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Abstract 

Metal matrix composites (MMCs) combines ductility of a metal and strength of a reinforcement 

which makes it an excellent candidate material for advanced engineering applications. An 

example of such a matrix material is titanium which by itself has a unique combination of high 

specific strength (tensile-strength-to-density ratio) at both room and moderately elevated 

temperatures, and excellent corrosion resistance. This thesis studies the feasibility of producing 

a high strength titanium matrix composite using a conventional press and sinter route. The 

effects of different reinforcements (TiB2 and Si3N4) on the microstructural and mechanical 

properties of  the resulting composites were studied in detail.   

Extensive studies of in situ TiB/Ti and Ti-Si3N4 composites were carried out in this thesis, 

which is divided into two parts dealing with the two composite systems separately. Phase 

identification, mechanical and tribological properties have been extensively studied along with 

microstructural analyses to evaluate the technological significance of these composites in 

industrial applications. The novelty of this work is to study the optimal concentration of the 

reinforcement for the development of titanium composites for industrial application with 

simultaneously studying the reaction mechanism by in situ neutron diffraction. 

In situ TiB/Ti composites 

In this study, the optimal concentration of titanium diboride (TiB2) particles was ascertained 

for the development of (Ti-TiB) metal matrix composites, prepared by a conventional powder 

metallurgy route. The effects of concentration were studied by reinforcing titanium diboride 

(TiB2) powder in different weight fractions (2, 5, 10 and 20 wt. %) into pure Ti powder during 

the fabrication process. The composites were sintered at higher temperatures under vacuum. 

The transmission electron microscopy (TEM) results revealed the formation of needle-shaped 

TiB whiskers, indicating that in situ reaction occurred during vacuum sintering of the powder 
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compacts. All the composite samples had a high sintered density, and the hardness of the 

composites increased with increasing the weight fraction of reinforcement. The mechanical and 

tribological properties, such as tensile and flexural strength, impact and wear properties, were 

studied and found to be dependent on the weight fraction of the reinforcement. The recorded 

tensile strength for pure Ti was ~ 591.27 MPa, which was increased to ~ 654.72 and ~ 684.95 

MPa for Ti-2 wt. % TiB2 and Ti-5 wt. % TiB2 sample, respectively. This corresponds to an 

increase of 10.73 % and 15.84 %, for Ti-2 wt. % TiB2 and Ti-5 wt. % TiB2 sample respectively 

as compared to pure titanium. For the first time, the conversion of phases from TiB2 to TiB was 

studied using the neutron diffraction technique. The formation of different phases during the 

heating and cooling sequences of vacuum sintering is reported in detail in this work. In situ 

neutron diffraction revealed that during phase transformation from TiB2 to TiB, no metastable 

phases were observed in the case of pure titanium. The TiB2 phase completely transformed to 

TiB without forming any undesirable phases.  

Ti-Si3N4 composites 

The use of silicon nitride (Si3N4) particles as a potential reinforcement for titanium metal matrix 

composites (Ti-MMCs) was evaluated. Si3N4/Ti composite samples were fabricated also by a 

conventional press and sinter route. The effects of sintering temperature and the concentration 

of Si3N4 in Ti matrix were investigated with respect to phase constituents, microstructure and 

tribology properties. Si3N4 weight fraction inside the Ti matrix was found to be the key 

parameter determining phase constituents and overall properties even at lower concentrations. 

Because of its instability in Ti at higher temperatures, in situ reactions between the reinforcing 

particles and matrix led to the formation of in situ phases. These phases were studied in detail 

using the neutron diffraction technique. The in situ neutron diffraction results revealed that the 

lower concentrations of Si3N4 in the Ti matrix resulted in a homogeneous distribution of silicon 

and nitrogen in the Ti matrix. The existence of metastable TiSi2 was observed in all of the 
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samples. As the concentration was increased, new in situ phases were formed such as Ti3Si and 

Ti5Si3 phases, which were also seen during the ex situ characterisation tests. The formation of 

homogeneous Ti5Si3 phase resulted in excellent wear properties at the expense of ductility. The 

wear resistance was directly proportional to the weight fraction of Si3N4. The highest hardness 

value of 949 HV1 was recorded for Ti-5wt. % Si3N4 composite when sintered at 1300 °C for  

3 hrs. This work would help understand these composites as a prospective wear resistant 

material in industrial applications. 

In summary, the effect of incorporating different reinforcements-different in nature, 

morphology and properties in Ti matrix were studied.  However, it is difficult, if not impossible, 

to develop these composites by the simple press and sinter technique for achieving high density 

and excellent mechanical and tribological properties. Nonetheless, the composites developed 

in this study have ample potential and can be used for industrial applications. This project opens 

further questions for future investigations as well. 
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Chapter 1 

 Introduction 

1.1 Titanium and titanium alloys 

Titanium (Ti) is graded as the ninth most plentiful element, and the fourth most abundant 

structural metal in the Earth’s crust surpassed only by aluminium, iron and magnesium. 

Unfortunately, the extraction of Ti from its ores is difficult because of the high affinity of Ti 

with oxygen (O); therefore, thermodynamically it needs a lot of energy for extraction which 

makes it an expensive metal. Ti is a well-known light metal with a density of 4.51 g cm-3 [1]. 

Its outstanding specific strength and excellent corrosion resistance over an extensive range of 

conditions make it preferential for use in the aerospace, chemical and other industrial 

applications [2] . Pure (elemental) Ti and most Ti alloys crystallize at lower temperatures in a 

hexagonal close-packed (HCP) crystal structure, termed α-Ti. At higher temperatures, the body 

centred cubic (BCC) form shows stability and is referred to as β Ti. The presence of the two 

different crystal structures and the equivalent allotropic transformation temperature are of 

essential significance since they are the basis for the vast variety of properties achieved by heat 

treatment in Ti alloys. Both plastic deformation and diffusion rate are closely linked to the 

respective crystal structure. Also, the hexagonal crystal lattice causes a characteristic 

anisotropy of mechanical behaviour for α-Ti. For example, the measured Young’s modulus of 

a single-crystal of Ti  is 145 GPa if the load is applied vertically to the basal plane, whilst it is  

only 100 GPa if the load is parallel to this plane. Table 1.1 shows the general characteristics of 

Ti metal. 
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Table 1.1 The general characteristics of Ti metal [2, 3] 

Structure Prototype Mg 

Pearson Symbol hP2 

Space group P63/mmc (194) 

Transition temperature 882 °C 

Lattice Parameter a = 0.295 nm 

c = 0.468 nm 

c/a = 1.587 

Thermal expansion coefficient [10–6K-1] 8.36 

Thermal conductivity [W/mK] 14.99 

Specific heat capacity [ J/kgK] 523 

Electrical resistance [10–9 Ωm] 564.9  

Elastic modulus [GPa] 115 

Shear modulus [GPa] 44 

Poisson’s ratio 0.33 

 

Since the introduction of Ti and Ti alloys in the 1950s, these materials become one of the prime 

metallic materials for the aerospace, marine, energy, chemical and biomedical industries over 

a very short time. The combination of high strength to weight ratio, excellent mechanical 

properties and corrosion resistance makes Ti one of the best candidates for many critical 

applications. Today, Ti alloys are used for challenging applications such as static and rotating 

gas turbine components. Moreover, some of the most critical and highly stressed military 

airframe parts are made of these alloys. In recent years, the use of Ti has been extended to 
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nuclear power plants, marine components and the biomedical field. In many engineering 

applications, Ti alloys show advantages over heavier, less serviceable and less cost-effective 

materials. The different designs created by using the properties of Ti generally produce 

dependable, economical and more durable systems and components. Ti has the same strength 

as that of steel, but it is 45% lighter [4]. Due to excellent resistance to seawater, it is also used 

in offshore rigs, ships propellers and rigging, and desalination plants. However, applications of 

Ti and its alloys are limited due to its low elastic modulus compared to other alloys, low heat 

conductivity and, most prominently, it is difficult to mechanically machine compared to other 

engineering materials. Its oxidation resistance is limited at higher temperatures. Its wear 

resistance is sometimes a concern, particular in biomedical implant applications [5]. To 

overcome these drawbacks, the development of Ti matrix composites (metal matrix 

composites) with high performance has become more popular in the past few decades. 

1.2 Titanium matrix composites (TMCs) 

Metal matrix composites (MMCs) combine the distinctive characteristics of two or more 

materials, resulting in physical and mechanical properties which are different from their 

constituents [6]. Over the previous decades, Ti matrix composites (TMCs) reinforced with 

discontinuous particles/whiskers have established considerable research interest owing to their 

excellent mechanical properties and low-cost production. TMCs retain both finely sized 

particles and clean interfaces amid the reinforcement and Ti metal matrix and have potentially 

superior properties, such as high specific strength and high-temperature durability. From the 

viewpoint of strengthening theory, the mechanical properties of metal-matrix composites 

(MMCs) are mostly reliant on the composition and microstructure of the matrix and the 

strengthening effect of the reinforcements [7]. The weight or volume fraction, size, distribution 

of reinforcements and interfacial bonding play a vital role in controlling the strengthening 

effect. However, the high cost of Ti matrix composites limits their engineering applications. 
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Researchers are exploring options to develop novel Ti composites with low price and good 

performance simultaneously. Two feasible options are either to reduce the cost of fabrication 

of these composites or the utilisation of cheap reinforcements without compromising the 

properties. To address these alternatives, recently a novel method has been developed for the 

fabrication of particulate composites, i.e. in situ technology. The balance between mechanical 

strength and ductility is an important parameter when studying the effect of in situ generated 

reinforcements on the strength and ductility of the material to improve the integrative 

performance of TMCs [8]. In this methodology, the reinforcements are synthesised in the 

metallic matrix by chemical reactions between ex situ additives and the matrix during the 

composite manufacture. As compared to the ex situ method for development of MMCs, the in 

situ technique shows the advantage of ease of fabrication, lower cost and isotropic properties. 

