2 Effects of microstructure and alloying additions on fracture toughness 

 

By altering the Nbss/Nb5Si3 volume fraction ratio the fracture toughness can be 

controlled, by increasing the volume fraction of the Nbss the fracture toughness can be 

increased while an increase in the vol% of Nb5Si3 will cause a decrease in fracture 

toughness. Figure 2.22 shows the effect of processing on the fracture toughness of the 

base binary alloy Nb-18Si. It can be seen that at this composition, an alloy 

manufactured using hot pressing (HP) achieved a fracture toughness of ~12.5 MPaЍά 

(Kimura et al. 2005).  

 

 

 

 

 

 

 

 

Figure 2.22 A comparison of different processing methods (HP= hot pressed, SPS= 

spark plasma sintered) on the fracture toughness of Nb-18Si (Kimura et al. 2005). 
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Figure 2.23 shows the difference in microstructure between the SPS (spark plasma 

sintering) and HP (hot pressed) as-fabricated and solution treated (ST) + heat treated 

(HT) alloys. It can be seen that the HP alloy after ST+HT has large co-continuous Nbss 

grains and large Nb5Si3 and Nb3Si grains along with lamellar Nbss/Nb5Si3. The SPS 

ST+HT had a different microstructure consisting mainly of lamellar Nbss /Nb5Si3 and 

few large Nbss grains (Kimura et al. 2005). The contrast in microstructures shows how 

important large grains were on the ability of the alloy to resist crack propagation as can 

be seen in Figure 2.24. Other HP alloys, e.g. the alloy (Nb-16Si-18Ti) have shown 

marked improvements when alloyed with Ti, reaching a fracture toughness above 16 

MPaЍά (Wang et al. 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23 Back scattered electron images of Nb-18Si after HP (a) as-fabricated (b) 

ST+HT and after SPS (c) as-fabricated and (d) ST+HT (Kimura et al. 2005). 

 

 

 

 

 

(a) (b) 

(d) (c) 
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Figure 2.24 Back scattered electron image showing crack propagation through HP, 

ST+HT Nb-18Si (Kimura et al. 2005). 

 

Controlling the fracture toughness by altering the Nbss/Nb5Si3 volume fraction 

ratio, can be deleterious to both the creep and the oxidation resistance of the alloy as the 

Nbss volume fraction increases. It was thought that the addition of alloying elements 

could be used to increase the fracture toughness of the silicide phase, thus increasing the 

fracture toughness of the alloy as a whole. It has been shown that the Nbss phase is 

largely responsible for the fracture resistance of Nb silicide based alloys (Liu et al. 

2010). The total fracture toughness of the alloy depends on the volume fraction and 

fracture toughness of the Nbss, and the plastic constraint of the silicide on the Nbss phase 

(Chan & Davidson 2001).  

Figure 2.25 shows the effect of vol% of silicide on fracture toughness. An 

increase in the vol% causes in general a decrease in the fracture toughness with the 

exception to those alloys that contain Ti, which maintain reasonable fracture toughness. 

The data in Figure 2.25 is for alloys that were either pressed powder-metallurgy (PM) 

materials, directionally solidified (DS) materials, or arc-cast (AC) and extruded (EX) 

materials that had been heat treated (HT) at 1500 °C for 100 h (Chan & Davidson 

2001). It can be seen that even at high vol% silicide the alloys that contain Ti had better 

fracture toughness compared with the PM, AC, EX and HT binary Nb-Si alloys at the 

same vol% silicide.  
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Figure 2.25 Fracture toughness of Nb-silicide based alloys without and with Ti 

additions as a function of vol% silicides (Chan & Davidson 2001). 

 

Figure 2.26 shows the effect of the addition of Ti on the fracture toughness of the 

un-alloyed and alloyed Nb5Si3. As the Ti content increases towards 30 at% the fracture 

toughness of the tetragonal D81 Nb5Si3 based silicide increases, however for more than 

30 at% Ti the tetragonal Nb5Si3 transforms into the undesired hexagonal D88 structure. 

KQ values up to 18.7 MPaЍά have been obtained in annealed DS ternary alloys Nb-

17.5Si-10Ti, compared with  14.5 MPaЍά obtained in DS binary Nb-17.5Si alloys 

(Sekido et al. 2006).  

 

 

 

 

 

 

 

 

 

 

 
Figure 2.26 Plot of fracture toughness against Ti content of D81 and D88 Nb5Si3, 

silicides with other D88 silicides (Chan 2005). 
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The addition of Hf has also been shown to have a positive effect on the fracture 

toughness of Nb silicide based alloys. Like Ti, Hf also gives beneficial oxidation 

resistance and has no effect on the DBTT of the alloy (Chan 2002a). Figure 2.27shows 

the effect of increasing Hf on the fracture toughness of a binary Nb-16Si alloy. 

 

 

 

 

 

 

 

 

 

 

 

 

As can be seen in Figure 2.27 there was an initial jump in fracture toughness with 

the first 1 at% addition of Hf and then a steady increase in fracture toughness with 

increasing Hf content. The increased Hf content changed the fracture manner of the Nbss 

from brittle cleavage to plastic behaviour (Tian et al. 2008).  Hf also refined the eutectic 

structure of the alloy until at 7 at% Hf the Nb3Si/Nbss eutectic had almost disappeared 

and only primary Nbss particles were left with Nb3Si. 

Although it has been proven that Ti has a significant effect on improving the 

fracture toughness, many other alloying additions used to improve the oxidation 

resistance also affect the fracture toughness. It has been established that Al has a 

negative effect on the fracture resistance due to it preventing dislocation nucleation at 

the crack tip. This limits the formation of a plastic zone at the crack tip thus reducing 

the alloysô ability to crack arrest, therefore promoting cleavage cracking (Davidson & 

Chan 1999). Cr also inhibits the nucleation of dislocations at the crack tip but to a lesser 

extent than Al, decreasing the ductility of these alloys (Kim et al. 2002). 

 

Figure 2.27 Effect of increasing Hf content on the fracture toughness (Tian et al. 2008). 
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2.5.3 Fracture mechanisms 

 

The Nb-silicide based alloys or Nb in situ composites have either brittle phases in a 

ductile matrix or a ductile phase in a brittle matrix. In both cases it is the ductile Nbss 

phase that gives the composite its fracture resistance. The different mechanisms that 

define the crack type can be determined by whether the cracks enter a ductile or a brittle 

phase. When a crack tip hits a brittle phase it will tend to travel through the grain, 

breaking atomic bonds along a crystal plane, causing cleavage fracture. The crack may 

divert around the brittle/ductile phase instead, moving along the grain boundary, 

causing intergranular cracking. If the crack encounters a ductile phase, crack tip 

blunting through dislocation pile-up, crack deflection and the formation of ligaments 

can occur, these give resistance to crack propagation (Chan & Davidson 2001; Chan & 

Davidson 2003; Bloyer et al. 1998). Figure 2.28 shows typical crack propagation 

through several different Nb silicide based alloys. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.28 Images showing crack paths in the alloys (a) Nb-11Si-6Ti, (b) Nb-16Si-6Ti, 

(c) Nb-18Si-6Ti and (d) Nb-18Si (Li & Peng 2007). 
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The alloys in Figure 2.28 either had Ti additions (a-c) or were binary alloys (d) 

and were produced using hot pressing and had the following fracture toughness values; 

(a) 13, (b) 10.4, (c) 8.5, (d) 8.3 (MPaãm) (Li & Peng 2007). The alloys with lower Si 

content exhibited more ductile features, for example they showed, crack 

bridging/ligament formation and crack deflection.  

Figure 2.29 shows a crack propagating through an as cast Nb-16Si-1Hf alloy, 

where the light grey phase is the Nbss and the dark phase is the Nb3Si. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.29 Back scattered electron images of crack propagation through as-cast Nb-

16Si-1Hf (Tian et al. 2008). 

 

It can be seen that as the crack enters the light grey Nbss phase there are signs of 

both crack deflection and crack bridging. The addition of Hf leads to microstructural 

refinement, promoting the formation of primary Nbss particles, and reducing the fine 

eutectic phase. The presence of primary Nbss and silicide phases and a reduction in 

vol% of lamellar Nbss/Nb3Si or Nbss/Nb5Si3 have been shown to be beneficial to the 

fracture toughness of the alloy (Tian et al. 2008; Kimura et al. 2005). The images shown 

in Figure 2.30 are of the Nb-16Si-1Hf alloy, which had a fracture toughness of ~7.25 

MPaãm (Tian et al. 2008). The fracture toughness of this alloy could be greatly 

increased with the addition of Ti to increase the toughness of the Nb5Si3 phase (Chan 

2003). 

The shape of the grains in the alloy microstructure is important as it can determine 

what path the crack will take through the alloy. A study has shown that the crack will 

choose to travel around spherical ductile particles rather than through them. This 
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bypasses the fundamental toughening of the alloy, as the ductile particles are unable to 

cause crack bridging or other toughening mechanisms. Figure 2.30 shows R-curve data 

for spherical particles and acicular particles. Under monotonic loading the spherical 

particles failed to give any increase in fracture toughness, but the acicular particles had 

a large effect on the fracture toughness (Dimiduk 1995). 

