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Abstract 

Efficiency is a primary concern of the commercial aerospace sector, both in terms of 

environmental factors and financial incentive. One way to improve engine efficiency is to 

increase the turbine entry temperature of the engine, but this is currently limited by the 

material of choice, nickel superalloys. Nb-Si alloys have the potential to replace current turbine 

materials with a combination of a Nb5Si3 silicide phase providing strength and a Nbss solid 

solution matrix increasing overall toughness. 

There are, however, problems with this alloy system that must be overcome if they are to 

become a viable replacement. One such difficulty observed is in promoting the optimal                

α-Nb5Si3, with long (100 h), energy consuming (1500°C) heat treatments often being required. 

This work explored ways to promote the formation of α-Nb5Si3 and suppressing β/γ-Nb5Si3 

phases using elemental additions and novel processing techniques such as additive 

manufacturing and hot isostatic pressing. Additive manufacturing was implemented due to its 

flexible nature and lack of mould requirement. Hot isostatic pressing was used to successfully 

consolidate porosity after formation of Nb-Si alloys.  

Comparison of rapid solidification from additive manufacturing to other manufacturing 

techniques showed the formation of alternate phases to the literature, suggesting that novel 

processing techniques influence promoted phases. Elemental addition of Cr, Hf, Ti, Zr, Y and 

Ta were used to control phase evolution. Additions of Hf displayed Hafnia inclusions at all 

stages of production. Addition of Cr in high concentrations promoted α-Nb5Si3, but also 

produced the unexpected cubic C15 Laves phase over the hexagonal C14 phase. 

Tiss was noted in some alloys when phase transitions occurred during post-processing, 

although after long heat treatments these were reduced. High levels of Zr showed promotion 

of γ-Nb5Si3, whilst low concentrations allowed for α-Nb5Si3 formation. Additions of Ta helped 

to promote α-Nb5Si3 during the formation stage and helped reduce β-Nb5Si3 after short post-

processing heat treatments (5 h), potentially opening faster heat treatment routes. 
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1 Introduction 

1.1 Context 
The gas turbine industry is dominated by four major companies; Rolls-Royce, Snecma, General 

Electric, and Pratt and Whitney. These companies own the majority share in a worldwide 

industry worth $40.5 billion as of 2009, an increase of 13% from 2008.[1] If these companies 

are to stay at the forefront of this market it is imperative that the engines they produce have 

either the greatest performance, most reliability or lowest cost on the market. 

1.2  History 
Whilst the principles of gas turbines have been known since the 18th century[2], it wasn’t until  

1937 when Frank Whittle demonstrated the first working turbojet that the work of gas turbines 

could finally get off the ground. [3]  Since the original design, the jet engine has undergone a 

number of iterations, ultimately adapting from its original and bulky centripetal compressor to 

a thinner, longer axial design, increasing the efficiency of the engines overall. Some areas still 

see use of the centripetal engine where space is a limiting factor, such as helicopter engines.  

With performance being an important quality, it is important to calculate correctly, a common 

method to determine the efficiency(η) of an engine is the Carnot equation ( 1 ). 

 
η =

𝑊𝑚𝑎𝑥

𝑄ℎ
=

(𝑇ℎ−𝑇𝑐)

𝑇ℎ
 

( 1 ) 

This shows is the mechanical work delivered (Wmax), the quantity of heat input to the system 

(Qh), the operational temperature (Th) and the external temperature (Tc). As can be seen from 

the equation ( 1 ), one of the ways companies are able to increase efficiency is to increase the 

temperature in which the hot section of the engine operates. Most engines are limited in their 

efficiency and very few reach 60% efficiency, one of the most efficient is General Electric’s 

7HA.02 gas turbine which only has an efficiency of 61%.[4] In all engines the hottest point is 

adjacent to the fuel ignition, and is referred to as the turbine entrance temperature (TET). 

Originally turbine blades were made from steel but were unable to reach high temperatures 

and had very short service lives.[5] 

Since then the materials of choice have been nickel superalloys, which are able to operate at a 

much higher TET. Figure 1 shows that since the 1940s the engine operating temperature has 

increased by over 800°C, with Mitsubishi Heavy Industries (MHI) achieving a TET of 1600°C in 
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2011.[6] It is important to recognise that this temperature milestone was reached using blades 

constructed from 4th generation superalloys. The melting temperature of these alloys are 

~ 1350°C, over 200°C lower than its reported operating temperature.[7] 

 

Figure 1: Evolution of the turbine entry temperature (TET) capability of Rolls-Royce’s civil aero engines, from 

1940 to the present day.[8]  

The increase in TET has been achieved through a combination of processing methods, design 

changes and thermal barrier coatings, including the addition of cooling channels within the 

blade. This increase in TET has plateaued and it is commonly understood that nickel superalloys 

as a material are approaching the peak of their performance. Therefore an alternative is 

required if these temperature barriers are to be breached.[7, 9] 

This document will focus on the recent development of materials for use in gas turbines with 

a focus on niobium silicide’s as a replacement for nickel superalloys. There will be a focus on 

alloy design to reduce formation defects and promote ideal phase characteristics. Some 

fundamental issues will also be discussed as there are still many issues to address before this 

material can be implemented on a large scale. 
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1.3  Current Materials 
When high temperature environments are needed, specialist materials are required to fulfil a 

wide range of tasks. Figure 2 depicts some of the components that can be found in service, and 

attention will be drawn to the rotating components; both the compressor and turbine blades. 

The diagram below shows a titanium alloy being implemented in the fan blade and compressor 

sections. An example of a common wrought alloy is Ti-6Al-4V which is made through super-

plastic forming and diffusion bonding. However, other materials are being developed, for 

example advanced engine models use carbon fibre to lower weight.[10] 

 

Figure 2: A generalised diagram of the materials used in a gas turbine engine.[11] 

Low pressure compressor blades are typically constructed from similar titanium alloys as they 

are resistant to corrosion, have an excellent balance of low density and strength. These are, 

however, only useful at lower temperatures, as their effective strength is lost above 600°C. 

This means they are not able to be used in hotter areas of the engine, where they are thereby 

replaced with nickel superalloys. 

Steel is often used as the shaft where compressor and turbine blades are attached due to its 

good strength, can be easily made to different requirements and heat treated to promote 

specific characteristics. Super CMV is often used to produce 3 interconnected shafts which 

allow you to run different turbines and compressors independently.[12] 
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As has been stated before, nickel superalloys have undergone a great amount of development, 

but it is likely they have reached their pinnacle. Finding the correct alloy composition is largely 

a balancing act of multiple factors. Attempts to increase the melting point, whilst possible, lead 

to an increase of both temperature and density. High density materials undergo high stresses 

when in operation, requiring more reinforcement to the central axel. This increases the weight 

of the engine and reduces the alloys desirability. 

Further increases in TET are unlikely from nickel, as seen in Figure 1 the majority of the 

increases can be attributed to blade design and thermal barrier coatings, future development 

is likely to be focused on increasing process efficiency.[13] 

1.4  Aim and Objectives 
The desire to increase the efficiency of gas turbine engines has led to the research and 

development of new materials to push the boundaries further. 

There is a world-wide effort to replace nickel superalloys, with some materials having the 

potential to meet these demands. The overall objectives of this thesis can be seen below:  

1. Identify appropriate material to replace Ni superalloys. 

2. Establish desired microstructure to produce ideal mechanical, oxidation resistance and 

high temperature properties. 

3. Identify suitable manufacturing technique for novel material. 

4. Reproduce literature material using alternative manufacturing technique to provide 

comparison. 

5. Iteratively improve material to produce novel material composition/alloy. 

Some of the proposed materials include ceramic metal composites (CMS’s), Mo-Si-B alloys, Pt 

group materials and Nb-Si alloys, the pros and cons of each material will be discussed in 2.2. 

The latter has great potential, and the majority of this thesis will focus upon the advances in 

niobium silicide’s for high temperature applications. Traditional manufacturing techniques 

may not be suitable to produce Nb-Si alloys and will be discussed in 2.4.3 with Chapter 8 will 

discuss the post processing techniques applied during manufacturing. Chapter 4 and 5 will 

compare alloys produced via additive manufacturing to other manufacturing methods, and 

iterative improvements to the alloy system will be discussed in Chapters 6 and 7. 
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2 Literature Review 

2.1 Introduction 
A review of the literature surrounding the topic of gas turbine blades was performed, focused 

on novel materials aimed at replacing the current nickel superalloys. A brief introduction to 

Nb-Si alloys, describing the known phase diagram and crystal structures as well as their 

comparison to other materials discussed in section 2.2. The final section of the literature review 

will discuss the challenges that need to be overcome before Nb-Si alloys can be implemented 

into gas turbine engines. 

2.2 Ongoing Material Research 
There are many potential materials that could be used to replace nickel superalloys, each of 

them has their benefits and shortcomings. Processing techniques are designed for current 

nickel superalloys. The sections below will discuss many of the new materials and 

manufacturing methods being researched 

2.2.1 Ceramic Matrix Composites 

CMCs belong to a subgroup of composite materials consisting of ceramic fibres embedded in 

a ceramic matrix, this forms a ceramic-fibre-reinforced-ceramic (CFRC) material. CMCs being 

used in gas turbines have some advantages over metal designs. A lot of the early research has 

focussed on stationary components within the engine and started in the combustion chamber, 

as opposed to the turbine sections. CMC’s can be used to line the combustion chamber give a 

few notable advantages; firstly, CMC’s such as OXIPOL (an oxide CMC based on polymers) have 

a higher temperature capability (Tm~2000°C) and thus allows firing temperature to be 

increased without affecting the materials properties adversely. Secondly, the air which is 

usually syphoned off from the compressor to cool the combustion chamber may be saved and 

thus used for useful work in the turbine, or to be used to burn the fuel more effectively and 

thus reduce harmful NOx emissions.[14] Thirdly, if the combustion chamber is cooled it may 

cause incomplete combustion to occur near the wall (see Figure 3). If a CMC is used then the 

wall may be hotter and reduce the chance of flame quenching.[15] 
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Figure 3: Cross sectional view of a combustion chamber in a gas turbine engine.[16] 

General Electric have made a push towards developing CMCs to be placed in multiple sections 

of the turbine, publishing multiple patents for their use.[17-19] They have also announced their 

first successful testing of a CMC in a rotating turbine blade.[20] The blade weighs one third that 

of a conventional nickel blade and requires no air cooling, another efficiency boost to this 

material. This material was later integrated into the GE9X engine, one of the world first CMC 

containing engines. 

To compete with nickel superalloys, more work is required to lower manufacturing cost of this 

route. Additionally, cost reduction in the fibers and more use of protective coatings will 

increase competitiveness.[21] 

Silicon carbide composites have the potential to be used at extremely high temperatures in a 

gas turbine, exhibiting both high temperature strength and durability. In dry air they have 

superb oxidation resistance, but in moisture (a side product of the combustion reaction) a silica 

scale is produced on the turbine blades surface which reacts further to form silicon hydroxide 

products at around 1300°C. Coatings are being developed for SiC materials to resist moisture 

and many have made advances, however they do suffer from other shortcomings; including 

cost and a suitable manufacturing method.[22, 23] Typically CMC’s are usually batch developed 

using over 50 separate steps including melt infiltration of Si into a carbon matrix to produce 

complex turbine blades.[24] 

2.2.2 Mo–Si–B Alloys 

Molybdenum silicide’s share many of the same potential advantages as niobium silicides for 

the future of high temperature application materials. Early studies however have shown that 

the intermetallic phases in isolation are not yet suitable.  MoSi2, which is the major constituent, 
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has excellent oxygen resistance up to 1700°C, but at temperatures greater than 1200°C it 

suffers from very high creep deformation.[25] In spite of this drawback, Mo3Si5 oxidises very 

quickly at high temperatures but maintains a low creep rate. In an attempt to alleviate the 

negative properties, a ternary system has been developed which includes small amounts of 

boron (0.8- 1.9 wt. %)[26]. This produces a glassy borosilicate layer on the surface which aids 

oxidation resistance. A study has also implemented this material as a surface coating to 

niobium silicide in-situ composites, details of which are discussed later in this review.[27] A 

single crystal monolith created from MoSi2 has been tested at low oxidation temperatures and 

boasts a continuous oxide scale on the surface. This scale - free from cracks - limited the further 

oxidation and is expected to be controlled by diffusion of the ions through the layers.[28] One 

aspect of these materials which limits their viability is density. This is an important factor which 

needs to be considered in order to obtain higher propulsive efficiencies. As the density of  

Mo-Si in these alloys is ~9.5 g.cm-3, not only are they significantly higher than niobium silicide 

materials at ~7g.cm-3, they are also more dense than the existing nickel superalloys which are 

9.2 g.cm-3 placing them at a significant disadvantage.[29-31] 

2.2.3 Pt Group Alloys 

Platinum group materials have the potential for high temperature applications. These consist 

of alloys based on Ru, Rh, Pd, Os, Ir and Pt as the predominate element. In contrast to the 

refractory metals, the platinum group metals have exceptional oxidation and chemical 

resistance. Some of the metals in this group, whilst having these excellent resistive properties, 

have very undesirable strength aspects associated with them in their pure form. However, 

alloying them with elements such as zirconium and hafnium in the case of an iridium alloy have 

been shown greatly improve this.[32] While these materials may potentially be used in 

temperatures above 2000°C (Ir-Nb for example), it is unlikely that they will meet the demands 

of the gas turbine industry. Their densities vary greatly (11.9 g.cm-3 – 22.57 g.cm-3) but are all 

higher than the average nickel superalloy of ~9.2 g.cm-3.[33-35] One other major setback is the 

cost. These turbine blades would contain some of the most expensive metals in the world, 

further reducing the likelihood of their implementation. Other industries such as space 

exploration (where budgets are less constrained) may however see a benefit from materials 

being constructed this way. Again however, the density will remain a major concern.  
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2.2.4 Niobium Silicide’s 

Niobium silicide’s (Nb-Si) are one of the more promising material possibilities. They consist of 

a 2-phase in-situ region containing a niobium solid solution (Nbss) as well as an intermetallic 

Nb5Si3. Having initially been considered more than 15 years ago, recent papers have shown 

some compositions to have similar creep and oxidation resistance as second generation nickel 

superalloys.[36-40] These systems have the potential to fulfil both requirements of lower density 

and higher TET. Their density is lower than nickel superalloys allows (~7 g.cm-3 compared to  

~9.2 g.cm-3). The lower density results in lower stresses on the blade as seen in ( 2 ) where σ is 

the stress experienced by a blade or r radius with a density of ρ, rotating at ω. 

𝝈 = 𝝆. 𝒓. 𝝎𝟐  ( 2 ) 

As the blade experiences less stress, the amount of reinforcement on the blade can be reduced 

leading to further weight reductions. This, along with the higher TET result in an increase of 

overall propulsive efficiency and fuel cost reduction[33, 40, 41]
 

2.2.5 Summary 

Of the materials discussed in this section, Nb-Si alloys have the greatest potential and will be 

the main focus of this thesis. A broad comparison table of the previous references can be seen 

in Figure 4. Unlike CMCs, Nb-Si alloys can form complex shapes, they are less dense than Mo-

Si-B alloys and unlike Pt materials, can be produced at a relatively low cost. With current 

knowledge they are comparable with second generation nickel superalloys, and improved 

production methods and alloy understanding, they may one day surpass superalloys, allowing 

for lighter, more efficient engines in the future. 
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Figure 4 : Summary table of materials research compared to Ni superalloys, the legend can be seen below 
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2.3 Introduction to Nb-Si alloys 
The binary phase diagram for niobium silicide can be seen in Figure 5. Nb and Si both have a 

higher solidus temperature than nickel superalloys with a eutectic noted at 1880°C with 

18.2at.% Si, consisting of Nb3Si and a Nb solid solution (Nbss). These two phases share similar 

qualities with the Mo-Si systems; the former intermetallic provides good strength up to 1500°C 

where the latter provides room temperature toughness.[42] The alloy also retains some long 

term morphological and chemical stability at increased temperatures, making them desirable 

for use in high temperature applications.[7, 40]  

 

Figure 5: The Nb-Si phase diagram with the eutectic of interest labelled in red.[43] 

Crystallographic data for the niobium rich Nb-Si binary alloys shows a few different phases, the 

most important and desired phases are the body centred cubic (BCC) Nb solid solution (Nbss) 

and α-Nb5Si3, both are stable at low temperatures. Other phases include Nb3Si and β–Nb5Si3 

which are both metastable and are noted to form through a variety of peritectoid and 

eutectoid transformations, depending on the processing technique used.  

  



 

11 
 

The most notable reactions include the metastable eutectic reactions: 

L  Nbss + β-Nb5Si3 and L  Nbss + Nb3Si. 

Both metastable phases are known to interact to produce α-Nb5Si3, these include the 

peritectoid reactions: 

Nb3Si + β-Nb5Si3  α–Nb5Si3 and Nb3Si  α-Nb5Si3 + Nbss  

As well as the eutectoid reaction: 

β-Nb5Si3  α-Nb5Si3 + NbSi2. 

A hexagonal crystal system for γ-Nb5Si3 also exists and Bewlay has shown it to be stabilised by 

hafnium (>12.5at.%), Ti or small amounts of carbon, although it is detrimental to creep 

properties for the material and as such is largely avoided.[44, 45]  

Whilst crystallographic information on all these phases is known, as seen in Table 1, the binary 

phase diagram is considered largely incomplete. For instance, the location and relationship of 

γ-Nb5Si3 on the Nb-Si binary diagram is debated.[46] Much experimental data is missing to re-

enforce predicted trends, with alloyed elements such as Ti, Zr and Hf creating an even larger 

uncertainty in models. 

Table 1: Table of crystallographic information on important Nb-Si binary phases. 

Phase 
Name 

Crystal system 
Theoretical 

Density 

Crystal Lattice 
Parameters (Å) 

Space 
group 

  a c 

Nbss Cubic 8.56 3.286 -- Im3m 
α-Nb5Si3 Tetragonal 7.10 6.570 11.884 I4/mcm 
β-Nb5Si3 Tetragonal 7.15 10.018 5.072 I4/mcm 
γ-Nb5Si3 Hexagonal 7.00 7.536 5.249 P63/mcm 

Nb3Si Tetragonal 7.53 10.224 5.189 P42/n 
NbSi2 Hexagonal 5.72 4.7974 6.5923 P6222 

 

 

Using the Nb-Si binary system as a template, multiple experiments have been conducted to 

improve the problems listed above. Many elements have been implemented to understand 

trends, the most common being titanium, chromium, hafnium and aluminium. 
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2.4  Future Challenges of Nb-Si Alloy Development 
The problems for Nb-Si alloys can be seen in Figure 6. Oxidation resistance is unique as under 

a high temperature oxygen environment, a phenomenon known as “pesting” occurs. This is 

where the material disintegrates into smaller particles and flakes from the surface, resulting in 

a non-protective oxide coating. This remains one of the main issues facing industrial use of 

niobium silicide’s, and various elements have been implemented to try and alleviate the issues. 

It comes at a price however, as many elements compromise the high temperature mechanical 

properties - finding a suitable alloy which provides an adequate amount of oxidation resistance 

without sacrificing mechanical performance is vital. To produce most aerofoils, industry often 

employs the Bridgman casting method, as the moulds currently used in nickel superalloy 

production are not sufficient to cope with the high temperature required, and suitable 

alternatives are required. 

 

Figure 6: Diagram showing the three main problems in Nb-Si alloy development 
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2.4.1 Low Temperature Mechanical Properties 

One of the requirements for Nb-Si alloys is to have mechanical properties comparable with 

nickel superalloys. Creep, tensile strength and fracture toughness mechanisms are all 

important concepts in determining how blades will interact in the harsh environments of a jet 

turbine engine. The production of Nb-Si alloys presents many challenges, for instance 

increasing mechanical properties invariantly reduces oxidation properties. This section 

discusses some of the possible mechanical properties using Nb-Si alloys. 

Fracture Toughness (KQ) 

Toughness is an important property when considering Nb-Si alloys for service in the turbine 

industry. Complex relationships between Nbss and Nb5Si3 boundaries control the relationship, 

through a combination of ductile rupture and interface separation.[47] Toughness in the binary 

system can be seen in Figure 7. Altering Si content enables toughness to be controlled, with 

18-22% Si providing a 48% increase in fracture toughness due to alterations in the 

microstructure parameters. Undercooling promotes a fine eutectic scale which also provides 

increased toughness compared to arc melted alloys.[48] 

 

Figure 7: Fracture toughness of Nb-Si alloys[7, 9, 49-51] 

New generations of alloys are usually based on the Nb-Si-Ti system of alloys, Nobuaki Sekido 

(2006) investigated the differences in the binary and ternary systems. Whilst increases in Si 

improve fracture toughness, it suggests that in non-lamella type eutectoid microstructures the 
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Nbss does not greatly improve KQ. The addition of Ti, directional solidification and annealing 

process enhance dislocation mobility and plastic flow in the Nbss phase, this helped decompose 

the Nb3Si phase to produce a lamellar structure of Nbss/Nb5Si3. The Nbss is coarsened as a result 

of this process and it is commonly known that the coarsening of ductile grains (Nbss in this case) 

can increase Kq.[53] [49] 

Other elements have been shown to supress the formation of Nb3Si and promote β-Nb5Si3. The 

addition of gallium, shown to partition to Nbss, has caused this as well as an increase in fracture 

toughness up to 24 MPa√m. The paper by S. Kashyap (2011) describes the alteration of the 

microstructure due to both the addition of gallium but also the method of suction casting used, 

producing an ultrafine eutectic.[48] 

Stabilising the low temperature α-Nb5Si3 shows potential increases in fracture toughness, 14Cr 

has reduced toughness due to the Nbss/Nb5Si3/Laves ternary phase system developed. Laves 

phases are known for their high hardness values and produce brittle fracture points within this 

material (along with Nb5Si3), with Nbss exhibiting plastic deformation. Hf/yttria inclusions are 

also noted at each stage of development, giving potential crack propagation sites through 

debonding from matrix or cracking themselves.[54] 

Tensile Strength of Nb-Si Based Alloys 

Work on the tensile strength of Nb-Si alloys has developed values, competing with Ni 

superalloys at 1200°C, however, superalloys still outmatch silicide’s at lower temperatures 

(702 MPa for superalloys verses 260 MPa at 300 K for Nb-Si).[55-57]
 Investigations into the effects 

of various elemental additions on tensile strength have revealed high temperature 

improvements with Ti and Al. Vanadium, with its low melting point reduces high temperature 

strength of Nb-Si alloys.[50] 

Creep Resistance 

 Of the relatively small number of studies previously conducted, few have focused on creep 

resistance in Nb-Si. The future goal for creep properties is 1% creep in 125 h at 1473 K.[58] This 

will be achieved through careful balance of Nbss/Nb5Si3. The high creep properties are provided 

by the silicide, through the tetragonal silicide α / β. An undesired hexagonal silicide also exists 

but is avoided due to its poor creep properties, though these will be discussed in detail later in 
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this document.[59] The main creep mechanism between 1200°C – 1400°C determined by 

Subramaniam is Narborro-Herring. Other structures such as Nb3Si and NbSi2 have been 

investigated, but dislocation movements and inferior creep properties leave them inferior to 

Nickel superalloys.[55] The creep exponents for Nb and Nb5Si3 have been determined as ≈6 and 

≈1 respectively.[60, 61] The volume % of Nb5Si3 must be balanced to not reduce the toughness 

properties that the Nbss provides. 

2.4.2 Oxidation Resistance 

The oxidation resistance of Nb-Si alloys is generally poor. Whilst some alloys may have good 

resistance, it often at the sacrifice of mechanical properties. Very few experiments provide 

both oxidation resistance and creep/toughness properties.[46] This section will investigate 

current research focused on corrosion resistance, including elemental additions and coatings. 

The most significant disadvantage is pesting which was mentioned briefly in section 2.4. Whilst 

the exact mechanism is unknown, some evidence suggests it propagates through pre-existing 

cracks or pores, intergranular oxidation and grain boundary hardening.[28] Different phases 

within the Nb-Si system react differently, for example the resistance of NbSi2 shows a tendency 

to pest when pores and cracks are present. Both the Nbss and Nb3Si intermetallic have been 

observed exhibiting this phenomena, decaying into powders after 24 h.[62] 

Table 2: Table comparing oxidation resistance across a varied alloy composition 

 

Alloy 
Experiment 

Temperature 
(°C) 

Recession 
Rates (μm.h-1) 

Processing 
Method 

Nickel  
superalloys[63] 

1200 23 
Investment 

casting 
Target 1200 25 -- 

Nb-10 at.% Si[63] 1200 225 Arc-melting 

Silicide coating[64] 1250 22 
Arc-melting, 
Molten Salt 

4th Generation  
Nb-Si-Ti[46] 

1200 40.2 
Directional 

Solidification 
 

 

Oxidation on both polycrystalline and single crystal materials follows a linear rate law 

suggesting that the rate of oxidation is dependent upon a surface-reaction step or gas 

diffusion.[65] The Nb-Si system produces an oxide layer at elevated temperatures, consisting of 
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Nb2O5 with small amounts of SiO2, all in the form of a loose scale. Due to the multiple allotropes 

the oxide may adopt, some of the scales are larger than the surrounding crystals and do not 

adhere to the surface, exposing any material underneath. Microstructural evidence confirms 

that oxidation rate is limited by the reaction rate of oxygen with the niobium solid solution and 

intrinsically the exposure of the Nbss to the atmosphere.[46] The grain boundaries which are 

present in the polycrystalline material serve to increase this exposure area, dramatically 

increasing oxidation rate through oxygen diffusion paths.[66] 

Elemental additions can improve oxidation resistance, with 4th generation Nb-Si alloys often 

containing Ti, Al and Cr. The addition of Ti and Al greatly reduces pesting, whilst Cr can form 

Laves phases; oxygen resistant phases with unique mechanical properties.[50, 67] 

Work on silicide coatings for Nbss/Nb5Si3 alloys has also been developed.[27, 64, 68] Multiple 

coatings have been attempted based on Ti-Al-Si or Ti-Al-Cr. Whilst not achieving long term 

resistance, these coatings do show a potential protection path.[69-71] Other developments 

include a Si-Ge glassy coating developed in Beijing University. Through a combination of GeO2 

and SiO2 surface deposits, a mass gain of 5.42 mg.cm-2 has been achieved at 1250°C after 100 

h.[68] Molten salt coatings of Cr2O3, SiO2 and Al2O3 have also shown promising results. The mass 

gain of the oxide coating was recorded as 1.77 mg.cm-2 over 80 h compared to an uncoated 

samples gain of 34.34 mg.cm-2 after 50 h (overall oxide resistance of ~22 μg.cm-2.h-1).[64]
 TiO2 

inclusions formed within the molten salt continuous layer, increasing in concentration over 

time. Eventually TiO2 became detrimental due to rapid diffusion of Ti and O2 through the layer, 

which must be controlled to prevent the scale becoming a failing point in oxidation resistance. 