Ti metal matrix composites (TMCs) provide an alternative to overcome the shortcomings of Ti 

and its alloys. TMCs have been developed and evaluated extensively over the past 30 years for 

use in aircraft engines and airframe applications [9]. The high specific modulus of TMCs is the 

primary catalyst behind its usage in airframe applications, while the benefit of high specific 

strength has been the impetus for their adoption in the engine industry. For example, TMCs 

based on Ti aluminides that have temperature capabilities approaching 760 °C offer a potential 

50% weight reduction compared to nickel-based superalloys for high-temperature compressor 

applications [10, 11]. The introduction of TMCs into high-performance applications has, 

however, not been straight forward due to the complexities of fabrication and high material and 

implementation costs.  Nonetheless, consistent efforts in the earlier days of TMC research were 

made, mainly by the National Aeronautics and Space Administration (NASA) to increase its 

usage for industrial applications. The formation of the Ti Matrix Composite Turbine Engine 

Composite Consortium (TMCTECC) programme was one such example, where six US  
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companies joined forces for development and implementation of Ti matrix composites in large 

gas turbine engines [10, 12]. The current advancement and success of TMCs were founded on 

these earlier efforts. 

1.3 Powder metallurgy techniques for Ti matrix composites  

Among the various fabrication techniques, powder metallurgy of Ti alloys and Ti matrix 

composites is receiving significant attention because of their several benefits such as near net 

shape processing, easy controllable elemental composition, fine grain size and homogeneous 

microstructure. Compared to other technologies, powder metallurgy has the potential to reduce 

production costs by 20-50%. Significant research has been directed toward improving the 

properties of TMCs using powder metallurgy (PM). Ti PM fabrication offers the potential for 

true net shape capability combined with mechanical properties that are similar to or exceed cast 

and wrought products. Powder metallurgy is an attractive approach for economical 

manufacturing of near net shape components where the cost is reduced by decreasing the 

amount of machining and recycling time. Though Ti PM technology is typically associated 

with the aerospace industry, it has also received use in other applications such as in aerospace 

and biomedical industries. For example, it is used in chemical industries to produce fasteners, 

fittings and valve components. This thesis aims to develop Ti metal matrix composites using 

the powder technology route. The composites will be developed by a simple press and sinter 

technique. In this study, two different reinforcement types, borides and nitrides, will be used 

to develop high strength Ti-based metal matrix composite materials. This study incorporates 

the analysis of the optimum concentration of reinforcement and sintering parameters to develop 

these composites for industrial applications. However, powder metallurgy  has some limitations 

such as : 
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 Tooling cost is generally high and can only be justified in mass production. 

 Raw material cost is high. 

 In some cases density of the different parts of final product can vary due to uneven 

compression. 

1.4 Research Objectives 

Selection of Reinforcement: 

The search for suitable reinforcement for the development of titanium-based composites is an 

ongoing need to develop materials for technological significance. As titanium is a reactive 

metal, the effect of borides, nitrides and carbides in titanium matrix have always been an 

exciting research area. In this study, we have identified two reinforcements (TiB2 and Si3N4), 

which are very different from each other in terms of reactivity, nature and morphology. TiB2 

when added in titanium forms in situ TiB whiskers which have been considered as one of the 

most suitable reinforcement for titanium composites. Contrary to this, Si3N4 has been 

considered as the most unsuitable reinforcement for the titanium composites in the past. This 

makes an interesting point to study these reinforcements to understand further and fill the 

research gaps which currently existed in the literature. No study has been done to date to 

significantly conclude on the optimal concentration of reinforcements (TiB2 and Si3N4) to 

develop these composites for industrial applications. The research gaps are explained below:  

Research Gaps: 

Optimal concentration of the reinforcement  

● Determination of optimal concentration of TiB2 and Si3N4 to develop Ti-based composites 

for industrial applications has been missing in the literature. To overcome these problems, 

several steps need to be taken into consideration to develop in situ composites for industrial 

applications: i) homogeneous dispersion of reinforcements and proper mixing; ii) increasing 
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the contact between reinforcement and Ti; iii) enough time for reaction is needed to complete 

the reaction and develop in situ phases. 

Effect of reinforcement on mechanical properties 

The effect of reinforcement content on physical and mechanical properties of these composites 

have not been studied in the past. In this work, we studied the variation of properties by varying 

the content of reinforcement. The microstructural analysis has been carried out in detail in this 

work. The important aspect of the mechanical behaviour which has received less attention is 

the dynamic loading and effect of strain rate on the mechanical response of Ti metal matrix 

composites. 

Reaction Mechanism 

The reaction mechanism of the conversion of TiB2 to TiB in the titanium is missing from the 

literature. Similarly, different studies exist in the literature for the decomposition of Si3N4 in 

titanium. In this work, we have tried to study the reaction mechanism for both the composites 

by using in situ neutron diffraction technique.  

This thesis answers the above research gaps clearly, and in accordance with the aforementioned 

research gaps, the current research will attempt to develop Ti-based in situ composites and 

determine the effect of different reinforcements on the performance properties of the resulting 

composites and open the door for future consideration of these reinforcements for industrial 

applications.  

1.5 Scope of the thesis 

The first approach is the selection of suitable reinforcement for working with the Ti matrix and 

justifying its significance. This study covers the synthesis of two different composites systems: 

(1) in situ TiB/Ti composite and (2) Ti-Si3N4 composite.
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(a) In situ TiB/Ti composite system 

Different concentrations of TiB2 will be analysed to develop in situ TiB/Ti composites for 

achieving good interfacial bonding and superior mechanical properties for industrial 

applications. Moreover, the mechanism behind the in situ reaction taking place during the 

formation of these composites is investigated in detail using a neutron diffraction technique. 

There is little information available in the literature on the above reaction mechanism.  Next, 

the static and dynamic mechanical properties of these composites will be analysed in detail. 

There are many reports on TMCs reinforced with in situ TiB; however, the overall relationship 

of these properties with the microstructure and the mechanism of the in situ reaction is yet to 

be established. Therefore, this study investigates in situ TiB/Ti composites with the following 

key objectives in mind: 

1)  Identifying the optimal concentration of ex-situ TiB2 and other processing parameters to 

synthesise in situ TiB/Ti composites for industrial applications by press and sinter route. 

2)  Determining the physical and mechanical properties of the developed composites and 

correlating these properties with the microstructural evolution of these composites. 

3)  Studying the in situ reaction mechanism by neutron diffraction to determine the stable and 

metastable phase formations during sintering, which could aid in determining the sintering 

mechanism and appropriate sintering temperature behind this composite system. 

(b) Ti-Si3N4 composite system 

The feasibility of this composite material is studied for wear resistant applications. In the 

literature, it was reported that Si3N4 is unsuitable as a reinforcement for TMCs due to its 

instability in Ti. However, the decomposition of Si3N4 might be useful for solid solution 

strengthening and forming other in situ reinforcements. This has never been reported in the 
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literature. This study investigates the Ti-Si3N4 composites with the following objectives in 

mind: 

1) Studying the feasibility of Si3N4 reinforcements in the Ti matrix by varying the concentration 

and sintering profile to evaluate its use in Ti-based composites for practical applications. 

2) Studying the mechanical properties and evaluating the potential use of these materials as 

wear resistant materials for industrial applications. 

3) Studying the in situ reaction mechanism to determine the stable and metastable phase 

formations by neutron diffraction during sintering, which could be useful to determine the 

sintering mechanism for this composite system. 

1.6 Outline of the thesis 

This thesis consists of ten chapters. Chapter 2 presents a detailed literature review, including 

the background for TMCs. Different composite fabrication techniques with their advantages 

and disadvantages are included in this chapter. Comprehensive background and previous 

literature for Ti-in situ TiB and Ti/Si3N4 composites have also been summarised in this chapter. 

The experimental study configurations and different experimental techniques are provided in 

Chapter 3. The equipment used for fabrication and characterisation are discussed. The chapter 

also includes an insight into the mechanical test specifications and the equipment used in this 

study. Chapter 4 is devoted to the fabrication and characterisation of Ti-in situ TiB composites 

developed by the conventional press and sinter route. The mechanical properties are evaluated 

and reported in Chapter 5. Chapter 6 investigates the development and feasibility of the Ti-

Si3N4 composite system. The characterisation and phase identification of this composite system 

is studied in this chapter. Chapter 7 focuses on understanding the mechanical and tribological 

properties of the Ti-Si3N4 composite system. Chapter 8 focuses on the study of in situ reactions 

and phase formation by neutron diffraction techniques for both Ti-in situ TiB and Ti-Si3N4 
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composites separately. A summary of the main findings with the conclusion and outlook for 

future work are summarised in Chapter 9 and Chapter 10 respectively. 
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Chapter 2 

 Literature review 
 

 

This chapter has been extracted from our published manuscript ref.[13]  

2.1 Background 

In the late 1940s during the early development of Ti industries, the conversion of Ti sponge to 

a solid component passed through difficult engineering challenges.  There were no techniques 

or facilities available at that time for converting sponge to solid parts without severe 

contamination. William J. Kroll took the first serious step to consolidate Ti and develop solid 

parts [14, 15]. Different powder metallurgy (PM) methods were developed by Kroll including 

compaction and sintering processes. Furthermore, hot and cold working was introduced to 

produce a small number of metal products for inspection and testing. The TMS conference in 

1980 was a landmark in the Ti powder metallurgy (PM) field organised by Froes and 

Smurgeresky. This meeting provided a well-defined state of the art of the work conducted up 

to that period on Ti powder metallurgy. The capability of the blended elemental (BE) technique 

was presented for the development of complex shaped parts, which was produced by cold 

isostatic pressing (CIP) using elastomeric moulds. The limitation of this technique was the 

dimensional accuracy of the complex shaped products. The press consolidation technique can 

overcome this limitation, but the shape making capability was probably not as good as in CIP 

[16].  

A connector link arm and impeller are some early example parts made by press consolidation 

techniques (Fig.2.1). During the first decade after the TMS conference (1980), it was noticed 

that extensive research and development efforts had been started in different segments of Ti 
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powder metallurgy (PM). However, in the last 20 years, some Ti PM techniques, such as 

prealloyed (PA)/ hot isostatic pressing HIP, the BE approach and both metal injection moulding 

(MIM) and additive manufacturing methods, have been initiated and reached advanced levels. 

To reduce the powder cost, many powder production technologies have been proposed, and 

some of them are under extensive development such as the Metalysis process [17], the 

Armstrong process [18], the TiRO process [19], etc. With this advancement, the development 

of Cerme-Ti metal matrix composites was commercialised in the mid-1980s [20]. This material 

offered enhanced strength and high-temperature mechanical properties with enhanced wear 

resistance compared to any commercial Ti alloy. 