 

 

 

 

 

 

 

 

 

 

Figure 2.30 R-curve data for Nb-silicide based alloys containing either spherical or 

acicular ductile particles of different sizes (Dimiduk 1995). 

 

Figure 2.30 also shows how an increase in the ductile phase particle size has a 

positive effect on the fracture toughness. Therefore to achieve balance between creep, 

high temperature strength and fracture toughness the ductility of the Nbss must be 

controlled via alloying additions. These Nbss particles can themselves be optimised by 

increasing their size as to increase the area of interaction with cracks, and ensuring they 

have an acicular geometry opposed to spherical.  It is also effective to increase the 

volume fraction of the Nbss phase so long as the creep, high temperature strength and 

oxidation resistance are not diminished. 

 

2.6 Intermediate and high temperature strength 

 

A problem with regards to Nb silicide based alloys meeting the requirements for high 

temperature strength and low temperature fracture toughness is the conflicting demand 

on their microstructure and alloying. To achieve a high strength, the volume fraction of 
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Nb5Si3 must be increased, this in turn has a detrimental effect on the fracture resistance 

of the alloy. The increase in the vol% of Nb5Si3 does however increase the creep and 

oxidation resistance of the alloy, therefore the optimisation of mechanical and 

environmental properties relies on finding a balance with fracture toughness.  

The high temperature yield strength depends on grain size and solid solution 

strengthening. The grain size of the alloys can be controlled with heat treatments, 

alloying additions, which have microstructural refining properties, and solidification 

rate. Figure 2.31 shows the proof stresses of the Nb-18Si binary alloy at various 

temperatures after solution treatment (ST), heat treatment (HT), hot pressing (HP) and 

as-cast (Kimura et al. 2005). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.31 0.2% compressive flow stress of binary Nb-18Si in as-hot-pressed, (ST + 

HT) heat-treated and cast conditions+HT (Kimura et al. 2005). 

 

Figure 2.31 shows that the low temperature strength can be improved by 

processing (HP, ST, HT) and that the as cast alloy had better high temperature strength. 

The microstructures of (a) as-HP and (b) HP+ST+HT are shown in Figure 2.29 (a) and 

(b) (Kimura et al. 2005). The highest room temperature strength was achieved with the 

microstructure which shows a semi-continuous Nbss phase, large Nb5Si3 and Nb3Si 

particles and a transformed fine Nbss/Nb5Si3 lamellar structure (Kimura et al. 2005). The 

lowest room temperature strength was obtained with the microstructure shown in Figure 
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2.29 (a) which has Nb5Si3 particles in a Nbss matrix. Growth speed affects the grain size 

and morphology, increasing the growth rate whilst maintaining continuous silicide 

growth brings the optimum yield strength (Tian et al. 2009). 

Solid solution hardening also has a large effect on the high temperature strength. 

Figure 2.32 shows a plot of proof stress against temperature for several three phase 

(Nb3Al, Nbss, Nb5Si3) Nb- silicide based alloys under compression with compositions 

Nb-5Si-9Al, Nb-7Si-9Al, Nb-8Si-9Al-10Ti, Nb-10Si-9Al-10Ti, Nb-6Si-11Al-15Ti, Nb-

8Si-11Al-15Ti. These alloys had Nbss volume fractions 50, 40, 62, 36, 65 and 58, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.321 Proof stress against temperature for a range of as-cast Nb-silicide based 

alloys (Murayama & Hanada 2002). 

 

 The Nb-10Si-9Al-10Ti alloy had the highest proof stress at 250 K due to the 

solid solution hardening effect on the Nbss and the reduced vol% of the Nbss. All the Ti 

containing alloys maintained a high proof stress at the lower temperatures. Above 1100 

K the alloys with highest Ti content (15Ti) suffered a reduction in proof stress 
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(Murayama & Hanada 2002). The Nb-10Si-9Al-10Ti retained a high proof stress at 

~1600 K. Figure 2.33 shows plots of fracture toughness and proof stress against 

temperature for alloys with different vol% of Nbss (Murayama & Hanada 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.33 Plots of proof stress and fracture toughness against Ti mol% and Nbss vol% 

(Murayama & Hanada 2002). 

 

It can be seen that a good balance between proof stress and fracture toughness was 

achieved with 10Ti (mol%) with Nbss vol% 62, with a fracture toughness of ~12.5 

MPaãm and a 0.2% proof stress of ~180 MPa. This shows that although the addition of 

Ti has a positive effect on the fracture toughness, it has a deleterious effect on the high 

temperature strength.  

The addition of refractory metals can be used to impart solid solution hardening in 

the ductile Nbss phase to improve the high temperature strength. Figure 2.34 shows the 

effect of increasing the Mo and W content on high temperature strength. 

 

 



2.6 Literature review  

47 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.34 Effect of increasing (a) mol% Mo and, (b) mol% W on compressive yield 

stress at 1500 °C for Nb-16Si based ternary alloys (Ma et al. 2004). 

 

Both Mo and W had a positive effect on increasing the high temperature 

compressive yield stress of the binary Nb-16Si, and W had a stronger effect on the yield 

stress, showing an increased compressive yield stress with additions above 5 mol%, 

while Mo showed a comparative increase in the yield stress at 10 mol%. Figure 2.35 

shows the microstructures of the Nb-16Si-5W and Nb-16Si-15W alloys. It can be seen 

that with increasing W content there was a coarsening of the eutectic region (Ma et al. 

2004).  

 

 

 

 

 

 

 

 

 

Figure 2.35 Back scatter electron images of (a) Nb-16Si-5W and (b) Nb-16Si-10W (Ma 

et al. 2004). 

 

The Nb-16Si-10Mo alloy also had a very fine eutectic microstructure similar to 

that of the Nb16Si-5W alloy, as can be seen in Figure 2.36 (Ma et al. 2004). 

(a) (b) 
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Figure 2.36 Back scatter electron image of Nb-16Si-10Mo (Ma et al. 2004). 

 

Higher order alloys with Nb-18Si-10Ti-(10, 20)Mo-(0, 5, 10, 15)W have also 

been studied and show improved results to those in Figure 2.34 Mo and W both increase 

the yield strength of all alloys above a 0.2% proof stress of 700 MPa at 1500 °C even in 

the presence of Ti (Sha, H. Hirai, et al. 2003). 

Hf has been added to alloys containing Mo. The alloys were tested under tensile 

conditions. Figure 2.37 shows the proof and ultimate tensile stresses (UTS) of Nb-18Si-

5Mo-5Hf (mol%) (Kim et al. 2004), in which the Si content was higher by 2 mol% 

compared with the Nb-16Si-5Mo alloy (Ma et al. 2004) with the addition of 5 mol% Hf. 

 

 

 

 

 

 

 

 

 

Figure 2.37 Tensile strengths of Nbï18Siï5Moï5Hf, compared with a cast Ni-base 

superalloy, MarïM246 + Hf and directionally solidified Nbï24.7Tiï8.2Hfï2.0Crï

1.9Alï16.0Si (DS-MASC) as cited in (Kim et al. 2004). 
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Figure 2.37 shows that the 0.2% proof stress increased from 200 MPa to 400 MPa 

at 1500 °C. Figure 2.37 also shows data for a Ni-based superalloy and the DS-MASC 

alloy. Comparison with the data for Nb-18Si-5Mo-5Hf shows superior high temperature 

UTS at 1300 °C compared with both the DS-MASC and the Ni based superalloy.  

 

2.7 Creep resistance 

 

Creep resistance is an important property for gas turbine blades as they spend a large 

portion of their lifetime under high temperatures and centrifugal loads. It is therefore 

important to make sure there is a minimum amount of creep during the productôs use as 

the engine has tight dimensional tolerances and any change in part dimension can cause 

catastrophic failure. Due to the high operating temperature the creep mechanism of the 

alloy is thought to rely on diffusional creep (Ashby & Jones 2005), this type of creep is 

dominated by Nabarro- Herring, and Coble creep (Cadek 1988). Nabarro-Herring creep 

relies on the diffusion of vacancies from the bulk of the material to the edge 

perpendicular to the applied stress, thus causing elongation of the grain. Coble creep 

occurs through diffusion of vacancies along the grain boundaries to the edge 

perpendicular to the applied stress. Both creep mechanisms rely on diffusion which is 

largely affected by the grain size within the alloy. Nabarro-Herring creep has a  

relationship and Coble creep has a  relationship, where d is the diameter of the grain 

(Cadek 1988). To reduce diffusion creep a large grain size is beneficial due to its effect 

on reducing the creep rate, a high melting temperature compared with the operating 

temperature as the rate of diffusion is increased by T, and precipitates at grain 

boundaries to impede grain boundary sliding (Ashby & Jones 2005). 