Other glassy coatings include borosilicate’s containing Mo, Si and B. The development of 

continuous glass coverage has led to mass gain of only 1.28 mg.cm-2 over 100 h at 1250°C. A 

dense coating of MoSi2 deposits on the surface, reacting with oxygen to produce a silica glass. 

The addition of boride lowers the viscosity of the silica, allowing a more uniform coverage. At 

increased temperatures MoO3 begins to evaporate, exposing B2O3 which reacts to seal any 

cracks.[72] 
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2.4.3 High Temperature Reactivity 

There are many contributing factors involved in making commercially successful Nb-Si 

aerofoils. These alloys have been successfully created using a variety of processing methods 

ranging from optical floating zone method (OFZ), vacuum arc-melting (VAM) and directional 

solidification. The following section will be dedicated to some of the common processing 

techniques and their current progress with respect to oxidation resistance, low temperature 

mechanical properties and the capability to be constructed into useful components, an 

important factor for a processing method to become industrially viable. 

Physical Vapour Deposition (PVD) 

PVD is an unusual method which uses a type of vacuum deposition to deposit thin layers of 

material on a work piece as seen in Figure 8.[38] This process has shown that a variety of 

materials can be produced using both electron-beam (EB) and magnetron sputter deposition. 

Components are created by sputter, depositing alternate layers of metal and intermetallic. This 

method is time intensive and unfeasible for industrial manufacture, with typical deposition 

times of ~0.2 μm.min-1. It may however provide a practical way of adding coatings on the 

surface of the blades (including inside air channels). General Electric have been researching 

this particular method and have employed it to produce disk shaped micro-laminates of Nb-Ti-

Hf-Si up to ~1 mm thick.[73] It may be that EB-PVD will provide part of the solution, allowing the 

control of thickness, microstructure and chemical properties of any given blades coating. 

 

Figure 8: Schematic diagram of physical vapour deposition machine. A coating is heated to a vapour which 

deposits on the surface of a component.[74] 
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Optical Floating Zone Melting (OFZ) 

The optical floating zone is a method to purify crystals commonly used in the computer 

industry to create high purity semiconductors. A narrow section of impure crystal is melted, 

and a floating molten zone created and moved along the crystal, any impurities move along 

the crystal through the melt, leaving a purer metal solidifying in its wake, the schematic 

diagram can be seen in Figure 9. This method works based on the principle that the ratio of 

impurities in the solid phase to the liquid phase is less than one. This ensures that impurities 

will diffuse into the liquid phase at the solid-liquid boundary. The slow movement of the molten 

zone ensures that impurities stay within this section, moving through the crystal, and are 

moved to the end of the sample. Wide diameter samples may be produced, controlled using 

the electromagnetic-levitation effect. The actual specimen size is limited by the compromise 

between the hot zone dimension and the liquid surface tension. Single crystal monoliths have 

been constructed using this method with a pure Nb-Si alloy, where a much greater oxidation 

resistance is achieved due to lack of cracks and pores and lack of pesting at medium ranged 

temperatures.[28] The examples that Zhang provides, however, show the single crystal 

monoliths being constructed at a very slow 1.39 mm.s-1 with other sources quoting even slower 

rates.[75] With current technology, this construction rate has no feasible potential upscaling. 

 

Figure 9: Shows a schematic diagram of an optical floating zone furnace, reflectors focus the lamp to a focused 

point producing a melting zone.[76] 
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Extrusion 

Possible fabrication methods include extrusion, involving the heating of canned ingots, in 

induction furnaces to temperatures in the range of 1400°C - 1600°C before being 

pushed/pulled through heated tool-steel dies maintained at 260°C as seen in Figure 10. These 

can be further machined into required shapes - turbine blades/engine section stators etc. Little 

work has been performed on the forging of components at the time of writing. The extrusion 

process has been shown to create directionally solidified microstructures parallel to the 

extrusion direction and the Nb5Si3 volume can be controlled by manipulating the silicon 

concentration.[77] 

 

Figure 10: Shows a schematic representation of the extrusion process.[78] 

Czochralski method 

The Czochralski method is another directionally solidifying technique often used to create 

single crystals, where samples are melted multiple times encouraging homogeneity within the 

alloy, this can be seen in diagram Figure 11. The melt is cooled at a controlled rate, and a seed 

crystal acts to encourage directional growth. Growth rates are consistent with low defect 

crystals produced in industry with rates between 0.5 mm.min-1 - 15 mm.min-1 and samples 

have been produced with lengths larger than 100 mm and diameters ~15 mm.[7]  

 
Figure 11: Formation of single crystal monolith via Czochralski method. 
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This method has a few disadvantages, such as that high purity elements are required (>99.99%) 

for production and samples are also not yet large enough for engine components. The 

knowledge base for this technology is limited, with few groups developing the technology. At 

the time of writing there are few publications of Nb-Si alloys being produced using the 

Czochralski method.[60] 

Vacuum-arc-melting (VAM) 

VAM allows metals of very high melting points to be produced, a process requiring many kilo-

amperes of direct current to arc between the sample and source, a schematic diagram can be 

seen in Figure 12. The furnace chamber is kept under vacuum conditions and samples are 

placed upon a water-cooled crucible (which is usually made from copper). The crucible is used 

to control the rate of solidification and can be lowered to produce directionally solidified 

materials. VAM has the advantage of producing ingots which are large enough to be used as 

prototypes and is compatible with the well-established processing techniques for nickel 

superalloys. Conversely, it has moderately poor solidification control and can leave many scale 

defects on the surface. This process may also introduce large scale thermal gradients causing 

the component to suffer from macro-cracking. Multiple research groups have published using 

this method and is one of the most common for alloy development.[46, 79] 

 

Figure 12: Shows a schematic diagram of a vacuum arc melting furnace.[80] 

Bridgman method 

The Bridgman method is similar to other directional solidification methods, using water-cooled 

copper crucibles over ceramic designs. The crucible is withdrawn through an electromagnetic 

field, induction forces melt the alloy. Unlike the Czochralski method, the Bridgman process can 

produce large, complex ingots using ceramic moulds. Nickel superalloys are commonly 
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developed using this method as the temperature ceramics require for Nickel are lower than 

what is required for Nb-Si alloys. As noted in section 2.3, the eutectic point of Nb-Si alloys is 

1915°C, this temperature is beyond the design parameters of superalloy moulds, resulting in 

undesired melt/mould reactions. The reactivity results from the oxygen content of the ceramic, 

reacting with alloy melts, forming brittle niobium oxide layers. 

Thermodynamic studies have been performed and yttria (Y2O3) has been suggested as one of 

the more stable ceramics.[81] It is not inert, and therefore diffuses into the melt, resulting in 

inclusions seen in Figure 13. These inclusions have been shown to react with Hf (a common 

addition to Nb-Si alloys) forming HfO2.[82]
 The noted inclusions have a lower density than the 

melt, causing them to float, lowering overall inclusion concentration. 

 

Figure 13: Backscattered electron micrograph of metal-mould interface in 0.1 Y alloy showing yttria reacting 

with hafnium at the metal mould interface[82] 

Hot Isostatic Pressing (HIP) 

HIP is an adaptable process. It can be used as a near net-shape manufacturing process, and 

also as a post-processing technique to reduce the porosity of fabricated materials. It is used to 

improve mechanical properties of many alloy mixtures, some plastics and glasses.[83] 

High temperature and pressures are applied to sealed degassed cans containing alloy powders 

or pre-fabricated samples. The combination of temperature/pressure consolidates materials, 

fusing them together, through a combination of plastic deformation, diffusion bonding and 

creep mechanisms. 

HIP is becoming more common as a near net-shape manufacturing technique as the high cost 

of using powders can be outweighed by cheap and simple manufacturing procedures. The use 
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of HIP to create Nb-Si alloys has been researched by Dicks and it may be a viable processing 

technique[9]. Other researchers have successfully used this method, although they were slightly 

more complex and involved a pre-alloyed material ingot which is then used as the precursor 

material.[84] 

Additive Manufacturing (AM) 

The term additive manufacturing encapsulates many techniques for material fabrication, 

including; stereolithography (SLA), fused deposition modelling (FDM), selective laser sintering 

(SLS), direct laser melting (DLM), cold spray (CS) and others.[85-90] 

Additive manufacturing has been tested to establish efficiency and plausibility of near  

net-shape processing on an industrial scale.[85] Companies such as GE use AM to streamline 

production, creating a single bespoke material to replace the almost 20 individual components 

originally hand joined.[10] DLM is one type of additive manufacturing process which builds a 

material layer-by-layer, directly depositing powders in a melt pool. A focused laser beam is 

directed at a Ti base plate and used to form this melt pool onto which powders are deposited. 

These then melt and re-solidify as the beam scans over each section, building a 3-dimensional 

material. It can create walled objects with microstructures comparable with traditional casting. 

A thermal history develops due to thermal differences along its axis, for example, a titanium 

substrate is often employed, and this is in direct contact with the base of any fabrication and 

acts as a heat sink, forming a thermal gradient.  
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Figure 14: Graphs showing a) Deposition efficiency of DLF processing as a function of scan speed and b) Total 

material deposited as a function of distance from focal point, for three different scan speeds[85] 

The effectiveness of DLM is dependent on multiple factors, some are illustrated in Figure 14. 

Process efficiency can be determined by beam power, spot size and scan speed control, the 

latter presenting the highest efficiency improvement.[85] Overall construction speed has been 

shown up to 500 mm.min-1, this is relatively fast compared with the Czochralski method, 

however, it is likely that these systems won’t be fully implemented until further research in 

process performance, mechanical and oxidation properties have been established. 

2.4.4 Summary 
This section of the thesis has discussed the current challenges that remain to be overcome in 

Nb-Si alloys. A balance of properties is required in order to develop a material to replace nickel 

superalloys. These properties can be chosen by understanding microstructural impacts of each 

phase and targeting the desired phase combination. The mechanical and oxidation properties 

of multiple phase combinations have been considered throughout sections 2.4.1 and 2.4.2. 

These phase combinations will also be affected by the production method used, as discussed 

DLM is the process used over the others considered due to the high melt reactivity of Nb-Si 

alloys, simplifying construction. 
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3 Experimental Methods 

3.1 Introduction 
The following section will discuss the production and analysis of Nb-Si alloys used in this thesis. 

Samples were constructed using LAM and post processing was performed using HIP and heat 

treatment. A combination of back scattered electron images (BEI), X-ray diffraction (XRD) and 

X-ray CT was performed, and these techniques will be discussed her along with Rietveld 

modelling used to calculate crystal sizes from collected XRD data. 

3.2 Construction and Post-Processing 
Near net-shape manufacturing is a novel method to process powdered metal feedstock. The 

main processing method used in this experiment is Direct Laser Fabrication (DLF), a schematic 

diagram of which is presented in Figure 15 a) and DLD machine that was used in b).  

 

 
Figure 15: a) Schematic diagram of the deposition of material via direct laser fabrication b) LSF-SI600A direct 

deposition laser used during experimental 

The main advantage of this method over casting is the lack of cast or mould. As mentioned 

previously in section 2.3, Nb-Si-Ti alloys have a higher solidus temperature than conventional 

nickel superalloys, as a result Limin Ma (2012) has shown interaction between Nb-Si-Ti melt 

and the mould wall.[82] DLF removes the required mould and allows complex near net-shape 

components. DLF does have its disadvantages however, Dicks has shown that deposition 

efficiency may vary depending on scan speed and laser focus.[85] Increasing scan speed may 

increase deposition efficiency, but loss of material can be observed and material near the walls 

of structures may only partially melt. After construction, samples were HIPped to both reduce 

porosity and to enhance the samples microstructure. Post-HIP, samples were heat treated to 
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reduce internal stresses induced during hot isostatic pressing and to finalise phase changes. 

Not all samples experienced the same post processing and Figure 16 below shows the 

construction route each sample. 

 

Figure 16: Diagram showing the route each sample took during construction 

3.2.1 Powder preparation 
Alloys for DLM were prepared and built at Northwestern Polytechnical University, Xi’an, China 

(NWPU). Samples were created with a 3 kW LSF-SI600A laser in a custom housing unit under 

protective argon atmosphere. Elemental powders of Nb, Si, Ti, Al, Cr, Hf, V, Mo, Zr, Y and Ta 

were prepared to 200 mesh (~ 74 μm) and obtained from NWPU. Respective alloys were 

measured out with individual elemental powders in an electric balance before drying for 3h at 

120°C under Ar and ground in MITR YXQM-0.4 L ball mill (see Figure 17) for 2 h. The milling 

balls used were steel, samples were analysed using X-ray Fluorescence to determine if Fe traces 

were present. No solvents were used in preparation of powders. 
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Figure 17: Ball mill used to grind powders to even size 

Powders were filtered to 200 mesh (~ 74 μm) using a mesh screen and then added into DPSF-

2 containers seen in Figure 18, argon was used to feed powders into the system. 

 

Figure 18: DPSF-2 container (highlighted) used to store powder before processing 
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3.2.2 Laser Parameters (Direct Laser Deposition) 

A 3 kW LSF-SI600A laser was used to produce cuboidal structures as these allowed easily 

repeatable objects for analysis, images of constructed test pieces can be seen below in Figure 

19 a), a demonstration blade can also be seen in b). 

  

Figure 19 : Images of a) constructed samples and b) demonstration blades 

Fabrication occurred under an argon atmosphere (O2 <100 ppm) using a clear bag to provide 

a protective enclosure. A melt pool was created on a titanium baseplate using a semiconductor 

laser (power = 3 kW, spot diameter = 6 mm). Powder was blown at constant flow rate of 6 

L.min-1, with a mean particle size of 74 µm, through four nozzles at either pole directed at 45° 

towards the laser beam, the laser working distance was 15 mm. The substrate focal point 

remained as constant as possible (some deviation occurred during construction but was 

corrected for), a continuous scan speed of 900 mm.min-1
 was used. The layer thickness was 30 

μm and sample fabrication occurred in one continuous process with 30% overlap on each run. 

The scan pattern used throughout the experiment was the cross-snake. After the initial layer 

is deposited in both x+ and x- direction, a second layer is deposited in y+ and y- direction, this 

aims to reduce the thermal stress through the material. A Schematic can be seen in Figure 20. 
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Figure 20: Schematic layout of cross-snake scanning pattern 

Multiple alloys have been created using DLM, and alloy compositions were based on previous 

studies and are discussed in each relevant chapter. The goal was to create samples based on 

previous work to show replicability, later chapters discuss alloys designed by the group at the 

University of Leicester. Alloys chosen can be observed in Table 3. 

Table 3: Compositions chosen for DLM (values in at.%) 

 

Alloy Nb Si Ti Cr Al Hf V Mo Zr Y Ta Ref 

14Cr Bal 15 22 14 2 2 2 -- -- -- -- [50] 

2Cr Bal 15 22 2 2 2 2 -- -- -- -- [50] 

6Cr Bal 15 22 6 2 3 -- -- -- -- -- [85] 

2Mo Bal 18 24 5 5 -- -- 2 -- -- -- [46] 

CoZy1 Bal 18 24 5 5 -- -- 2 1 0.08 -- -- 

CoZy5 Bal 18 24 5 5 -- -- 2 5 0.40 -- -- 

TCoZy1 Bal 18 24 5 5 -- -- 2 1 0.08 2 -- 

TCoZy5 Bal 18 24 5 5 -- -- 2 5 0.40 2 -- 
 

 

  



 

29 
 

3.2.3  Hot Isostatic Pressing (HIP) 

During solidification of DLF materials porosity was noted in the form of round porosity seen in 

Figure 21. In a typical component this porosity can serve as stress concentration points leading 

to failure of the sample. 

 

Figure 21: Shows formation of gaseous porosity in Nb-Si-Ti alloys 

As part of the post-processing scheme, DLF structures underwent a hot isostatic pressing 

treatment to reduce this porosity. HIPping involves placing samples in a high temperature 

(usually <0.8 Tm), high pressure environment. Ar was used to provide isostatic pressure, 

although He may also be used. This is aimed at lowering internal porosity and reducing the 

residual stress resulting from solidification contraction, as represented in Figure 22. 

 

Figure 22: Shows the generalised mechanism for HIP[91] 

Samples were removed from the titanium base plates prior to the HIP experiments, an EPSI 

model V0 15197 from the University of Birmingham, shown in Figure 23, was used for all 

experiments.[92] 
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Figure 23: Shows the HIP equipment used during experiments[92] 

Three HIP experiments were performed to observe the relationship between pressure and 

porosity closure. The parameters for the experiments may be seen in Table 4. 

Table 4: Parameters used during HIP experiments 

 

Parameter Value 

Temperature 1200°C 
Dwell 6 h 

Heating/Cooling rate 10°C.min-1 
Pressure 50 / 100 / 150 MPa 

 

  

3.2.4 Heat Treatment 
The second stage in post-processing was a heat treatment stage to encourage equilibrium 

conditions and produce the desired end phase established in phase diagrams. A horizontal tube 

furnace from Elite Furnaces (model number TSH16/50/180) was used. Heat treatment was 

performed for 5 h at 1500°C under argon atmosphere to prevent oxidation of alloys. A picture 

of the furnace is seen in Figure 24 for reference. 

 

Figure 24: Shows tube furnace used for heat treatment of Nb-Si-Ti alloys 
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Heat treatments encourage solid state diffusion close to the liquid temperature, promoting a 

thermodynamic equilibrium state. Parameters such as temperature, cooling time etc. may be 

altered to promote the required properties of phases, i.e. irons martensitic transformation or 

evolution of γ/γI in Ni-superalloys. 

A second heat treatment was performed at 1200°C for 100 h. This was only performed on 2Mo 

to observe the effects of lower temperature on phase evolution. 

3.3  Analysis Methods 

3.3.1 Sample Preparation 
Samples were prepared for characterisation by a series of cutting, grinding and polishing. 

Samples were cut into ~4 mm thick samples using both ATM Brilliant 220 precision cutter and 

the company EDM precision technologies Ltd. They were then mounted in conductive 

Bakelite™ in a Struers CitoPress. Using a Saphir 520, samples were ground using 80, 240, 600, 

900, 1200 grit SiC paper before being polished using diamond paste of 6, 3 and 1 μm. 

A schematic diagram can be seen in Figure 25 which describes the area observed during SEM 

analysis. This area was chosen as provided the most stable cooling areas i.e. was not affected 

by the heat sink effect of the base plate or the areas that experienced less heating (from fewer 

passes of the laser beam). 

 

Figure 25: Schematic of analysis area of test pieces 
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3.3.2 Volume Fraction Calculations 

Three methods were possible for volume fraction calculation and each have their pros and 

cons. Image analysis of a series of back scattered electron images can provide close analysis of 

the microstructure and allows smaller porosity to be estimated (in this thesis, at least three 

images were analysed at different points on the microstructure and the volume fractions 

averaged). X-ray CT may be used to calculate porosity on an entire sample. It is limited by the 

detector size on the instrument. This method was performed in conjunction with BSE image 

analysis in section 8.2. Another method is to calculate it using XRD and modelling the volume 

fraction using Rietveld refinement. This calculates a volume fraction over a much wider area 

giving a better average of the phases present, it isn’t able to observe porosity however. This 

method was used for volume fraction analysis throughout the rest of the thesis, with standard 

deviation for the model being listed in the appendix. Further information on each method can 

be seen in section 3.3.53, 3.3.54 and 3.3.5 respectively. 

3.3.3 Scanning Electron Microscopes 
Scanning electron microscopy (SEM) was performed using Quanta FEG 650 by FEI with 20 kV 

accelerating voltage and a relative spot size of 5. Secondary electron and back-scattered 

electron images were obtained using a R580 and DBS 1005713 detector respectively. EDS point 

analysis was obtained over a range of three spots to give an average of sample. 

An X-Max 20 by Oxford Instruments was used for Energy Dispersive X-ray Spectroscopy (EDS) 

analysis using the same parameters as previously mentioned. EDS was collected using INCA 

software to calculate elemental composition. Collection time for spectra was 120 s live time. 
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3.3.4 X-Ray Diffraction 

All phase identification was performed using a Bruker D8 Advance Powder Diffractometer with 

DaVinci, equipped with a LynxEye Position Sensitive Detector in a flat plate (Bragg-Brentano) 

2θ configuration. A CuKα source was used with a Ni-Kβ filter. The initial 2θ angular range used 

was 4° to 90° using a 250 mm goniometer, with a 0.01° 2θ step size and a 0.5 s count time per 

step. Information regarding crystallographic structures obtained from the Crystallographic 

Open Database (COD), individual data files and origins are credited in Table 5.[93] 

Table 5: List of phases attempted in models 

 

Phase Space Group Source 

Corundum R-3C:H Lutterotti (1990) [94] 
Nbss Im-3m Badenet al. (1983) [95] 
α-Nb5Si3  I4-mcm Partheet al. (1955) [96] 
β-Nb5Si3  I4-mcm Aronsson (1955) [97] 
γ-Nb5Si3 P63-mcm Schachneret al. (1954) [98] 
Cub-Nb3Si Pm-3m Galassoet al. (1963) [99] 
Tet-Nb3Si P42-ni2 Waterstrat (1975) [100] 
NbSi2 P62-22 Kubiaket al. (1972) [101] 
C14-Cr2Nb P63-mmc Laveset al. (1939) [102] 
C15-Cr2Nb Fd-3m Kornilov (1965) [103] 
HfO2 Fm-3m Wyckoff (1963) [104] 
HfO2 P121-c1 Whittleet al. (2006) [105] 

 

 

3.3.5 X-ray Computed Tomography (X-ray CT) 

X-ray CT combines many x-ray images (of different orientations) of an object to produce a 

tomographic image. Each slice of an x-ray image allows non-invasive inspection of an object. 

Data was collected using a Nikon XT H 225, with a tungsten filament used for each sample and 

Varian 2520Dx detector with pixel size 127 μm. X-ray CT is a unique analysis technique, in that 

parameters are usually bespoke for each sample. 
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3.4  Rietveld Refinement 
Rietveld refinement was used to model several functions including the volume fractions used 

in this document, modelled parameters are compared to experimental X-ray diffractograms 

until an accurate “fit” is achieved. Functions begin simple and with each iteration, more 

complex parameters are introduced and refined. A brief introduction to Rietveld refinement 

will provide the reader with basic concepts, while further reading is provided by Dr L. Lutterotti 

and Chateigner.[106, 107] Many programs may be used to perform Rietveld refinement, the 

experiments used MAUD (Material Analysis Using Diffraction) to perform modelling of 

collected XRD data. An annual MAUD school, hosted in Caen, provided much of the knowledge 

for this program.[108] 

3.4.1 Intensity Factors 
MAUD uses a non-linear least-squared algorithm seen in equations ( 3 ) and ( 4 ), to fit a residual 

function S, the function is allowed to vary and allows the crystal structure to be refined on the 

dataset, 𝐼𝑛
𝑐𝑎𝑙𝑐 and 𝐼𝑛

𝑒𝑥𝑝 are the intensities at n, of modelled and experimental pattern 

respectively. Each pattern is “refined” over a set of iterations, often called a cycle.[108]  

𝑆 =  ∑ 𝑤𝑛(𝐼𝑛
𝑒𝑥𝑝

− 𝐼𝑛
𝑐𝑎𝑙𝑐)2

𝑛

 ( 3 ) 

Where by wi =  

𝑤𝑛 =
1

𝐼𝑛
𝑒𝑥𝑝 ( 4 ) 

The intensity of a simple modelled pattern with one crystal phase can be determined in ( 5 ), 

parameters will be defined here and described in further detail in their own section. 

𝐼𝑖
𝑐𝑎𝑙𝑐 = 𝑆𝐹 ∑

𝑓𝑗

𝑉𝑗
2

𝑁𝑝ℎ𝑎𝑠𝑒𝑠

𝑗=1

∑ 𝐿𝑘|𝐹𝑘,𝑗|2𝑆𝑗(2𝜃𝑖 − 2𝜃𝑘,𝑗)𝑃𝑘,𝑗𝐴𝑗 + 𝑏𝑘𝑔𝑖

𝑁𝑝𝑒𝑎𝑘𝑠

𝑘=1

 ( 5 ) 

Where: SF is the beam intensity, dependent upon measurements. Vj and fj are phase cell 

volume and volume fraction respectively, these influence S which is the overall scale factor and 

must be modelled for each data set. 

Lk is the Lorentz-Polarisation factor and depends on the instrument-geometry. Instrument 

geometry, monochromator and detector are all considered factors to determine using a 

standard reference. K is a peak number describing a set of Miller indices (h, k, l).  
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Fk is the structure factor of a peak number K and relates the scattering from each atom with a 

unit cell. This factors in the multiplicity of reflections, as well as the influence on temperature 

and atomic vibrations within a crystal lattice. Only X-rays were modelled in this thesis, so 

temperature factors were not defined. Neutron scattering would have allowed accurate 

measurements of these displacements but was beyond the scope of this thesis. 