 

Fig. 2.1. CIP-blended elemental Ti-6Al-4V impeller produced using an elastomeric 

mold. Ti-6Al-4V connector link arm for the Pratt & Whitney F100 engine [16]. 
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In 1985 another company, ADMA products, was founded which started to produce the Ti parts, 

such as hex nuts, artificial limbs, spacer rings etc. In the early 21st century, many new 

techniques of Ti powder production became available, including gas atomization. The major 

developments during that period in Ti powder metallurgy are shown by a simplified flowchart 

in Fig. 2.2 

 

Fig. 2.2 Flowchart showing the development in powder metallurgy for Ti 

1940s 

to

1980s

• Effort on Consolidation of Ti 

• TMS Conference to show developents in Ti 
Powder Metallurgy

1990s 

to

2013

• Development of companies like Dynamet 
Technology and Cerme Ti composites

• Die pressing studies resulted in successful 
commercial production.

• Production of Aircraft components for 
advanced 737 aircraft and 787 dreamliner.

2013 

to

Recent

• Boeing signed with CSIR, South Africa to 
develop components. 

• National Aeronautics and Space 
Administration (NASA), to increase its usage 

for industrial applications.
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Later, in 2011, an international conference on Ti powder metallurgy was held in Brisbane, 

Australia to share the knowledge and progress in the Ti powder metallurgy field. This 

conference covered a wide range of topics such as powder production, consolidation, MIM, 

biomedical applications, additive manufacturing, Ti composites, fabrication and processing of 

porous Ti structures. It was recognised that the high cost of titanium powder had limited 

commercialisation, but the number of developing processes showed promising future markets 

for practical applications. In recent developments, Dynamet technology started developing 

commercial products and finally resulted in the development of aircraft components for 

advanced 737 aircraft and the 787 Dreamliner [16]. This development was highlighted in the 

2013 ITA applications award received by Dynamet Technology at the October 2013 ITA 

Convention at Caesar’s Palace, Las Vegas. Dynamet is currently working with Boeing for the 

development of many other selected high demand components for commercial aircraft. The 

Dynamet company tried to meet the requirements of the sintered material by achieving 

minimum densities of 98% and ≥ 99% achieved by CIP and CHIP methods, respectively. 

Moreover, both the methods exhibited S-N fatigue behaviour approximately 75% of wrought 

levels. The future of Ti powder metallurgy appears promising based on the availability of low-

cost powders. The HIP approach is also an interesting technique among researchers and is 

commercially available and ready for development.  The BE method has also been employed 

for the use of Boeing commercial aeroplanes. The other processes like MIM and additive 

manufacturing had entered the market by this time and were commercialised [21].  
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2.2 Developments in Ti metal matrix composites 

Ti and its alloys are part of significant research interest for a wide range of applications, such 

as the automotive and aerospace industries. These materials are lightweight and generally have 

properties, such as high specific strength, excellent corrosion resistance and excellent 

biocompatibility. The combination of such properties makes them ideal candidates for the 

structural, chemical, petrochemical, marine environment and biomedical applications  [5, 22]. 

However, Young’s modulus, wear resistance and heat resistance of Ti alloys are inferior to 

those of steel and Ni-based alloys [23, 24]. Ti metal matrix composites (TMCs) provide an 

alternative to overcome the shortcomings of Ti and its alloys. The development of metal matrix 

composites began when boron fibres were successfully developed in the 1960s. Ti matrix 

composites (TMCs) possess a combination of excellent mechanical properties and high-

temperature durability that makes them attractive materials for commercial automotive, 

aerospace and advanced military applications. Fig. 2.3 shows some potential application areas 

for Ti metal matrix composites. 
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Fig. 2.3 Practical application sectors for TMCs (a) automotive sector [25] 

and (b) aerospace sector for engines [26]  

 

Nonetheless, consistent efforts in the earlier days of TMC research were made, particularly by 

NASA, to increase its usage for industrial applications. The formation of the Titanium Matrix 

Composite Turbine Engine Composite Consortium (TMCTECC) programme was one such 

example, where six US companies joined forces for development and implementation of Ti 

matrix composites in large gas turbine engines [10, 12]. The current advancement and success 

stories of TMCs were only made possible due to those earlier efforts. These properties can 

further be enhanced in composites via dispersion strengthening [7, 27-29]. There are two main 

types of reinforcements in the form of either fibres or particulates. 

 

(a) 

(b) 
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2.3 Common reinforcements 

The common TMCs can be categorised into [30, 31]: 

 Continuously fibre reinforced TMCs 

 Discontinuously reinforced TMCs 

2.3.1 Continuously fibre reinforced TMCs 

In the aerospace industry, the general trend shows a new design concept is needed for 

compressors and turbines for high-performance engines with the need for withstanding higher 

thermal and mechanical loading since lightweight structures are always a major requirement 

for the development of gas turbine engines. This unlocks the door for the development of new 

material systems beyond monolithic Ti and its alloys.  

2.3.1.1 Fibres 

Early attempts were made to produce TMCs used boron fibres coated with silicon carbide 

(SiC), commonly called Borosic fibres [9, 28, 32]. However, these fibres were extremely 

expensive, which ultimately led to their discontinuation. In TMCs, the most common and 

widely used fibre is silicon carbide (SiC) fibre with a diameter between 100 and 142 µm - the 

optimal range resulting in superior dynamic properties [33]. The earliest fibre, SCS-6, was 

produced on a carbon core by Textron in the USA; the second fibre, Sigma, was developed by 

British Petroleum and was produced in the UK by the Defence Evaluation and Research 

Agency (DERA) and in the US by ARC (Trimarc)  [34, 35]. SiC fibre reinforced Ti composites 

saw a significant boom in the ’80s and early ’90s when NASA and GE aerospace sponsored 

and carried out extensive research to use such composites in aerospace applications [36-40].  

Table 2.1 shows the characteristics of the important continuous fibres used in TMCs.  
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Table. 2.1 Fibres’ reinforcement properties for TMCs [41] 

Type Name Producer Diameter 

(μm) 

UTS (GPa) Modulus 

(GPa) 

SiC SM 1140+ DERA-Sigma 106 3.4 400 

SiC SCS-6 Textron 140 4 400 

SiC SCS-Ultra Textron 140 6.2 420 

SiC Trimarc ARC 125 3.5 410 

Al2O3 Sapphire Saphikon Inc. 120 3.4 410 

 

There is a limited range of commercially available fibres. Many of them are large diameter SiC 

monofilaments produced by the chemical vapour deposition (CVD) method. SiC fibres offer 

an advantage of high strength at elevated service temperature [35]. 

2.3.1.2 Feasible Matrices 

The most widely used Ti matrix in initial studies on Ti-MMCs is Ti-6-4, an exemplar α+β alloy. 

Other types of Ti alloys have also been used as matrices, for example, β-Ti alloys due to their 

good deformability which permits easy processing of the composites at relatively lower 

temperatures. However, these β alloys lack in creep properties and exhibit poor creep resistance 

of the composites for various applications. The near α-alloys are one of the interesting matrix 

materials as they lead to improved high-temperature properties which is one of the 

requirements for new turbine engines. Several other materials such as Ti-6-2-4-2, Ti-1100 and 

IMI 834 were also considered for the matrices. From the above list, the best material was found 

to be Ti-6-2-4-2 although its creep properties were not that good compared to other alloys. For 

Ti-1100 and IMI-834 alloys, matrix cracking has been observed during the consolidation 
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condition [42, 43]. It was also noticed that the combined effect of microstructure of the alloy 

and the thermal stresses at the fibre/matrix interface led to the cracking phenomena [44].  

2.3.1.3 Mechanical Properties 

In general, the composite properties strongly depend on the properties of each constituent, and 

the interfacial bonding between the constituents plays a major role in determining the final 

material properties. With the known properties of the individual constituents, the strength and 

stiffness of the developed composites in the longitudinal direction can be determined with 

adequate accuracy by the rule of mixture. Strength and stiffness in the longitudinal direction at 

high service temperature are the most critical properties of unidirectional fibre reinforced 

TMCs. These two mechanical properties are significant when these composites are considered 

for practical applications. Specific strength is an important parameter to determine the design 

for lightweight structures. The specific strength data for several aerospace materials and TMCs 

are displayed in Fig. 2.4 for maximum service temperature at 1000 °C.  

 

 

 

 

 

 

 

 

Fig. 2.4 Specific strength data for aerospace materials (Redrawn from Ref ([41]). 
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It can be clearly seen that the specific strength (or the rupture length) of  Ti alloys, and γ-TiAl 

alloys range from 250 MPa to 100 MPa as the service temperature is increased up to 1000 °C. 