Figure 2.38 shows the goal for creep resistance for Nb-silicide based alloys which 

is less than 1 % creep in 125 h at 1200 °C and stresses above 170 MPa.  This goal 

assumes alloy density of 7 g/cm
3
. This goal has been achieved by Nb-silicides up to 

stresses of 200 MPa (Bewlay et al. 2003). 
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Figure 2.38 Creep rate against applied stress and the creep goal for Nb-silicide based 

alloys (Bewlay et al. 2003). 

 

The creep mechanism in Nb-silicide based alloys (or Nb in situ composites) is 

dependent on the matrix phase. These materials can be formed with either Nb5Si3 

particles in an Nbss matrix or Nbss particles in an Nb5Si3 matrix. Typically, binary Nb-Si 

composites have large Nbss particles distributed within an Nb5Si3 matrix. With increased 

alloying however the microstructure changes and tends towards brittle intermetallic 

phases such as Nb5Si3 and Laves forming within an Nbss matrix (Chan 2002b). The 

alloys to be studied in this project will likely consist of an Nb5Si3 phase with/without 

Laves phase distributed within a Nbss matrix, as this has been the case in previous work 

with a high number of alloying additions (Geng, Tsakiropoulos, et al. 2006b; Zelenitsas 

& Tsakiropoulos 2006b; Zelenitsas & Tsakiropoulos 2005; Geng, Tsakiropoulos, et al. 

2006a; Zelenitsas & Tsakiropoulos 2006a; Geng & Tsakiropoulos 2007). 

Figure 2.39 shows data for secondary creep rates reported by different groups 

referenced in (Chan 2002b). The data is compared with a solid solution alloy, pure Nb, 

Nb5Si3 and Nb-1.25Si, with Nb5Si3 having the lowest secondary creep rate and Nb and 

Nb-1.25Si having the highest.  It can be seen that increased Nbss volume fraction gives 

an increase in creep rate. This was shown to be true in other creep studies (Bewlay et al. 

2001). The wide variation in creep response is thought to be related to alloy 

composition, microstructure, or both (Chan 2002b).   
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Figure 2.39 Plot of secondary creep rates at increasing stress for different Nb-silicide 

based alloys. (Chan 2002b).  

 

Chan (Chan 2002b) suggested that the ability of Nb-silicide based alloys to resist 

creep can be tailored by changing the volume fraction of the silicide, where an increase 

in vol% silicide promotes a decrease in creep rate. He also suggested that the type of 

silicide present in the matrix affects the resistance to creep, with the silicide being either 

creeping or rigid. Nb5Si3 is a creeping silicide. The effect of a rigid silicide in a creeping 

matrix causes the alloy to take the creep exponent of the matrix. Creeping silicides in a 

creeping matrix however take on the creep exponent of the silicide and are therefore 

desirable (Chan 2002b). 

Additions such as W and Mo give solid solution hardening to the Nbss phase, 

decrease the creep rate and increase the length of the secondary creep regime. Figure 

2.40 shows a plot of minimum creep rate for directionally solidified Nb-18Si with 

varying content of Ti, Mo and W (mol%). With increased W and decreased Ti content 

the secondary creep rate was <10
-6

 s
-1
 at 300 MPa and 1670 K. A decrease in W content 

was followed by an increase in creep rate. An increase in Mo content also had a positive 

effect on creep rate, however it was not as effective as W. This is due to Mo not being 

as strong a solid solution hardener as W (Sha, H. Hirai, et al. 2003). 
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Figure 2.40 creep rate against Stress at 1670 K for Nb-18Si based alloys with varying 

Ti, Mo and W contents (Sha, H. Hirai, et al. 2003).  

 

The creep rate can therefore be controlled in three main ways; controlling the 

microstructure, altering the silicide volume fraction and solid solution hardening of the 

Nbss phase. 
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3 Experimental 

3.1 Introduction  

Research has shown that alloying with Hf and Sn benefits oxidation resistance with 

(Geng, Tsakiropoulos & G. Shao 2007) or without (Zacharis 2013)  RM (refractory 

metal) addition.  A balance of properties was reported for the MASC alloy (Nb-23Ti-

16Si-8Hf-2Al-2Cr-xSn (+ sp elements), however, references to this alloy seem to ignore 

the additions of Sn and other sp elements, for example Ge (Bewlay et al. 2003), which 

would suggest that the synergy of Hf and Sn with Al, Cr and Ti and other sp elements is 

beneficial. Data about the microstructure of MASC has been scarce, for example it is 

not clear whether the Nb3Si is stable in its microstructure or what is/are the structure(s) 

of the Nb5Si3 (tetragonal and/or hexagonal given the high Hf concentration). 

Furthermore, to the authorôs knowledge there has been no study where the effect of Hf 

in synergy with Al, Cr, Si and Ti simultaneously but in the absence of other sp elements 

has been studied. The study of the latter via alloy JN1 (see below) became one of the 

focal points of the early stages of the research described in this thesis. Previous research 

on Nb silicide based alloys without Sn has shown that: 

 

i. Alloying with refractory metals (with/out Hf) (a) affects phase selection (i.e., the 

stability of Nb3Si and Nb5Si3 and of the eutectics formed by these intermetallics 

with the Nbss) (Grammenos & Tsakiropoulos 2010b; Grammenos & 

Tsakiropoulos 2011), (b) affects the chemistry of the Nbss (solid solubility of Si, 

concentration of RM) (Grammenos & Tsakiropoulos 2010b; Grammenos & 

Tsakiropoulos 2011) and (c) improves significantly the creep of the alloys 

compared with MASC type alloys, (i.e. alloys with the same elements as in 

MASC but with different Al, Hf and Si contents and no Sn and sp elements) 

(Tsakiropoulos & Grammenos 2008). 

ii. The oxidation behaviour of such alloys is inferior compared with MASC 

(Tsakiropoulos & Vellios 2009). 

iii.  The solid solubility of Si in the Nbss depends on the type of RM (= Mo, Ta, W) 

(Zelenitsas & Tsakiropoulos 2006a; Grammenos & Tsakiropoulos 2010b). 
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Furthermore, research on Nb silicide based alloys with Sn addition would suggest 

that the stability of the Nb3Sn is important regarding the beneficial effects of Sn on 

oxidation and that Nb3Sn formation depends on the concentration of Sn in the alloy. 

However, there has been no previous study about the stability of Nb3Sn when Sn is in 

synergy with RM(s). 

In the research described in this thesis, in addition to the alloy JN1, three alloys 

were designed to study the effects of the synergy of Hf and Sn on the microstructure of 

Nb silicide based alloys with refractory metal(s). This chapter describes the selection of 

the alloys and the experimental techniques used for the research. It should be noted that 

parallel to this work other projects in the research group studied the effects of the 

synergy of Hf with Sn and Ge and RMs (= Mo, Ta, W) on processability, phase stability 

and properties of alloys with 10 < Ti < 20 at% and 18 < Si < 22 at%. 

 

3.2 Alloy selection 

 

In the research described in this thesis four alloys were studied. The nominal 

compositions of these alloys are given in Table 3.1. The alloy JN1 was selected in order 

to understand how the addition of Hf to the base composition Nb-24Ti-18Si-5Al-5Cr 

affects phase selection and stability (see above). The composition of the base alloy was 

chosen by reviewing the effects of alloying additions on the properties of Nb alloys 

with/without Si. The Si was set at 18% to give optimum creep properties and ~60 vol% 

Nb5Si3 in binary Nb-18Si with good oxidation resistance.  

The Al concentration was chosen as 5 at% as Al has a positive effect on the 

oxidation of the alloy, by destabilising the undesired Nb3Si and stabilising the C14 

NbCr2 Laves phase (Zelenitsas & Tsakiropoulos 2005). The Al composition was  

limited to Ò5 at% to reduce the detrimental effect on the DBTT as 5 at% addition can 

change the DBTT from ī200 to 100 ÁC (Chan 2002a), and to avoid the formation of the 

Nb3Al phase.  

The addition of Cr at 5 at%  was made to allow the formation of the C14 Laves 

phase which is said to have a beneficial effect on oxidation resistance of the alloy 

(Zelenitsas & Tsakiropoulos 2005; D. Yao et al. 2009). The Cr addition was limited at 5 
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at% to reduce the effect on the DBTT and to limit the volume fraction of Laves phase 

formed to achieve a balance of creep and fracture properties.  

Ti was set at 24 at% to keep the melting point above 1700 °C and avoid the 

formation of Ti5Si3 and the hexagonal ɔNb5Si3. Ti has beneficial effects on Nb silicide 

alloys by decreasing their density and increasing the fracture toughness of the Nbss 

phase. It also has a beneficial effect on the oxidation resistance of the (Nb,Ti)ss 

(Shyrokov & Ratsôka 2009) and the Nb5Si3 phases (Zelenitsas & Tsakiropoulos 2006b) 

due to the formation of TiO2 and mixed Ti-Nb oxides. The Hf content was set at 5 at% 

to avoid the formation of Hf5Si3 and to avoid promoting the formation of the hexagonal 

ɔNb5Si3 phase. 