Sj is the profile function, and this affects peak shape, based on the sample and instrument. 

Different profile functions can be fitted, Gaussian function was used, with ‘gaussianity’ 

calculated using a reference sample discussed in section 3.5. 

Pk describes the preferred orientation of grains (texture). In samples containing texture the 

relative intensities of X-rays differ depending on the Bragg angle plane. In a sample without 

texture, crystals would be randomly orientated and thus have no preference to any one plane. 

Samples may be prepared to help reduce texture (if desired), which is usual for powder 

samples and typical in geological samples. Samples in this thesis were not powdered samples 

and so texture is likely due to the effective ‘directional solidification’ of laser additive 

manufacturing (LAM). Samples will be considered case by case in regard to texture and further 

details will be present in relevant sections. A standard corundum reference material was used 

to calibrate texture. Whilst this sample is not ideal, an acceptable goodness of fit (GOF) was 

achieved. 

A is the absorption factor and is affected by both beam intensity and sample absorption. bkg 

describes the modelled background intensity; a polynomial is used in this experiment, but 

many others exist. 

3.4.2 Rwp, Rexp and Goodness of Fit 
The quality of a refinement in this thesis will use the values of Rwp and Rexp to calculate a (GOF). 

The successfulness of a modelled fit is based on the relationship: 

𝐺𝑂𝐹 =
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
 ( 6 ) 

Where Rwp is the ‘weighted pattern’ and is the value that is minimised during refinement, and 

Rexp is the expected value of Rwp after refinement. Rwp does not depend on the absolute values 

of intensities but is affected by to the ratio of signal/noise. With high background noise, low 

values are easily obtained and more complex diffractograms with multiple sharp peaks reduce 
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the chances of a good fit. Over each cycle, modelled peaks are assessed by inspecting Rwp 

factor, calculated in ( 7 ), throughout a set of refinements. The aim is to reduce the value to 

align calculated and experimental values. 

𝑅𝑤𝑝 = [
∑ 𝑤𝑛(𝐼𝑛

𝑒𝑥𝑝 − 𝐼𝑛
𝑐𝑎𝑙𝑐)2

∑ 𝑤𝑛 (𝐼𝑛
𝑒𝑥𝑝)2

]

1
2⁄

 ( 7 ) 

Rexp describes the minimum obtainable value of Rwp over a given number of refined parameters 

and is calculated by ( 8 ). N, P and C are the number of data points, number of refined 

parameters, and the constraints in the refinement respectively. 

𝑅𝑒𝑥𝑝 = [
𝑁 − 𝑃 + 𝐶

∑ 𝑤𝑛 (𝐼𝑛
𝑒𝑥𝑝)2

]

1
2⁄

 ( 8 ) 

3.4.3 Factors Affecting Peak Position and Shape 
Sample Height Displacement 

An adequate X-ray diffraction requires that samples are sufficiently prepared, the sample 

holders used require precise setup to achieve accurate results. Any variation in sample height 

produces a shift of Δθ in the 2θ positions of recorded patterns. Samples were adhered to 

holders on a level surface to ensure no accidental displacement. This is more difficult with 

constructed test pieces where larger holders were required. As a result, interference was 

detected at low 2θ due to a combination of the beam leaving the sample area and increased 

air scattering. This can be observed in Figure 26. Due to this interference, angles less than 

2θ=20 were not considered. This simplified peak fits, as little information was lost compared 

to the corrected noise. 

 

Figure 26: Example X-ray diffractogram, displaying low angle noise 
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2θ Theta offset 

Peak positions may be offset due to instrument misalignment, which will be calculated using a 

standard reference material and is discussed later in this document. A corundum scan was 

performed each time a set of data was taken to ensure erroneous results due to misalignments 

were avoided. 

Strain 

Strain inside the material can change lattice parameters which may shift positions of peaks.[109] 

Hot isostatic pressing was used to consolidate samples, the increased pressure of which and 

subsequent effects on crystal structure will be discussed within the thesis in more detail. 

Crystallite size 

Lattice parameters will not be absolute for each crystallite present and a distribution will be 

calculated, with large distribution in parameters presenting as peak broadening. This 

broadening will be characteristic of solid solution phases (such as Nbss), where crystallites will 

be homogenous over a system but may contain micro-segregation of elements, slightly altering 

lattice parameters.[110] 

Instrumental broadening 

Peak shape may also be influenced by the instrument used, factors such as geometrical 

configuration, sollers and beam characteristics. To model beam influences, peak asymmetry, 

full-width-at-half-maximum (FWHM) and line broadening, samples are characterised according 

to the NIST standard discussed in section 3.5. 

 

3.5  Calibration of X-ray Diffractometer 
Section 3.4 discussed the basic parameters that affect the x-ray diffractogram pattern including 

instrument and sample contributions. These two factors may interfere with Rietveld 

refinement, and in order to begin processing samples it is important to account for any 

instrument broadening. This requires that the instrument be “defined” using a standard 

reference material (SRM).[111] Materials with minimum line broadening are required, these 

properties require low microstrain and large crystallite size. Standard reference materials can 

be obtained from the national institute of standards and technology (NIST) accompanied by a 
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certificate of the samples microstrain and crystallite size. Using this standard, it is possible to 

fit a Rietveld refinement. The Caglioti equation ( 9 ) is used to help define any asymmetry in 

the Gaussian faction of the instrument, from this the instrumental line broadening 

contributions can be accounted for. 

𝐻 = (𝑈. 𝑡𝑎𝑛2𝜃 + 𝑉. 𝑡𝑎𝑛𝜃 + 𝑊)
1

2⁄  ( 9 ) 

3.5.1 Refinement of NIST Standard Reference Material (SRM) 
Many SRMs exist, each with benefits and drawbacks. The SRM used for these experiments is 

the 1976b Al2O3 (Corundum) structure and is a sample primarily used for peak position 

determination rather than line shapes.[112] This sample is not ideal but due to constraining 

factors it was not possible to use LaB6 – usually used to calibrate line position and line 

shape.[113] Although not ideal, the NIST certificate states that the sample contains a reduced 

level of microstrain although it contains a “slight but discernible level of Gaussian microstrain 

broadening”.[112] It does however state that the sample has an “essential absence of crystallite 

size broadening” and can be used to obtain an approximation for the instrument profile 

function. It is for this reason that the corundum SRM was used in this material. 

As a result of manufacturing methods, 1976b is known to have some texturing properties, this 

is from the pressing of the sintered platelets to form the compact, the lattice parameters for 

this material can be seen below in Table 6. 

Table 6: NIST certified lattice parameters for 1976b standard reference material 

 

Lattice Parameter Value (Å) 

a 4.759137 
c 12.99337 

 

3.5.2 Acquisition of Corundum Data 

Observation of the overall corundum peaks in Figure 27 a) shows many diffraction peaks along 

the sample. Without closer inspection the sample peaks appear very sharp (Lorentzian) with 

few gaussian qualities, suggesting little affect from the instrument. Closer inspection of 

individual peaks shows that each Kα peak has a neighbouring Kα2 peak seen in Figure 27 b). 

Features can also be seen on either side of peaks and are labelled. In order to perform Rietveld 

analysis, these features must be identified or attempted to be modelled. 
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Figure 27 : Diffractogram of 1976b corundum at a) Full spectrum and b) 32° to 37.5° 

When modelling is first attempted under instrument standard conditions an imperfect fit is 

reached. The plotted model can be seen in Figure 28 and the values for Rwp and Rexp (11.343 

and 2.978 respectively) result in a GOF of 3.809. For reference, a “good fit” for a medium 

complicated sample is ~2.[107] 

 

Figure 28 : Diffractogram of 1976b corundum at modelled using Rietveld analysis in Maud 
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This fit for a reference sample is not high enough and is caused by the features noted above. 

There are two possible reasons that these features are produced: 

1) Crystallographic impurities on the corundum sample 

2) Instrumental parameter error. 

The certificate with the SRM states it does not contain crystallographic impurities.[112] The 

reason most likely for the feature is instrumental, and the following sections will attempt to 

remove these features.
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Removal of Diffractogram Features 

The observation in Figure 27 has been modelled using MAUD (version 2.8) and the 

corundum.cif file by Lutterotti and Scardi from COD.[93, 94, 114] Some assumptions were made 

prior to modelling and refinement was performed in the following order: 

Refinement order: 

1) Background function (5th degree polynomial) 

2) Intensity Scale 

3) Asymmetric_0 and 1 

4) Caglioti U, V, W 

5) Gaussian_0 and 1 

Assumptions made for the SRM were a nominally chosen crystallite size of 3 μm, an absence 

of crystallite size broadening and that the Bruker D8 data assumed the wavelength of Cu Kα1 

and Cu Kα2 was 1.5405 Å and 1.54439 Å respectively. 

As previously stated in section 3.5.2, the corundum modelled contains a texture, this requires 

modelling to fully complete the equipment defining. As a detailed knowledge of texture 

analysis was not required to complete the project, assistance from Prof. D. Chateigner and Prof 

L Lutterotti was sought. Several texture models have been attempted previously by Watkinson 

EJ. (2017) and information on these models can be found here:[115] 

Standard functions (Lutteroti 2007)[116] 

Spherical Harmonics (Chateigner 2013)[117] 

Arbitrary texture (Fong 2013)[118] 

For this thesis, an arbitrary texture model was applied. 
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3.6  Principles of X-ray CT Set-up 
The setup aim for each X-ray CT scan is to produce an overall image with a contrast ratio of 6:1 

i.e. the background is 6 times brighter than target. Quality of CT data depends on many 

parameters, including sample density, exposure time and beam current. Below is a generalised 

set up to produce desired images, initial parameters are listed in Table 7 with further details 

after. 

Table 7: Arbitrary values for initial set up 

Feature Value 

Voltage 40 kV 

Power 7 W 

Exposure 500 ms 
 

 

Set up procedures: 

1) Centre sample (ensure sample is in view during a 360° rotation) 

2) Calculate spot size (discussed below) 

3) Set minimum grey value of sample as 10 k 

a. Increase grey value by increasing kV of X-ray beam 

4) Set maximum grey value of background to 40 k 

a. Increase exposure to increase object and background grey value 

5) Add filters as required 

a. Incremental increases of filters 

6) Perform shading correction to change ratio of grey values from 4:1 to 6:1 

a. If banding is visible, then return to step 2 

Spot size 

The spot size of the X-ray CT is determined by either the power or the current used during 

experimentation. It is therefore important to choose a spot size that is lower than the effective 

pixel size (EPS) of the sample being analysed. The EPS shares a relationship with the detector 

pixel pitch and geometric magnification of the sample as such: 

𝐸𝑃𝑆 =  
𝐷𝑃𝑃

𝐺𝑀
 ( 10 ) 

The detector pixel pitch is given as 127 from the instrument’s manual.[119] 
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An example of geometric magnification is shown in Figure 29 and is calculated as follows: 

𝐺𝑀 =
𝑠𝑜𝑢𝑟𝑐𝑒 𝑡𝑜 𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑥)

𝑠𝑜𝑢𝑟𝑐𝑒 𝑡𝑜 𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑦)
 

( 11 ) 

 

 
Figure 29: Example of geometric magnification of two different samples 

The minimum spot size (MSS) of the source is 3 μm with a minimum spot power (MSP) of 7 W. 

Spot size increases by ~1 μm every 1 W after the minimum. This may also be considered when 

calculating the highest power requirements (HPR). 

𝐸𝑃𝑆 − 𝑀𝑆𝑆 = 𝐻𝑃𝑅 
( 12 ) 

 

𝐻𝑃𝑅 + 𝑀𝑆𝑃 =  𝑊 
( 13 ) 

 

For example: 

A sample has an EPS of 16 μm and therefore the highest possible spot size/power increase is: 

16 μm – 3 μm = 13 μm  

As the minimum spot size has a power of 7 W the highest power increase may be added to 

produce the required power of that sample: 

13 W + 7 W = 20 W 
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Shading correction 

It was previously mentioned that a background to object brightness ratio of 6:1 was required 

for a good scan. The instrument used contains a Varian 2520Dx detector which becomes 

saturated after a grey value of 40 k, which produces banding during the initial set up and 

disturbs data collection. To improve sample analysis a shading correction is used. This is an 

average image of the X-ray beam under different grey values and without a target object. 

During analysis, three grey values were used with a frame averaging of 256 times.  

Filters 

Filters are added in step 5 to improve the ratio of background to object. These help optimise 

grey values (see Figure 30) as well as reducing beam hardening.  

 
Figure 30:  Demonstration of grey level optimisation 

Beam hardening is the result of lower energy x-rays being absorbed by the surface of a scanned 

object resulting in a lower detected signal (as seen in Figure 31 a)). It gives the appearance of 

a higher density boundary on the material, resulting in a cupping formation seen in Figure 31 

b). During analysis Cu was used as the default filter and increased incrementally, in some 

occasion’s Sn was used which absorbs ~3x more x-rays than Cu but reduces signal. 
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Figure 31 : An example of a) Sample showing beam hardening b) Histogram of cupping over scanned area 
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4 Effects of Cr and Hf additions on Phase Evolution in Direct Laser Melting of Nb-

Si Alloys 

4.1 Introduction 
Using the Nb-Si binary system as a template there have been multiple experiments performed 

to improve the problems listed in section 2.4. Many elements have been implemented to 

understand trends, the most common of which are titanium, chromium, aluminium and 

hafnium.  

Titanium has been one of the most used alloying elements in the Nb-Si system, showing good 

solubility at low temperatures, becoming completely soluble in niobium at temperatures above 

882°C.[120] The other common phase, Nb5Si3 also has high solubility, but at a higher 

temperature of 1200°C. It is promoted in the presence of Ti.[44] 

Studies by Bewlay have observed the stabilising effect of titanium in the Nb3Si phase at low 

temperatures and its ability to prevent pesting. The addition of titanium lowers the solidus and 

liquidus temperature for the Nbss + Nb3Si. This is controlled so the eutectic remains above 

1700°C to ensure strength during high temperature applications. Excess Ti <25 at.%, may lead 

to the formation of Ti5Si3 which is detrimental for creep properties.[38] Despite this, the effect 

of preventing the pesting anomaly means that it is still a desirable material to add to an alloy 

mix. It has been suggested that ways to reduce the TiO2 content would help increase its high 

temperature stability.[64] Increased levels of Ti have also been shown to affect γ-Nb5Si3 

stabilisation, its actual influence on the microstructure is still unclear and the position of γ-

Nb5Si3 on phase diagrams is also unclear. 

Cr additions help to improve oxidation resistance, although the mechanism is still under 

debate.[7, 50] With a high at.% Cr a Cr2M Laves phase is produced establishing a ternary system 

of Nbss/Nb5Si3/Cr2Nb. It has been found in alloys containing >5 % Cr and it is this phase in which 

the oxidation resistance is attributed to, although high volume fraction of Laves phase has 

shown to reduce plastic deformation properties of materials. [121] 

Aluminium serves two purposes, to increase both the oxidation resistance and the mechanical 

properties. The Nb3Si phase is less favourable with aluminium present in the intermetallic 

phase and will decompose at lower temperatures into the solid solution and Nb5Si3 phase.[122] 
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Small quantities are deemed useful, but the formation of Nb3Al phases occur above 5 at.% of 

Al which decreases the materials creep resistance, for this reason, all alloys in this thesis 

contain ≤5% Al.[50] 

Hafnium has shown to dissolve in both Nbss and Nb5Si3, causing the crystal lattice to expand in 

both cases. The lattice increases are attributed to differences in relative atomic radii of Hf, Nb 

and Si; 1.56 Å, 1.43 Å and 1.17 Å respectively. This increases the coarsening effect of the 

material which in turn helps with high temperature creep resistance but also lowers the 

strength of the sample.  Zhao has shown that Hf prefers to substitute at Nb sites in the 

intermetallic phase rather than the Nb-solid solution,[44] this greatly effects the stabilisation of 

Nb5Si3 and promotes the formation of γ-Nb5Si3 which remains stable at 1500°C.[51] In another 

paper, Zhao has determined that alloys with Hf concentrations above 10 at.% produce Hf2Si 

and Hf5Si3.[123] Bewlay on the other hand has linked Hf to stabilising the Ti5Si3 phase discussed 

above, the presence of which has been noted as unfavourable for creep behaviour.[38] Other 

suggestions include the idea that Hf helps oxidation resistance by the formation of HfO2.[124] 

This compound reduces the oxidation of niobium as it is has a lower energy of formation than 

Nb2O5, which is the spallation material found on regular niobium silicide samples. This has 

consequences to oxide inclusions however, as discussed in section 2.4.2. 

Vanadium dissolves preferentially into the Nbss phase and provides a low temperature yield 

strength increase. However, due to the lower melting temperature of vanadium it decreases 

the high temperature strength. [120] 

The following chemistries: Nb-15Si-22Ti-14Cr-2Al-2Hf-2V (14Cr), Nb-15Si-22Ti-2Cr-2Al-2Hf-2V 

(2Cr), Nb-22Si-26Ti-2Al-6Cr-3Hf (6Cr) were analysed using a series of SEM, EDS and XRD at each 

stage of processing. This enabled monitoring of phase formation / transformation. SEM was 

used to visually analyse the microstructure of each chemistry. However, phases were difficult 

to distinguish using only SEM, and so EDS and XRD were implemented to assist with phase 

characterisation. Most chemistries were previously produced using arc-melting, though  

Nb-22Si-26Ti-2Al-6Cr-3Hf has a similar chemistry to others in this series and was produced 

using direct laser fabrication. These choices allowed for a start point, which could then be 

further expanded into the alloy choices discussed in 6 and Chapter 7. 
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4.2 Nb-15Si-22Ti-14Cr-2Al-2Hf-2V (14Cr) 
Songming Zhang (2015) previously showed that this elemental composition forms a three-

phase alloy of Nbss, α-Nb5Si3 and C15-Cr2Nb Laves phase. The Nb-Ti-Cr ternary diagram seen in 

Figure 32 is used to show the suspected phases found in thermodynamic equilibrium. The 

chemistries discussed below will be Nb-Si-Ti ternary diagrams, the high Cr concentration will 

have a significant effect on microstructure however and thus requires further inspection.[30, 50] 

 

Figure 32: Ternary diagram of Nb-Ti-Cr[125] 

On review of Figure 33, the low magnification image shows an almost equal distribution of all 

three of the main phases with small amounts of a fourth distributed evenly. Porosity is noted 

throughout the sample and some areas of concentrated Nb are also observed, which is the 

result of poor mixing on construction. The high magnification image shows a light phase, likely 

the primary Niobium solid solution with two other grey phases. 

 

Figure 33: BEI image of Nb-15Si-22Ti-14Cr-2Al-2Hf-2V at a) Low and b) High magnification, images located in 
the centre of sample 
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White hafnia inclusions are also noted in Figure 33 b), Hafnium has been noted by Limin Ma 

(2012) to act as an oxygen scrubber which the EDS appears to confirm. Titanium and aluminium 

are known for their highly reactive nature so oxides of these should be expected. 

 

Figure 34: Ellingham diagram of oxide formation with elements found in Nb-15Si-22Ti-14Cr-2Al-2Hf-2V[126] 

Figure 34 presents the Ellingham diagram of the elements used in 14Cr. Hf sits below the other 

elements at high temperatures, this stability suggests that Hf does act as an oxygen getter in 

this sample. This presents a problem as oxide inclusions in materials usually negatively affects 

any mechanical properties and act as crack initiation sites. 

Using EDS, it is possible to part-identify the remaining darker phases using their elemental 

compositions, this can be seen in Table 8. With this information, the lightest phase can be 

confirmed as (Nb, Ti)ss. The second lightest phase suggests Nb5Si3 or Nb3Si from the lower 

percentage of Nb but the high Si content. The darkest phase contains the highest Cr at 52.1%, 

this is likely expelled from the Nb5Si3 phase at the later stages of the reaction. The high Cr 

suggests that the Cr2Nb phase is formed, discussed by Songming Zhang (2015).[50] 
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Table 8: Element distribution in phases for Nb-15Si-22Ti-14Cr-2Al-2Hf-2V, all values in at.% unless otherwise 

stated 

 
Nb Si Ti Al Cr Hf V O 

Volume 
Fraction 

(%) 

Nbss 54.89  26.89 1.07 13.98 0.58 2.59 -- 56.38 
Nb5Si3 26.06 24.68 28.79 0.48 16 2.47 1.77 -- 20.94 

Cr2Nb 14.84 5.78 19.55 -- 52.1 3.09 4.65 -- 21.28 

HfO2 -- -- 1.28 -- 0.66 34.00 -- 64.06 1.40 
 

  

Nb5Si3 and Nbss, are difficult to distinguish by BEI contrast alone, Figure 35 highlights the 

difference in phases using EDS. a) Observes a map of Si (purple) b) shows only Cr (green). The 

original BEI is added for comparison in c). 

 

 

Figure 35: EDS Map image of a) Si, b) Cr, c) Hf and d) BEI image. Arrows indicate Laves phase with low Si 

concentration 

The crystal structure of these phases cannot be identified using only SEM and EDS analysis. As 

mentioned in section 2.3, Nb5Si3 can appear in multiple phases (α, β and γ) and whilst Zhang 

mentions a C15 Laves phase being formed, two others exist which are also present.[50, 127, 128] 

The crystal structures that are predicted from ternary diagrams can be found in Table 9. 
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Table 9: Possible crystal structures suggested by ternary diagram 

Phase Crystal Structure Space Group Number 

α-Nb5Si3 Tetragonal I4/mcm 
β-Nb5Si3 Tetragonal I4/mcm 
γ-Nb5Si3 Hexagonal P63/mcm 

C15 Cubic Fd-3m 
C14 Hexagonal P63/mmc 
C36 Hexagonal P63/mmc 

 

 

The EDS data is cross-referenced with the X-ray diffractogram in order to estimate the crystal 

structure of the observed BEI images. Figure 36 shows the diffractogram with a number of 

phases. The Laves phase was modelled as the cubic C15 form of Cr2Nb, C14 was noted in the 

paper by Zhang but could not be identified in the diffractogram. The Nb5Si3 phase suggests a 

both α- and γ-silicide’s are formed.[129] 

 
Figure 36: X-ray diffractogram of as-formed Nb-15Si-22Ti-14Cr-2Al-2Hf-2V  

Porosity is noted in Figure 33, hot isostatic pressing (HIP) was performed to densify the material 

as detailed in 8. All subsequent materials will undergo this process after formation unless 

otherwise stated. Figure 37 shows the a) low and b) high magnification images of the post-HIP 

material.  
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Figure 37: BEI image of Nb-15Si-22Ti-14Cr-2Al-2Hf-2V post-HIP at a) Low and b) High magnification. Image was 

taken at centre of sample 

 

Table 10 shows the elemental distribution in different phases as a result of diffusion during hot 

isostatic pressing. 

Table 10: Possible crystal structures suggested by ternary diagrams 

 Nb Si Ti Al Cr Hf V O 
Volume 
Fraction 

(%) 

Nbss 58.78 -- 28.36 -- 9.63 0.75 2.48 -- 61.18 

Nb5Si3 30.2 33.05 29.62 -- 2.12 3.86 1.17 -- 17.74 

Cr2Nb 25.25 8.27 12.91 0.24 47.56 1.96 3.82 -- 14.49 

HfO2 -- -- 1.16 -- 0.71 31.4 0.16 66.58 4.07 

Nb3Si -- -- -- -- -- -- -- -- 2.52 
 

 

After HIP the phases show many changes in composition, most notably for the higher 

concentration elements which had not reached equilibrium during formation. For 

convenience, highlights from Table 8 and Table 10 have been consolidated in the table below. 

Nb3Si was noted in the diffractogram in Figure 38 but was not observed in BEI images. 
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Table 11: Comparison of volume fraction % at as-formed and HIP elemental processing stages 

 

 Nb Si Ti Cr 

AF HIP AF HIP AF HIP AF HIP 

Nbss 42.88 58.08 14.09 -- 24.68 27.58 14.01 9.75 
Nb5Si3 29.19 39.61 21.80 23.27 33.71 27.37 9.18 4.72 
Cr2Nb 26.58 25.07 6.76 9.21 35.62 12.98 24.18 46.78 

 

A loss of Si from the Nbss suggests that the original cooling during laser additive manufacturing 

was rapid, forcing Si into an undesirable phase and thus trapping it interstitially, similar to 

martensite formation. A post-HIP segregation has been set up, observing no Si in the solid 

solution. Diffusion of Cr between Laves phase and Nbss shows a preference to form Cr2Nb. 

From Table 11 it is clear there is a shift in Ti concentration from the Laves phase and increasing 

in the solid solution, HfO2 remains largely unchanged as it is a very stable oxide although the 

volume fraction does increase from diffusion of Hf from the Laves phase, unlikely to react at 

the temperatures used in HIP, preventing reactions from Ti or Al occurring. 

 

Figure 38: X- ray diffractogram of as-formed Nb-15Si-22Ti-14Cr-2Al-2Hf-2V 

The diffractogram in Figure 38 suggests the formation of trace amounts of Nb3Si (~2%) 

although it is not detected in the BEI images. The remaining fractions remain similar to 

observed in the as-formed sample although a reduction of 7% Laves phase is noted. 
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The BEI images of Nb-15Si-22Ti-14Cr-2Al-2Hf-2V after heat treatment (5 hr, 1500°C) are 

presented in Figure 39 a). The microstructure shows significant coarsening compared to 

previous processes. A contrast in the image can be observed due to the coarsening of each 

phase over the heat treatment stages. The increase in volume fraction of HfO2 also effects the 

contrast, as this is non-conductive an increase of charge will be noted around these areas 

increasing its brightness whilst increasing the surrounding phase contrast. The increase in HfO2 

volume fraction is likely due to either ingassing of the material or potential oxygen within the 

chamber during heat-treatment. This can either originate from residual oxygen remaining in 

the chamber after being purged or from the trace concentration of O2 within the Ar gas supply. 