In contrast, the specific strength for  TMCs lies in the range of 450 MPa to 310 MPa up to a 

maximum temperature of 600 °C. The strength of the material degrades beyond 600 °C, but 

this is not due to the fibre properties degrading as fibres are stable beyond 600 °C but the matrix 

material undergoes environmental degradation at highly elevated temperatures [5]. Therefore, 

the choice of both fibre and matrix determines the temperature bounds of the composites. The 

reduction of environmental degradation of the matrix material and evaluation of the full 

potential of fibre reinforced TMCs at high temperatures can be conducted by a protective 

coating to the materials. Moreover, the interaction between the fibre and the matrix becomes 

an issue at elevated temperature. At a low temperature, the reaction between the matrix and the 

fibre is limited, while it accelerates at high temperature leading to continuous consumption of 

the protective carbon layer in SiC/Ti fibre composites At elevated service temperatures, the 

orthorhombic Ti aluminides have been considered as the potential matrix material which 

expands the service spectrum of TMCs to 700 °C. These matrix materials also owe their 

required ductility at room temperature and a relatively low coefficient of thermal expansion to 

a better match to the SiC fibre [45]. The composites also show good chemical compatibility 

between the matrix and the SiC fibres. Fig.2.5 shows the specific Young’s modulus as a 

measure of stiffness with temperature [46].  
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Fig. 2.5 Specific Young’s modulus with the temperature for various materials [46] 

The graph shows the data for near α-Ti alloys, Ti3Al-based and orthorhombic Ti aluminides 

are similar to that of the nickel-based superalloy IN718. Ti aluminides show much higher 

specific Young’s moduli, which are greatly exceeded by TMCs tested in the longitudinal 

direction. Despite the anisotropic properties caused by unidirectional reinforcement, the 

transverse stiffness of TMCs is till in the same range of γ-TiAl. Fig. 2.6 shows the anisotropy 

of the mechanical properties (tensile strength) of TMCs. It is worth noting that, due to the 

specific morphologies, continuous fibre reinforced materials show inferior properties under 

loading out of the fibre axis. This impacts the tensile and compressive strengths as well as 

stiffness of these composite systems [46].  
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Fig. 2.6 Anisotropy of the mechanical properties of TMCs [46] 

However, for TMCs, this effect is not significant compared to fibre reinforced plastics or 

ceramic composites due to the high strength of the Ti matrix [47]. Generally, polymer matrix 

composites show very low strength transverse to the fibre direction; therefore multidirectional 

alignment of fibres is typically essential which generally reduces the maximum strength of the 

composites in the principal direction. However, TMCs show superior strength in the transverse 

direction. Recently, BJS Ceramics GmbH has partnered with the Fraunhofer Centre to produce 

SiC fibres [48]. The ceramic fibre plant is scheduled to start up in January 2019. Apart from 

SiC fibres, carbon fibres have also been applied and studied for Ti composites[49]. However, 

continuous fibres or long filament reinforced Ti-based metal matrix composites are expensive 

to fabricate because of the fibre cost and forming methods. 

Moreover, these composite materials lead to highly anisotropic properties. Therefore, the use 

of these fibre reinforced materials is limited to only specialised applications such as aerospace 

technologies for GE Aircraft Engines [26]. In contrast, discontinuous or particulate reinforced 

composites are less expensive to fabricate, and their properties are quasi-isotropic.  Moreover, 
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they are being considered for several specialised applications such as for wear resistant and 

impact resultant applications.  

2.3.2 Discontinuously reinforced TMCs 

Discontinuously reinforced Ti composites (DRTCs) have undergone rapid development in 

recent years. In general, DRTCs are expected to exhibit higher specific strength, specific 

stiffness, wear resistance, thermal stability and high-temperature durability than the 

corresponding Ti matrix materials. These superiorities make them potential candidates for 

critical applications in the aerospace and automotive industries. Particle clustering in an 

isolated pattern, which significantly affects the mechanical properties of DRTCs, is one of the 

major problems associated with DRTCs. Therefore, the majority of activities have focused on 

the production of a homogeneous discrete distribution of the reinforcements, in the form of 

particles, whiskers or short fibres [50].  

Moreover, the high affinity of Ti towards oxygen results in the development of an oxide layer 

which results in differing properties [51]. Several techniques have been used in the past to 

overcome these drawbacks such as physical vapour deposition, thermomechanical conversion 

treatment, plating and the application of solid lubricants. The main aim of using such 

techniques is to produce a hard surface layer which should protect the inside layer from 

degradation. Instead of the above-mentioned methods, the addition of hard particles to develop 

Ti-matrix composites has been found to be an effective method for enhancing several 

properties. 

Several studies show indications that, in comparison to Ti and Ti alloys, the discontinuously 

reinforced Ti matrix composites reinforced with ceramic particles and whiskers can be used to 

the higher service temperature of 800 °C for practical applications [52]. The DRTCs show 

higher plasticity and advantages of formability and weldability compared to Ti alloys such as 
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TiAl, NiAl and Ti2AlNb. The other advantage with DRTCs is to obtain a weight reduction of 

up to 40% compared to the high-temperature alloys or steels. Therefore, DRTCs have been 

widely considered as promising structural candidates in aerospace, automotive and military 

applications [53, 54]. For reducing the manufacturing costs, novel processing techniques (press 

and sinter technique, metal injection moulding for higher yield) are being developed, where the 

reinforcements can be introduced either in situ or ex-situ in the metal matrix.  Compared to the 

DRTCs fabricated by ex-situ methods, the in situ DRTCs show the advantages of strong 

bonding between matrix and reinforcement, little contamination, ease of processing and low 

cost [8]. The in situ techniques often make use of the exothermic reactions in solid-state 

processes or crystallization during solidification. The in situ synthesis techniques include 

mechanical alloying (MA) [55], powder metallurgy (PM) [56] and self-propagation high-

temperature synthesis (SHS) [57]. Ti-based parts are generally fabricated by conventional 

techniques such as casting, forging and powder metallurgy. However, the liquid state methods, 

such as casting suffer from the following issues : i) non-uniform distribution of fibres/ceramic 

particles due to agglomeration and ii) undesirable chemical reaction between the reinforcement 

and matrix interface due to high-temperature melt. These drawbacks could be minimised using 

a solid-state powder metallurgy (PM) route. The powder metallurgy route also advances itself 

for low cost and mass production techniques. The powder metallurgy process used as an 

example to demonstrate the fabrication of DRTCs is shown in Fig 2.7. The first step is to mix 

the raw powders followed by compaction at the desired pressure. Afterwards, the green 

compacts are sintered at the required temperature. In addition to the conventional powder 

metallurgy method, the components usually require some form of post-fabrication processing 

such as surface finishing to achieve the desired shape and properties. New manufacturing 

technologies can now produce uniformly distributed particle strengthened composites at a 

lower cost compared to many types of continuous-fibre composites.  
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Fig. 2.7 Fabrication of DRTCs by the powder metallurgy process 

For conventional TMCs, the strength of the composites can be enhanced by increasing the 

concentration of reinforcement into the matrix at the expense of ductility and elongation [58]. 

However, efforts are being made to develop DRTCs with a homogeneous distribution of 

reinforcements with desirable strength and ductility for industrial applications. Huang et al. 

[59] showed for the first time that by modifying the inhomogeneous distribution of TiBw around 

Ti-6Al-4V alloys, an exceptional increase in tensile properties at room temperature could be 

noticed. 

In recent times biological materials (such as Ti6Al4V alloy reinforced with  hydroxyapatite 

(HA) powder),  have encouraged enormous interest among researchers due to their hierarchical 

structures and desirable mechanical properties [60, 61].  In this respect, hierarchy and multi-

scale structures will grow into one of the future perspectives of further refining the overall 

properties of composite materials.  Wang et al. [62] also reported that enhanced strength and 

ductility of stainless steels could be obtained with hierarchically heterogeneous microstructure 

at multiple length scales. Exceptional tensile ductility has been also reported for Mo alloys with 

a hierarchical microstructure [63]. Hence by designing DRTMCs with innovative hierarchical 

microstructure along with micro and nano-reinforcements, improved mechanical properties 
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have been displayed in recent work [64]. Because of improved overall properties, the 

discontinuously reinforced Ti matrix composites (DRTCs) have been used in military, 

automotive, industrial and biomedical applications [65]. For example, Dynamet Technology 

has produced valves, connecting rods and piston pins made of DRTCs as shown in Fig.2.8 [65].  

 

Fig. 2.8 Valves and Connecting rods developed by Dynamet Technology [65] 

The connecting rods made from Ti matrix composites had higher strength and lower weight 

compared to monolithic Ti alloys and steel [65]. Another example is hockey skate blades 

composed of TiC/Ti6Al4V composite, which also showed lighter weight (40%) compared to 

their steel counterparts and higher fracture resistance [65].  

2.3.2.1 Reinforcements 

Different reinforcements and their interfacial bonding with the matrix play a crucial role in 

determining the properties of these composites. In situ synthesized TiB whiskers and TiC 

particles are the most widely used reinforcements for Ti metal matrix composites with superior 

properties [66, 67]. Strength and wear properties of the composites can be enhanced with a 

small addition of TiC and TiB into the Ti matrices. The density and coefficient of thermal 

expansion (CTE) of these reinforcements are very close to Ti, which reduces the residual 

stresses at the interfaces of these composites. In addition to the above properties, good chemical 

and thermodynamic stability of TiB provides good interfacial bonding between Ti and TiB. 
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TiC possesses high oxidation resistance and low coefficient of friction. Apart from TiB and 

TiC, many other reinforcements, such as Si3N4 [68], nano-SiC [69], nano Al2O3 [70] (CNTs) 

[71], graphene[71] , TiN , B4C [54] and Ti5Si3 [64] are used for strengthening the Ti matrix. In 

the past literature, a wide range of reinforcements have been studied for feasibility for DRTCs, 

and a number of reinforcements have been selected from them to reinforce Ti and its alloys. 

The relative properties of these reinforcements are provided in the table 2.2 below: 

Table 2.2 Different reinforcements for DRTCs [52] 

Reinforcements Melting 

point (C) 

Density 

(g⋅cm−3) 

Elastic 

modulus 

(GPa) 

The coefficient of 

thermal expansion 

(× 10−6 K−1) 

TiB 2200 4.50 425–480 8.60 

TiC 3160 4.99 440 6.52–7.15 (25–500 °C) 

TiN 3290 3.97 420 8.30 

SiC 2697 3.19 430 4.63 (25–500 °C) 

TiB2 2980 4.52 500 4.60–8.10 

Graphene ∼3852 2.00 ∼1000 – 

CNTs ∼3379 1.70–2.00 ∼1000 – 

B4C 2447 2.51 445 4.78 (25–500 °C) 

La2O3 2217 6.51 – 5.8–12.1(100-1000 °C) 

 

It can be noticed from the table that TiB, TiB2, B4C and TiC lead to high modulus and are 

therefore considered as attractive reinforcements for Ti matrix composites, but this is not the 

only criterion for selection of reinforcements. Both Al2O3 and TiB have a similar coefficient 

of thermal expansion which diminishes the thermal stresses during processing of composites. 
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Another concern is the stability of these reinforcements in a Ti matrix. The problems related to 

the reactivity of Ti and the formation of embrittling reaction zones needs to be addressed as 

well. 