There are no phase equilibria available for Nb-Si based systems with Sn (other 

than for the Nb-Si-Sn system, as was discussed briefly in chapter 2). The alloys JN2, 

JN3 and JN4 contained Sn and were designed on the basis on current knowledge about 

phase equilibria in ternary systems. The concentration of Sn was changed from 2 at% in 

the alloys JN2 and JN3 to 5 at% in the alloy JN4 in order to study the stability of the 

Nb3Sn in their microstructures. The Nb3Sn is isomorphous with Nb3Al  (A15 

compounds) and the latter is undesirable in the microstructure of Nb silicide based 

alloys owing to its creep (inferior to Nb5Si3) and oxidation properties (pest oxidation). 

Thus, to avoid stabilisation of Nb3Al  in the presence of Sn it was decided to exclude Al 

in the alloys JN2, JN3 and JN4. This was expected to create a problem for oxidation 

which had to be counterbalanced by the other alloying additions. 

The addition of Cr is known to benefit oxidation. The latter effect is attributed to 

the formation of the C14 NbCr2 Laves phase, the effectiveness of which depends on its 

vol% in the microstructure that depends on the Cr concentration in the alloy and the 

other elements with which it is in synergy. However, increasing the Cr concentration 

has an adverse effect on alloy liquidus and toughness. It was anticipated that the adverse 

effect on the liquidus will be ñbalancedò by the additions of Mo and W. Thus, alloys 

JN2 and JN3 were designed to study the dependence of the stability of the 

microstructure and alloy properties on the synergy of Cr and Sn when the Cr/Sn ratio 

changes from 5 (in JN2) to 1 (in JN3) with Sn at the lowest end of the concentration 

range where it is expected to benefit oxidation. In these two alloys the concentrations of 

Si, Ti, Hf, Mo and W were not changed. 
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The addition of Ti is known to benefit oxidation and toughness and to reduce the 

alloy density. Increasing however the Ti concentration has an adverse effect on alloy 

liquidus, high temperature strength and creep. Previous research (Tsakiropoulos & 

Vellios 2009) had shown that the creep behaviour of MASC type alloys (without Sn and 

sp elements) falls well below the creep goal when Ti > 20 at% and acceptable oxidation 

was exhibited by simple alloys with 15 < Ti < 20 at%. Thus, in the alloys JN2 and JN3 

the Ti content was kept at 15 at% and the effect of Ti on the alloy liquidus was expected 

to be counterbalanced by the addition of Mo and W. Mo and W benefit creep 

(Tsakiropoulos & Vellios 2009) but can be detrimental to oxidation even when Ti is 

present in the alloy at ~ 25 at% and without sp element additions (Tsakiropoulos & 

Vellios 2009). The design of the fourth alloy was influenced by the results for the alloys 

JN2 and JN3. It was decided to remove W (owing to processing difficulties and 

oxidation behaviour), to increase the Ti concentration to 20 at% and the Mo content to 6 

at% and to increase the Si to 20 at% and the Sn to 5 at%. Hafnium was added to the 

alloys to scavenge oxygen in solution. Owing to the effect of the synergy of Hf with Cr 

and Sn on the stability of Nbss (Zacharis 2013)  the concentration of Hf was kept at 2 

at% in the alloys JN2 to JN4. 

 

Table 3.1 Nominal compositions of JN1, JN2, JN3 and JN4 (at%) 

Alloy  Nb Si Ti  Cr  Al  Hf  Mo W Sn 

JN1 43 18 24 5 5 5 - - - 

JN2 43 18 15 10 - 2 5 5 2 

JN3 51 18 15 2 - 2 5 5 2 

JN4 45 20 20 2 - 2 6 - 5 

 

3.3 Ingot production 

 

Button ingots of each alloy were produced using elemental charges of 10g weights. The 

elemental charges were placed in a water cooled copper crucible and the arc melter was 

pumped down to 1X10
-5
 torr. Pure Ar was then introduced to the system (20 torr) and a 
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high electrical current was used to form an arc between a moveable non-consumable 

tungsten electrode and the crucible which is then moved over the charge in order to melt 

it. The sample was allowed to cool and was then flipped and re-melted at least 4 times 

to achieve homogenisation. The melting of the charge was difficult when using solid W. 

The nature of this melting technique led to the ingot having a fast cooled bottom 

section, in contact with the water cooled copper hearth, while the top and bulk of the 

ingot cooled slower. 

 

3.4 Sample preparation 

 

In order to characterise each alloy the ingots were sectioned and specimens were 

prepared for heat treatment, microstructural characterisation, oxidation and mechanical 

testing. 

 

3.4.1 Heat treatment 

 

Each alloy was heat treated in a tube furnace, the specimens were wrapped in Ta foil 

and heat treated for 100 hours at 1500 °C under flowing argon after which they were 

furnace cooled. The argon is gettered by Ti sponge that was placed in an alumina 

crucible at the entrance of the furnace. It should be noted that owing to the sluggish 

kinetics in Nb silicide based alloys, heat treatments are usually done at 1500 °C for at 

least 100 h or at 1600 °C for 20 or 40 h. The latter option was not available to this 

author because of the range of heat treatment facilities available in the Department. The 

purpose of these heat treatments was to homogenise the microstructures as there was 

partitioning of solutes in the Nbss and intermetallic phases and encourage phase 

transformations of the Nb3Si if present in the cast alloy. The heat treatment temperature 

is below the eutectoid transformation of Nb3Si in the Nb-Si binary, see section 2.1.1 and 

bNb5Si3 and precipitation of other phases (Zelenitsas & Tsakiropoulos 2005). 
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3.4.2 Sample Polishing (EDS/WDS/Nano indentation/XRD/oxidation) 

 

Samples for EDS, WDS and nano indentation are prepared in the same fashion, Cross 

sections of the ingot, either as-cast (AC) or heat-treated (HT), were hot mounted in sizes 

of 32 mm or 25 mm using conductive Bakelite (depending on the size of the specimen 

holder). They are then ground using increasing grit SiC papers (120, 240, 400, 800, 

1200, 4000 grit) on a circular grinding wheel using running water for cooling, 

lubrication and debris removal. Once a 4000 grit finish had been achieved, the samples 

were then polished to a 1 ɛm finish using a water based diamond suspension on a 

woven cotton cloth. 

Sample preparation for nano indentation was slightly different owing to the need 

to image the sample using atomic force microscopy (AFM) without etching. For this to 

be possible the sample had to be relief polished so that the soft phase will wear away 

more than the hard phase, leaving a discernible height difference between the two 

phases. This was achieved by polishing the sample with 6 ɛm diamond suspension 

(after following the grinding procedure described above) for an extended period of time, 

before finishing with the 1 ɛm diamond suspension. 

For XRD no more than a 1200 grit finish was required for the sample and it 

wasnôt necessary to mount the sample in Bakelite. Oxidation samples prepared for TGA 

are first cut into cubes slightly larger than the required size å 4 mm
3
 and then ground 

down to approximately 3 mm
3
 to a 1200 grit finish, the side lengths are then measured 

using a Polyvar light microscope to calculate the surface area.  

 

3.4.3 Powder preparation for X-ray diffraction 

 

Powder XRD allows, the texture effect caused by directionality in the AC ingot to be 

eliminated. For the as-cast and heat treated samples the STOE STADI P (Cu, PSD) was 

used and data was collected using Win XPOW, analysis was done using Sieve +. 

To prepare a sample for Powder XRD, a solid sample was crushed and then 

ground to a fine powder. Firstly a small section taken from the bulk of the ingot was 

crushed using an impact mortar until it was small enough to be ground by hand. Once it 
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had been crushed the ingot was then ground into a fine powder using a marble pestle 

and mortar until the latter reaches the consistency of icing sugar. This method 

unavoidably introduced small amounts of mechanical strain in the powder. 

The powder was then mounted according to the XRD equipment specifications; in 

this case it was adhered to an acetate disk using Elmerôs glue and then dried using a hot 

air gun. The acetate disk is then placed in a circular sample holder and loaded into the 

equipment sample holder. The correct amount of powder that is applied to the disk can 

only be calculated through trial and error. Firstly the specimen is prepared and then a 

quick diffraction pattern was collected at lower Kv and mA (30 Kv, 10mA), with and 

without the sample. If the ratio between the two was between 1.2 and 1.6 the specimen 

is prepared adequately and can be run for a full length test at 40Kv and 35 mA. If the 

specimen is too thin or too thick the diffraction patterns will be low as there will be 

either too little material for diffraction or not enough X-Rays will be able to pass 

through. Before running the final test a Silicon standard was used to check the accuracy 

of the equipment. 

For the Oxide scale from the 1200 °C samples, the STOE STADI P (Cu, IP) was 

used to collect the diffractogram. The method is the same as described above however 

the detector collects data from 8 different ranges and these are combined to give a final 

peak file. 