  

Figure 39: BEI image of Nb-15Si-22Ti-14Cr-2Al-2Hf-2V at a) Post-HIP and b) Post-HT, image located in the 

centre of sample 

 The microstructure inspected in Figure 39 b) shows the morphology has changed with absence 

of the small, thin phases observed previously. The phases can be easily distinguished using EDS 

seen in Figure 40, with a) presenting regions of Nbss along with the outlines of HfO2 in b). A 

regular morphology of Cr2Nb and Nb5Si3 may be observed in c) and d), presenting a mixture of 

semi-regular shaped hexagonal and tetragonal silicides. Close analysis will observe Cr 

concentrations on the Nb5Si3 phase boundaries. 
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Figure 40: EDS map of Nb-15Si-22Ti-14Cr-2Al-2Hf-2V post-HT at the centre of sample highlighting                       
a) Nb, b) Hf, c) Cr, d) Si  

The silicides appear to have formed within the Laves phase in some areas (highlighted). It 

would be highly unlikely that any diffusion process would cause this to occur and is thus likely 

that local melting has occurred as discussed by Feitosa L. (2018).[54] The composition of each 

element can be seen in Table 12. 

Table 12: Element distribution in phases for Nb-15Si-22Ti-14Cr-2Al-2Hf-2V post-HT, all values in at.% unless 

otherwise stated 

 Nb Si Ti Al Cr Hf V O 
Volume 
Fraction 

(%) 

Nbss 59.09 1.42 24.16 0.68 11.99 0.15 2.54 -- 46.55 
Nb5Si3 36.59 35.32 24.01 0.39 1.99 0.69 1.01 -- 26.51 

Cr2Nb 28.31 10.56 10.42 0.29 47.01 0.23 3.20 -- 8.45 

HfO2 -- -- -- -- -- 33.27 0.34 63.31 6.06 

Nb3Si -- -- -- -- -- -- -- -- 12.43 
 

Figure 41 shows a comparison of each phase at each stage of production for ease of the reader. 

A steady decline in Laves phase is noted as Nb3Si concentrations increase alongside the 

decrease of Nbss. 
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Figure 41: Comparison graph of phases in 14Cr at each stage of production 

The regular shaped hexagonal and tetragonal Si concentrations suggest that multiple phases 

have been formed through the HT process. When modelling the diffractogram in Figure 42, it 

suggests that quantities of γ-Nb5Si3 are indeed present, along with α-Nb5Si3. The volume 

fraction of Nb3Si increased greatly at a loss of Nbss. The HfO2 observed in all formations can be 

identified at this stage as monoclinic. As stated before, HfO2 is a very stable compound. Some 

increase is noted in its volume fraction during post-processing which can be attributed to the 

decreases of Hf observed in all other phases. Ta foil was not used to protect samples so 

reaction with residual oxygen is likely the cause of this increase. 

 
Figure 42: X-ray diffractogram of post-HT Nb-15Si-22Ti-14Cr-2Al-2Hf-2V modelled using MAUD 
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The presence of the C15 Laves phase throughout each step of processing is unexpected as 

silicon usually stabilises the C14 Laves phase by lowering electron density. The presence of Si 

should have destabilised the formation of C15 as discussed by Songming Zhang (2015).[50] 

Although the typical Laves phase consists of Cr2Nb, EDS analysis through each step has 

presented with both substitutional and interstitial atoms within the phase. The recorded 

elemental concentration is observed in Table 13 presents diminished Si and Cr content in the 

as-formed sample before equilibrating during post-processing. This altered chemistry likely 

lowered the valence electron concentration within the system and thus promoted C15 over 

C14 during formation. The reason a transformation was not observed during post-processing 

is unknown, models were attempted to identify the C14 Laves phase but were not adequate. 

Table 13: Element concentration of Laves phases observed at each processing step 

 

 Nb Si Ti Al Cr Hf V 

Zhang (2015) 23.70 10.90 15.70 0.60 42.40 3.20 3.50 

As-Formed 26.58 6.76 35.62 0.32 24.18 1.98 4.56 

Post-HIP 25.07 9.21 12.98 0.28 46.78 1.94 3.76 

Post-HT 28.31 10.56 10.42 0.29 47.01 0.23 3.20 
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4.3 Nb-15Si-22Ti-2Cr-2Al-2Hf-2V (2Cr) 
The alloy discussed previously contains higher Cr % and significantly less Nb, producing 

markedly different microstructure with an absence of the Laves phase noted. The low-

resolution BEI image in Figure 43 a) shows the equal distribution of a dendritic phase Nbss.  A 

eutectic may be observed between the dendrite formations formed from the remaining melt 

during solidification in b), this was expected from work by Zhang showing Nbss / α-Nb5Si3 

phases.[50] The low Cr % suggests that the C15 Laves phase may not have formed. 

 
Figure 43: BEI of Nb-15Si-22Ti-2Cr-2Al-2Hf-2V as-formed at a) Low and b) High magnification. 

Figure 44 presents the Nb-Si-Ti ternary diagram and suggests that a main Nbss along with Nb5Si3 

is formed. The BEI images show a light (Nbss) phase along with the fine Nb5Si3 eutectic between 

dendrites. Additional information using XRD and EDS analysis techniques seen below also 

confirm this. As with the chemistry discussed above, the Hf content is high enough to act as an 

oxygen sink, producing residual HfO2 which is likely formed during early solidification. 

 
Figure 44: Ternary diagram of Nb-Si-Ti along with indicated Nb3Si and Nbss phases 

 

Initial analysis of the XRD pattern in Figure 45 show large peaks associated with Nbss with 

smaller peaks representing HfO2 and Nb3Si. A shift in peak position of Nbss and slight 
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broadening at (1,1,0) is observed. Using a combination of the BEI and EDS, a distribution of 

solutes can be seen within the phase. Additions of lighter elements such as Ti and Cr shift the 

peaks towards the lower 2θ angle. The BEI suggests this is uneven, with shadows of grey at the 

edges of a lighter coloured core, this indicates an increased concentration of Nb at the core 

with Ti tending towards the edges. 

 
Figure 45: X-ray diffractogram of as-formed Nb-15Si-22Ti-2Cr-2Al-2Hf-2V 

Table 14 shows the volume fraction of each phase present calculated using both image analysis 

and quantitative analysis of the diffractogram in Figure 45. 

Table 14: Showing element and volume distribution for each phase in Nb-15Si-22Ti-2Cr-2Al-2Hf-2V as-formed, all 

values in at.% unless otherwise stated 

 Nb Si Ti Al Cr Hf V O 
Volume 

Fraction (%) 

Nbss 68 -- 23.79 2.52 1.94 1.46 2.24 -- 90.95 

Nb3Si 35.77 33.66 23.85 1.53 0.57 3.58 1.03 -- 8.82 

HfO2 5.37 -- 3.53 -- 0.4 27.46 0.31 62.93 0.25 
 

 

The XRD model suggests the presence of Nb3Si, which could be the result of low Cr content or 

production methods. K. Zelenitsas (2005) discussed the stabilising effects of Nb5Si3 with 

additions of Cr by breaking down Nb3Si via the peritectoid reaction Nb3Si  α-Nb5Si3 + Nbss.[130] 

Zhang et al created the same chemistry using arc-melting with directional solidification and 
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showed a binary system of Nbss/α-Nb5Si3 both before and after heat treatments. This alludes 

towards the rapid solidification of DLM preventing the decomposition of Nb3Si to form the 

Nbss/Nb5Si3 binary observed by Zhang. 

The solidification route for this alloy has been discussed by Feitosa L. (2018) and the evidence 

presented suggests an alternative pathway.[125] The work concludes the presence of Nb3Si but 

does discover any Nb5Si3 present. For this reason, it is suggested that the solidification route 

be altered to: 

L Nbss 

L Nbss + Nb3Si  

Early stages of solidification include hafnia formations, which are a result of interaction 

between Hf in the melt pool and residual oxygen.  These inclusions likely acted as nucleation 

points for dendrite growth, commensurate with findings from Feitosa L. (2018) and Songming 

Zhang (2015).[50, 125] 

A morphology change occurs during the first stages of post-processing seen in Figure 46 with 

coarsening of the interdendritic eutectic. Paired with this, the high temperature and pressure 

diffusion has promoted homogeneity in the Nbss phase resulting in an even contrast. 

 

Figure 46: BEI image of Nb-15Si-22Ti-2Cr-2Al-2Hf-2V showing a) as-formed b) post-HIP 

The diffractograms of Nb-15Si-22Ti-2Cr-2Al-2Hf-2V post-HIP in Figure 47 reveals the presence 

of γ-Nb5Si3 as well as the previously noted phases. 
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The peritectoid reaction of Nb3Siγ-Nb5Si3 + Nbss is likely the cause of the new silicide phase 

with the excess Ti and Hf content and low Cr. The hexagonal Nb5Si3 is promoted over the  

α-Nb5Si3 phase expected by conventional reaction path agreed by most.[129] 

 
Figure 47: X-ray diffractograms of Nb-15Si-22Ti-2Cr-2Al-2Hf-2V post-HIP 

A small shift in peak position and broadening of the Nbss is noted. This suggests both an 

expulsion of heavy elements or intake of lighter elements such as Ti and Al. This is evident in 

the XRD volume fraction modelling in Table 15 of the same phase, which shows a decrease in 

Nb and an increase of the noted elements. Hafnia also shares similar peaks with Nbss. Expansion 

in the lattice of HfO2 and increased volume fraction is modelled, and so appears as broadening 

of the Nbss peak at 56.13° (2,0,0) and 70.37° (2,1,1).  

Table 15: Showing element and volume distribution for each phase in Nb-15Si-22Ti-2Cr-2Al-2Hf-2V post-HIP, all 

values in at.% unless otherwise stated 

  Nb Si Ti Al Cr Hf V O Volume 
Fraction % 

Nbss 63.13 0.91 27.52 2.74 2.25 1.16 2.56 -- 76.07 

Nb5Si3/Nb3Si 36.09 33.84 24.26 1.17 0.34 3.3 1.13 -- 21.01 

HfO2 2.89 2.89 1.57 0.79 0.01 28.86 0.17 62.76 2.92 
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Continued microsegregation of Cr is noted in the above table, with the same quantity noted in 

the as-formed and post-HIP samples, this is a very low concentration of Cr in the silicide phase 

(compared to 14Cr), along with the 3% Hf promoted the formation of γ-Nb5Si3   

It was previously mentioned that the Nbss phase showed anisotropy when originally 

constructed. During hot isostatic pressing bulk diffusion has occurred with the high 

concentration of Nb moving more evenly throughout the material. Ti has a good solubility in 

Nb5Si3 and is also concentrated on the phase boundaries, allowing for both bulk and grain 

boundary diffusion to occur. This diffusion between both Nbss and both silicide phases results 

in the transformation of dendrite morphology to cellular. 

The backscattered electron image of Nb-15Si-22Ti-2Cr-2Al-2Hf-2V post-HT may be seen in 

Figure 48. It presents a dendritic microstructure, similar to previous stages, with further 

coarsening of the silicide as well as more HfO2.  

 

Figure 48: BEI image of Nb-15Si-22Ti-2Cr-2Al-2Hf-2V post-HT, showing a) Post-HIP b) Post-HT 

The diffractogram shows very little change in phases, a shift of Nbss to a higher 2θ suggests 

that the matrix relaxed post-HT, reducing its lattice size, this could either be due to relaxation 

from stress induced from the HIP process or diffusion of smaller elements into the matrix (or 

larger atoms out). 
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Figure 49: X-ray diffractograms of Nb-15Si-22Ti-2Cr-2Al-2Hf-2V post-HT at 1500°C for 5 h 

Table 16 displays the elements calculated in each phase via EDS analysis, it presents a loss of 

Hf from the matrix, likely forming HfO2, this reduction in larger atoms explains the observed 

shift of Nbss. The volume fraction of HfO2 is larger than was observed post-HIP, this may be due 

to Hf in the solid solution reacting with residual oxygen in the chamber, acting as an oxygen 

sink protecting the niobium matrix. 

Table 16: Showing element and volume distribution for each phase in Nb-15Si-22Ti-2Cr-2Al-2Hf-2V post-HT, all 

values in at.% unless otherwise stated 

 Nb Si Ti Al Cr Hf V O 
Volume 
Fraction 

% 

Nbss 64.98 1.08 25.56 2.46 2.89 0.35 2.70 -- 80.35 

Nb5Si3 36.09 33.62 25.94 1.51 0.44 1.22 1.17 -- 12.90 

HfO2 7.10 4.67 3.52 0.00 0.00 26.93 0.00 56.22 6.75 
 

 

The remaining elements are similar as observed in the as-formed sample, meaning it was in 

thermodynamic equilibrium on construction. Further breakdown of Nb3Si through the 

peritectoid reaction Nb3Si  α-Nb5Si3 + Nbss is noted, similarly to the post-HIP sample. A 

breakdown of phase transformation can be seen in Figure 50. The change in Cr content 
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between 2 and 14Cr shows a markedly different microstructure. The reduction from 14 at.% 

to 2 at.% notes the absence of the Laves phase as well as the formation of α-Nb5Si3. 

 

Figure 50:Comparison graph of phases in 2Cr at each stage of production 

Original work by Zhang produced this binary microstructure of Nbss /α-Nb5Si3. The choice to 

create these samples using DLM has radically altered the cooling, producing the metastable 

γ-Nb5Si3 instead. The transformation from γ-  α-silicide was not observed in these 

experiments, possibly due to the low kinetic speed of transformation. Processing route is the 

key difference between both processes, and therefore it may be important to consider 

different construction parameters in order to promote α-Nb5Si3, but it is out of the scope of 

this PhD. In Nb-15Si-22Ti-2Al-2Hf-2V-14Cr the large amount of Cr helped to stabilise the 

tetragonal silicide in both DLM and arc furnace samples. 

Hafnia and yttria oxide inclusions were noted in the work by Zhang. Whilst yttria oxides may 

have originated from mould interactions with the melt pool, these are absent due to process 

differences. HfO2 is noted in large quantities, however, throughout the microstructures 

displayed in Figure 43 and Figure 46 It was discussed in the section 2.4.3 that yttria/hafnia 

inclusions may float on a melt pool, essentially partitioning the inclusions to the top of the 

mould during directional solidification.[82] The rapid solidification prevented this from occurring 

and inclusions were essentially trapped where they were produced. This is significant as the 

distribution of HfO2 throughout the matrix disrupts expected mechanical properties. Ductility 

and toughness will be hindered as the oxide will act as crack initiator sites or de-bond 

themselves from the matrix interface propagating cracks. 
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4.4 Nb-22Si-26Ti-2Al-6Cr-3Hf (6Cr) 
Unlike the alloys previously examined, the chemistry explored here contains more Si, Ti and Cr, 

compensating with less Nb and Hf, and a complete removal of V. This results in a very non-

uniform microstructure as seen in Figure 51 a). When examined closely in b), equal 

distributions of light and multiple dark phases can be seen. The light phase is likely the Nbss, 

the other darker phases may be Nb5Si3 and the Laves phase observed in 14Cr. 

 

Figure 51: BEI of Nb-22Si-26Ti-6Cr-2Al-3Hf as-formed at a) Low and b) High magnification 

Using the ternary diagram seen in Figure 52, Nb5Si3 and Nbss are the logical phases.  Whilst this 

alloy has a large amount of Cr, analysis of EDS in Figure 53 suggests that a Laves phase has not 

formed.  

 

Figure 52: Ternary phase diagram of Nb-Si-Ti with respective phases plotted 

The high concentrations of Cr present in 14Cr typically produced two distinguishable phases in 

the Si map (presented below), one phase of silicon present in Nbss and one in Nb5Si3. 

Conversely, map presented in 6Cr shows two contrasting phases, suggesting the lack of laves 

phase.  
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Figure 53: EDS Map image of Cr in a) 14Cr and b) 6Cr 

As with the previously discussed chemistries, Hf is contained within the samples, although in 

lower concentration. As a result, HfO2 may still be seen, although at a significantly lower 

volume %. 

When examining the diffractograms of this sample (Figure 54), it can be seen that like 2Cr, both 

solid solution and silicide are observed. In contrast to the previously discussed chemistry, both 

the γ-Nb5Si3 and β-Nb5Si3 are present. Unlike 14Cr, the lower Cr content supresses the 

formation of any high chromium C15 Laves phase. Feitosa L. (2018) has noted its presence in 

low concentration but these were not observed in either the microstructure or diffractogram 

of this sample.[125] 

 
Figure 54: X-ray diffractograms of as-formed Nb-15Si-22Ti-6Cr-2Al-3Hf, modelled using MAUD 
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When comparing the Nbss (1,1,0) peak it is noted that a shift of 0.48° has occurred between 

2Cr and 6Cr. This displacement suggests one of two things: 

1) The sample was not originally placed flush with sample holder during scan resulting in 

Z axis misalignment. 

2) A chemistry difference exists between the two phases resulting in an overall shift 

Table 17: Showing element distribution in phases 

 Nb Si Ti Al Cr Hf O XRD 

Nbss 50.85 2.17 32.48 2.15 11.03 1.32 -- 23.31 
γ-Nb5Si3 33.43 36.41 24.90 0.84 0.75 3.67 -- 47.32 

β-Nb5Si3 45.78 -- 36.90 2.35 13.73 1.24 -- 27.63 

HfO2 0.85 0.40 0.30 0.82 0.43 31.1 66.1 1.74 
 

 

Whilst reason 1 is possible, results from both the modelled diffractogram and post-processing 

evidence suggest that the alignment was adequate. Using EDS analysis in Table 17 the 

concentration of Nb in the alloys discussed so far can be compared in Figure 55. A trend is 

observed with the lattice constant a is proportional to niobium concentration. The 

concentration of Ti within the matrix appears to be less important with higher concentrations 

noted in 6Cr. As titanium has a smaller radius, substitution over Nb would decrease the lattice 

constant observed in Nbss. Cr also shows segregation to the solid solution over the silicide, with 

a similar atomic radius to Ti it also reduces lattice size. All this leads to the observed shift in θ. 

 

Figure 55: Relationship between lattice constant a and % Nb content in Nbss in as-formed alloys 
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Microstructural changes can be seen in the post-HIP alloy when comparing the backscattered 

images of both samples in Figure 56. A side-on comparison shows little change in the 

microstructures. A small amount of conglomeration is noticeable in the HfO2 phase along with 

coarsening and “squeezing” of both Nb5Si3 phases. Both results are influenced by the high-

pressure environment. 

 

Figure 56: BEI images of Nb-22Si-26Ti-6Cr-2Al-3Hf both a) as-formed and b) post-HIP 

Hot isostatic pressing has also influenced the diffractograms seen in Figure 57. A reduction in 

β-Nb5Si3 being absorbed into the niobium matrix noted observing γ-Nb5Si3, Nbss, Nb3Si and HfO2.  

 

Figure 57: X-ray diffractogram of Nb-22Si-26Ti-2Al-6Cr-3Hf post-HIP modelled using MAUD 

Nb3Si was not discerned on the BEI images but its presence in small quantities in the HIP 

specimen suggests that it is formed as an intermediate between β-Nb5Si3  Nbss + γ-Nb5Si3. 

An asymmetric peak shift in γ-Nb5Si3 and some HfO2 peaks suggests both an orientation shift 
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and lattice constant increase has occurred in both phases. The lattice constant expansion can 

be observed in the appendix. This change is likely due to compositional changes observed in 

Table 18 for each phase. 

Table 18: EDS data for Nb-22Si-26Ti-6Cr-2Al-3Hf post-HIP 

 
Nb Si Ti Al Cr Hf O 

Volume Fraction 
(%) 

Nbss 51.72 -- 32.76 3.01 11.34 1.19 -- 42.34 
γ-Nb5Si3 39.04 35.17 20.7 1.23 1.04 2.83 -- 

56.17 
γ-(Nb,Ti)5Si3 30.34 33.79 28.04 1.26 1.74 4.83 -- 

HfO2 0.6 -- 0.08 -- -- 32.77 66.55 1.4 

Nb3Si -- -- -- -- -- -- -- 0.09 
 

 

Results indicate that gamma is spread in all areas of the microstructure. EDS of each phase 

indicates that a range of titanium concentrations is present. Evidence from G. H. Cao (2015) 

suggests that Ti5Si3 may be formed at high Ti concentrations, a model including this was 

attempted but not observed.[129, 131] 

The BEI images of Nb-22Si-26Ti-2Al-6Cr-3Hf post heat treatment (5 hr, 1500°C) are presented 

in Figure 58 a). Porosity is noted in low magnification suggesting that “closed” porosity may 

have been hiding gas-filled pockets of argon post-HIP rather than consolidating existing cracks. 

The microstructure presents coarsening of the silicide phase, the contrasting light and dark 

silicides are difficult to discern. Hafnia inclusions are noted on the surface as noted in previous 

hafnium containing alloys. 

 

Figure 58: BEI image of Nb-22Si-26Ti-6Cr-2Al-3Hf at a) Post-HIP and b) Post-HT 
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The diffractogram in Figure 59 presents with four phases. The Nbss matrix, HfO2 and γ-Nb5Si3, 

all have been discussed previously, α-Nb5Si3 is now noted and the volume fractions of this may 

be seen in Table 18. Quantitative analysis suggests the volume fraction of HfO2 has increased 

marginally post-HT, likely from residual oxygen in the chamber and crucible similar to 2Cr. 

 
Figure 59: X-ray diffractogram of Nb-22Si-26Ti-2Al-6Cr-3Hf post-HT modelled using MAUD 

The lattice parameter of Nbss can be observed in Table 19. It shows little changed during post-

processing, which is indicative of the stability in this phase. Table 20 shows that little has 

diffused in and out of the phase except small amounts of Nb and Si. The diffractogram suggests 

it appears to have remained stable. 

Table 19: Change in Lattice parameter over processing steps of Nb-22Si-26Ti-2Al-6Cr-3Hf 

Process Stage Lattice Constant (Å) 

As-Formed 3.249415 

Post-HIP 3.251266 

Post-HT 3.250043 
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An increase in the peak ~70° suggests a change in HfO2 as other modelled Nbss peaks do not 

change. Further inspection of Table 20 presents little diffusion in other phases. α-Nb5Si3 has a 

similar constitution as observed in the as-formed sample, what is noted is a decrease of Hf 

within the silicide systems which may be the source of the HfO2 increases observed. 

Table 20: Showing element and volume distribution for each phase in Nb-15Si-22Ti-6Cr-2Al-3Hf post-HT, all values 

in at.% unless otherwise stated 

 
Nb Si Ti Al Cr Hf V O 

Volume 
Fraction 

(%) 

Nbss 54.28 1.12 29.44 2.43 11.83 0.65 0.25 -- 15.95 
α-Nb5Si3 41.45 35.75 19.58 0.68 0.68 1.60 0.25 -- 26.64 

γ-Nb5Si3 29.84 35.45 28.65 1.26 1.42 3.16 0.22 -- 53.66 

HfO2 0.99 0.50 0.72 0.70 0.15 30.25 -- 66.69 3.75 
 

Hafnium is noted to stabilise γ-Nb5Si3, the loss from the silicide system may have allowed for 

the formation of the observed α-Nb5Si3, a graph summarising the phases present at each stage 

of the samples treatment can be seen in Figure 60. 

 

Figure 60:Comparison graph of 6Cr at each stage of production 
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4.5 Evaluation of Elemental Additions of Chromium and Hafnium 
The aim of this chapter was to reproduce 4th generation Nb-Si-Ti alloys using DLD, HIP and HT. 

The inclusion of Cr and Hf to Nb-Si-Ti alloy systems aimed to produce an alloy with increased 

oxidation resistance, and chemistries were based on works by Songming Zhang (2015) and 

Dicks R. (2009). 

Varied quantities of Cr had a great effect on the produced microstructure. Low quantities of Cr 

favoured the production of γ-Nb5Si3, whereas increased concentrations of Cr promoted the 

formation of α-Nb5Si3 but noted the formation of Laves phase at 14 at.% Cr. The Laves phase 

produced was dissimilar to reported structures. A C15 cubic structure was observed in this 

thesis instead of the C14 hexagonal Laves phase, potentially due to elemental differences 

altering the electron density of the phase. 

The inclusion of Hf in all samples examined has produced HfO2. These inclusions, as in other 

materials, will likely have implications on the machinability of the materials, due to the 

stabilisation of NbSi3 as suggested by Qu S.[132, 133] HfO2 acts as an excellent O2 getter, and also 

helps to stabilise α-Nb5Si3 but also become stress concentration points, increasing the chances 

of brittle fracture along the surrounding silicide. It may be wise to stop using Hf in LAM Nb-Si 

alloys until parameters of DLM cooling can be controlled.  
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5 Effects of Mo additions on Phase Evolution in Direct Laser Melting of Nb-Si 

Alloys 

5.1 Introduction 
The previous chapter discussed the effects of Hf addition in the microstructure, with the 

combination of stabilising γ-Nb5Si3 and its detrimental effects to mechanical properties from 

hafnia inclusions, future work removed this element. 4th generation alloys based on Nb-Ti-Si-

Al-Cr systems have been reported by Jie Geng (2006) with the effects of Mo additions to the 

Nb-Si system. Reduction of the metastable β-Nb5Si3 to α- Nb5Si3, was observed. Whilst it is only 

partially soluble in the silicide it can be readily dissolved into the niobium solid solution.[134] A 

paper by Kim WY (2002) attributes a solid solution hardening effect from the molybdenum and 

this significantly increased the yield stress of the alloy.[134] 

This section aims to discuss a different strategy in alloy production. Chemistries in the previous 

chapter contained small amounts of Hf and varying levels of Cr. The presence of Hf produced 

HfO2 in all instances in the previous chemistry, it is surmised that these would act as crack 

initiator sites or de-bond themselves from the matrix interface propagating cracks as discussed 

in section 4.3. The following chapter replaces Hf with Mo to both increase oxidation resistance 

and improve the mechanical properties as a solid solution strengthener.[46, 135, 136]  

The Cr content was chosen based on prior experiments and knowledge. High Cr levels observed 

in section 4.2  produced the Laves phase, and Cr levels too low would not provide Nb with 

resistance to oxygen diffusion and solubility. 
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5.2 Nb-18Si-24Ti-5Cr-5Al-2Mo (2Mo) 
The microstructure of the as-formed sample Nb-18Si-24Ti-5Cr-5Al-2Mo (2Mo) can be seen in 

Figure 61. The low magnification shows primary grey phases suspected to be either Nb5Si3 or 

Nb3Si surrounded by a lighter grey (likely Nbss). A third, darker grey phase (phase 3) can also 

be observed under high magnification. 