 In the case of SiC reinforcements, Tong et al.[72], and Hu et al.[73, 74], in their respective 

studies have pointed out this issue by studying the large reaction zones of TiC and Ti5Si3 around 

SiC particles. Although, the addition of Si3N4 can significantly improve the creep and wear 

properties of the monolithic Ti matrix given the excellent wear resistance of Si3N4, it is not 

considered a suitable reinforcement due to its unstable nature in the Ti matrix at high 

temperatures [75, 76]. Other work such as at DERA has found that Al2O3 has resulted in the 

formation of TiAl3 [77]. In situ TiB and TiC have been undoubtedly considered as the best 

reinforcements due to their desired properties for practical applications. The TiB particles 

continue to be stable for up to 100 hrs at the sintering temperature [78]. The orientation 

relationship between Ti and TiB can also be established which enhance the mechanical 

properties of these composites [79]. TiC reinforcements can be produced in situ by the reaction 

of various carbon materials, such as carbon nanotubes, graphite, and carbon fibre with Ti [80].  

For the weight reduction applications in the aerospace and automotive industries, carbon 

nanotubes (CNTs) are considered crucial reinforcement for their superior mechanical 

properties, such as their low density (∼1.7–2.0 g/cm3) and high Young's modulus (∼1 TPa) 

[71]. Carbon nanotubes demonstrate favourable effects in enhancing the mechanical properties 

of developed composites with lightweight [23, 81]. Another reinforcement, graphene, is a two-

dimensional carbon material that shows almost similar mechanical properties as that of CNTs. 

The other advantages of graphene are that it has a large specific area and a high aspect ratio 

which are sufficient for the strengthening effect. Therefore, graphene is also considered to be 

a prominent reinforcement for DRTCs. The strength of the Ti MMCs could be enhanced 

effectively without much loss in the ductility of the composites [71]. The disadvantage for these 



29 | P a g e  
 

reinforcements is the dispersion problem. When used in a high concentration, the enhancement 

of performance can be limited. The other issue is the reactivity of CNTs and graphene with Ti 

which easily forms TiC [82, 83]. The above mentioned problems show achievement of CNTs 

and graphene as reinforcement is difficult due to the complicated fabrication process and high 

cost. Ti5Si3 is another promising candidate for the aeronautical and marine industries due to its 

low density (4.26 g/cm3) and high melting point (2130 °C). It usually retains strength up to 

1200 °C and good oxidation and creep resistance at elevated temperatures [84]. Moreover, 

Ti5Si3 shows a coefficient of thermal expansion very similar to Ti alloys. Therefore, it can be 

seen that Ti5Si3 reinforced Ti matrix composites are potential materials for high-temperature 

applications. Ti5Si3 has also been used for wear resistant and corrosion resistant applications 

due to its high hardness, unique chemical composition and strong covalent bonds [85]. The 

previous literature indicates that Ti5Si3 reinforced TiAl matrix composites were explored for 

potential applications [86, 87]. Although very limited work was undertaken on Ti5Si3 

reinforced Ti matrix composites, Huang et al. [88] studied the development of a 1 vol. % 

(Ti5Si3+Ti2C)/Ti composite, reporting that the tensile strength was drastically improved 

compared to Ti alloys. In addition to these reinforcements, hybrid reinforcements were also 

used to enhance mechanical properties. However, the addition of an excessive number of 

ceramic particles in the composites leads to low ductility/elongation so the choice of 

reinforcements and their concentrations should be made to maintain the desired strength and 

ductility ratios. The purpose of developing DRTCs is to fabricate tougher, stronger and lighter 

structural materials. Therefore, additional reinforcements need to be investigated to improve 

the properties and extend the applications of Ti metal matrix composites.  
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2.3.2.2 Mechanical properties 

Ti reinforced metal matrix composites are used as structural components under different 

conditions, and the future aim is to develop TMCs with enhanced strength, elastic modulus and 

service temperature of these materials. The mechanical properties include tensile strength, 

stiffness, wear, fatigue and creep resistance as important properties to determine the successful 

development of TMCs for industrial applications. The mechanical properties of these 

composites basically depend on the (1) distribution and morphology of the reinforcement; (2) 

size and concentration of reinforcement; (3) interfacial bonding between the reinforcement and 

the matrix; (4) mechanical properties of the reinforcement and the matrix themselves. Much 

literature in the past has reported the mechanical properties of Ti matrix composites. The 

addition of ceramic reinforcements has resulted in a substantial decrease in the tensile ductility 

of the composites [89, 90]. For example, Yang et al. [91] reported that the Ti matrix reinforced 

with 8.15 vol.% TiB, 1.26 vol.% TiC and 0.59 vol.% La2O3 together had shown a drastic 

decrease in elongation from 10.2% to 3.3%. In another study Zhang et al. [92] developed 

TiC/Ti composites by laser powder deposition and reported that the elongation (%) decreased 

rapidly from 19 % for pure Ti to 1.5% for Ti-20% TiC sample.  However, the authors also 

reported that the hardness and wear resistance were increased due to the addition of hard TiC 

particles and achieved good interfacial bonding. Frary et al. [93] developed a 10 wt.% W/Ti 

composite and reported a tensile strength of 920 MPa with 14% elongation which is higher 

than the Ti composite reinforced with carbon nanotubes developed by Kondoh et al. [94]. By 

designing a novel structure for DRTMCs, Huang et al. [95] reported that the mechanical 

properties of the developed composites were improved without any secondary processing. 

Other studies also showed that the mechanical properties of network-structured composites 

increased significantly to 842.3 MPa strength and 11.8% ductility compared to the 8.5 vol.% 

TiBw/Ti composite developed with a conventional homogeneous structure (687.9 MPa and 
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2.9%) [88]. Studies in the past have also reported that, compared to pure Ti with an elongation 

of 17.8%, the strength of the 5 vol.% TiBw/Ti composite increased from 482.4 MPa to 

753.8 MPa, and the elongation remained at 15.6% [88]. Huang et al. [96] developed a network-

woven structured Ti matrix nanocomposite reinforced with TiB nanowires, and reported high 

tensile strength (808 MPa) and tensile ductility (20.3%). Recently, Wang et al. [97] fabricated 

a novel Ti6Al4V-(TiBw/Ti6Al4V) composite with a two level laminate-network structure as 

shown in Fig. 2.9.  

 

Fig. 2.9 Novel Ti6Al4V-(TiBw/Ti6Al4V) composite network [97] 

It was reported that the impact toughness was enhanced for these structures compared with the 

TiBw/Ti6Al4V composite with a one-level network structure under the same conditions. The 

increased toughness was attributed to the laminate structure, microstructure refinement and 

interface crack deflection. The authors showed the devolvement of Ti matrix composites with 

a laminate network microstructure to increase strength without decreasing ductility [97].  

During the past decades, researchers have also considered the studies of fabrication methods, 



32 | P a g e  
 

reinforcement distribution adjustment and improvement in room temperature properties of Ti 

matrix composites (TMCs). There has been considerable interest in the static and quasi-static 

mechanical properties of particulate reinforced Ti metal matrix composites. For example, Shin 

et al. [80] developed TiC/Ti6Al4V composites by direct laser deposition and examined the 

consequence of melting of TiC reinforcements on microstructure shown in Fig. 2.10 

 

Fig. 2.10 TiC/Ti6Al4V composites by direct laser deposition [80] 

Furthermore, to obtain good high-temperature properties, such as oxidation resistance and other 

mechanical properties, different fabrication routes have been applied to obtain the desired 

properties. Table 2.3 compiles an overview of different properties for most studied DRTCs in 

the literature.  For many of these applications, the component cost may be a decisive factor in 

the selection of materials and fabrication techniques [98]. Therefore, there is a need for low-

cost fabrication routes for Ti alloys and composites. The next section will discuss some 

fabrication routes for the development of TMCs.
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Matrix Reinforcement & 

vol. % 

Processing 

Route 

Properties References 

   Density Hardness Strength 

(MPa) 

Ductility 

% 

Flexure 

Strength 

 

Ti 5 % TiB VAR+HS - - 787 12.5 - [99] 

Ti 15% TiB VAR+HS - - 903 0.4 - [99] 

Ti-6Al-4V 10% TiB MA+HIP - -   0.25 - [100] 

Ti-6Al-4V 11 % TiB GA+HIP - - 1470 3.1 - [101] 

Ti 20 % TiB PM - - 673 0 - [101] 

Ti-6Al-4V 20 % TiB MA+HIP - - 1170 2.5 - [101] 

Ti 67 % TiB RHP   1351 - - 350 [102] 

Ti-6.4Fe-10.3Mo 34 % TiB PM+HP   - 736 0.5 - [103] 

Ti-24.3Mo 34 % TiB PM+HP+HT   - 1105 0.9 - [103] 

Ti-53Nb 34 % TiB PM+HP+HT   - 724 1.7 - [103] 

Ti 40% TiB SHS/PHIP 94.30% 82.7 HRA 140 - 193 [104] 

Ti 50% TiB SHS/PHIP >99.4%  - 224 - 449 [104] 

Ti 60 % TiB SHS/PHIP 97.04% 84.3 HRA 280 - 515 [104] 

Table 2.3 Overview of different properties for TMCs 
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Ti 70 % TiB SHS/PHIP 98.45% 87.8 HRA 248.8 - 416.4 [104] 

Ti 80 % TiB SHS/PHIP 97.57% 86.7 HRA 207 - 277 [104] 

Ti 100 % TiB SHS/PHIP 96.86% 87.1 HRA 103 - 225 [104] 

Ti-6Al-4V 20% TiB PM+E - - 1215 0.5 - [56] 

Ti-6Al-4V 20%TiB MA+HP - - 1018 0.1 - [56] 

Ti-6Al-4V 40% TiB PM+E - - 864 0 - [56] 

Ti-6Al-4V 20%TiB MA+HP - - 1018 0.1 - [56] 

Ti-6Al-4V 40% TiB PM+E - - 864 0 - [56] 

Ti-4Fe-7.3Mo 10 % TiB MA+SPS 99.60% - - - 1007 [105] 

Ti-6Al-4V 3.1% TiB C+E+H - - 1156 - - [106] 

Ti-22Al-27Nb 6.5 % TiB IM+HR+H - - 992 4 - [107] 

Ti-22Al-27Nb 6.5% TiB PM+HR+H - - 1260 2.3 - [107] 

Ti 5%TiB+3.49%Y2O3 AM - 48.2 HRC - - - [108] 

Ti 5%TiB+5.7% Y2O3 AM - 45.5 HRC - - - [108] 