 

3.4.4 Sample preparation for fracture toughness evaluation 

 

For fracture toughness, large 600 g ingots were prepared in an arc melter so that 

samples big enough for fracture toughness could be cut. Bars 6 X 3 X 45 mm
3
 were cut 

from the centre of each respective ingot perpendicular to the cooling direction using 

electro discharge machining (EDM) (Ideally the bars would be parallel to the cooling 

direction so that the fracture would occur perpendicularly rather than, in this case, 

parallel to the direction of the grain). A notch was then cut into the width of the bar to 

0.5 X the width i.e. å3 mm with a root tip radius of 0.2 mm. The samples were not 

fatigue cracked as the specimens were of limited number, there was therefore no room 

for trial and error. Thus a KQ value was obtained for the alloys as a true KIc value could 
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not be obtained. A representative sample was mounted in conductive Bakelite and 

prepared as described previously for SEM and images of the longitudinal cracks were 

taken in an SEM. 

3.5 Scanning Electron Microscopy (SEM) 

SEM is one of the most useful analytical techniques to be used in this project as it can 

give secondary electron (SEI) and backscattered electron (BSI) images of the alloys, the 

equipment used to obtain images during this study can be found in section 3.6.  

Secondary electron imaging SEI was used to get topographical information about the 

sample surface and works based on the amount of sample ñsurfaceò within the 

interaction volume of the electron beam. Raised areas have a greater volume within the 

interaction volume and as such produce a higher number of emitted secondary electrons 

thus causing a bright contrast. Recessed areas such as pores have the opposite effect and 

produce a dark contrast as less secondary electrons are emitted. 

BSE imaging gives an image of the sample surface with regards to the atomic 

number of the atoms being imaged.  Heavier atoms have a higher contrast as they 

produce a higher density of backscattered electrons whereas lighter atoms appear 

darker.  This technique was used to produce an image of the sample surface which 

varies in contrast depending on the atomic weight of the phases present.  This atomic 

weight dependant contrast allowed an image of the alloy microstructure to be produced, 

where different phases with different atomic weights appear as different shades of grey, 

thus showing the microstructure.  

 

3.6 Energy dispersive X-ray spectroscopy (EDS) and wavelength dispersive 

analysis (WDS) 

 

EDS and WDS are both useful microanalysis techniques for the characterisation of 

phases within an alloy determining the composition of the alloy in a given condition. 

Both of these quantitative techniques use the characteristic X-rays given off by atoms as 

high energy electrons drop into the space left by low energy electrons that are excited 

out of the atom by the incident electron beam.  
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EDS uses the energy of the characteristic X-rays given off by different atoms to 

determine the element from which it emanated. This technique gathers X-ray energies 

across the entire range produced by the elements within the sample and therefore, if 

elements have peaks at similar energy levels, then they cannot be resolved. Light 

elements are also a cause of problems (Z<Na) as the characteristic energy peaks given 

off are too small to analyse. It is possible to analyse for O2 by stoichiometry, but due to 

the large array of oxides present in the oxidised alloys it is not possible to know the 

exact stoichiometry of the phases formed. 

WDS works on the same principle as EDS using the characteristic X-rays 

produced during electron bombardment. Rather that determining the composition using 

the energy levels, the specific wavelength of the X-ray is used to determine the 

generating atom. This is done using analytical crystals which can be used to allow only 

the specified wavelengths through to the X-ray detector. The benefit of this is the high 

resolution and the ability to pick up trace elements and allow for the analysis of oxygen. 

For The EDS large area analysis a Phillips PSEM 500 SEM was used to analyse 

the specimen, with an accelerating voltage of 25 Kv, the spot size was adjusted to alter 

the dead-time of the microscope and the data was collected at a magnification of 320x. 

For WDS analysis a JEOL JXA-8230 SUPERPROBE was used with a working 

distance of 11.1 mm, an accelerating voltage of 20 Kv and a probe current of 30 nA, this 

was used to gather both point analysis and X-ray maps (EDS). 

Maps were also taken using the Phillips XL30 FEG/SEM, at a working distance of 

11 mm and an accelerating voltage of 20 Kv and a spot size of 5, the analysis was done 

using a Bruker EDX system. 

 

3.7 Bulk and powder XRD analysis 

 

XRD was used for the analysis of bulk alloys in the AC and HT conditions to give a 

peak profile so that different phases could be matched with the XRD data in PDF cards 

of the relevant crystal structures. XRD using glancing angle and normal (Braggï

Brentano) scanning is based on Braggôs law, ὲ‗ ςὨÓÉÎ—, where n is an integer, ‗ is 

the X-ray wavelength, d is the lattice spacing and — is the incident angle of the X-ray 
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and the scattering planes. The intensity of the peaks produced is proportional to the 

amount of X-rays diffracted into the detector. The position of these peaks on the 2ɗ axis 

is related to the lattice d spacing of the crystals being analysed. Complications arise 

when changes in the lattice parameters and texture effects cause changes to peak shape 

(width and height) and position. In respect to the alloys of this study the 

microsegregation in both Nb5Si3 and Nbss causes peak broadening as varying 

compositions increase or decrease the lattice parameters slightly creating a broadened 

peak rather than it being sharp and well defined. The substitution of different elements 

in a crystal also has the effect of shifting the characteristic peaks to higher (lattice 

expansion) or lower (lattice contraction) 2ɗ values than that of the pure crystal. 

Texture effects i.e. directionality caused by cooling have an effect on the peak 

intensities. Each characteristic peak corresponds to a certain crystal orientation and the 

preferential growth direction of a crystal means some peaks have a greater intensity, as 

more lattice planes are scattering at this angle than others. The addition of heavier 

elements to the crystal lattice also has an effect on the peak intensity as they cause more 

scattering.  

To avoid the effect of texture in the characterisation of the microstructure of the 

bulk samples, powder samples were prepared so that they can be analysed using 

transmission XRD. The advantage of this technique is that the resulting peak profiles 

can be processed and matched using Rietveld analysis which compensates for changes 

in 2ɗ shifts and peak broadening due to lattice substitution. This technique, unlike the 

Le Bail method, does rely on the peak height ratios being maintained which is why the 

removal of texture effects is important.  

3.8 Rietveld analysis 

 

Rietveld analysis is a least squares refinement which uses the profile intensities to 

extract data from a peak profile (Rietveld 1969)(Rietveld 1967). The technique was 

originally developed to extract data from neutron diffraction experiments however, it 

can also be applied for use in XRD. The refinement alters the Gaussian (peak width, 

asymmetry) and the Lorentzian (peak tails) shape of the profile parameters which have 

been chosen to match the unknown peak profile. In the case of our alloys the refinement 
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alters the peak width and 2ɗ position, along with the peak height (moving all peak 

heights the same amount) of the Nbss and Nb5Si3 profile parameters. To complete the 

Rietveld analysis GSAS was used along with the graphical interface EXPGUI to 

analyse powder profiles. Profile parameter files (.CIF) were obtained for Nbss, and Ŭ, ɓ 

and ɔ Nb5Si3 from the ICSD website. By altering the peak parameters for the chosen 

peak files it is possible to align these files with the peaks achieved with powder XRD. 

 

3.9 Thermogravimetric analysis (TGA) 

 

Thermogravimetric analysis is the use of accurate scales to measure the weight loss (or 

gain) due to the oxidation of an alloy under controlled conditions. Before a sample was 

oxidised, its dimensions were first measured (in this research a Polyvar light microscope 

was used) to calculate its surface area. The sample was placed in an alumina crucible 

and heated to 800 or 1200 °C at 3 °C/min in air. The sample was then held at 

temperature for 100 h before cooling back to room temperature at 3 °C /min. The slow 

cooling rate was used to avoid the rapid contraction of the sample and the resulting 

spallation of any oxide layer formed. The equipment used in these experiments was a 

Netzsch STA 449 F3 JUPITER and the data was analysed using Pyris software. After 

oxidation an image of the oxidised sample was taken before further analysis was 

performed. 

The weight change data was normalised, it was then divided by the surface area to 

give a value of g/cm
2
, and the weight change with respect to area was plotted against 

time in seconds. From this plot the oxidation rate constant was calculated for linear or 

parabolic oxidation. The Kp or Kl value that had the best R
2
 value was deemed the best 

fit and determined whether the oxidation was linear (KL) or parabolic (KP). 

 

3.10 Nano indentation 

 

Due to the fine microstructure present in the alloys of this study, nano indentation was 

used to get the hardness of individual phases in the HT samples. A Hysitron Triboscope 



3.11 Experimental  

64 

 

nanomechanical test instrument attached to a vico dimension 3100 atomic force 

microscope was used for the analysis. Serpentine runs, typically 8X8 were run in areas 

of the bulk of the alloy with the least porosity using a 4000 ɛN load the nature of the 

serpentine runs meant data could be collected fast and efficiently. However some 

indentions were on the edge of phases, or in pores which gave erroneous results. The 

values were sorted to remove erroneous data, firstly they were matched with the 

respective phases and set into two groups, namely data for Nbss and Nb5Si3. The two 

columns of data were then refined and data points which lay on the edge of phases were 

removed. The modulus of the two phases was estimated using the nano-indentation data 

and Equation 1: 

 

Equation 1 

Ὁ   

 

Where Er is the reduced modulus (data from indenter), Es is the elastic modulus, Ei and 

ɜi are indenter parameters and ɜs is the Poisons ratio of the respective phase being 

analysed, as described in the seminal paper by Oliver and Pharr (Oliver & Pharr 1992). 