 
Figure 61: BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo at a) Low and b) High magnification. Image taken at centre of scan 

sample. 

The use of EDS analysis allows elemental abundance to be discovered in each ‘phase’. The 

results are shown in Table 21. The solid solution can be identified from the large Nb/Si ratio, 

which also contains a significant quantity of titanium. To reflect this, the phase will be 

described as (Nb, Ti)ss. Like the phases in previous sections, Al has shown segregation to the 

solid solution phase with the majority favouring the low Si environment. This is equally true 

with Cr and Mo which show segregation to (Nb, Ti)ss. The combination of these three elements 

is 12 at.%, previous works have suggested they contribute to the suppression of Nb3Si and 

promote Nb5Si3. As discussed previously, Cr contributed to Laves formation in section 4.2 but 

is not observed here, with most Cr being distributed in Nbss. 

Table 21: Showing element distribution in phases of as formed Nb-18Si-24Ti-5Cr-5Al-2Mo, all values in at.% unless 

otherwise stated 

 
Nb Si Ti Al Cr Mo 

Volume 
Fraction 

(%) 

Nbss 46.39 6.65 28.36 6.98 8.82 2.81 33.73 
γ-Nb5Si3 45.42 32.35 17.31 3.03 1.00 0.88 35.38 

γ-Nb5Si3 34.85 28.30 28.84 4.45 2.76 0.79 30.89 
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Unlike the Nbss, the primary phase contains a high amount of both Nb, Ti and Si. Previous 

studies noted only one Nb5Si3 formation but do not detail EDS data of each phase until after 

oxidation experiments.[46] The two different silicide phases can be differentiated when 

comparing EDS maps in Figure 62. The high Ti silicide is only noted within the eutectic between 

the primary silicide. Ti5Si3 formation is noted under high Ti, though this is not observed in the 

diffractogram in Figure 63 and therefore Ti is substituted for Nb within the crystal lattice. 

 
Figure 62: EDS map highlighting different elemental distributions in Nb-18Si-24Ti-5Cr-5Al-2Mo showing              

a) Si distribution, b) Ti distribution 

When modelled, only hexagonal Nb5Si3 is confirmed (Figure 63). Multiple structures were 

attempted including β-Nb5Si3 and Nb3Si, which were two structures observed in original 

experiments by Jie Geng (2006), but a sufficient goodness of fit was not achieved.[46]  

 
Figure 63: X-ray diffractogram of as-formed Nb-18Si-24Ti-5Cr-5Al-2Mo 
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The difference in observed crystal structure allows the following to be surmised; 

1)  γ-Nb5Si3 may contain a range of Ti concentrations 

2) Formation methods greatly effect crystal structure formation of Nb5Si3 

Evidence from Figure 62 and Figure 63 suggests that Nb5Si3 may exist with different ratios of 

Ti, with titanium atoms substituting niobium atoms, based on constant ratio of (Nb/Ti):Si 

throughout both phases. The modelled crystal lattice for γ-Nb5Si3 is smaller than expected; 

modelled: a, c = 7.5202 Å, 5.1875 Å, versus recorded: a, c =7.536 Å, 5.249 Å. This shrinkage of 

crystal size represents the relaxation of the crystal lattice due to smaller substitutions of Ti for 

Nb. 

Formation speed may have a significant impact on crystal formation. Work by Jie Geng (2006) 

used arc-melting to produce samples that were re-melted 5 times before final solidification. 

This is a much slower process with phases being mixed multiple times, areas of concentrated 

Ti were noted within the paper but not in significant amounts. As a result, Geng produced a 

system containing Nbss, β-Nb5Si3 and Nb3Si. The sample presented in this data was formed by 

additive manufacturing and thus cooled rapidly. A “layer” was re-melted multiple times as the 

laser passed over to produce the next section, promoting homogeneity. This rapid cooling may 

be one reason why only γ-Nb5Si3 is observed on solidification. 

Plotting the individual phases on the ternary Nb-Si-Ti diagram in Figure 64, including the Ti 

saturated Nb5Si3 phase, we can observe a range where Nb5Si3 may solidify. 

 

Figure 64: Ternary phase diagram of Nb-Si-Ti with respective phases plotted 
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Finally, the solidification can be solved as: 

L  γ-(Nb, Ti)5Si3 

L  (Nb, Ti)ss + γ-(Nb, Ti)5Si3 (Ti saturated) 

It is speculated that as the γ-Nb5Si3 phase solidified during the primary stage, during which it 

ejected excess titanium into the melt pool, thus saturating it. Secondly a eutectic was formed 

from the liquid resulting in Ti-rich γ-Nb5Si3 as well as (Nb, Ti)ss. 

Methods of calculating phase % in 2Mo were compared to determine a difference between 

the surface and bulk of a sample. Table 22 displays the volume fraction of each phase using 

different techniques. The bulk sample originates from the modelled diffractogram, the edge 

and centre sections are averaged analysis of several BEI images. 

Table 22: Comparison table of phase % distribution in XRD diffractogram and BEI images 

Phase XRD Edge Centre 

(Nb,Ti )ss 58.28  18.56 19.93 
γ-Nb5Si3 41.71  68.25 70.49 

 

 

A difference in phase quantity is seen when comparing the two measurements, noticeably with 

Nbss and γ-Nb5Si3.  

These discrepancies can be the result of one of two factors: 

1) The areas analysed using BEI had an atypical ratio of phases- not representative of the 

bulk material. 

2) Penetration depth plays a larger factor than expected. 

The likely answer is penetration depth, as BEI images were taken from a range of areas on a 

sample, averaging out should represent an accurate image of the surface. SEM analysis has a 

smaller penetration distance when compared to XRD, for this reason it is possible that the 

surface analysed under SEM may not represent a complete picture of the sample. 

Macrosegregation may have occurred during solidification, resulting in a shift in Nbss/Nb5Si3 

volume ratios. 
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The BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo post-HIP can be seen in Figure 65. Small amounts of 

consolidation are seen in the eutectic but the primary Nb5Si3 phase appears smaller. Four 

distinct phases can be seen in the post-HIP sample, the three noted from previous stages and 

a fourth black phase at the boundary of Nb5Si3 and Nbss. 

 

Figure 65: BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo post-HIP at a) as-formed b) post-HIP. Images taken at centre of 

scan sample. 

The new phase, localised on the boundary of Nbss and Nb5Si3 suggests it formed via phase 

boundary diffusion, its proximity to Nb5Si3 suggests it was expelled from this phase. The 

diffractogram of Nb-18Si-24Ti-5Cr-5Al-2Mo post-HIP in Figure 66 suggests three phases are 

present, Nbss , γ-Nb5Si3 and β-Nb5Si3, suggesting a partial γ  β transformation. 

 
Figure 66: X-ray diffractograms of post-HIP Nb-18Si-24Ti-5Cr-5Al-2Mo 
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Although only three crystal structures are suggested on the diffractogram, four were noted in 

the BEI image, their composition has been analysed in Table 23. The Nbss phase is easily 

identified from the diffractogram and retains a similar distribution of elements, with ejection 

of Si suggesting the as-formed solid solution cooled too rapidly to eject it, trapping it within 

vacancies of the Nbss lattice, Si partially diffused out during post-processing. Work by 

Tsakiropoulos (2018) suggests that Nbss exists with either 0 % Si or 1.5 % Si, dependant on 

other alloying elements, suggesting further diffusion may be required to reach equilibrium.[129]
 

Table 23: Showing element distribution in phases of post-HIP Nb-18Si-24Ti-5Cr-5Al-2Mo, all values in at.% unless 

otherwise stated 

 Nb Si Ti Al Cr Mo 
Volume 
Fraction 

(%) 

Nbss 49.34 3.62 28.43 6.83 8.97 2.82 49.55 

β-Nb5Si3 45.36 32.18 17.40 3.15 1.00 0.92 38.41 

γ-Nb5Si3  51.81 26.57 17.65 1.94 1.20 0.82 12.03 

Tiss 28.12 4.30 61.70 1.82 2.47 1.59 -- 
 

 

The two silicide phases have a very similar composition. As the XRD model suggests, 

β-Nb5Si3 is present in a larger quantity and so is labelled according to the modelled volume 

fraction. The contrast in the BEI image is likely the marginal difference of Nb/Si content results. 

Titanium levels in both phases are similar, confirming the hypothesis that the Nb5Si3 phase was 

saturated with Ti. 

The fourth phase identifies with a high Ti content. No new peaks were observed in the 

diffractogram suggesting the material is either non-crystalline or has overlapping peaks within 

the sample. Tiss is a likely candidate with an Im-3m crystal structure, the same observed in Nbss 

as discussed in section 3.3.4 making it difficult to model within the larger Nbss peaks. It has also 

been previously noted to appear in electron beam surface melted samples in work by Dicks 

(2008).[9, 137, 138] The table above shows that Ti concentrations have reduced to ~17.5% in both 

phases, It is possible that the ejection of Ti resulted in the formation of Tiss on the Nb5Si3 

boundary, further experiments were required to determine the origins of Tiss and are discussed 

later in 8. 
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The heat-treated sample may be seen in Figure 67. It presents a microstructure similar to the 

post-HIP sample, this initially suggests either that the HIP stage sample was under equilibrium 

or the time was not long enough to promote any significant morphology changes. 

 

Figure 67: BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo at a) Post-HIP and b) Post-HT. Images taken at centre of scan 

sample. 

Similar to previous steps, two contrasting Nb5Si3 phases are observed in the BEI images, 

inspection of the diffractogram for this sample in Figure 68 shows three phases. Nbss continues 

as previous, γ-Nb5Si3 is still detected and β-Nb5Si3 is now replaced with α-Nb5Si3. 

 
Figure 68: X-ray diffractogram of post-HT Nb-18Si-24Ti-5Cr-5Al-2Mo  post-HT performed for 5 h at 1500°C 

The presence of α-Nb5Si3 within the 5 h heat treatment suggests its transformation may occur 

via a mechanism not involving Nb3Si decomposition. Indeed, its absence from the 
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diffractogram suggests it was not formed. Alluding to another mechanism converting β-Nb5Si3 

 α-Nb5Si3. The presence of γ-Nb5Si3 proposes the transformation is in this material 

incomplete. It is possible the eutectoid β-Nb5Si3  α-Nb5Si3 + NbSi2 reaction occurred but NbSi2 

could not be modelled successfully.[129] Another heat treatment of 1200°C was also performed 

for 100 h. The modelled diffractogram observed in Figure 69 of the 100 h HT shows a fully 

transformed crystal structure with no Nb3Si present. 

 
Figure 69: X-ray diffractogram of post-HT Nb-18Si-24Ti-5Cr-5Al-2Mo – HT performed for 100 h at 1200°C 

The HT temperature was not as high as the previous experiment, it does show transformation 

of β-Nb5Si3 to α-Nb5Si3 with no some γ-Nb5Si3 noted at small quantities within the pattern. The 

volume % distribution can be seen below in Table 24.  

Table 24: Volume fraction of two different HT parameters 
 

 Volume Fraction % 

Phase 5 h 100 h 

Nbss 30.14 51.92 
α-Nb5Si3 43.81 42.95 

γ-Nb5Si3 26.05 5.13 

The 5 h sample shows a much lower volume fraction of solid solution and it is likely that further 

HT to 100 h would result in the decomposition of γ-Nb5Si3 into Nbss and α-Nb5Si3. The peaks at 

40.98° and 43.65° are different between 5 h and 100 h. To provide a better fit, arbitrary 

texturing model was removed suggesting that an orientation change has occurred, reducing 
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preferred orientation of α-Nb5Si3 during the 100 h HT. Note that this is a supposition, complete 

texture analysis of both samples would be required.  

The BEI in Figure 70 shows the microstructure of 2Mo at three different stages of post-

processing, the observed volume% of Tiss is greatest immediately post-HIP and reduces started 

from 5 h, with 100 h containing the least. This also coincides with a diffusion of Ti into the solid 

solution. 

 

 

Figure 70: BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo at a) Post-HIP, b) Post-HT (5 h, 1500°C) and c) Post-HT (100 h, 

1200°C), showing different levels of Tiss 

Table 25 presents the elemental distribution in each phase in the 5 h and 100 h HT samples. It 

is noted that Si decreases as heat treatment time persists and is no longer present in Nbss after 

100 h. Slow homogenisation between Nbss and Tiss is evident, observing a 2 % Cr switch. 

Diffusion also appears from Tiss towards γ-Nb5Si3 with concentrations of titanium increasing to 

as-formed levels. 
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Table 25: Showing element distribution in phases of post heat treatment Nb-18Si-24Ti-5Cr-5Al-2Mo, all values in 

at.% unless otherwise stated 

  Nb Si Ti Al Cr Mo 

Nbss 5 h 50.08 1.07 28.00 6.92 10.55 3.39 
 100 h 56.14 -- 28.45 6.49 8.92 -- 

α-Nb5Si3 5 h 44.89 31.73 18.76 2.37 1.22 1.03 

 100 h 46.07 32.54 17.37 3.60 1.25 -- 

α-(Nb,Ti)5Si3 5 h 33.45 32.44 28.51 3.22 1.72 0.67 

 100 h 33.19 32.27 30.49 3.28 1.15 -- 

Tiss 5 h 6.26 0.27 92.20 0.41 0.66 0.29 

 100 h 20.58 7.95 68.95 1.58 2.42 -- 
 

 

A comparison of all these changes can be seen in Figure 71 along with transformations during 

all post-treatment stages. 

 

Figure 71:Comparison graph of 2Mo at each stage of production 
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5.3 Evaluation of Elemental Additions 
This chapter aimed to replicate work conducted by Jie Geng (2006). The phase evolution of  

4th generation Nb-Si-Ti alloys produced by directional solidification and additive manufacturing 

were compared.  

Work in the previous chapter established the effects of Cr and Hf on alloy systems. Hf was 

removed to prevent HfO2 formations within the system. The quantity of chromium was decided 

based on phases produced in the reported paper and knowledge acquired in 4. The addition 

of Mo to the Nb-Si-Ti alloy systems aimed to produce an alloy with increased oxidation 

resistance and strengthen the solid solution. 

Titanium concentration was based on the chemistry reported by Jie Geng (2006) and 

microsegregation of Ti was noted on formation. During HIP post-processing Tiss was produced 

epitaxially to Nb5Si3 structures. During heat-treatment these reabsorbed into Nbss and Nb5Si3 

phases, suggesting a diffusion mechanism. Further discussion of this phenomena may be seen 

in section 8.3. 
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6 Effects of Zr and Y Additions in 4th
 Generation Nb-Si Alloys 

6.1 Introduction 
The oxidation resistance of current niobium silicide alloys is poor at approximately 700°C. It 

was discussed earlier in section 2.4.2. It is suspected that oxygen propagates through existing 

cracks and pores within the sample. Pesting can also occur in some alloys, where a non-

protective oxide layer peels from a components surface.[139] The elemental additions of the 

previous chapter (Al, Ti and Cr) are known to be beneficial to oxidation resistance, although 

the target oxidation resistance of 23 μm.h-1 has not been reached.[31, 140] The previously 

discussed chemistry 2Mo (Nb-24Ti-18Si-5Al-5Cr-2Mo) was constructed under LAM and shows 

unique microstructure compared to arc-melting performed by Jie Geng (2006). Separate work 

by Douglas A. showed that this alloy was shown to have greater oxidation resistance after LAM 

construction followed by HIP and 100 h HT at 1200°C.[141] 

The primary oxide of Nb-Si-Ti alloys is Nb2O5 and several conformation changes occur when 

temperature is increased, each of which results in a volumetric change.[142] This change in 

volume is likely to be responsible for the pesting phenomenon observed in Nb-Si-Ti oxides. 

One consideration for oxidation improvement is the addition of zirconium which has a 

thermodynamically stable oxide; ZrO2 (zirconia). At high temperatures it is more stable than 

Al2O3, as with Nb2O5, it also undergoes conformation changes seen below in Figure 72. Zr and 

Y have been shown to improve oxidation resistance in other materials, a study has found 

improved oxidation resistance in Nb-Si-Ti.[143] Little is known of the effect of Zr on the 

microstructure and phase stabilisation of Nb-Si-Ti alloys.[143, 144] Zr, like Ti, is a group IV metal 

with a hexagonal close packed (HCP) crystal lattice, this suggests it may also stabilise γ-Nb5Si3, 

though the extent of stabilisation is unknown.[129, 145] Some work suggests that Zr improves 

mechanical properties of Nb-Si alloys by increasing dislocation mobility.[144] 
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Figure 72: Conformational changes in ZrO2 as a result of thermal changes[146] 

Figure 72 also presents density changes within the crystal structure, suggesting that the 

conformer transformation is not beneficial. Studies have shown that ZrO2 can be stabilised by 

additions of yttrium oxide. Y2O3 has been shown to partially stabilise ZrO2 in the tetragonal 

form or sometimes fully stabilise the cubic phase.[147]  

It is hypothesised that the addition of Zr and Y will enhance oxidation resistance by producing 

a stable conformer. The lack of conformer change will ideally form a non-porous oxide layer 

which would be less prone to pesting. 

Yttrium also influences the thermal coefficient of expansion, for example 4 at.% yttria has a 

similar value to niobium in stabilised ZrO2.[7, 148] As mentioned, the difference in volume (and 

therefore thermal expansion) is one of the factors leading to pesting of the oxide layer. Yttrium 

has been shown to decrease the grain boundary size of NiAl alloys, improving oxidation 

resistance. This has also been shown by Yueling Guo (2018) to refine microstructures, the result 

being a smaller oxide which can modify the growth and stress produced and prevent 

pesting.[149, 150] At high temperatures it also produces a more stable oxide than hafnium, 

niobium and titanium, meaning it acts as a potential oxygen sink, similar to the HfO2 discussed 

in Chapter 4 Yttrium will be added to reduce the change in volume, and therefore thermal 

expansion in the oxidation layers. 
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6.2 Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y (CoZy5) 
The addition of Zr produces a very fine, regular microstructure as can be seen in Figure 73 a). 

When inspecting at high magnification b) we can see a microstructure containing 3 distinct 

formations. The predominant lighter phase (likely Nbss) contains a mixture of two grey phases. 

The larger grey phase appears blocky with a “lathlike” H shaped formation, highlighted, whilst 

a smaller eutectic structure can also be observed within the Nbss. 

 

Figure 73: BEI image of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y as-formed at a) Low and b) High magnification 

The added Zr and Y have altered the microstructure significantly. Previously, large consolidated 

γ-Nb5Si3 dendrites were present, surrounded by Nbss and small quantities of high-Ti γ-Nb5Si3 as 

seen in Figure 74. The high-Ti Nb5Si3 phase remains but the average size of the silicide’s is 

smaller. 

 

Figure 74: BEI image of 2Mo as-formed at high magnification 

Closer examination of the microstructures produced using EDS (Figure 75) allows the elemental 

distribution to be observed, below is the comparison of 2Mo and CoZy5. The niobium 

concentration remains mostly homogeneous, with a higher concentration in the solid solution 

areas.  
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As expected, the silicon distribution is non-homogeneous, segregating to the darker grey 

microstructures seen in the BEI images. A notable difference is seen between the titanium 

maps; the Ti originally prefers the solid solution but becomes more homogenous with the 

chemistry alterations. 

    2Mo                                                            CoZy5 

 

 
Figure 75: EDS map of Nb-18Si-24Ti-5Cr-5Al-2Mo (a, c, e ) and Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y (b, d, f) 

showing distribution of Red) Nb, Purple) Si and Green) Ti  
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This size reduction maybe due to:  

1) The addition of Zr and Y reducing the size of the microstructure 

2) Processing parameters played a role in changing the microstructure shape 

Scan speed, heat density and scan pattern have been noted to change the size and shape of 

microstructures, for this reason all parameters remained the same for this study. Focal point 

distance is also known to also effect LAM, drift does occur during printing and the beam 

required periodic re-alignment to prevent major microstructure changes. The more likely 

scenario is the added Zr and Y acts to reduce precipitated phases, causing distortions in the 

crystal structure which allows increased solubility. The alloy composition is new, with little 

work on microstructural effects of Zr and Y.[144, 149] An evaluation of elemental additions will be 

discussed in section 6.4.  

Table 26 displays the elemental composition of both phases, the names of phases have been 

preliminarily added based on knowledge of previous samples. As in the previous chemistries, 

Al and Cr were found predominantly in both the solid solution phase and “phase 3”. Unlike 

previous samples, molybdenum was only detected within the solid solution phase, as with the 

alloy 2Mo. 

This alloy was designed to add Zr to the solid solution to increase oxygen resistance. 

Unfortunately, however, in the as-formed component only a trace concentration could be 

found in the solid solution, with the majority located in the silicide. 

Table 26: Showing element distribution in phases of as-formed Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y, all values in 

at.% unless otherwise stated 

 Nb Si Ti Al Cr Mo Zr Y Volume 
Fraction 

(Nb, Ti)ss 58.98 1.86 20.95 7.85 6.52 2.64 0.81 0.42 51.60 
Nb5Si3 36.61 32.79 17.31 3.69 1.00 0.08 9.49 0.14 48.40 

 

 

The significance of the element segregation is not appreciated until its parent alloy, 2Mo, is 

considered. The original was a Nbss/γ-Nb5Si3 alloy with varied Ti concentration in the silicide 

producing contrasting Nb5Si3 phases. The elemental distribution of these phases is compared 

in Table 27. 
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Table 27: Comparison of elements from 2Mo and CoZy5 

 Nb Ti Si 

Phases 2Mo CoZy5 2Mo CoZy5 2Mo CoZy5 

Nbss 46.39 58.98 28.36 20.95 6.65 1.86 
γ-Nb5Si3 45.42 36.61 17.31 17.31 32.35 32.79 

γ-(Nb, Ti)5Si3 34.85 -- 28.84 -- 28.3 -- 
 

 
The silicide noted in CoZy5 relates to the low Ti-silicide with similar Ti and Si concentrations, a 

lower Nb concentration is noted, replaced by Zr. As stated previously, the concentration of Nb 

is greater in the solid solution but is almost 30% more concentrated in CoZy5 than 2Mo. Also 

noted is the concentration of Si is lower in CoZy5, appearing closer 2Mo at the post-HIP stage.  

Modelling of the XRD spectrum in Figure 76 confirms two phases present, the (1,1,0) Nbss may 

be seen at 39.03° and the previously noted (1,1,2) γ-Nb5Si3 peak at 41.88°. This represents a 

shift in the solid solution from 38.909° in 2Mo, indicating a decrease in lattice parameter. 

Conversely, the opposite is seen with γ-Nb5Si3, inclusions of Zr show an increase in lattice 

constants. Further comparison of both chemistries in this chapter will be discussed in section 

6.4. Yanqiang Qiao (2017) showed the opposite trend based on the difference in atomic size 

(rNb=215 pm and rZr= 230 pm), expanding the matrix. 

 

Figure 76: X-ray diffractograms of as-formed Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y 
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Based on the information above, the suggested sequence of formation is given:                                                                  

L  γ-Nb5Si3 

L  Nbss + γ-Nb5Si3 

The shape of the phases in the microstructure and their plot on the ternary diagram suggest 

that γ-Nb5Si3 is the primary phase, forming a lathlike microstructure followed by the invariant 

L  Nbss + γ-Nb5Si3 eutectic. Unlike 2Mo, the final γ-Nb5Si3 formed with similar concentration 

of Ti. 

The BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y can be seen in Figure 77. Little consolidation has 

occurred in the post-HIP sample; the dark Nbss present in the as-formed sample is still observed 

after HIP treatment. The Nbss /Nb5Si3 eutectic which is detected in Figure 77 a) is also still 

present, suggesting temperature and pressures were not high enough to initiate diffusion, or 

the phase presented is stable in the P63/mcm formation. As phase transformations have been 

observed in previous works it is unlikely that the addition of Zr would supress this. 

 

Figure 77: BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y at a) As-formed and b) Post-HIP stages. Images taken at 

centre of scan sample. 

The diffractogram of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y post-HIP in Figure 78 shows no phase 

transformation. The volume fraction of γ-Nb5Si3 is increased to 50% which coincides with the 

BEI images. 
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Figure 78: X-ray diffractograms of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y at a) Post-HIP diffractogram modelled 

using MAUD 

The change in volume fraction in the post-HIP sample may be due to difficulties fitting the 

models. Diffraction peaks shifted during HIP which is seen in Figure 80. These shifts are 

representative of physical changes within the sample, for example a shift of 2θ would represent 

sample misalignment and is not observed. What is observed, however, is non-uniform peak 

heights changes at different 2θ, which is indicative of an orientation change. It was understood 

that there may be orientation preference when the sample was manufactured, during post-

processing it appears that γ-Nb5Si3 re-orientated. This may explain the slight contrast 

difference in the silicide phases observed in Figure 73. The equipment used was unable to 

perform full texture analysis, so an in-depth study was not performed. 
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Figure 79: Combined X-ray diffractograms of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y at Blue) Post-HIP  

Black) As-formed. Heights of as-formed peak are indicated in red 

Examination of Figure 79 suggests the material was not under thermodynamic equilibrium. The 

high temperature and pressure environment have caused the two phases in the as-formed 

sample to each undergo diffusion, typically between Nb and Ti. Minor elements like Al and Cr 

undergo diffusion, Cr diffuses from the silicide towards the solid solution, Al appears to reduce 

in both cases but is likely due to small sections of inhomogeneity within the solid solution. 