Ti 5%TiB+8.6% Y2O3 AM  - 38.0 HRC - - - [108] 

Ti 35% SiC fibre MS - - 1163 - - [109] 

Ti 8-10% C Fibres PM 99% 214 HV 674 - - [108] 

Ti TiB and TiC RHP - - 1190 - - [66] 

Ti SiC particulate HE 100% - - - - [110] 
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Ti 0.18% CNTs PM+E - 275HV 682 34.2 - [111] 

Ti 0.24% CNTs PM+E - 278HV 704 38.1 - [111] 

Ti 0.35% CNTs PM+E - 285HV 754 34.8 - [111] 

Ti–6Al–2Zr1Mo1V 5% TiC LMD - - 925.87 4.32 - [112] 

Ti–6Al–2Zr1Mo1V 10% TiC LMD - - 845.27 1.23 - [112] 

Ti–6Al–2Zr1Mo1V 15% TiC LMD - - 806.38 1.33 - [112] 

Ti 9.50% (TiB+TiC) VIM - 239 HRB - - - [113] 

Ti 14.03% (TiB+TiC) VIM - 259 HRB - - - [113] 

Ti 22.72 % (TiB+TiC) VIM - 306 HRB - - - [113] 

Ti 15% TiB2 PM 99.6 % 6.6 GPa - - 1160 [80] 

Ti 24% TiB SPS 4.9g/cm3 710 HV - - - [114] 

Ti 38.5% TiB SPS 4.7g/cm3 890 HV - - - [114] 

Ti 20.6% TiB HIP 4.9g/cm3 658 HV - - - [114] 

Ti 38.3% TiB HIP 4.9g/cm3 823 HV - - - [114] 

Ti 17.6% TiB PM 4.2g/cm3 424 HV - - - [114] 

Ti 37.9% TiB PM 4.6g/cm3 618 HV - - - [114] 

Ti 1.0 wt.% CNTs SPS+HE - 292 HV  625 - - [115] 

Ti 2.0 wt.% CNTs SPS+HE - 336 HV  662 - - [115] 

Ti 3.0 wt.% CNTs SPS+HE - 367 HV  853 - - [115] 
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Ti4.5Al6.8Mo1.5Fe 5 % TiB HVC 97.90% 335 HV 1038 2.19 - [116] 

Ti4.5Al6.8Mo1.5Fe 10 % TiB HVC 98.20% 392 HV 1147 - - [116] 

Ti4.5Al6.8Mo1.5Fe 15 % TiB HVC 98.30% 428 HV 741 - - [116] 

Ti4.5Al6.8Mo1.5Fe 20 % TiB HVC 96.10% 445 HV 521 - - [116] 

Ti-21Al-29Nb 26.2 % SiC fibre FFF method  - - 1013 - - [117] 

Ti-21Al-29Nb 26.0 % SiC fibre FFF method  - - 1037 - - [117] 

Ti 4% TiB+ 0.97%TiC PM - - 876 14.2 - [118] 

Ti 6.4%TiB+1.6%TiC PM - - 995 7.8 - [118] 

Ti 11%TiB+2.8%TiC PM - - 1138 2.6 - [118] 

Ti 0.2 wt.% MWCNTs SPS 99.69% 2 GPa 898 - -  [119] 

Ti 0.4 wt.% MWCNTs SPS 99.44% 2.18 GPa 1092 - -  [119] 

Ti 0.6 wt.% MWCNTs SPS 99.31% 2.30 GPa 1052 - -  [119] 

Ti 0.8 wt.% MWCNTs SPS 99.13% 2.39 GPa 1015 - -  [119] 

Ti 1.0 wt.% MWCNTs SPS 99.01% 2.40 GPa 853 - -  [119] 

Ti-6Al-4V 5 % TiC SPS 99.70% - 995 3 - [120] 

Ti-6Al-4V 10 % TiC SPS 99.60% - 1060 3 - [120] 

Ti 0.5 wt% MLGs SPS - 15.39 GPa - - - [121] 

Ti 1.5 wt% MLGs SPS - 14.54 GPa - - - [121] 

Ti B+1 vol.% CNTs SPS 99.30% 33 GPa - - - [122] 
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Ti B+2 vol.% CNTs SPS 98.70% 29 GPa - - - [122] 

Ti B+4 vol.% CNTs SPS 97.60% 28 GPa - - - [122] 

Ti B+6 vol.% CNTs SPS 96.00% 25 GPa - - - [122] 

Ti 0.5 vol.% B4C PM+HE - - 916 2.6 -  [123] 

Ti 26% TixAly VHP - - 300 4.4 462 [124] 

Ti 2 % Si3N4 fibres PM 98.60% 401 HBW - - - [68] 

Ti-6Al-4V 5 % SiC particle PM   460 HV - - - [69] 

Ti-6Al-4V 10% SiC particle PM   369 HV - - - [69] 

Ti-6Al-4V 15% SiC particle PM   315 HV - - - [69] 

 

Note: SPS: spark plasma sintering; PM: Powder Metallurgy; HE: Hot Extrusion; VHP: Vacuum Hot Pressing; FFF: Fused Filament 

Fabrication; HVC : High Velocity Compaction  LMD : Laser Melted Deposition;  AM: Arc Melting; VIM :Vacuum Induction Melting; RHP: 

Rapid Hot Pressing; MS: Magnetron Sputtering; IM: Induction Melting;  MA: Mechanical alloying; HT: Heat Treatment; VAR: Vacuum 

Arc Remelting; PHIP: Pseudo Hot Isostatic Pressing; HS: Hot Swaged; GA: Gas Atomization; SHS: Self-propagating High Temperature 

Synthesis; 

 This data has been extracted from above references and provides the general idea of the properties of these composites.   
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2.4 Fabrication methods 

Manufacturing is a comprehensive area and includes numerous processes such as 

machining, fabrication and joining. The fabrication approach of composites depends 

mainly on three factors: (i) the nature of the matrices and reinforcements, (ii) the shape 

and size of products and (iii) their end application. There are numerous types of 

composite materials covering a wide spectrum of applications ranging from an engine 

valve to an aircraft wing. The fabrication technique varies from one product to another. 

Solid state fabrication of metal matrix composites is the process of fabrication in which 

the metal matrix and the dispersed reinforcement are bonded due to mutual diffusion 

occurring between them in solid states at elevated temperature and under pressure. The 

other processing technique includes the ease of handling liquid metal related to the 

powder. There is a lower cost involvement for obtaining liquid metals compared to metal 

powder, and this technique also gives us the possibility of creating various shapes by 

using several methods available in the casting industry. Liquid state processing also 

suffers from a number of limitations like incomplete control of the processing 

parameters and unwanted chemical reactions at the boundary of the liquid metal and the 

reinforcement. Primarily, the fabrication routes are divided into two major categories 

depending on the nature of the reinforcements. 

2.4.1 Continuous (long) fibre reinforced TMCs 

2.4.1.1. Lay-up techniques  

Processing of fibre reinforced TMCs using the foil and fabric lay-up technique is probably 

the oldest. This process starts with alternating layers of woven fibre mats and 0.1-0.15 

mm thick Ti alloy foils. The alternated fibre mats and Ti foils are stacked up and vacuum 

hot pressed (VHP) or hot isotactic pressed (HIP) to consolidate into a multilayer 
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composite. However, high foil cost combined with high fibre cost, fibre distribution and 

the difficulty of fabricating useful component shapes are the main reasons behind limited 

applications of this method [125]. 

2.4.1.2 Induction plasma deposition 

Induction plasma deposition (IPD) [126] is another method to produce TMCs and was 

first employed by GE Aircraft Engines [26]. It uses an inductively coupled radio 

frequency plasma generator to melt and spray deposit a fine-grained uniform 

microstructure of Ti matrix onto a fibre-wound drum [26]. During the IPD processing, 

fibre spacing is firmly maintained making it an excellent candidate for manufacturing 

TMCs monotapes (a single TMC ply). Furthermore, virtually any matrix metal or alloy 

that can be produced as powder can be deposited to produce MMC monotapes. However, 

there is a stringent composition requirement that the starting powder has to meet before 

it can be used in the IPD process, particularly for Ti and its alloys [26]. 

 2.4.1.3 Physical vapour deposition 

Similar to IPD, physical vapour deposition (PVD) involves deposition of matrix material 

onto a single fibre layer by the evaporation of metal matrices via an electron beam or by 

magnetron sputtering. In either case, the resulting monotapes have excellent fibre 

distribution, with the thickness of the matrix coating determining the final volume fraction 

of the composite. This method can produce complex shape composite components with 

very high fibre volume fractions of up to 80% [127]. 

2.4.1.4 Tape casting  

Tape casting of ceramic materials is well established and used to manufacture ceramic 

components in electronics. Tape casting of fibre reinforced TMCs was first demonstrated 
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in the early 1990s [127]. The process starts with the formation of the slurry, consisting of 

metallic powders (composite matrix) and polymeric additives in an organic solvent. The 

polymeric additives can be polycarbonate, polystyrene, acrylic, polyisobutylene or a 

copolymer or a mixture of such polymers, while the organic solvent may be an aliphatic 

or aromatic hydrocarbon. The additives in the tape hold the powder particles together and 

provide sufficient strength and flexibility to the tape [128]. The reinforcement is then 

coated with this slurry to form unconsolidated tapes. A doctor blade controls coating 

thickness. The unconsolidated tapes are then cut to preferred sizes, stacked, degassed and 

consolidated. The consolidation step involves a pre-burnout step to remove the additives 

from the tapes followed by high pressure and temperature to create a homogeneous 

material. However, considering the reactive nature of Ti and the presence of polymeric 

additives, the contamination control is challenging [127, 128]. 

Apart from the above-mentioned common techniques, hot pressing has also been tested 

to manufacture fibre reinforced TMCs [129]. Recently, Gao et al. [130] prepared hybrid 

ceramic composites comprising SiC (SCS‐6)/Ti composite and ZrB2–ZrC ceramic by 

sandwiching Ti/SiC(SCS‐6)/Ti sheets and Zr + B4C powder layers, followed by reactive 

hot pressing at 1300°C. The subsequent testing showed that a highly dense matrix can be 

achieved using this technique. Figure 2.11 presents a schematic overview of two 

manufacturing processes used for fibre reinforced TMC production while Figure 2.12 

presents cross-sectional SEM micrographs of the samples manufactured by these two 

processes.  
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Fig.2.11 Schematics of fibre reinforced TMC fabrication methods, left: metal foil 

metallurgical technique for laminated composite production [131]; right: Tape 

casting [128]  

  

Fig.2.12: (left) Cross-section of 0.036 inch thick 35 vol% fiber tape cast composite, 

Ti-21AI-23Nb -140 + 325 powder, and SCS-6 fibres [132]; (Right) SEM 

micrograph of laminated structure of Ti-(SiCf/Al3Ti) composite [131].  