The values Ei = 1140 GPa and ɜi = 0.07 were used for the Berkovitch indenter and ɜs = 

0.38 and 0.27 for Nbss and Nb5Si3 respectively. As described in the seminal paper by 

Oliver and Pharr (Oliver & Pharr 1992). In alloys with more than two phases it is 

impossible to differentiate between the Nb5Si3 and the Laves phase. The Laves phase 

was typically found in small volumes at the edge of silicide grains. The data points in 

these areas were not considered in order to reduce the error caused by analysing the 

wrong phase.  

3.11 Fracture toughness 

 

The fracture toughness of the alloys was measured using a Zwick Roell model: BT2-

FR050TH machine with a 5KN load cell and a 3 point bend rig. Specimens were 

prepared to conform with U.S. (ASTM 2013) and British standards (Anon 2010), to get 

KQ values, see section 3.4.4. Specimen dimensions were based on previous work done 

in the field, in agreement with the afore mentioned standards, as was the decision not to 



3.12 Experimental  

65 

 

pre crack the samples (Subramanian 1997; Kimura et al. 2005; Kim et al. 2004; 

Soboyejo et al. 1999; Kim & Tanaka 2002; Sha, H. Hirai, et al. 2003). Specimens with 

dimensions å 6 x 3 x 45 mm
3
 were cut using electro discharge machining (EDM) and 

these samples were notched at the centre to half the width (3mm) also using EDM to a 

notch root diameter of 0.2mm. These samples were then placed in the 3 point bend rig 

with a span 0f 40 mm and load was applied until failure. The FQ data gained from the 

test was then applied to Equation 2 and Equation 3, to get the KQ value. 

 

Equation 2 

ὑ Ὂ
Ὓ

ὄὡ ϳὪὥὡϳ  

 

Equation 3 

 

Ὢὥὡϳ σὥὡϳ ϳ
ρȢωω ὥὡϳ ρ ὥὡϳ ςȢρυ σȢωσὥὡϳ ςȢχὥὡϳ

ςρ ςὥὡϳ ρ ὥὡϳ ϳ
 

Where: 

¶ KQ= provisional fracture toughness (MPa·m
2
) 

¶ FQ= Force (kN) 

¶ S= Span between outer loading points (mm) 

¶ B= Specimen thickness (mm) 

¶ W= Width of specimen (mm) 

¶ a = crack length (mm) 

After the test was completed the samples were mounted and polished, BSE images were 

then taken to show the crack propagation path. 

 

3.12 Density Measurements 

 

Density measurements were completed using a Mettler Toledo NewClassic MF set of 

density scales. This method is based on the Archimedes principle, which states an object 

immersed in water is buoyed up by a force equal to the weight of the water it displaces. 

With the density of the water known through a range of temperatures (buoyancy varies 



3.13 Experimental  

66 

 

with water temperature) the density of the object can be found. Equation 4 was used for 

the density calculation where ɟ is the density of the sample, W(a) is the weight of the 

sample in air, ɟ(L) is the density of the water and W(L) is the weight of the sample in 

water. 

 

Equation 4 

”
ὡ Ͻ”

ὡ ὡ
 

This equation does not include the errors caused by several factors, most notably: 

 

1) The formation of bubbles on the surface of the sample that is being analysed 

2) Air buoyancy during weighing in air 

3) A change in depth of immersion of the pan hanger assembly 

4) The dependency of the buoyancy of water on temperature 

5) Adhesion of water to the suspension wire of the pan hanger assembly 

 

Smooth pieces of the alloy were weighed to avoid the formation of bubbles on the 

outside of the sample. A correction factor was also added automatically within the 

equipmentôs built in software to counter the effect of air buoyancy. 

 

3.13 Volume fraction measurements 

 

Volume fractions were calculated using image j software and BSE images. The contrast 

of the images was first altered to make the difference between the dark (Nb5Si3) and 

light (Nbss) phases more distinguished. The image was then made into a binary and a 

threshold was set so that all the Nb5Si3 was marked, the area being analysed was then 

selected with a box. After the area for analysis had been selected it could be measured, 

this provided the area fraction of the phases in that area. This method was repeated for a 

minimum of 5 images to calculate an average value.  
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4 As-cast Microstructures: Results and Discussion 

Understanding the microstructure of alloys is a crucial step in the identification of 

phases present in the alloys, the alloying effects on the stabilities of these phases, the 

solidification paths and for tracking the changes caused by different alloying additions. 

The following chapter will be a comparative study of the alloys of this research; giving 

a detailed progression through the changes that were influenced by varying alloying 

additions, and the resulting microstructural effects that followed. 

Table 4.1 shows the volume fractions and densities of the phases present in this study. 

Laves phase containing alloys show a notable decrease in Nbss volume fraction and the 

densities are comparable to the amount of RM added to the respective alloy. 

 

Table 4.1 Volume fraction and densities of alloys 

Alloy  
Fraction of phase (%) Density 

(g/cm
3
) Nbss Nb5Si3 NbCr2 

JN1-AC 42 58 - 
6.9 

JN1-HT 42 58 - 

JN2-AC 40 55 5 
7.6 

JN2-HT 39 61 - 

JN3-AC 51 49 - 
7.5 

JN3-HT 50 50 - 

JN4-AC 44 56 - 
7.1 

JN4-HT 47 53 - 

AC:As-Cast, HT: Heat Treated 

 

 

4.1 Alloy Nb-18Si-24Ti-5Cr-5Al-5Hf (JN1-AC) 

 

The alloy JN1 was developed to bridge the knowledge gap between the alloys KZ5 of 

nominal composition Nb-18Si-24Ti-5Cr-5Al (Zelenitsas & Tsakiropoulos 2005; 

Zelenitsas & Tsakiropoulos 2006b; Zelenitsas & Tsakiropoulos 2006a) and JG4 of 

nominal composition Nb-18Si-24Ti-5Cr-5Al-5Hf-2Mo (Geng, Tsakiropoulos & G Shao 

2007; Geng, Tsakiropoulos, et al. 2006a) as an alloy (with Hf, without Mo or another 5d 
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of sp element addition) had not been investigated. The bulk microstructures of the alloy 

KZ5 and JG4 can be seen in Figure 4.1, both alloys had complex microstructures with 

the presence of Nbss, Nb5Si3 and NbCr2 Laves phase. The most notable difference 

between them was the presence of Hf rich Nb5Si3 in the Hf containing alloy JG4, The 

segregation of Nbss is clear in KZ5. 

 

 

 

 

 

 

 

 

 

 

 

Table 4.2 gives the large area EDS analysis results. The EDS analysis was obtained at 

320X magnification from the top, bulk and bottom. An average was calculated using at 

least 5 analyses, taken from these areas. All analyses showed the composition to be 

within 0.5 at% of the nominal composition except for Si and through balance Nb. This 

would be attributed to the EDS analysis used for Si, as a difference of roughly 2 at% has 

been observed by other students in this group when using both EDS and WDS analyses 

for similar Nb-Si based alloys. There were however notable differences between the Si 

concentration in the top and the bottom of the button ingot locations to Si 

macrosegregation with ὅ ὅ τȢρ ὥὸϷ. 

 

 

 

 

 

 

 

(a) (b

) 

Figure 4.1 images from the bulk of KZ5(a) (Zelenitsas & Tsakiropoulos 2005) and JG4 

(b) (Geng, Tsakiropoulos & G Shao 2007) AC 
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Table 4.2 EDS large area analysis of JN1-AC (at%)  

Area in ingot Nb Si Ti  Cr  Al  Hf  

Top 
40.7±0.2 

40.4-40.8 

20.9±0.6 

20.1-21.7 

23.5±0.5 

22.6-24 

4.5±0.2 

4.2-4.7 

5.3±0.2 

5.0-5.6 

5.1±0.1 

5.0-5.3 

Bulk 
40.9±0.4 

40.4-41.4 

20.3±1.0 

19-21.7 

23.7±0.5 

23-24.1 

4.6±0.3 

4.2-5.0 

5.4±0.2 

5.2-5.7 

5.1±0.1 

5.0-5.3 

Bottom 
41.4±0.5 

40.8-42.4 

19.6±1.0 

17.7-21 

23.5±0.6 

22.7-24.5 

4.4±0.3 

4.0-4.9 

5.7±0.1 

5.5-5.9 

5.4±0.2 

5.2-5.6 

Average 

composition 

41.2±0.6 

40.4-42.4 

20.1±1.0 

17.7-21.7 

23.5±0.5 

22.6-24.5 

4.5±0.3 

4.0-5.0 

5.5±0.2 

5.0-5.9 

5.2±0.2 

5.0-5.6 

 

Figure 4.2 shows the microstructures at 250X and 1200X magnification of the top, bulk 

and bottom of the alloy JN1 AC. There was a difference in the scale of the 

microstructure, which was finer at the bottom and in the directionality, which was more 

defined at the top, furthermore there was no eutectic in the bottom. In all three areas the 

partitioning of Hf made the identification of phases extremely difficult, in particular the 

Nbss.  