Table 28: EDS data for Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y for both as formed and HIP showing distribution of 

elements 

  Nb Si Ti Al Cr Mo Zr 
Volume 
Fraction 

(%) 
GOF 

Nbss 
AF 58.98 1.86 20.95 7.85 6.52 2.64 0.81 75.9 2.042 
HIP 52.02 1.99 26.88 5.51 9.41 2.53 1.52 52.2 3.32 

γ-Nb5Si3 
AF 36.61 32.79 17.31 3.69 1.00 0.08 8.40 24.1 2.042 

HIP 36.36 33.12 19.82 2.41 0.62 0.00 7.67 47.8 3.32 
 

 

No crystallographic transformation is noted in the modelled XRD diffractogram seen previously 

in Figure 47, although quantitative analysis of both diffractograms using MAUD suggests the 

quantity of each phase has changed from Nbss = 76% in AF to Nbss = 52% in the post-HIP sample 

(γ-Nb5Si3 fills in the remaining). This may be explained by the goodness of fit value = 3.32. The 

GOF will be affected by peak broadening and discussed texture of samples, preventing the 

pattern from being modelled correctly. As a solid solution, the peaks of Nbss may become 
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broader than expected due to saturation of unexpected elements. The GOF for the as-formed 

sample is also very low. Considering the noted problems in calibration, it is possible that the 

GOF is artificially lowered due to a high background noise, so it should be considered. As atom 

sites were not modelled in this diffractogram it is difficult to determine its effects on the 

results. Future work may be able to establish a more successful modelling route. 

The 5 h heat-treated microstructure of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y in Figure 80 shows 

coarsening in the eutectic which now appears globular, further enhancement of H-shaped 

primary silicide is highlighted below. 

 

Figure 80: BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y at a) Post-HIP and b) Post-HT stage. Images taken at 

centre of scan sample. 

Again the diffractogram of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y post-HT seen in Figure 81 

shows no significant changes. γ-Nb5Si3 peak heights are smaller after heat treatment, this 

change is proportional and not a sign of the orientation change observed in HIPping. 
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Figure 81: X-ray diffractograms of post-HT Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y 

As with the post-HIP diffractogram, the GOF is relatively high at 3.90 seen in Table 29. The 

volume fraction calculated is similar to post-HIP samples. There should be consideration of the 

high GOF as the high value reduces accuracy of the calculated volume fraction.  

Table 29: EDS data for Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y for both HIP and HT stages, showing distribution of 

elements and modelled volume fraction 

  Nb Si Ti Al Cr Mo Zr Volume 
Fraction 

(%) 

GOF 

Nbss HIP 52.02 1.99 26.88 5.51 9.41 2.53 1.52 52.2 3.32 
HT 54.17 2.71 24.20 5.87 8.48 3.21 0.94 51.7 3.90 

γ-Nb5Si3 HIP 36.36 33.12 19.82 2.41 0.62 0.00 7.67 47.8 3.32 

HT 36.53 24.93 24.46 3.39 2.84 1.53 6.83 48.3 3.90 
 

Slight changes in the composition are noted with Zr decrease in the solid solution and γ-Nb5Si3 

being most notable, observed in Table 29, this can be seen graphically in Figure 82. 
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Figure 82: Comparison graph of CoZy5 at each stage of production 

 Increased Ti is observed in the silicide phase, likely replacing expelled Zr from the solid solution 

due to its increased mobility. Thus the decreased Zr is then localised epitaxially to the silicide’s 

as seen in Figure 83. 

 

 

Figure 83: BEI and EDS map of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y showing a) High magnification, b) Zr map 

and c) Si map. Images taken at centre of scan sample. 
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6.3 Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y (CoZy1) 
Figure 84 a) shows that the reduction in zirconium produces a larger silicide microstructure 

than seen in CoZy5 but smaller than in 2Mo. The lighter phase is nominally named Nbss, 

multiple darker phases are denoted as silicide’s in the as-formed phase. It may be noted in 

Figure 84 b) the darkest is seen in multiple areas, both adjacent to the Nb5Si3 as well as in the 

centre of Nbss formations, suggesting they formed separately.  

 

Figure 84: BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y as-formed at a) Low and b) High magnification. Images 

taken at centre of scan sample. 

The EDS maps in Figure 85 show element distributions in the as-formed sample; a) and b) show 

Si and Ti concentrations and the combination in c) highlights three phases. Dark green shows 

the high concentrations of Ti in Nbss, the dark purple shows low Ti silicide, from image analysis 

and XRD comparison. The levels of Nb, Si and Ti with within the range observed in 2Mo and 

CoZy5. Further discussion will occur on this trend in section 6.4. 

It is suggested from the EDS maps in Figure 85 that Ti is ejected during initial silicide formation 

with high-Ti Nb5Si3 often being found encapsulated by Nbss, volume fraction distribution of 

each phase can be found in Table 30 and elemental analysis in Table 31. 
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Figure 85: EDS map of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y a) Si b) Ti c) Si, Ti combined  

The modelled diffractogram seen below in Figure 86, suggests the presence of four phases; 

Nbss as well as all crystal structures of Nb5Si3, β, α and γ.  Quantitative analysis shows β-Nb5Si3 

to be present in the highest volume fraction with the full list seen in Table 30. 

 
Figure 86: X-ray diffractograms of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y as-formed, modelled using MAUD 
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Table 30:  Volume Fraction distribution of CoZy1 as-formed 

Phase Volume Fraction (%) 

Nbss 26.40 
α-Nb5Si3 30.38 
β-Nb5Si3 35.77 
γ-Nb5Si3 7.45 

 

 

The position of (1,1,0) peak of Nbss in CoZy1 is shifted to a higher 2θ. This coincides with less 

Zr within the solid solution compared to CoZy5, fitting with the observed changes by Sankar et 

al (2018).[144] γ-Nb5Si3 was noted in small quantities but was not observable in the BEI images, 

for this reason no elemental composition is noted in Table 31. A combination of EDS and EBSD 

could have been implemented to identify the different phases but was not performed due to 

time restraints. For this reason, phases are simply referred to as β-Nb5Si3 or (Nb, Ti)5Si3 to 

represent high concentrations of Ti. It is surmised that β-Nb5Si3 has the lowest Si content based 

on comparison of XRD and EDS data and its high temperature stability. 

Table 31: Showing element distribution in phases of  as-formed Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y, all values in 

at.% unless otherwise stated 

 Nb Si Ti Al Cr Mo Zr Y 

(Nb, Ti)ss 53.36 1.11 27.2 5.95 8.36 3.44 0.19 0.38 
(Nb, Ti)5Si3 32.93 29.99 29.19 3.06 1.89 0.68 2.16 0.10 

β-Nb5Si3 46.17 31.88 15.94 3.19 0.95 1.14 0.41 0.32 
 

 

From Table 31 the inhomogeneity of CoZy1 can be observed, similar to 2Mo, with Ti being 

mostly rejected from the primary silicide and present mostly in Nbss as well as the secondary 

silicide. 

From the data provided a solidification route can be suggested: 

L  β-Nb5Si3  

L  Nbss 

L  Nbss + (Nb, Ti)5Si3 
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During solidification, Ti is ejected into the melt as seen in Figure 65. The next stage observes 

Nbss formation with Si ejected to the melt front. When the Si concentration reaches a critical 

point further silicide formation begins, this time with a higher concentration of Ti. This is most 

likely a combination of γ-Nb5Si3 and α-Nb5Si3, promoted by the high Ti and rapid solidification 

respectively. The formation of α-Nb5Si3 in an as-formed sample is rare, the decomposition from 

Nb3Si in the binary Nb-Si alloy is slow, requiring long heat treatments. It is suggested that the 

addition of Zr in substitution of Nb destabilises the Nb3Si phase resulting in a rapid 

transformation into α-Nb5Si3.
[144] This is contrary to the work of Yanqiang Qiao (2017) who has 

shown that addition of Zr breaks down Nb3Si observed in common Nb-Si binary alloys, forming 

only the Nbss/γ-Nb5Si3 binary as a result. At low Zr concentrations γ-Nb5Si3 was formed, while 

at higher concentrations α-Nb5Si3 was observed. This leads to the paper’s conclusion that high 

quantities of Zr stabilise α-Nb5Si3 formation. Alloy design has been discussed by Tsakiropoulos 

(2018), wherein γ-Nb5Si3 promotion is discussed. The closer Nb:Ti+Hf is to 1 the increase in 

likely γ-Nb5Si3 formation. As Zr is another potential γ-Nb5Si3 stabiliser it is important to consider 

this element as well. The small quantities of γ-silicide noted may be due to microsegregation 

of Ti. During solidification Ti is ejected into the melt pool, this high Ti may result in a ratio of 

Nb/(Ti+Zr) reaching close to 1 and result in the small quantity noted. It was not noted in the 

BEI but is likely found on the boundary of α-Nb5Si3. This would likely be difficult to distinguish 

without EBSD or TEM. 

The post-HIP microstructure in Figure 87 shows a small amount of coarsening throughout, with 

islands of silicide within the Nbss. Comparing a) and b) still shows three phases, the smaller dark 

silicide phases previously found on the edges of α-Nb5Si3 are no longer observed and the 

previous eutectic has coarsened into one phase (indicated with an arrow). 
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 Figure 87: BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y as-formed at a) As-formed and b) Post-HIP. Images 

taken at centre of scan sample. 

Coarsening is more easily viewed in Figure 88 where Ti and Si both show up different phases 

similar to Figure 85 c). Along with general coarsening, Ti has also been noted to homogenise 

during hot isostatic pressing, with more Ti being absorbed into both silicides. Silicon content 

appears lower in β-Nb5Si3, this may be due to the energy and pressure from HIP forcing a grain 

boundary diffusion mechanism such as vacancy diffusion. This was observed in 8 although it is 

difficult to fully determine from the data collected. 

 

Figure 88: EDS map of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y post-HIP Purple) Si, Green) Ti 

Collected EDS samples seen in Table 32 show a stable amount of Si in Nbss and β-Nb5Si3, but 

highlights the much-reduced amount in (Nb, Ti)5Si3. An increase in Cr and Al into the β-silicide 

suggests that rather than a vacancy diffusion, an exchange of smaller elements may occur. 

Table 32: Showing element distribution in phases of  post-HIP Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y, all values in 

at.% unless otherwise stated 

 Nb Si Ti Al Cr Mo Zr Y 

(Nb, Ti)ss 51.48 1.88 28.66 6.05 8.30 2.90 0.51 0.23 
β-Nb5Si3 43.70 32.19 17.80 3.19 1.11 1.05 0.60 0.37 

(Nb, Ti)5Si3 37.32 21.37 30.08 3.99 4.00 1.36 1.63 0.26 
 

 

The microstructure and elemental distributions observed in Figure 87 and Table 32 should not 

be considered in isolation. Quantitative analysis of the diffractogram in Figure 89 shows a large 

shift in phase composition, showing that HIP had effects other than phase diffusion. 
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Figure 89: X-ray diffractograms of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y post-HIP, modelled using MAUD 

All phases are present in the post-HIP sample, volume analysis in Table 33 shows all phases still 

present with a slight decrease in β-Nb5Si3 with an increase noted for α-Nb5Si3 and Nbss. 

Table 33: Volume % distribution of phases in as-formed CoZy1 

Phase Volume % -  AF  Volume % - HIP 

Nbss 26.41 29.41 
α-Nb5Si3 30.38 34.87 
β-Nb5Si3 35.77 28.36 
γ-Nb5Si3 7.42 7.56 

 

This is unexpected as γ-Nb5Si3 is considered metastable and should disappear during post-

processing it increases marginally. As noted in the CoZy5 alloy in section 6.2, the increase of Zr 

resulted in γ-Nb5Si3 being stabilised at all stages, with HIP presenting with a binary Nbss/γ-

Nb5Si3 microstructure. The quantity of Zr in each phase is similar in as-formed and post-HIP 

samples in all phases but is higher in the secondary silicide (assumed α-Nb5Si3 and γ-Nb5Si3). 

Ti, similarly to Zr and Hf, is noted to play a role in producing metastable γ-Nb5Si3, in high 

concentrations it can cause conventional casting melts to stabilise the hexagonal-silicide to 

room temperature.[44, 123, 151]
  

Similar to the allotropic forms of ice or carbon, the use of high pressure in HIP provided enough 

energy to allow the crystal structure of high-Ti β-Nb5Si3 to become strained and re-arrange into 
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α-Nb5Si3 and Nbss, (Nb may be replaced by a transition metal such as Ti). The transition metal 

may be the cause of Tiss. A similar pattern occurs with Nb3Si formation under varied pressures 

and temperatures.[152] Modelling was also performed to establish if Nb3Si or NbSi2 was-formed, 

neither fit the diffractogram. Without in-situ XRD analysis or further HIP experiments 

performed at different parameters it is difficult to provide certainty. Note this transformation 

was minimal, noting a 4% increase in α-Nb5Si3. 

The BEI of post-HT samples in Figure 90 b) present a much greater contrast than the previous 

post-HIP stage a). 

 

Figure 90: BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y post-HT at a) post-HIP and b) post-HT. Images taken at 

centre of scan sample. 

Further coarsening has occurred in the Nbss with a globular silicide presented throughout. As 

with previous processing steps, two silicide phases may be observed with different contrasts. 

There appears to be no pattern to their arrangement with light silicide’s being found 

encapsulated within the darker silicide as well as adjacent to one another.  

The diffractogram in Figure 91 presents three phases, with a disappearance of β-Nb5Si3. The 

smaller fourth phase noted above was likely too small to be within detection limits of the XRD. 
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Figure 91: X-ray diffractograms of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y post-HT, modelled using MAUD 

Quantitative analysis of the modelled diffractogram may be seen in Table 34 and shows an 

absence in β-Nb5Si3 as well as an increase in α-Nb5Si3, a graphical version of this may be seen 

in Figure 92. 

Table 34: Volume % distribution of phases in CoZy1 at different stages of development 

 Volume Fraction (%) 

Phase AF HIP HT 

Nbss 26.41 36.94 44.73 
α-Nb5Si3 30.38 16.89 45.65 
β-Nb5Si3 35.77 36.09 -- 
γ-Nb5Si3 7.42 10.09 9.62 

 

 

The heat treatment at 1500°C resulted in a large volumetric change in the tetragonal silicide’s, 

presenting with the expected transformation seen in section 5.2 with β-Nb5Si3 re-arranging to 

α-Nb5Si3. The change in γ and Nbss are small and likely due to the GOF of the diffractogram and 

the limitations of the previously discussed XRD calibration. The diffractogram was also 

modelled with NbSi2 to determine if the eutectoid transformation β-Nb5Si3  α-Nb5Si3 + NbSi2 

occurred. The results were insignificant, either a breakdown of NbSi2 had occurred or the 

pathway was different. 
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Figure 92: Comparison graph of CoZy1 at each stage of production 

Small quantities of concentrated Ti can be observed on the edges of silicide samples in Figure 

93. As the chemistry is similar to 2Mo, it may be as a result of a similar ejection during heat 

treatment. Ti quantities are marginally lower in the transition from β-Nb5Si3  α-Nb5Si3 so this 

may be the origin. 

 

Figure 93: BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y post-HT with EDS map of Ti overlaid, highlighting areas of 

high Ti concentration. 

Elemental distribution displayed in Table 35 shows little change in the chemistry between the 

notable phases, relaxation through HT allows further segregation of Si out of the Nbss 

throughout the sample. A small phase may be noted in some areas of the sample presenting 

increased Zr concentration. 

Table 35: Showing element distribution in phases of post-HT Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y, all values in 

at.% unless otherwise stated 

 Nb Si Ti Al Cr Mo Zr Y 

(Nb, Ti)ss 52.72 0.69 27.28 6.45 8.94 3.43 0.09 0.40 
α-Nb5Si3 45.35 33.48 16.83 1.93 0.51 0.81 0.63 0.45 

γ-Nb5Si3 32.11 32.21 28.51 3.08 1.40 0.48 2.12 0.10 

(Nb, Ti, Zr)5Si3  37.95 21.78 25.42 2.39 1.49 0.96 7.27 2.73 
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6.4  Evaluation of Elemental Additions 
Work by Jie Geng (2006) and knowledge obtained in 5 was built upon with the addition of Zr 

and Y. Increases in Zr content inversely reduced the size of the primary silicide.  

Work by M. Sankara (2018) suggested a stabilisation of α-Nb5Si3 with additions of 4 - 6 Zr at.%. 

This was not observed in this work, with high concentrations of Zr (5 at.%) presented with a 

binary Nbss/γ-Nb5Si3 alloy system. 

At low concentration (1 at.%) α-Nb5Si3 was observed after heat treatment. Microsegregation 

of Ti also occurred similarly to the alloy in 5 resulting in stable γ-Nb5Si3 at all stages. Tiss was 

also observed in CoZy1 during post-processing, which was likely the result of microsegregation. 

  



 

107 
 

7 Effects of Ta Additions in 4th Generation Nb-Si Alloys 

7.1 Chapter Introduction 
Zr was discussed in the previous chapter regarding how it can improve the oxidation properties 

of the material and prevent the formation of Nb3Si. A literature review of Zr additions in Nb-Si 

alloys suggest it can have a positive effect on the material’s physical properties.[153, 154]  

The aim is to further improve this by adding small quantities of tantalum, it was previously 

noted that Ta provides a strengthening effects when combined with Zr <6 at.%.[40, 139] Ta has 

also been shown to increase the Si concentration in Nbss, restricting the ejection of Si in the 

melt during solidification, contributing less to micro segregation. It has also been noted that 

Ta can decrease oxygen solubility in Nb5Si3.[139] 

High quantities of Ta may be detrimental to the β- to α-Nb5Si3 transition as it may restrict 

diffusion, de-accelerating the solid-state transformation and reducing homogenisation during 

heat treatment, for this reason small quantities of Ta will be used.[31] 

The following chapter will examine the addition of Ta to both CoZy1 and CoZy5 to observe the 

microstructural evolution. Back scattered electron images will be used to look at the 

microstructural changes throughout processing and X-ray diffraction will determine the phases 

present.  
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7.2 Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta (TCoZy5) 
The microstructure of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta (TCoZy5) seen in Figure 94 a) 

produces phases very similar to CoZy5. The primary silicide phases are larger than previous and 

contain a much higher quantity of eutectic. The high magnification images in b) reveal the 2 

distinct phases. As before, the predominant lighter phase (likely Nbss) contains a mixture of 

two grey phases with the lightest grey phase appearing lathlike as noted in previous alloys. A 

eutectic can also be seen formed within the Nbss. 

 
Figure 94: BEI image of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta as-formed at a) Low and b) High magnification 

The added Ta has altered the microstructure, the quantity of eutectic has increased greatly 

and the large silicide’s have reduced in quantity but increased in size. In CoZy5 the large 

silicides were identified as γ-Nb5Si3 surrounded by Nbss and a eutectic of the same phases  

In CoZy1 and 2Mo the solidification path resulted in the ejection of Ti into the melt pool during 

solidification, resulting in saturated zones of Ti-rich Nb5Si3. This phenomenon is less 

pronounced in TCoZy5 and Si distribution is inhomogeneous, with segregation to the silicide 

phase. Si concentration is higher in the silicide phase than in 2Mo and CoZy5. With the inclusion 

of Ta, the Nbss matrix was expected to be larger allowing for a higher percentage of Si 

inclusions. 
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Figure 95: EDS map of Ti comparing a) CoZy1 and b) Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta showing change 

on homogeneity of elements. 

A detailed breakdown of phase distributions can be seen below in Table 36. Whilst initial 

inspection suggests a two-phase alloy. The element distribution below shows Y being localised 

to small sections of microstructure labelled as “(Nb,Zr,Y)5Si3” in the table below. The BEI of the 

phase can be observed in Figure 96. 

Table 36: Showing element distribution in phases of as-formed Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta, all values 

in at.% unless otherwise stated 

  Nb Si Ti Al Cr Mo Zr Y Ta   

(Nb, Ti)ss 46.97 2.97 28.86 4.41 9.56 2.12 1.68 0.32 2.86 

Nb5Si3 33.26 34.23 19.3 2.52 0.58 -- 8.37 -- 1.73 

(Nb, Zr, Y)5Si3 33.59 20.76 18.91 2.23 1.97  -- 10.4 10.74 1.39 
 

 

This high concentration yttrium area could be explained by either: 

1) A new phase brought about by localised Y during solidification 

2) The same Nb5Si3 phase but with the high Y concentration replacing the other elements. 

 

Figure 96: BEI image showing Y concentration in Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta 
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The diffractogram in Figure 97 models only two phases: Nbss and γ-Nb5Si3. With a GOF = 

2.029542 this is a close approximation for the model, suggesting that yttrium concentrations 

in the silicide did not alter it to produce β- or α-Nb5Si3. It is noted that Y concentration increases 

the concentration of Zr in a phase, as can be seen when the two phases of high zirconium are 

compared. Note that Mo was removed from this table as it is present in negligible quantities 

in all cases (0 – 0.3%) and is not worthy of consideration. 

 

Figure 97 : X-ray diffractogram of as-formed Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta 

Using the information above, a suggestion for the thermodynamic route of formation can be 

created: 

L γ-Nb5Si3   

L γ-Nb5Si3 + Nbss 

Initially the globular γ-Nb5Si3 is likely formed by ejecting Y from the melt, concentrated areas 

noted in Figure 96 are all epitaxial, this acts as a nucleation point for the γ-silicide as the liquid 

melt reaches its eutectic point. Beyond this, flowers of γ-Nb5Si3 and Nbss are formed in the 

second stage until the melt is used up. 

During hot isostatic pressing, consolidation of the TCoZy5 eutectic microstructure can be seen 

in Figure 98. The microstructure has different contrasting silicide’s suggesting that the process 

has not reached equilibrium, with different levels of consolidation in the eutectic. 
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Figure 98: BEI images of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta at a) as-formed b) post-HIP both samples 

represent edge of piece 

Table 37 shows a disparity between the two contrasting Nb5Si3. The darker silicide appears with 

a higher Ti content and a slightly higher Zr increase. Ti has been noted to have a higher diffusion 

rate than Nb in the binary alloy system.[155] The difference in diffusion rates may encourage a 

Kirkendall style effect, with Ti diffusing towards the silicide, would result from this change and 

leave an altered elemental change and Kirkendall porosity. The porosity is not seen however, 

which may be because temperatures were not high enough to initiate it. What is observed is 

an exchange of 8-9% of Nb and Ti, occurring between the boundaries of Nbss and γ-Nb5Si3. The 

increase in Ti within the silicide leads to an attraction of Zr from the solid solution matrix. This 

is due to their similar co-ordination numbers and the preference for Zr to be in γ-Nb5Si3’s HCP 

formation over the BCC formation of Nbss. 

Table 37:EDS data for Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y for both AF and HIP showing distribution of elements 

 Nb Si Ti Al Cr Zr Y Ta 

Nbss AF 46.97 2.97 28.86 4.41 9.56 1.68 0.32 2.86 
HIP 52.16 2.35 24.99 5.24 8.17 0.85 0.41 3.29 

Nb5Si3 AF 33.26 34.23 19.30 2.52 0.58 8.37 0 1.73 

HIP 33.05 33.34 20.22 2.65 0.73 8.03 0.40 1.60 

(Nb, Ti)5Si3 HIP 24.67 31.61 28.37 3.14 0.96 10.47 0.06 0.72 
 

  

 

The phases in the X-ray diffractogram in Figure 99 suggests that no phase change has occurred, 

although the ratio of phases supports the information provided by the BEI scans. An orientation 

change is noted however in γ-Nb5Si3, this is similar to the change in CoZy5 where peaks change 

anisotropically. 
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Figure 99 : X-ray diffractogram of post-HIP Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta 

The Y-concentrated silicide’s would explain the broadening of the γ-Nb5Si3 peaks seen in 

Figure 99, these are not observed due to their low concentration. They can be observed in 

post-HIP BEI images in Figure 100 and they are commonly located on the phase boundary of 

most silicide’s.  

 

Figure 100: BEI images of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta at a) 16,000 magnification b) EDS map 

highlighting Y concentration of same area. Both samples represent edge of sample piece 

EDS analysis shows little change in the composition except for an increase of Zr and Si, with 

some Y dissolving into the surrounding areas. 

Table 38: EDS data for Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y for both AF and post-HIP highlighting Y concentration 

  Nb Si Ti Al Cr Mo Zr Y Ta 

Y High 
Nb5Si3 

AF 33.59 20.76 18.91 2.23 1.97 0 10.40 10.74 1.39 
HIP 27.96 26.99 19.12 2.30 0.85 0 14.75 6.72 1.32 
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The 5 h HT microstructure of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y is seen in Figure 101 b) 

where it may be compared to the adjacent post-HIP BEI image. It shows that a significant 

coarsening has occurred in all phases post-HT. Large globular silicide phases may be noted 

throughout the microstructure with smaller silicide’s appearing to grow epitaxially on the 

phase boundary. 

 

Figure 101: BEI image of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta at a) Post-HIP and b) Post-HT. Image taken at 

centre of sample 

The post-HT diffractogram was modelled in Figure 102. It notes a decrease in γ-Nb5Si3 along 

with the appearance of α-Nb5Si3 denoting a transformation of the former to the latter. It is also 

noted that Nbss decreases within the system. In the EDS phase analysis, it is possible to see a 

large diffusion of Ti from the α-Nb5Si3 (~7 %), this likely occurred during transformation from 

γ  α silicide, accounting for the location of γ-Nb5Si3 on the boundary of α-Nb5Si3. The lattice 

size of both Nbss and γ-Nb5Si3 reduces, which coincides with Figure 101 b) showing the 

expulsion of the larger Zr and Y atoms from both phases. 
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Figure 102 : X-ray diffractogram of post-HT Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta 

Visual inspection of the material noted a white coating around the sample, denoting the 

presence of an oxide formation on the materials surface. Ti and Zr are both possible candidates 

to produce a white oxide. On consulting an Ellingham diagram of both materials in Figure 103, 

the minor increase in Zr reactivity is noted. A further increase in temperature would likely have 

resulted in a TiO2 formation. 