 

2.4.2 Discontinuously reinforced Ti composite (DRTCs) 

2.4.2.1 Powder metallurgy  

Conventional ingot metallurgy processes are not suitable for the fabrication of TMCs 

reinforced with ex-situ additive particles because of the high chemical reactivity of Ti. 

Therefore, powder metallurgy (PM) processes are commonly employed to fabricate TMC 

components. In fact, the PM processing route is considered one of the most suitable 
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fabrication methods for the production of DRTCs [50]. In PM processing of DRTCs, 

powder mixing and dispersion, and surface coatings for particles are the two most 

important parameters in ensuring good performance of composites. The selection of 

dispersed reinforcements, their size, morphology, content and the interfacial bonding 

between reinforcements and the matrix determine the final component mechanical 

properties [50].  Many researchers have worked on the development of Ti-based metal 

matrix composites developed by the powder metallurgy (PM) route. Fig. 2.13 shows the 

powder metallurgy process. The powder metallurgy route is one of the versatile routes for 

fabrication of MMCs due to less probability of particle segregation, undesirable brittle 

phase formation, free from act defects, consistent distribution of reinforcement and 

superior mechanical properties [133]. 

 

 

Fig.2.13 Schematic of Powder Metallurgy process [134] 
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The reinforcements can be incorporated into the matrix by two types of method: ex-situ 

and in situ processing [77], depending on whether or not the additives react with the 

matrix.  

 Ex- situ processing technique 

In titanium, thermodynamically stable ceramics such as SiC, TiC, TiB, and ZrC are added 

using ex situ processing routes. Since no new compounds are formed during sintering and 

consolidation, there is essentially no change in both the particle size and morphology of 

the added particles before and after sintering unless external impacts are purposely 

applied such as in mechanical milling [77]. Ex situ fabrication of DRTCs not only results 

in superior mechanical properties but also improves the wear resistance and stabilizes the 

friction coefficient under dry sliding conditions[77]. Due to its own shortcomings such as 

the poor bonding between the matrix and the reinforcement, the ex situ methods for 

producing DRTC have not garnered significant attention. On the other hand, DRTCs 

fabricated by in situ synthesis methods are sought after due to their excellent properties, 

isotropic properties and low cost. 

 

In situ processing technique  

During in situ processing, high reactivity of titanium matrix with the additive elements 

such as boron, carbon, nitrogen is used to form in situ stable particulates or needle-like 

reinforcements, which are dispersed through solid-state reaction. Some common starting 

additives for in situ processing are TiB2, B4C, Cr3C2, and Si3N4. For example, when TiB2 

particles are used as additive, titanium powder can react with TiB2 particles during 

sintering, resulting in the formation of TiB whiskers and dispersed as the reinforcement 

in the matrix. The better interfacial bonding between matrix and the reinforcement in the 
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case of in situ processing leads to enhanced tribological performance. Moreover, 

composites produced via in situ techniques exhibit high specific strength and modulus, as 

well as excellent oxidation and creep resistance[77] . However, the in situ reactions must 

be carefully controlled to avoid otherwise the formation of interfacial defects.  

Apart from conventional powder metallurgy, self-propagation high-temperature synthesis 

(SHS) [135], additive manufacturing [136] (Fig.2.14) and ingot metallurgy 

techniques [137] have also been used to produce in situ DRTCs. 

 2.4.2.2 Rapid solidification process  

In the past two decades, rapid solidification technologies have advanced significantly to 

become a potential fabrication technique for processing DRTCs [138-140]. Atomization 

is a common technique for mass production of metallic powders. If the reinforcements 

are added to the molten metal, a composite powder containing the reinforcements can be 

produced by atomization. In one such example, a Ti-6Al-4V + 20 vol% TiC composite 

ingot was remelted using the induction heating process and atomized by argon gas flow. 

The composite powder was then used to produce bulk composite material via hot isostatic 

pressing (HIP) at 900 and 950 °C, under 100 MPa for four hrs [141]. However, this 

method is limited to the reinforcements that should have a density close to the matrix 

material. If the density of the reinforcement is significantly different from that of the 

matrix, the atomization process can lead to a non-uniform distribution of reinforcements 

in the composite powder due to particle aggregation. The non-equilibrium associated with 

rapid solidification creates the potential for additional alloying strategies such as the 

addition of rare-earth alloying elements in the Ti [142]. Recently, researchers in Tekna 

group [143] have demonstrated that induction plasma technology can also be used to 

produce in situ Ti composites using plasma as a chemical reactor. They claimed that Ti-
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6Al-4V reinforced with TiC or TiN particles can be obtained directly through the 

chemical reaction between the elements introduced into the plasma.  

 

Fig.2.14: Schematics of Direct metal deposition laser process [144] 

 

Figure.2.15 presents microstructure micrographs resulting from the metal deposition laser 

process and powder metallurgy processes.   

 

 

 

Fig.2.15 : left) SEM micrograph of a Ti-6Al-4V – 3% B4C TMC fabricated using 

direct metal deposition laser process [144]; Right) SEM micrograph of In situ PM 

TiB/Ti composite (our work).  

 



46 | P a g e  
 

2.4.2.3 Mechanical alloying and  sintering  

Mechanical alloying is a solid-state processing technique which involves repeated 

welding, fracturing and rewelding of powder particles in a high-energy ball mill. This 

technique was originally established to produce oxide-dispersion-strengthened (ODS) 

nickel and iron based superalloys for different applications. During high-energy milling 

the powder particles are repeatedly flattened, cold-welded, fractured and rewelded [145]. 

Each time the balls collide, some powder is trapped between them. Typically around 1000 

particles with an aggregate weight of about 0.2 mg are trapped during every collision. 

The force of the impact plastically deforms the powder particles leading to work 

hardening and fracture. New surfaces are formed to enable the powder particles to weld 

together, and this leads to an increase in particle size. Since, in the primary stages of 

milling, the powder particles are generally soft (if we are using either ductile-ductile or 

ductile-brittle material combinations), the affinity to weld together and form large 

particles is high. A wide range of particle sizes develops, with some as large as three times 

bigger than the starting powder particles. The composite particles at this stage have a 

characteristic layered structure consisting of various combinations of the starting 

constituents. With continued deformation, the particles get work hardened and fracture 

by a fatigue failure mechanism or by the fragmentation of fragile flakes. Fragments 

generated by this mechanism may continue to reduce in size in the absence of strong 

agglomerating forces. At this stage, the tendency to fracture predominates over cold 

welding. Due to the continued impact of ground balls, the structure of particles gets 

refined, but the size of the particles remains the same. Consequently, the inter-layer 

spacing decreases and the number of layers in the particles increases. After milling for a 

certain time, steady-state equilibrium is attained when a balance is managed between the 
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welding rate, which inclines to increase the average particle size and the rate of fracturing 

[145]. 

The technique of consolidation without reaching melting point is a benefit to the world of 

materials which is likely by thermal activation of the mass transport process. The driving 

force for the thermal activation is the reduction of surface and grain boundary energies. 

For better strengthening, a high sintering temperature is required. The consolidation of 

powders is effective when the interfacial bonding along with uniform distribution and 

other factors promote good mechanical properties. Sintering is the phenomena which 

drives diffusion bonding between the powder particles, and helps in the diffusion of atoms 

to form desired shapes. Smaller particles take less time than bigger particles to get 

sintered, and high temperature accelerates the sintering process. Sintering is a 

consolidation of the compacted powders into the desired shapes. There are three stages in 

the sintering process: the first stage involves neck growth between contact particles, the 

intermediate stage includes rounding up of pores and onset of grain growth, and the final 

stage involves pore collapse into closed spheres blocking grain growth [146].  

The diffusion potential, µ which usually drives matter transport is, in this case, found by 

equating the mechanical work performed by the stress to the thermodynamic work 

required for the reduction of surface free energy. Table 2.4 presents the advantages and 

disadvantages of different manufacturing techniques that are commonly used to fabricate 

TMCs.  
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Table 2.4.  Generic overview of different manufacturing techniques for TMCs 

Techniques Advantages Disadvantages  Examples  

Lay-up 

techniques 

 Low-cost tooling, if 

room temperatures cure 

resins are used 

 Higher fibre contents, 

and longer fibres than 

with the spray lay-up 

process 

 Low resin content 

laminates cannot usually 

be achieved without the 

incorporation of an 

excessive quantity of 

voids 

 Health and safety 

consideration of resin 

Fibre-

reinforced 

TMCs 

Physical 

vapour 

deposition 

 The ability to deposit a 

variety of materials on 

the substrate or work-

piece to confer specific 

properties 

 

 Good adhesion of the 

film to the substrate. 

 

 Operation at low 

temperatures, which is 

suitable for heat-

sensitive substrates; 

 Higher costs 

 

 The process requires 

complex machines that 

need skilled operators. 

 

 The rate at 

which coating 

PVD operates is 

relatively slow 

Fibre-

reinforced 

TMCs 

Tape casting  Water-based tape 

casting with 

inexpensive, non-toxic, 

non-flammable 

 Evaporation rate is low. 

 High concentration of 

binder required. 

 

Fibre-

reinforced 

TMCs 

Powder 

metallurgy 

 Near net shape 

 Low cost and 

difficulties 

 High production rates  

 Limited 

shapes and features. 