In the bottom of the button ingot the microstructure was fine and consisted of 

mostly closely spaced Nb5Si3 grains, surrounded by Hf rich Nb5Si3 and Nbss. Some 

boundaries of Nb5Si3 exhibited dark contrast areas that were attributed to the 

segregation of Ti.  

In the bulk of the alloy the bulkier Nb5Si3 seemed to be randomly oriented in the 

microstructure and the interdendritic regions between the silicide grains were larger 

when compared with the top. In the interdendritic regions the formation of eutectic was 

observed; the constituent phases also appeared to have an acceptable degree of 

microsegregation. This was attributed to the slower cooling rate that allowed more time 

for the partitioning of Hf to occur, leading to microsegregation. The overall architecture 

of the microstructure in this part was similar to that of JG4, see Figure 4.1. 

The top of the ingot displayed more directionality of the Nb5Si3 than the bulk. There 

was visibly less microsegregation in the Nbss, and the Nb5Si3 grains were smaller and 

more closely spaced than the bulk. There was less eutectic in the interdendritic regions.  
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Figure 4.3 shows X-ray maps of the Bulk of JN1-AC. This qualitative method is one of 

the only methods to distinguish between the Hf ïrich Nb5Si3 and Nbss. The red areas 

have a higher concentration of the analysed element, and in the blue areas there is little 

or none of the analysed element. Elemental maps were used to assist with the 

(a) 

(c) 

(b) 

(f) (e) 

(d) 

Figure 4.2 BSE at 250 X and 1200 X magnification of the top (a, b), bulk (c, d) and 

bottom (e, f) of JN1 AC 
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characterisation of the microstructure, owing to the complication of the contrast of the 

phases due to the partitioning of Hf. The technique is very useful to determine the 

different areas of microsegregation of elements (Si) which is not easy to identify in a 

simple BSE image e.g. when an element of high Z number, such as Hf, partitions 

between all the phases present. 

The Si and Nb maps clearly show the silicide grains and the Hf rich regions align 

with the low Nb, high Si regions indicating the Hf rich Nb5Si3. The Hf rich Nb5Si3 

regions were found in the interdendritic spaces between the Nb5Si3 grains and the Nbss. 

The Ti and Cr rich regions corresponded with the Hf rich regions as both elements 

partition to regions which are rich in Hf. Al does appear to have a higher solubility in 

the Nbss as opposed to the Nb5Si3. The Cr map shows no convincing evidence of the 

presence of the C14 Laves phase. With the exception of one area which was also rich in 

Ti. Thus it was not possible to confirm the presence of Laves phase in JN1-AC on the 

basis of the X-ray maps.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nb5Si3 

Hf-rich 

Nb5Si3 

Hf rich Nbss 

/Nbss 
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Figure 4.3 BSE image of JN1 AC bulk and X-ray maps for Nb (a), Si (b), Ti (c), Cr 

(d), Al (e) and Hf (f) 

(a) 

(f) (e) 

(d) (c) 

(b) 
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The microstructure of the alloy JN1-AC was characterised using both XRD and 

Rietveld analysis. Figure 4.4 shows the X-ray diffractogram produced by Rietveld 

analysis; the red and black markers under the graph represent the ɓNb5Si3, which has 

the W3Si3-type D8m structure (Geng, Shao, et al. 2006; Bewlay et al. 2004) and the Nbss 

respectively. The purple line represents the goodness of fit with peaks representing 

deviations between the fitted standard profile and the sample profile, with bigger peaks 

representing a larger mismatch. The majority of the mismatch lies in the first å 25% of 

the data meaning the largest portion of the data is fitted with a large degree of accuracy, 

the overall peak profile has a chi
2
 value of 1.73. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For comparative reasons the powder pattern was also fitted using the Sieve+ software to 

ensure similar results were achieved. This is important as none of the other alloys were 

characterised using Rietveld analysis as they were too complex and the chi
2
 values were 

very large. Figure 4.5 shows the same powder pattern as Figure 4.4 however the pattern 

was indexed using the Sieve+ software. It can be seen by comparison that a good match 

between the two patterns was achieved, with the main phases being indexed as Nbss and 

Figure 4.4 Rietveld analysis of JN1-AC The green line is the original pattern, the red 

markers are the fitted pattern and the purple line is the goodness of fit. The tick marks 

under the graph represent the Nbss and the Nb5Si3 phases in black and red respectively. 
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d (Å) 2 ɗ theta a (Å) f (ɗ) hkl Corrected a (Å)

JN1 ac 2.305 39.04 19.52 3.260 2.704168 110

1.633 56.28 28.14 3.266 1.676321 200

1.333 70.62 35.31 3.264 1.170963 211

1.151 84 42 3.256 0.838495 220

1.032 96.54 48.27 3.264 0.602851 310

0.947 108.94 54.47 3.279 0.421175 222

3.270

ɓNb5Si3; this gave good confidence for the use of sieve+ software to analyse the 

diff ractograms of the other alloys. 

 

 

 

 

 

 

 

 

Figure 4.5 JN1-AC powder X-ray diffractogram analysis using Sieve+ 

 

Using the peak data obtained from the powdered sample it was also possible to calculate 

the lattice parameter of the Nbss phase using a Nelson Riley plot.  

The value for ñaò was calculated from Equation 5, where H, K and L are miller 

indices and d is the d spacing of the peak.  

The value of d was calculated from Equation 6 where n is an integer, ɚ is the 

wavelength of the incident wave and ɗ is the angle between the incident ray and the 

scattering planes.  

The value for f(ɗ) was calculated using Equation 7 where f(ɗ) is the error 

function, and ɗ is the angle between the incident ray and the scattering planes.  

The calculated lattice parameter values for JN1-AC can be seen in Table 4.3 

These were used to create the Nelson-Riley plot. The Nelson Riley plot can be seen in 

Figure 4.6 

 

  

 

 

 

 

 

 

Table 4.3 The calculated lattice parameter of the BCC Nbss in JN1-AC 
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The value for ñaò was extrapolated from the Nelson Riley plot; the lattice 

parameter of Nbss in JN1 AC ñaò is 3.27 Å. The lattice parameter of pure Nbss is 3.303 

Å; indicating a contraction of the lattice parameter by 0.033 Å. This contraction is due 

to the presence of elements with small atomic radii within the Nbss; in this case Ti, Si, 

Cr, Al and Hf have atomic radii of 1.47, 1.17, 1.30, 1.43and 1.59 Å (Gale & Totemeier 

2003) respectively. The effect of covalent bonding also has a large effect on reducing 

the lattice parameter (Kim et al. 2004). 

 

Equation 5 

 

ὥ Ὠ Ὄ ὑ ὒ 
Equation 6 

 

ὲ‗ ςὨίὭὲ— 
Equation 7 
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ὧέί—ὧέί—

ίὭὲ—

ὧέί—ὧέί—

—
 

 

Phase analysis of the phases present in JN1 AC was performed using WDS in 

EPMA to determine the chemical composition and the effects of alloying on solute 

partitioning. The XRD had suggested the presence of Nbss and ɓNb5Si3 in the alloy. 

Table 4.4 shows the phase analysis data that confirmed the presence of Nbss and Nb5Si3, 

and the partitioning of Hf in both phases. The Nbss phase was thus formed as Hf rich 

Nbss and normal Nbss. This was supported by the X-ray maps in Figure 4.3 where it was 

noticed that the Hf rich regions were closer to the Nb5Si3 grains than the normal Nbss. 

Figure 4.6 Nelson-Riley plot for the lattice parameter of the bcc Nbss in JN1-AC 
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The Hf rich and poor regions in Table 4.4 were determined by grouping all relatively 

high and low regions together, with a cut-off point of 4.7 at% between the two. The 

average Hf composition of the normal Nbss was 3.6 and the Hf rich was 5.6 at% 

displaying a significant compositional difference. The partitioning of Hf has a direct 

effect on the partitioning of the other elements, areas that were rich in Hf were also rich 

in Ti and Cr, however the concentration of Al was not affected by Hf and remained 

consistent throughout the Nbss.  

The composition of the Nb5Si3 was also affected by the partitioning of Hf with 

two distinct silicides forming, the Hf rich one having an average concentration of 9.3 

at% and the normal Nb5Si3 4.6 at%. As with the Nbss, the Hf also affected the 

partitioning of elements, notably Ti in the silicide, the concentration of which increased 

with Hf. 

In JN1-AC some eutectic areas were large enough to be analysed. The analyses 

showed that the average Si content was 13.3 at% and the Si+Al was 18.9 at%, the latter 

being very close to the eutectic components of 18.75 at% in the Mo-Si binary. The 

eutectic was formed from the last to solidify melt. 