 

Figure 103: Ellingham diagram of Zr and Ti oxides[126] 
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When modelling the diffractogram a tetragonal ZrO2 with the crystal definition P42/nmc 

matched closest. This further establishes the observed peak shifts of both Nbss and γ-Nb5Si3. 

Table 39 shows the majority has left, leaving 1-3% within the silicide, further indicating it has 

preferentially oxidised over Ti. 

Table 39: Showing element distribution in phases of post-HT Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta, all values in 

at.% unless otherwise stated 

 Nb Si Ti Al Cr Mo Zr Y Ta O 

(Nb, Ti)ss 50.05 2.66 23.75 6.79 9.29 3.41 0.00 0.38 3.69 -- 
Nb5Si3 43.10 34.65 14.56 2.38 0.61 0.75 1.33 0.27 2.34 -- 

(Nb, Zr, Ti)5Si3 31.33 32.45 25.81 3.91 1.44 0.43 3.03 0.13 1.44 -- 

ZrO2 3.79 1.98 2.91 0.32 0.26 0.00 27.61 3.30 0.16 59.66 
 

 

Figure 104 highlights ZrO2 located on the silicide boundary. The location suggests it was both 

ejected from the silicide and preferentially oxidised during HT. The previously noted Zr, Y 

concentrations in Figure 100 are also oxidised. The appearance of oxygen was unexpected, as 

HT was performed under an argon atmosphere so residual oxygen from the ceramic dish used 

is likely the cause.  

 

Figure 104: BEI and EDS map of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y showing a) High magnification b) Zr map. 

Images taken at centre of scan sample. 

The volume fraction described in Table 40 post-HT shows a large change in phases, with Nbss 

decreasing significantly along with the transition of γ-Nb5Si3  α-Nb5Si3, this can be seen 

graphically in Figure 105. The transformation is incomplete with significant quantities of γ-

silicide present. 
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Table 40: Showing volume distribution of phases of post-HT Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta modelled 

using MAUD. Note GOF added for accuracy reference 

Phase Volume Fraction 
As-Formed 

Volume Fraction 
Post-HIP 

Volume Fraction 
Post-HT 

GOF 2.023 3.323 2.152 
Nbss 60.80  43.32 39.40 

α-Nb5Si3 -- -- 43.20 
γ-Nb5Si3 39.20 56.68 16.20 

ZrO2 -- -- 1.30 
 

 

The transformation of γ-Nb5Si3  α-Nb5Si3 coincides with the reduction of Zr from the silicide. 

Work by M. Sankara (2018) has shown that high levels of Zr stabilised α-Nb5Si3, which is 

contrary to the work in this thesis where high Zr content is indicative of stabilised γ-Nb5Si3. The 

presence of ZrO2 may have coincidentally reduced the level of Zr and allowed for the 

transformation to occur.[144] 

 
Figure 105: Comparison graph of TCoZy5 at each stage of production 

The presence of concentrated Y and Zr is unexpected in the post-HIP samples. Its ejection may 

be to release increased lattice strain induced by its inclusion in the solid solution matrix. Figure 

106 correlates the expulsion of Zr from the Nbss matrix and Nb5Si3 along with the size of their 

respective crystal lattice. The concentration of Zr remained stable within the γ-Nb5Si3, only 

dropping during heat treatment as Zr reacted with oxygen as discussed above. The Nbss 

displayed less Zr as post-processing occurred, along with a decrease in lattice constant. From 

this evidence it is suggested that initial Zr levels were too high on formation, resulting in a 

strained lattice which expanded to compensate. Diffusion occurred during post-processing, 

whereby Zr was removed, allowing the crystal to relax. The result is concentrated regions of Zr 

which formed long phase boundaries. Concentrations of other elements in the region suggest 
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a small silicide region with high Zr is formed. This may explain why a small amount of lattice 

increase is observed, the (Nb, Zr)5Si3 would have the same lattice structure and orientation but 

a slightly different lattice constant and replicate diffraction line broadening. 

 
Figure 106: Shows the change in Zr concentration v. Lattice constant in phases during post-processing 
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7.3 Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y-2Ta (TCoZy1) 
The microstructure of Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta seen in Figure 107 a) observes 

a globular microstructure, with a large matrix (assumed to be Nbss) seen surrounding a darker 

secondary phase. With higher magnification, shown in b), evidence of coring on this phase is 

shown. Both the lighter sections in the centre and the dark edges suggest diffusion was not 

completed during formation. A eutectic can also be seen within the solid solution matrix. 

 

Figure 107: BEI image of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y-2Ta as-formed at a) Low and b) High 

magnification 

A small amount of porosity is seen on the surface of the sample (see Figure 108). An image 

analysis calculates the porosity to be ~0.30% at the centre and ~2.70% at the edge of the 

sample. This discrepancy could be due to less re-melting of the area and a faster cooling, 

allowing gasses to become trapped on solidification. Porosity in Nb-Si alloys will be discussed 

in more detail in section 8.2. 

 

Figure 108: BEI image of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y-2Ta as-formed at a) Edge and b) Centre 
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EDS analysis was conducted (Table 41) and shows an elemental distribution similar to the 

parent sample, 2Mo with a composition that is markedly close. It is expected that γ-silicide is 

the primary phase of the material. 

Table 41: Showing element distribution in phases of as-formed Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y-2Ta, all 

values in at.% unless otherwise stated 

 Nb Si Ti Al Cr Mo Zr Y Ta 

TCoZy1 (Nb, Ti)ss 53.00 1.14 31.06 4.65 6.95 2.68 0.28 0.26 2.16 

2Mo (Nb, Ti)ss 46.39 6.65 28.36 6.98 8.82 2.81    

TCoZy1 (Nb, Ti)5Si3 45.21 32.63 17.54 2.56 0.92 0.67 0.29 0.03 -- 

2Mo γ-Nb5Si3 45.42 32.35 17.31 3.03 1.00 0.88    

TCoZy1 High Ti (Nb, Ti)5Si3 34.14 32.48 29.33 2.26 1.23 0.3 0.22 0.04 -- 

2Mo β-Nb5Si3 34.85 28.30 28.84 4.45 2.76 0.79    
 

 

The new as-formed chemistry also has an even distribution of Zr within all phases unlike CoZy1 

(Table 31). Ta, however, shows segregation to the solid solution phase with none detected in 

any of the silicides. As with CoZy1, the small amounts of Zr and Y appears to have reduced the 

overall size of the microstructure by allowing the melt to flow. 

 

Figure 109: BEI image of as-formed samples a) Nb-18Si-24Ti-5Cr-5Al-2Mo and  

b) Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y-2Ta 

XRD was used to determine if γ-silicide was present, this was modelled using MAUD to calculate 

the volume fraction of phases. Where an ideal diffraction fit would be ~2, the diffractogram 

was modelled with a GOF of 2.856 as peak intensities were not completely modelled. One 

reason could be a large amount of texturing in the sample. As mentioned previously, texture 

analysis is beyond the scope of this PhD so was not analysed using MAUD. The volume 

distribution can be seen in Table 42 and the diffractogram may be viewed in Figure 110. 
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Table 42: Showing volume distribution of phases of as-formed Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y-2Ta 

 Volume Fraction (%) 

 TCoZy1 AF CoZy1 AF 

Nbss 43.93 24.40 

α-(Nb, Ti)5Si3 19.46 30.38 

β-(Nb, Ti)5Si3 27.64 35.77 

γ-Nb5Si3 8.96 7.42 
 

 

The phases suggested quantitatively by MAUD are seen in the Table 42. As observed in CoZy1, 

all forms of Nb5Si3 (α-, β- and γ-silicide) were present on initial construction. The volume 

fractions show less α-Nb5Si3 with Ta additions but similar γ-Nb5Si3. It is possible that the 

microsegregation noted in Figure 109 resulted in areas of high Ti and Zr. The preference of 

both these elements is hexagonal close packed (HCP) and thus promoted the formation of γ-

Nb5Si3. 

 

Figure 110 : X-ray diffractogram of as-formed Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y-2Ta 

Using the EDS, XRD and BEI images collected, it is possible to suggest potential solidification 

routes: 



 

121 
 

     1)                                                                               2) 

L β-Nb5Si3 

L γ-Nb5Si3 

L Nbss + α-Nb5Si3  

L β-Nb5Si3 

L Nbss + γ-Nb5Si3 

L Nbss + α-Nb5Si3  

The second option is ruled out because α-silicide would be isolated in Nbss rather than adjacent 

to the β-Nb5Si3. The solidification process involved melting and re-melting, giving opportunity 

for restructuring to occur. Evidence of coring in the β-silicide suggests the initial solidification 

occurred rapidly, leaving an inhomogeneous structure. It is possible that during the melting 

and re-melting stages, areas of the silicide near the edge were less viscous. Zr and Ta have 

been known to increase the fluidity of the melt and the high concentration of Ti may have 

allowed transformation to γ-Nb5Si3 during this short time period. 

The BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y2Ta after hot isostatic pressing can be seen in 

Figure 65. Consolidation has occurred with the β-silicide eutectic, and the evidence of coring is 

reduced. Large areas can be seen showing a black phase. This could be either porosity or 

another example of Tiss and will be investigated further. 

 

Figure 111: BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y2Ta at a) As-formed b) Post-HIP. Images taken at centre 

of scan sample. 

XRD analysis of Figure 111 shows that the homogenisation of the silicide phase has resulted in 

an overall phase change. The result is a diffractogram that only models Nbss and α-Nb5Si3. 
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Figure 112: X-ray diffractogram of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y2Ta post-HIP, modelled using MAUD 

This does not fit with the information presented in Figure 65. The BEI suggests that there are 

either three phases in the post-HIP microstructure, or two phases and a large amount of 

porosity. Whilst both are possible, it is unlikely that HIP versions of a sample would produce 

porosity in this quantity due to the nature of the process. 

Table 43 displays the volume fraction of post HIP. Quantitative analysis was performed using 

MAUD on the diffractogram as seen in Figure 112 obtaining a modelled GOF = 2.649. The model 

suggests that the volume fraction of Nbss is 59.33% whereas image analysis of the same sample 

suggests it is ~46%. This discrepancy can be explained when considering the presence of Tiss, 

which has the same cubic structure as Nbss and thus would disrupt any values given, as 

previously discussed in section 5.2. γ-Nb5Si3 is observed in a similar fraction as the as-formed 

sample suggesting it is stable despite hot isostatic pressing. Coring is not noted in the post-HIP 

sample and so it is expected that silicide’s that formed as γ-Nb5Si3 did not re-arrange due to 

diffusion of larger elements destabilising them. 

Table 43: Showing volume distribution of phases of post-HIP Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y-2Ta 

Phase Volume Fraction (%) 

Nbss 59.33 
α-Nb5Si3 29.25 
γ-Nb5Si3 11.42 
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For further clarification, an EDS map for Ti was overlaid onto the same image in Figure 113, 

highlighting the increased Ti concentrations on the darkened areas. Small areas of precipitated 

Zr, similarly ejected from β-Nb5Si3 during the phase transformation of β-Nb5Si3  α-Nb5Si3. 

 

Figure 113: BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y2Ta a) post-HIP and EDS maps of b) Ti, c) Zr 

Comparison of the microstructural changes of post-HIP and post-HT Nb-18Si-24Ti-5Cr-5Al-

2Mo-1Zr-0.08Y2Ta can be seen in Figure 114. Multiple differences are observed, the most 

notable of which is the large amount of coarsening of Nbss, as well as a disappearance of the 

previously seen Tiss. The silicide phase has also coarsened, with the appearance of a darker 

Nb5Si3 phase growing from the main silicide phase. 

 



 

124 
 

 

Figure 114: BEI of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y2Ta a) Post-HIP and b) Post-HT 

These two contrasting phases are modelled as α- and γ-Nb5Si3 as seen in Figure 115. Other 

phases were modelled to discern if intermediate silicide’s (NbSi2, Nb3Si etc.) were present to 

suggest a possible mechanism but none were detected. 

 

Figure 115: X-ray diffractogram of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y2Ta post-HT, modelled using MAUD 

The presence of γ-Nb5Si3 is unexpected in a heat-treated sample, due to it being a low 

temperature metastable phase. Although unexpected, both quantitative analysis of XRD and 

image analysis of the BEI suggest the darker phase is γ-Nb5Si3. If the distribution of Ti in the 

post-HT sample is considered we can observe in Figure 116 b) that during the coarsening of the 

HT sample the Ti has been re-absorbed into the silicide phase. 
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Figure 116: SE and EDS maps of Nb-18Si-24Ti-5Cr-5Al-2Mo-1Zr-0.08Y2Ta a) Post-HT and b) EDS map of Ti c) EDS 

map of Zr 

This is counter intuitive if the previous alloy, 2Mo, is considered, as Tiss was observed in both 

stages of post-processing. The key difference in this case is the segregated Zr distributed 

throughout the microstructure on the boundary of Nb5Si3. It is this difference which has 

allowed the re-formation of γ-Nb5Si3 either through: 

1) Presence of Zr stabilising the surrounding α-Nb5Si3 

2) The combination of both highly concentrated elements in close proximity during HT 

3) Highly concentrated Ti re-absorbing into adjacent α-Nb5Si3 

The likely reason is 2). If one considers that the EDS of the post-HT sample still contains many 

highly concentrated precipitates of Zr. These remained despite the coarsening of the other 

phases in solution, suggested their absorption is slow. This may be due to the larger size and 

lower mobility of Zr within the Nbss.[156] If Zr was involved in the γ-Nb5Si3 transformation then 

it would likely be absorbed into one or both of the silicide’s. From Table 44 it can be seen that 

the γ-Nb5Si3 phase appears with much more Zr than the other phases (ignoring Zr precipitates).  
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The EDS map in Figure 116 b) showed the microsegregation separating Ti into the three phases 

under different concentrations. A similar occurrence was noted with 2Mo, where the Ti 

showed segregation into highly concentrated Nb5Si3 phases. The diffractogram of this sample 

showed stable levels of γ-Nb5Si3 throughout each phase of processing, suggesting that whilst 

Ti concentration was high, it was not significant enough for α-Nb5Si3 to be transformed and 

stabilised into γ-Nb5Si3. Figure 116 c) shows the largest amount of Zr within the darkest silicide. 

Estimates of the quantity of dark silicide present in the microstructure through image analysis 

are in line with XRD results.  

Table 44: Showing element distribution in phases of post-HT Nb-18Si-24Ti-5Cr-5Al-2Mo-5Zr-0.4Y-2Ta, all values in 

at.% unless otherwise stated 

 Nb Si Ti Al Cr Mo Zr Y Ta 

(Nb, Ti)ss 55.77 2.07 19.66 7.05 10.63 1.96 0.10 0.47 2.29 
α-Nb5Si3 48.43 33.86 10.89 2.52 0.80 0.74 0.74 0.40 1.62 

(Nb, Zr, Ti)5Si3 35.01 31.82 22.55 4.14 1.76 0.05 3.63 0.06 0.97 

Zr 29.21 16.62 11.83 1.75 2.37 0.03 33.17 4.23 0.80 
 

 

For this reason, it is theorised that the combination of coarsening of highly concentrated Tiss 

and Zr on the boundary of α-Nb5Si3 resulted in its absorption. The change in phases throughout 

each stage can be seen in Figure 117 and shows the transformation towards α-Nb5Si3 from as-

formed to post-HT. β-Nb5Si3 is present in the as-formed stage but disappears on hot isostatic 

pressing. 

 
Figure 117: Comparison graph of TCoZy1 at each stage of production 
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7.4 Evaluation of Elemental Additions 
The previous chapter discussed the addition of Zr and Y to improve phase stabilisation and 

promote the low temperature α-Nb5Si3. At high concentrations of Zr a binary alloy of Nbss and 

γ-Nb5Si3 was observed. Additions of Ta were designed to improve the mechanical properties 

of these materials and promote α-Nb5Si3. 

Ta showed preferential substitution to the solid solution matrix with some diffusion into the 

silicide during post-processing. As observed with CoZy1 and CoZy5, the size of the silicide phase 

decreased as Zr levels were increased 

At low levels of Ta (1 at.%) initial formations showed all combinations of Nb5Si3, 

post-processing realised a Nbss/α-Nb5Si3 structure. Similar to CoZy1 and 2Mo, coring and 

microsegregation during formation produced small amounts of γ-Nb5Si3 throughout all stages. 

Ejection of Tiss was also noted during heat treatment forming epitaxially to the α-silicide. 

TCoZy5 observed γ-Nb5Si3 on both formation and post-HIP. Upon heat treatment a breakdown 

occurred from γ-Nb5Si3 α-Nb5Si3. Ejection of Zr was noted within the microstructure as ZrO2, 

suggesting a reaction with residual oxygen in the furnace chamber.  
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8 Effects of Hot Isostatic Pressing on Direct Laser Melted Nb-Si Alloys 

8.1 Chapter Introduction 
The majority of this thesis has focused on different elemental additions in the Nb-Si alloy. At 

most stages’ porosity was detected due to the nature of the additive manufacturing technique. 

This chapter will investigate the effects of hot isostatic pressing on consolidation of these pores 

and discuss a possible mechanism for pore reduction. HIP also promoted the formation of Tiss, 

and part of this chapter will be dedicated to proposing its formation path using different 

pressures and phase evolution as evidence. 

 

  



 

129 
 

8.2 Densification of Laser Additive Manufactured Nb-Si-Ti-(2,14)Cr Alloys During 

Hot Isostatic Pressing 
Studies have been undertaken in this thesis to analyse laser additive manufacturing (LAM) as 

a novel method for Nb-Si alloy production. Using DLM techniques, thin walled objects have 

been successfully created and have a similar microstructure to those which are formed using 

casting methods.[157] This leads to other challenges however, highlighting porosity as one of 

the main defects present in additively manufactured (AM) materials.[54] 

The rapid solidification experienced during construction leads to the formation of cavities as 

the melt solidifies and shrinks, dendrite formation and successive layers of solidifying material 

also leads to the trapping of pores.[158] These processing pores are often irregular in shape. 

Spherical porosity is likely the cause of gases dissolved within the melt which get trapped upon 

solidification, as the spherical shape has the smallest surface area and as such requires least 

energy. Rapidly solidified materials may exhibit non-uniform gas-filled pores which on 

subsequent heat treatments may be dissolved into the matrix and diffuse towards regions of 

lower pressure (either surface or larger pores). The result is larger pores spherodising due to 

the driving force to reduce surface area and added gas.[91] 

Traditionally, porosity is reduced using plastic deformation in cast materials such as hot 

working methods. An alternative is to use a consolidation method such hot isostatic pressing 

(HIP). This is a densification process similar to sintering, used for both densification and a near 

net shape manufacturing of metals, ceramics and glasses. Pressure is applied in all directions 

to the alloy using non-reactive gas, such as argon, which is at high temperature. Figure 118 

shows the typical stages to hot isostatic pressing. 

 

Figure 118: Schematic showing densification through hot isostatic pressing 
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In the initial stages, particles are in contact with no bonding forces other than adhesion. Plastic 

deformation occurs as pressure is applied, causing rearrangement of particles and 

densification. During stage II, grain boundary and lattice diffusion consolidates particles with 

the application of temperature which increases the neck size or particles. When neck size 

expands large enough, open porosity begins to close, shifting into stage III of sintering. The 

trapped pores increase in internal pressure, the application of external pressure leads to 

further densification through two main methods: diffusional creep and solution of gas into the 

metal lattice.[159] Pre-cast components start at either stage I or II and will vary depending on if 

porosity is closed or linked to the surface (therefore effectively open). Powder metallurgy 

however begins at stage 0. As mentioned previously HIP is becoming more common as a near 

net shape manufacturing technique partially for financial reasons.[91] Yuan et al suggests that 

healing of pre-cast Ni-based alloys occurs in two steps; (i) plastic diffusion via creep and (ii) 

diffusion.[160] Chmiela et al shows the negative effects of HIP and its general requirement for a 

post heat treatment. As HIP is usually performed at >70 % Tm (melting temperature) and 

involves diffusion and plastic deformation, the microstructure generally refines and becomes 

irregular and misshapen resulting in areas of higher micro-strain and slightly lower mechanical 

properties. [161, 162] 

Other research has examined the use of HIP to create Nb-Si alloys from powders, reporting 

that it improves the high cycle fatigue limit, an important failure mechanism in high 

temperature turbine blades. [9]  This failure path is normally caused by the number of crack 

initiation sites, for which a large number of pores contributes. Counter-intuitively the size of 

pores does not alter the stress concentration factor, only the quantity. Coarsening is a common 

side-effect of HIP treatments, studies have found that the larger grains can increase crack 

propagation resistance and increased fatigue strength.[138, 163] 

Two Nb-Si-Ti alloys were produced containing varying quantities of Cr (2 and 14 at.%), both 

were produced via laser additive manufacturing and were used to demonstrate the effects of 

hot isostatic pressing on sample porosity. More information on these alloys may be found in 

section 4.2 and 4.3 Successful densification has been shown in both alloys. Porosity was 

observed after formation and hot isostatic pressing used to reduce internal pores. The density 

of constructs was measured using X-ray CT software and was improved up to 99% with most 
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pores smaller than the detection limit of the X-ray CT. Remaining porosity is resigned to “open” 

pores near alloy surface as well as anomalous microstructure regions formed during laser 

deposition and not typical of the overall structure. Porosity close to the surface remains after 

hot isostatic pressing due to connecting micro-cracks linking pores to surface. 

Microstructure and microscale porosity 

Microstructural analysis presents a high ratio of brittle silicide as well as presence of Laves 

phase, which makes it susceptible to cracks. These originate at both the phase boundary and 

pore boundary (Figure 119 a) and c) respectively) and propagate along the phase boundary 

between the Nbss and Nb5Si3. These appear closed up after HIP has occurred with none being 

evident in either alloy as shown in Figure 119. Densification occurs with small-sized “process” 

porosity being closed and cracks are healed beyond the detection limit of the microscope. 
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 Figure 119: BSE microstructure images of 14Cr - A + B) Edge C + D ) Centre 
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Figure 120 shows the microstructure of 2Cr containing predominantly Nbss (light) with small 

quantities of Nb5Si3 (darker). Figure 120 a) and c) compare as-formed samples at different 

sections to post-HIP specimens. The microstructure of the as-formed metal presents a large 

quantity of pores throughout the sample in the Nbss phase, the majority of these pores are 

non-spherical and suggest that they are caused during solidification rather than trapping of 

gaseous argon. Cracks were not observed at either stages and is attributed to the larger 

concentration of soft Nbss. 
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 Figure 120: BSE microstructure images of 2Cr - A + B) Edge C + D ) Centre 

The microstructure of 14Cr (Figure 119) presents a lower ratio of solid solution compared with 

2Cr due to the lower ratio of Nb in the Nb-Si-Ti alloy. A greater quantity of large spherical 

porosity is presented compared to 2Cr suggesting they contain argon.  

The overall porosity reduction can be seen in Table 45 showing porosity is not detectable in 

post-HIP. Average porosity was calculated based on image analysis of multiple back scattered 

electron images. Only a small area noted porosity after HIP, this is an exception and is discussed 

later in the chapter.  
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Table 45: Changes in phase % before and after HIP of both chemistries observed using BSE imaging 
 

 % Phase in 14Cr % Phase in 2Cr 

As-Formed Post-HIP As-Formed Post-HIP 

Edge Centre Edge Centre Edge Centre Edge Centre 

Nbss 35.03 38.80 45.34 45.10 80.77 86.00 82.40 80.10 
Nb5Si3 32.48 33.39 27.03 27.21 18.42 13.25 17.10 19.58 
Cr2Nb 29.80 26.46 26.36 26.52 -- -- -- -- 
HfO2 0.82 0.83 1.27 1.17 00.49 1.30 0.50 0.32 

Porosity 1.87 0.52 -- -- 0.32 0.62 -- -- 
 

The driving force for densification during hot isostatic pressing is the release of mechanical 

stress and the reduction in surface area.[91] Non-gaseous porosity is likely removed due to a 

combination of lattice and grain boundary diffusion.  It can be noted from Figure 121 that 

multiple types of pores can be seen sharing different environments, those found on the interior 

of a grain and those sharing a boundary with two or three different grains. The challenge of 

closing porosity increases as pores share more grain boundaries. 

 

Figure 121: BSE of 2Cr (as formed) , highlighting 3° (Grain Edge), 2° (Grain Face) and 1° (Grain Interior)  on 

sample surface 

14Cr alloy shows less pores localised inside a single phase and instead most pores are on the 

boundaries of two or three different grains. In both chemistries however, lattice diffusion is 

likely the dominant mechanism due to the small grain sizes present in both samples. 
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3D Distribution of Porosity 

X-ray CT results in Figure 122 show a variation in porosity in each alloy chemistry, with the 2Cr 

alloy containing the most porosity. In steels gaseous porosity is commonly associated with 

hydrogen embrittlement.[164] This alloy was constructed under an argon atmosphere at 

standard pressure, therefore it is likely that any spherical shaped pores result from argon 

encapsulation. Problems arise when HIP densification is attempted. In contrast to hydrogen, 

argon is too large to diffuse through materials, even at high temperatures and pressures. 

 

 

Figure 122: Shows the change in porosity from a) as-formed to b) HIP for sample 2Cr 
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Small areas of pure Nb can be observed in Figure 123 a). These sections are both rare and 

found close to the edge of both alloys and is likely a result of poor mixing during printing. 

Defects may be noticed in the as-formed sample, these are likely due from SiC during 

polishing.  

A boundary is presented around the Nb anomaly in a) and has grown post-HIP in b), using 

elemental analysis it is theorised that the Kirkendall effect has occurred. The high 

temperature and pressure environment of the HIP process has set up a diffusion couple 

between the concentrated Nb and (Nb, Ti)ss allowing interdiffusion to occur. This effect has 

been previously noted as a source of porosity during heat treatments as vacancy diffusion. 

Unlike substitutional diffusion, a net movement of vacancies occurs which may result in the 

formation of voids. These are not observed in this case as HIP will act to reduce the expansion 

of voids, the source of Ti from (Nb,Ti)ss was also “infinite” relative to the anomaly effectively 

allowing vacancy sites to be absorbed into the bulk material. 

 

Figure 123: BSE microstructure image showing Nbss concentrations of a) 14Cr as-formed b) 14Cr post-HIP 

It was not expected for gaseous porosity to be removed, but to be shrunk beyond the 

detection limit of the X-ray-CT. Analysis seen in Figure 122 agrees with this hypothesis. Most 

spherical porosity disappeared upon post-processing, though larger enclosed porosities 
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close to the edge of the sample are still present. The only remaining porosity is in a single 

plane, it is proposed that micro cracks connected these pores to the surface. 

 

Figure 124: BSE microstructure of 14Cr post-HIP showing edge porosity contained within Nb5Si3 phase. 

Samples were HIPped without a canister and/or a surface coating, which effectively linked 

these “enclosed” pores to the surface. An example of this phenomenon can be observed in 

Figure 124, showing porosity trapped within the Nb5Si3 phase, likely caused by micro cracks 

and tunnelling defects.[165] HIP is unable to consolidate and remove this type of porosity. A 

schematic diagram of this problem can be seen in Figure 125. To reduce surface porosity, it 

is important to consider surface coatings before commencing HIP post-processing on pre-

fabricated samples. 

 

Figure 125: Schematic diagram showing difference in “Open” and “Closed” porosity both before and after 

HIP  
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8.3 Phase Transformation of Alloys During Hot Isostatic Pressing 
During this work multiple alloy systems have shown evidence of Tiss precipitates. Multiple 

articles have observed these phenomena but the reason for its formation is unknown. The 

three alloys exhibiting Tiss expulsion are; 2Mo, CoZy1 and TCoZy1 from sections 5.2, 6.3 and 

7.3 respectively. The microstructures are observed in Figure 126, and two things are notable; 

1) The silicide structure is smaller with 1 at.% additions of Zr 

2) Microsegregation is present in all samples 

 

Figure 126: BEI image of as-formed a) 2Mo, b) CoZy1, c) TCoZy1 

Both of these phenomena have been discussed in more detail in their respective sections. Zr 

additions to the alloy system sometimes presented highly concentrated (Nb, Zr)5Si3 systems 

during post-processing. 

Low Zr additions (1 at.%) decreased the amount of γ-Nb5Si3 present in the as-formed samples 

from 46% (2Mo) to 7-8% (CoZy1,TCoZy1). The low additions did not prevent microsegregation, 

which was observed in the contrasting silicide phases. Evidence presented in section 6.2 and 

7.2 suggest that high concentrations do prevent microsegregation during initial construction, 

although the exact value was not determined during this experiment. 
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It was hypothesised that the Ti-saturated Nb5Si3 phases ejected titanium during post-

processing to establish Tiss as observed in Figure 127. 

 

Figure 127: BEI image of post-HIP a) 2Mo, b) CoZy1, c) TCoZy1 

The post-processed microstructure of all alloys contained small quantities of Tiss ejected from 

its surrounding phases, this was present in the post-HT samples of CoZy1. It was not observed 

at any stage of CoZy5’s development, however. CoZy5 presented a Nbss/γ-Nb5Si3 system 

throughout each post-processing step. This suggests that the appearance of Tiss is the result of 

a phase change rather than standard diffusion in the material. 

A phase transformation was noted during the post-processing of each alloy system discussed. 

γ-Nb5Si3  β-Nb5Si3 was noted in 2Mo 

β-Nb5Si3  α-Nb5Si3 was noted in CoZy1 and TCoZy1. 

It is hypothesised that during the high-pressure environment of HIP a transformation of phases 

(γ-Nb5Si3  β-Nb5Si3  α-Nb5Si3) a release of Nb occurs under standard conditions. It has been 

discussed throughout this work that many atoms substitute Nb within the Nb5Si3 lattice. Ti, Cr, 

Hf are all elements known to do this. The reason Tiss forms so readily during these 

transformations may be due to a difference in diffusion rate. 
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The diffusion coefficients of Ti and Nb in an Nb-Ti alloy were discussed by Pontauet al. (1979), 

the results are seen in Table 46.  

Table 46: Diffusion rates of Ti and Nb in Nb-Ti binary alloy[155] 

 

The results show that Ti is more mobile in pure titanium than in Nb-doped titanium alloy 

compared to Nb. With this to consider it is logical to suggest that Ti will have greater diffusivity 

than Nb in the alloy systems used in this thesis, especially when larger atoms such as Zr or Y 

expand the Nbss lattice, providing a lower energy pathway. Increasing temperature also 

positively affects the diffusivity. Whilst pressure was not considered in this thesis, it is logical 

to predict that an increase in pressure would also facilitate greater diffusivity due to the extra 

energy provided. Such a finding would agree with the observation in Figure 127. 

The additive manufacturing process introduced a growth direction, and texturing has been 

noted at various points in this thesis. This may introduce mismatched lattices and vacancy sites 

into the matrix allowing ample sites for transition metals to diffuse through or along phase 

boundaries. The combination of some Nb5Si3 being saturated with titanium leads a re-

arrangement to occur. It has a higher diffusion rate than Nb and thus is more likely to be the 

ejected transition metal. 

The transition metal likely leaves the silicide through vacancy diffusion before being replaced 

by an atom from the solid solution. Due to the increased pressure and temperature there is a 

pull for ejected titanium atoms to segregate, forming their own Tiss phase to reduce interfacial 

energies.[166] A phase split occurs as discussed by V. Chandrasekaran (1972). During aging 

treatment of Ti-Mo alloys, a new solid solution precipitate was noted. This new phase had an 

identical crystal structure to the original matrix but altered compositions resulted in slightly 

varied lattice parameters.[167, 168] During heat treatment the volume fraction of Tiss reduces, 

suggesting that gradual diffusion into the Nbss matrix occurred. 

Nb (at.%) Temperature (°C) DTi (cm2.s-1) DNb (cm2.s-1) 

0 1511 7.7x10-8 4.9x10-8 
5.4 959 5.9x10-10 2.8x10-10 

19.6 1292 4.9x10-9 3.6x10-9 
35.7 1384 4.1x10-9 2.0x10-9 
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The alloys presented section 5.2 were based on similar work from Jie Geng (2006).[46] The work 

presented a progression of Nb3Si + β-Nb5Si3  α-Nb5Si3 microstructure throughout the HT 

process. This was not observed in the above data, mostly likely due to the rapid solidification 

observed in LAM over traditional arc-melting. Instead a transition from γ  β  α is noted 

from as-formed  HIP  HT. The transformation to α-Nb5Si3 occurred only after the second 

post-processing stage (heat treatment), suggesting that the parameters of pressure, time or 

temperature may have been a factor preventing the α-silicide formation post-HIP. Experiments 

were performed on 2Mo to understand the effects of pressure on samples. 

Different pressures were analysed to discern their effects on phase transformation of Nb-Si 

alloy systems. The transformation of 2Mo shows different amounts of Tiss in the post-HIP 

samples depending on pressure used, with fewer Tiss precipitates as pressure decreased. At 

high pressure β-Nb5Si3 was stabilised, whereas at lower pressures only α-Nb5Si3 was noted. 

Comparison of the BEI and XRD of the post-HIP samples in Figure 128 at different pressures 

shows both phase and microstructural variations. 

  

 
Figure 128: BEI images of Post-HIP Nb-18Si-24Ti-5Cr-5Al-2Mo, processed under different pressures 

a) 150 MPa b) 100 MPa c) 50 MPa 
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The solidification path of 2Mo was discussed in section 5.2. It was modelled as γ-Nb5Si3 and 

during HIP post-processing a silicide transformation occurred, with γ-Nb5Si3 transforming to β-

Nb5Si3.  

Figure 129 presents the diffractogram of Nb-18Si-24Ti-5Cr-5Al-2Mo at the post-HIP stage. It 

shows that applied pressure plays an important role in phase evolution. a) 150 MPa produces 

the β-Nb5Si3 whereas the lower b) 100 MPa and c) 50 MPa both produced α-Nb5Si3.  

Under no pressure, Nb3Si was presented. This suggests that the transformation from γ-Nb5Si3 

to tetragonal-silicide occurred through an alternative reaction path. Tiss is presented in the β-

Nb5Si3  α-Nb5Si3 transformation but not in the γ-Nb5Si3  α-Nb5Si3 reaction. It is 

hypothesised that during 150 MPa HIP post-processing γ-Nb5Si3 transformed to α-Nb5Si3 then 

due to the high-pressure environment a re-arrangement to β-Nb5Si3 was encouraged, 

explaining the presence of Tiss in the post-processing of 2Mo. Therefore it is suggested that γ-

Nb5Si3 follows the observed reaction path in equation ( 14 ) and ( 15 ). 

𝛾 − 𝑁𝑏5𝑆𝑖3 → 𝛼 − 𝑁𝑏5𝑆𝑖3 
( 14 ) 

 

𝑇𝑚 + 𝛼 − 𝑁𝑏5𝑆𝑖3 𝛽 − 𝑁𝑏5𝑆𝑖3 + 𝑇𝑚 ( 15 ) 

 

Tm represents a transition metal, such as Nb, Ti, Zr, Hf or Y. The high pressure forced the β-

silicide to become more stable and was observed on completion along with Tiss. It is likely that 

both CoZy1 and TCoZy1 transformed via equation ( 15 ). A transformation from γ-Nb5Si3  α-

Nb5Si3 was noted in TCoZy5 and did not note Ti ejection. Zr formations were noted but these 

were assumed to be caused by reactions with oxygen rather than through a γ-Nb5Si3 

transformation mechanism. 
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Figure 129: X-ray diffractograms of Nb-18Si-24Ti-5Cr-5Al-2Mo with HIP processes performed under different 

pressures a) 150 MPa b) 100 MPa and 50 MPa 
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8.4 Evaluation on the Effect of Hot Isostatic Pressing 
The densification of Nb-Si-Ti alloys has been successfully shown to achieve near full 

densification from laser additive manufactured components. Three type of inclusions were 

observed, on grain interiors, faces and edges, increasing with closure difficulty respectively. 

The only remaining porosity is in a single plane, it is proposed that micro cracks connected 

these pores to the surface. 

The density of samples was increased up to 99%, with the closing of large pores below the 

detection limit of the X-ray CT as well as small manufacturing defects and closing of small-scale 

cracks.  

SEM results presented some porosity after HIPping but these were restricted to anomalous 

areas, likely formed as a result of mixing problems. Pores that were connected to the surface 

of the material via micro cracks still remained unchanged. It is suggested that adding a barrier 

coating to the material would isolate surface-linked porosity, allowing HIP to effectively 

consolidate the observed phenomenon. 

Microsegregation in 2Mo, CoZy1 and TCoZy1 resulted in a phase split of γ-Nb5Si3 and  

γ-(Nb, Ti)5Si3 (Ti saturated). The saturation of Ti encouraged phase transformation during HIP 

and HT via its ejection to form a separate Ti solid solution. A reaction mechanism was 

suggested, resulting from the combination of high pressure and temperature. The addition of 

high concentrations of Zr prevented micro segregation and as a result no Tiss ejection was 

noted during any stage of post-processing. The added Zr has both benefits and detriments; it 

acts as a stabiliser for Ti and prevents its ejection, but also stabilises the γ-Nb5Si3 formation. 

For this reason, quantities of Zr must be carefully considered to prevent promotion of the poor 

creep resistant hexagonal-silicide.  

2Mo, CoZy5 and TCoZy5 were presented, samples were HIPped at 3 different pressures and 

the results compared. At low pressures, 2Mo presented with α-Nb5Si3, during the high-pressure 

HIP (150 MPa) β-Nb5Si3 was presented instead. This suggests that pressure may have a role 

during the post-processing, further work some be performed to establish what reactions are 

occurring under different HIP pressures. 
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9 Overall Conclusion and Future Work 

This work has shown that Nb-Si alloys may be successfully produced using additive 

manufacturing. A combination of hot-isostatic pressing, heat treatments and elemental 

additions were used to promote a desired phase combination of Nbss and α-Nb5Si3.  

Phase identification and stabilisation was the focus of this work with and so mechanical and 

oxidation studies were not performed. The testing was not a focus on this work, but it can be 

surmised from previous literature presented within this thesis which alloy would provide the 

most ideal properties.  

CoZy5 and 6Cr show the highest levels of γ-Nb5Si3 and would likely have the lowest creep 

resistance. 2Cr contains ~80% Nbss and would likely be the least oxidation resistant alloy within 

those produced. 14Cr is the only system to have both Cr2Nb and HfO2 and due to this, would 

likely be the hardest sample due to the laves phase’s unique properties and thus be more 

prone to low temperature brittle fracture. TCozy1 produces the highest α-Nb5Si3 but also low 

Nbss (relative to other alloys produced in this study) so would likely have high oxidation 

resistance and a high hardness, although it may not be as brittle as 14Cr. For these reasons it 

is predicted that TCoZy1 will show the best overall properties of the alloys in this thesis. 

The notable conclusions can be made from this study: 

1) The use of rapid solidification promoted the formation of γ-Nb5Si3 in most cases. Alloys 

noted in the literature formed different phases, suggesting additive manufacturing and 

rapid solidification may have an impact on alloy phases. Some γ-Nb5Si3 reduces on post-

processing but all alloys show at least a small amount of γ-Nb5Si3. 

2) The quantity of chromium used greatly affected the microstructure. A Laves phase was 

produced with high Cr (14 at.%). A cubic C15 Laves phase was produced over the 

hexagonal C14 Laves phase reported in the literature. Lower quantities showed coring 

and formation of Nb3Si. 

3) The addition of Hf promoted inclusions of HfO2 throughout the microstructure which 

may cause stress concentrators within the microstructure leading to reduced 

mechanical properties of the material. 
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4) Increases in Ti and addition of Mo showed coring during solidification, on post-

processing the formation of Tiss was noted epitaxially to Nb5Si3 structures. During long 

heat treatments the quantity of Tiss reduced, suggesting reabsorption. 

5) Zr and Y aimed to improve oxidation resistance by stabilising Nbss but was shown to 

mostly absorb into the silicide regions or form concentrated Zr and Y regions. 

6) Additions of Zr and Y showed stabilisation of γ-Nb5Si3 at high concentrations (5 at.%) 

but at low concentrations it had a negligible effect on its formation. Low concentrations 

of the elements also featured coring and produced Tiss formations during post-

processing. 

7) Zr and Y reduced the size of observed silicide phases as concentrations of the elements 

were increased. Low concentrations minimised the formation of γ-Nb5Si3 to below 10 % 

in most cases. 

8) Ta was shown to promote the formation of α-Nb5Si3 in as-formed and post-HIP phases 

without high concentrations of Cr, which represents a financial saving regarding the 

manufacturing costs of long heat treatments. Standard heat treatments are 100 hr at 

1500°C reducing this to 5 hr will decrease the energy requirements and reduce costs. 

9) The γ-Nb5Si3 phase remained stable through most processes and suggests that the 

processing technique may play a part in its formation. It was noted to only change when 

long heat treatments were applied. A short heat treatment of TCoZy5 showed the 

unique transformation of γ-Nb5Si3  α-Nb5Si3 however. 

10) Texture changes were noted in most chemistries during formation and post-processing 

stages. 
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Additive manufacturing of Nb-Si alloys has much potential, and whilst great strides have 

been made recently there is still much to learn. Not everything was within the scope of this 

work, and further experimentation is required if these alloy systems are to be successfully 

applied in the harsh environments of jet turbines. Further potential research topics include: 

1) The mechanism of porosity introductions in additively manufactured Nb-Si alloys is 

poorly understood. Further research into varied laser parameters and scan patterns 

may provide better techniques which may reduce porosity. 

2) Some pore closing mechanisms were discussed in this thesis but further investigation 

of the closing mechanisms of HIP, and how processing parameters effect the 

consolidation and phase evolution of these systems could potentially reduce 

manufacturing costs. 

3) The evolution of Tiss was discussed in this thesis. A brief mechanism was suggested but 

further analysis may show if Tiss is involved in the decomposition of β-Nb5Si3 and if 

longer heat treatments reduce these inclusions within the matrix. 

4) The additions of Zr and Y elements has been shown to reduce the phase size of silicide’s 

within Nb-Si alloys. A study demonstrating how this effects oxidation resistance and if 

the desired stable oxide layer is produced to prevent the pesting phenomena would be 

beneficial to the understanding of the topic. 

5) Low quantities of Zr and Y helped prevent the formation of γ-Nb5Si3, high quantities 

promoted it however. Microsegregation was reduced when Zr and Y concentrations 

were increased. The balance between preventing microsegregation and reducing γ-

Nb5Si3 would be an important step for additive manufacturing of Nb-Si alloys. 

6) An in-depth discussion of mechanical properties is required if these alloys are to be 

used in the aerospace industry and a comparative study with AM to demonstrate their 

viability in commercial use. 
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Appendix 

Below is a tabulated record of modelled diffractograms for the reader’s convenience. 

 

Sample   Rwp Rexp GoF 

14Cr AF 5.839873 2.227893 2.621253803 

  HIP 6.0847197 2.3578827 2.580586261 

  HT 4.3502617 2.2833264 1.905229887 

2Cr AF 6.3480663 2.2359498 2.839091602 

  HIP 4.6496677 2.3148081 2.008662273 

  HT 3.8360615 2.3287451 1.647265517 

6Cr AF 3.7412906 2.2779996 1.642357883 

  HIP 3.8965123 2.2125533 1.761093077 

  HT 4.2454786 2.2123895 1.918956224 

2Mo AF 5.371409 2.3314633 2.303878856 

  HIP 3.8579571 2.2198312 1.73795066 

  5 h HT 4.536609 2.2595766 2.007725253 

  100 h HT 6.0330625 2.335558 2.583135379 

CoZy1 AF 4.4535794 2.1088526 2.111849543 

  HIP 4.9890065 2.0844374 2.393454704 

  HT 4.6990795 2.089863 2.248510788 

CoZy5 AF 4.2973685 2.1044867 2.042003164 

  HIP 6.884588 2.0736494 3.320034718 

  HT 8.244903 2.1163144 3.895878136 

TCoZy1 AF 6.251613 2.1887684 2.856224076 

  HIP 5.640362 2.1295035 2.648674679 

  HT 6.4940376 2.044244 3.176742894 

TCoZy5 AF 4.2721214 2.1049683 2.029541918 

  HIP 6.8970537 2.0754366 3.323182072 

  HT 4.436261 2.0611057 2.152369478 

 

 

 

 

 

 

 



 

 

 

 

14Cr Phase 1 Volume % a    

AF Nbss 56.39 3.238029    

HIP Nbss 61.81 3.2730634    

HT Nbss 46.55 3.249673    

  Phase 2 Volume % a c   

AF γ - Nb5Si3 4.21 7.553306 5.052107   

HIP γ - Nb5Si3 4.54 7.5495358 5.2108254   

HT γ - Nb5Si3 10.06 7.518278 5.1803784   

  Phase 3 Volume % a    

AF Cr2Nb 21.283 7.0793    

HIP Cr2Nb 14.486973 7.1217227    

HT Cr2Nb 8.451478 7.0793     

  Phase 4 Volume % a c   

AF           

HIP Nb3Si 2.52 10.354015 5.218813   

HT Nb3Si 12.43 10.122092 5.253095   

  Phase 5 Volume % a c   

AF α - Nb5Si3 16.73 6.5457892 11.919201   

HIP α - Nb5Si3 13.21 6.5754514 11.9569645   

HT α - Nb5Si3 16.45 6.5341406 11.953238   

  Phase 6 Volume % a b c β ° 

AF HfO2 1.38 5.1636615 5.178123 5.285664 99.37139 

HIP HfO2 4.07 5.180752 5.1857 5.2841 99.352 

HT HfO2 6.06 5.118 5.1857 5.2841 99.352 

 

 

  



2Cr Phase 1 Volume % a    

AF Nbss 90.95 3.2753026    

HIP Nbss 76.07 3.274465    

HT Nbss 80.36 3.2723465    

  Phase 2 Volume % a c   

AF           

HIP γ - Nb5Si3 4.77 7.5227804 5.1823897   

HT γ - Nb5Si3 12.91 7.529867 5.178558   

  Phase 3 Volume % a c   

AF Nb3Si 8.822 10.009906 5.138286   

HIP Nb3Si 16.233086 10.486571 5.19036   

HT           

  Phase 6 Volume % a b c β ° 

AF HfO2 0.25 5.167692 5.1968555 5.313422 99.524536 

HIP HfO2 2.92 5.113 5.1857 5.2861 99.353 

HT HfO2 6.74 5.074755 5.1835303 5.312434 99.55821 

 

 

6Cr Phase 1 Volume % a    

AF Nbss 23.31 3.249415    

HIP Nbss 42.34 3.2512662    

HT Nbss 26.63 3.2500434    

  Phase 2 Volume % a c   

AF γ - Nb5Si3 47.32 7.525966 5.1916213   

HIP γ - Nb5Si3 56.17 7.533652 5.192956   

HT γ - Nb5Si3 53.67 7.530762 5.184173   

  Phase 3 Volume % a c   

AF β - Nb5Si3 27.64 10.020879 5.036573   

HIP Nb3Si 0.09 10.38491 5.1645284   

HT α - Nb5Si3 15.953 6.5471883 11.882059   

  Phase 6 Volume % a b c β ° 

AF HfO2 1.74 5.008621 5.279519 5.2871 99.432 

HIP HfO2 1.40 5.046088 5.27468 5.28076 99.6054 

HT HfO2 3.75 5.059817 5.292844 5.27111 99.1989 

 



2Mo Phase 1 Volume % a  

AF Nbss 53.97 3.2708664  

HIP Nbss 49.55 3.239759  

5 h HT Nbss 30.14 3.2367413  

100 h HT Nbss 51.92 3.2432191  

  Phase 2 Volume % a c 

AF γ - Nb5Si3 46.03 7.5208254 5.187607 

HIP γ - Nb5Si3 12.03 7.516 5.149 

5 h HT γ - Nb5Si3 26.06 7.520325 5.170445 

100 h HT γ - Nb5Si3 5.13 7.5296817 5.1744914 

  Phase 3 Volume % a c 

AF         

HIP β - Nb5Si3 38.41503 10.034266 5.032905 

5 h HT α - Nb5Si3 43.8058 6.5399113 11.894876 

100 h HT α - Nb5Si3 42.9488 6.5517473 11.880418 

 

CoZy1 Phase 1 Volume % a  

AF Nbss 26.41 3.2448664  

HIP Nbss 29.20 3.2473593  

HT Nbss 44.73 3.2433774  

  Phase 2 Volume % a c 

AF γ - Nb5Si3 7.42 7.53 5.182 

HIP γ - Nb5Si3 7.56 7.528464 5.188712 

HT γ - Nb5Si3 9.62 7.5284257 5.180227 

  Phase 3 Volume % a c 

AF β - Nb5Si3 35.77 10.037985 5.033319 

HIP β - Nb5Si3 28.36443 10.04259 5.0364065 

HT         

  Phase 4 Volume % a c 

AF α - Nb5Si3 30.38 6.538037 11.925896 

HIP α - Nb5Si3 34.87 6.5403786 11.939951 

HT α - Nb5Si3 45.65 6.5429816 11.883644 

 

  



CoZy5 Phase 1 Volume % a  

AF Nbss 75.92 3.2613337  

HIP Nbss 42.61 3.2513392  

HT Nbss 51.67 3.249037  

  Phase 2 Volume % a c 

AF γ - Nb5Si3 24.09 7.6024117 5.232522 

HIP γ - Nb5Si3 57.39 7.594718 5.2167306 

HT γ - Nb5Si3 48.33 7.5896707 5.216257 

 

TCoZy1 Phase 1 Volume % a  

AF Nbss 43.93 3.2569995  

HIP Nbss 59.33 3.2457852  

HT Nbss 33.37 3.249123  

  Phase 2 Volume % a c 

AF γ - Nb5Si3 8.96 7.4871407 5.17364 

HIP γ - Nb5Si3 11.42 7.570266 5.158568 

HT γ - Nb5Si3 10.09 7.5529637 5.1994276 

  Phase 3 Volume % a c 

AF β - Nb5Si3 27.63872 10.017094 5.0262556 

HIP         

HT         

  Phase 4 Volume % a c 

AF α - Nb5Si3 19.46 6.5485272 12.016495 

HIP α - Nb5Si3 29.25 6.5497217 11.898888 

HT α - Nb5Si3 56.53 6.558302 11.907208 

 

  



     

ToZy5 Phase 1 Volume % a  

AF Nbss 60.75 3.2609513  

HIP Nbss 43.32 3.2511973  

HT Nbss 39.38 3.2442935  

  Phase 2 Volume % a c 

AF γ - Nb5Si3 39.25 7.598956 5.2329493 

HIP γ - Nb5Si3 56.68 7.5942297 5.216441 

HT γ - Nb5Si3 16.18 7.544364 5.1884933 

  Phase 3 Volume % a c 

AF         

HIP         

HT α - Nb5Si3 43.168 6.5487547 11.9023695 

  Phase 4 Volume % a c 

AF         

HIP         

HT ZrO2 1.27 3.5781 5.1623 
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