 

Table 4.4 EPMA phase analysis of JN1-AC (at %)  

Phase Nb Si Ti  Cr  Al  Hf  

Nbss 
53.7±3.2 

48.7-57.0 

1.7±0.4 

1.3-2.5 

26.5±1.9 

24.7-29.5 

8.0±1.1 

6.7-9.3 

6.2±0.2 

6.2-6.8 

3.6±0.7 

3.0-4.5 

Nbss 

Hf rich  

45.9±4 

40.6-51.8 

2.0±0.7 

1.3-3.5 

30.7±1.7 

28.1-33.4 

9.4±1.0 

7.5-11.1 

6.5±0.2 

6.2-6.8 

5.5±0.7 

4.7-6.4 

Nb5Si3 
41.0±1.4 

38.8-42.6 

30.4±1.2 

28.2-31.5 

19.2±1.4 

17.8-20.8 

1.3±0.5 

0.9-2.3 

3.5±0.5 

3.0-4.2 

4.6±0.1 

4.4-4.7 

Nb5Si3 

Hf rich  

30.4±0.6 

30.1-31.3 

32.6±0.9 

31.2-33.3 

23.7±0.1 

23.5-23.7 

1.1±0.4 

0.9-1.8 

2.9±0.1 

2.8-3.0 

9.3±0.3 

8.9-9.5 

Eutectic 46.8±2.2 13.3±1.5 24.2±1.1 5.3±0.6 5.6±0.2 4.8±0.5 
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The NbCr2 Laves phase was formed in both the alloys KZ5 and JG4, any regions 

in JN1-AC where there could be Laves phase (see Figure 4.2) were much too small to 

analyse using EDS/WDS. The X-ray maps were also non-conclusive regarding the 

presence of the Laves phase. The existence of the Laves phase in JN1-AC, whilst 

possible, is not likely to be at a high volume fraction.  

The formation of NbCr2 in Nb-silicide alloys has been limited with the 

partitioning of Cr to the melt which becomes rich in Cr and the Laves forms from the 

last to solidify Cr-rich melt. In JN1-AC the strong partitioning of Hf in the Nbss, which 

was not observed in JG4, and the corresponding increase in the concentration of Cr (and 

Ti) in the Hf rich Nbss would be the reason for the interdendritic melt not becoming rich 

enough in Cr to allow the formation of NbCr2. 

Another reason for the stabilisation of the C14 NbCr2 Laves phase in KZ5 and not 

in JN1 would be the higher actual Cr content in KZ5, being 6.8-7.6 at%, resulting in the 

alloy sitting deep in the Nbss-Nb5Si3-NbCr2 ternary phase field (Bewlay et al. 2009). 

The Nb5Si3 grains and the eutectic were much coarser in KZ5, compared with JN1; this 

would suggest a refining effect of Hf on the microstructure (Tian et al. 2008).  

The Scheil solidification path of JN1-AC was calculated using the Pandat 

database and software and gave the following result, see Figure 4.7. Solidification starts 

at ~ 1958 °C, then L­ L + Nb5Si3 ­ L + Nb5Si3 + Nbss ­ L + Nb5Si3 + Nbss + Ti5Si3 

­ L + Nbss + Ti5Si3 ­ L + Nbss + Ti5Si3 + C14 NbCr2 ­ Nbss + Ti5Si3 + C14 NbCr2 

with the last liquid solidifying at ~ 1223 °C and vol% Nbss of 44.6% and vol% Nb5Si3 

of 44.2% and Ti5Si3 of 11.2%. In other words the calculations gave Nb5Si3 as the 

primary phase, in agreement with the experimental results, the formation of hexagonal 

5-3 silicide, the formation of C14 Laves phase, which was not confirmed conclusively 

by the experimental results and a final microstructure consisting of Nbss, hexagonal 5-3 

silicide and Laves that is not in agreement with the experimental results. Regarding the 

structure of Nb5Si3 the XRD data for JN1-AC confirmed the presence of tetragonal b 

Nb5Si3 and there were no peaks corresponding to the hexagonal gNb5Si3. The 

Nb/(Ti+Hf) ratio for the Hf rich Nb5Si3 was less than one (å0.9) but the Nb/(Ti+Hf) 

ratio in the alloy was above one (å 1.44). The so called ñstrictò ñBewlay ruleò suggests 

formation of hexagonal Nb5Si3 when the above ratio is below one (¢0.7) in both the 
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alloy and the 5-3 silicide. The calculated volume fractions were close to the 

experimentally measured ones, see Table 4.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2 Alloys Nb-18Si-15Ti-10Cr-2Hf-5Mo-5W-2Sn (JN2-AC) and Nb-18Si-15Ti-

2Cr-2Hf-5Mo-5W-2Sn (JN3-AC) 

 

The alloys JN2 and JN3 were studied to understand how Cr affects the microstructure 

evolution, phase stability, oxidation and mechanical properties of high order alloys with 

RM additions and Sn. Mo and W were added, and the concentration of Ti and Hf were 

reduced to balance the properties of the alloy. The increased Cr content and addition of 

Sn were expected to balance the negative effect on oxidation resistance anticipated from 

the reductions in Ti and Hf concentrations.  

 

4.2.1 JN2-AC 

 

The large area analysis for JN2 is given in Table 4.5. The data shows that the average 

composition for most elements was close to the nominal composition, with the 

Figure 4.7 Scheil solidification path for JN1 calculated using the Pandat software 
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exception of W which was far from the nominal. Their difference was attributed to the 

difficulty of fully melting the W pellets. The W concentration was stable throughout the 

top, bulk and bottom of the alloy with an average of 2 at%. There was macrosegregation 

of Si with ὅ ὅ σȢς ὥὸϷ and no segregation for the other elements.  

 

Table 4.5 EDS large area analysis of JN2-AC (at%)  

Area in ingot Nb Si Ti  Cr  Hf  Mo W Sn 

Top 
42.6±0.3 

42.3-42.9 

20.6±0.4 

20.2-21.1 

15.9±0.2 

15.6-16.2 

9.5±0.2 

9.3-9.8 

1.6±0.0 

1.6-1.7 

5.6±0.1 

5.5-5.7 

2.1±0.2 

2-2.4 

2.0±0.2 

1.8-2.3 

Bulk 
42.6±0.5 

42-43.1 

20.3±1.3 

19.5-22.6 

16.0±0.2 

15.9-16.2 

9.4±0.3 

8.9-9.7 

1.6±0.2 

1.3-1.9 

5.8±0.3 

5.5-6.2 

2.2±0.4 

1.5-2.5 

2.0±0.2 

1.8-2.3 

Bottom 
42.5±0.2 

42.3-42.8 

20.3±0.6 

19.4-20.9 

16.0±0.2 

15.7-16.2 

9.7±0.4 

9.4-10.4 

1.7±0.1 

1.5-1.9 

5.9±0.2 

5.6-6.2 

2.0±0.3 

1.7-2.3 

1.9±0.1 

1.7-2 

Average 

composition 

42.6±0.1 

42.0-43.1 

20.4±0.2 

19.4-22.6 

16.0±0.1 

15.6-16.2 

9.5±0.2 

8.9-10.4 

1.7±0.1 

1.3-1.9 

5.8±0.2 

5.5-6.2 

2.1±0.1 

1.5-2.5 

2.0±0.1 

1.7-2.3 

 

Figure 4.8 shows the microstructure at low and high magnification for the top, bulk and 

bottom of the alloy JN2. The dark grey grains are Nb5Si3, the bright grains are Nbss and 

the black areas are the NbCr2 Laves phase. There was a noticeable variability in contrast 

in the Nbss which suggests microsegregation but not in the Nb5Si3.  

In the bottom of the ingot where the melt had been in contact with the water 

cooled copper hearth the microstructure consisted of three distinct phases normally the 

Nbss, Nb5Si3 and the NbCr2 Laves phase. The low magnification images would suggest 

almost equal volume fraction for the Nbss and the Nb5Si3. The spatial distribution of the 

Laves was not uniform and the Nbss did not exhibit a dendritic morphology. 

In the top and bulk of the ingot the dendritic structure of the Nbss was apparent 

and finer in the former. The NbCr2 Laves phase was formed at the Nb5Si3-Nbss interface 

as was the case in the bottom of the ingot.  

None of the phases within JN2-AC appeared to have any micro cracks, however 

there was noticeable porosity throughout the ingot, mostly in the bulk and top. 
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Given the partitioning of solutes in the Nbss, elemental maps were used to aid further 

characterisation of the microstructure. Figure 4.9 shows the X-ray maps from the bulk 

of JN2-AC. The maps clearly show the high degree of solute partitioning, i.e. 

microsegregation in the alloy. The Nb, Si and Cr maps show where the Nbss, ɓNb5Si3 

and NbCr2 Laves phase were formed. The other elemental maps help to distinguish 

Figure 4.8 BSE at 250 X and 1200 X magnification of the top (a, b), bulk (c, d) and 

bottom (e, f) of JN2 AC. 

(a) (b) 

(c) (d) 

(e) (f) 






















































































































































































































































































































