DRTCs 
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 Uniform 

microstructure  

 

 Difficult to produce large 

and complex shaped 

parts 

 

Rapid 

solidification 

process 

 Direct and Simple 

Process  

 No environmental 

pollution 

 Low investment cost  

 The heat of input is high 

 Required proper 

maintenance of the 

machine 

 

DRTCs 

 

2.5 Characteristic Features 

2.5.1 Development of in situ TiB/Ti composites 

In the past few years, the interest in Ti matrix composites (TMCs) has grown 

significantly due to their unique properties. TiB has been identified as probably the most 

suitable discontinuous reinforcement for Ti-based composites [147]. TiB is both 

thermodynamically and mechanically stable which generates minimal residual stresses 

while processing these composites. TiB whiskers can be generated as a single crystal in 

Ti matrices via cost-effective in situ processing and generate a very clean interface with 

good interfacial bonding Therefore, over the past few years, the interest in this material 

system is increasing.  These composites have been produced by several methods such as 

casting and ingot metallurgy [148] but the majority of work has been done by powder 

metallurgy or the press and sinter route because of its ability for microstructural control 

and development of near net shaped components. In situ reinforcements for the 

development of MMCs have been under investigation from some time. Recently Tjong 

and Ma [58] studied the microstructural and mechanical properties of in situ metal 

matrix composites. Several other studies have been carried out to study the in situ 
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formation and thermomechanical process of these composites. The challenge to develop 

these Ti-based in situ composites is to find the reinforcement which is both chemically 

and mechanically compatible to form these stable phases. For example, SiC continuous 

filaments are used as the reinforcement for the Ti matrix, but the filaments need a coating 

to prevent the reaction of SiC with the Ti matrix. Therefore, the study of in situ 

reinforcements for the Ti matrix is under intense investigation in search of more 

effective and compatible reinforcement. The advantages of in situ formation of whisker 

reinforcements have been discussed before in the literature. Some of the key advantages 

are: i) the cost of whiskers is usually high and processing them by the in situ method 

reduces this cost and produces a clean surface between the reinforcement and the matrix; 

ii) directly dealing with the whisker reinforcement can cause safety hazards as they can 

be easily absorbed and lodge into the lungs; iii) some reinforcements such as TiB are 

difficult to produce in a single crystal form, since they are formed through the peritectoid 

reaction.   

In general, three boron compounds exist in the Ti-B system: TiB, Ti3B4, and TiB2 with 

boron weight percentages of about 18%, 22%, and 30%, respectively [31]. TiB2 can be 

used as the first choice for reinforcing Ti to develop TiB whiskers by solid state reaction. 

The interest in TiB is motivated by the fact that, firstly, there is a unique structure of 

arrangement of boron (B) atoms in the c-direction of the orthorhombic unit of TiB. This 

means that TiB crystals grow along the [010] direction and form short-fibre shapes 

(whiskers) due to their B27 structure. Secondly, no interfacial reaction products are 

generated, and the interface appears to be well bonded [149-151]. TiB can be formed in 

situ through the reaction of TiB2 and Ti at elevated temperatures. According to the Ti-B 

phase diagram (Fig.2.16), the relevant reaction that occurs during the processing of these 
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composites is Ti + TiB2  → 2TiB . The Gibbs free energy (Fig.2.16 ) of the reaction has 

been calculated using thermodynamic data from ref. [152]. The value of Gibbs free 

energy is negative, signifying that TiB2 and Ti are not thermodynamically stable together 

and consequently react to form TiB. Such in situ processed TiB in a Ti metal matrix 

offers several advantages and desirable properties. Additionally, in situ Ti matrix 

composites overcome the shortcomings associated with the casting process, such as the 

contamination of reinforcements and the wettability between ceramic particles and a 

matrix.  The TiB reinforcements grow into needle shapes with a high aspect ratio, thus 

improving stiffness, strength and creep resistance.  In addition, the in situ processed Ti-

TiB MMCs have a high coefficient of thermal expansion (CTE), matching nearly that of 

Ti [103]. As a result, extensive studies have been carried out for the development of Ti-

TiB composite systems. 
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Fig. 2.16 Phase diagram for Ti-B system and Gibbs free energy diagram [103] 

 

Many researchers have studied this composite system, and some of the literature has 

been discussed here. Fan et al. [153] developed the Ti-TiB composites with the 

variation of TiB vol. % by consolidating rapidly solidifying Ti-6Al-4V alloy powders 

with different levels of boron addition. The authors found that with just an addition of 

0.1 vol. fraction of TiB, the Young’s Modulus can be enhanced by 20 % compared to 

pure Ti. Gorsse et al. [154] in their study stated that an aspect ratio greater than 10 and 

more than 0.1 volume fraction of TiB whiskers are needed to develop these composite 

systems successfully. They also reported that with the formation of 0.2 volume fraction 

of TiB, Young’s modulus could be enhanced by ~45% compared to Ti. Another study 

by the same group focused on the mechanical properties of these composites. It was 

reported by the authors that Young’s modulus of Ti-TiB composites was achieved as 

169 GPa with aligned TiB whiskers in the extrusion direction compared to 159 GPa 
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obtained for randomly oriented TiB for the same volume fraction [56]. Moreover, as 

the concentration was increased to 0.4 TiB volume fraction, Young’s modulus was 

reported as 205 GPa in the extrusion direction. It can be seen that at this volume fraction 

the modulus values approach that of steel and can be further enhanced with the addition 

of TiB content. However, it should be noted that these values of Young’s modulus are 

achieved at the expense of ductility and fracture toughness. Several attempts by 

researchers have been made to resolve the problem of ductility with an increase in the 

concentration of TiB with the addition of β-Ti stabilizers which develops the ductile 

matrix. It has been reported by the authors that with the volume fraction of 0.34 TiB, 

the best value for ductility that can be achieved is 1.7% [155, 156]. However, it was 

also noticed that the TiB whiskers were not distributed homogeneously all over the 

matrix and formed TiB clusters. But the ductility values were improved compared to 

the previous literature.  

In many studies, it has been reported that the volume fraction of an elemental boron 

source can have an influence on the final formation of TiB. Radhakrishna Bhat et al. 

[102] observed the hot reaction pressing of Ti-TiB composites and noticed the 

formation of round shaped TiB morphologies at 0.67 TiB volume fraction. Sahay et al. 

[157] also studied the effect of TiB volume fraction on the resulting TiB morphology 

during the development of composites. The authors observed that at the lower 

concentrations of TiB, long needle-shaped TiB was formed randomly oriented and as 

the concentration was increased from the lower to the intermediate range, colonies of 

fine and well packed TiB were formed. As the concentration of TiB is increased to its 

highest limit, coarse TiB particles were formed and it was also noticed that at the 

highest concentration of 0.92 volume fraction, residual TiB2 was also present.  
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Panda and Ravi Chandran [103] studied that at the higher concentrations of TiB2, due 

to the poor direct contact of these TiB2 particles with Ti there is always some residual 

TiB2 in addition to the TiB whiskers. This will, therefore, be a problem when using a 

higher volume fraction of TiB2 for highly intended TiB volume fractions. In the same 

study authors showed that when a tri-modal powder particle size is used, the TiB2 

particles get in contact with them to form TiB whiskers completely. The authors used 

the β-Ti stabilizers to seal the interstitial sites between Ti particles. The identification 

of different phases was made using X-ray diffraction which confirms the complete 

reaction took place and the formation of other phases such as Ti3B4 cannot be ruled out. 

It was also inferred from the study that with the bi-modal particle size distribution with 

TiB2, the problem of clustered TiB could be avoided as well.  In another study Feng et 

al.  [105] observed no reaction products at the interface of Ti and TiB. The authors used 

Ti, FeMo and B powders as the raw materials. Xinghong et al. [104] reported similar 

results which show residual TiB2 at high volume fractions of TiB in Ti developed 

through self-propagating high-temperature synthesis (SHS). The authors explained the 

phenomenon in context to the in-homogenous mixing and limited time for reaction 

between TiB2 and Ti. Even though the work done to date clearly states that the powder 

design can have significant influence on the processing of Ti-TiB composites, and this 

needs to be examined in detail.  

In recent studies, it was also reported that with the addition of TiB the creep resistance, 

tensile strength, fatigue strength and wear resistance improves compared to Ti. Li et al. 

[158] studied that nucleation and crack growth of in situ TiBW and concluded that crack 

bridging/pull out of the TiB whiskers and crack deflection was the toughening 

mechanism for these composites. Imayev et al. [159] studied the microstructure and 
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mechanical properties of near eutectic Ti-1.5 wt.% B and hypereutectic Ti-2B wt.% B 

composite materials developed by casting. The authors concluded that the strength of 

these composites could be drastically enhanced without losing much ductility compared 

to the matrix material. A similar study has been done by Jinyong et al. [160] and it was 

found that the amount of Ti as a matrix plays a crucial role in determining the properties 

of composites under different loads. Shufeng Li et al. [123] recently studied the 

development of Ti in situ synthesised TiC–TiB composites developed by the powder 

metallurgy route. The study of hybrid composites including TiB as one of the 

reinforcement materials is getting popular because of their enhanced properties. The 

authors concluded that the ultimate tensile strength of the developed composites 

increased gradually from 654 MPa to 1138 MPa when the volume fractions of hybrid 

TiC and TiB were raised from zero to a theoretical value of 13.6 vol. % and the 

elongation decreased from 32.4% to 2.6% respectively. These composites were used in 

a variety of applications including automotive and aerospace applications. The 

possibility of replacing steel with these composites can save about 50 % of the weight 

of the structure, at the same time providing significant increases in oxidation, wear, and 

corrosion resistance. Some notable applications in the past include golf-club heads 

made by Toyota and components in Toyota Altezza vehicles [31].  

It is clear from previous studies that the interest in Ti-in situ TiB composites is gaining 

momentum. The work carried out to date has significantly contributed to the successful 

development of these composites. However, some areas need further research such as 

determining the optimal concentration of TiB2 for the development of in situ TiB/Ti 

composites for industrial applications. Moreover, the mechanism behind the in-situ 

reaction needs to be understood and has not been studied to date. Though the mechanical 
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properties have also been characterised to a good extent, the correlation between the 

microstructure and the mechanical properties still needs to be examined. The work in 

this thesis is an effort to answer the above leftover research questions for these composite 

materials.  

2.5.2 Decomposition of silicon nitride (Si3N4) in titanium  

Silicon nitride (Si3N4) features an excellent combination of material properties. Si3N4 

based materials are of specific importance in engineering applications because of their 

outstanding combination of properties. High hardness and wear resistance make them 

particularly attractive for tribological applications. Although the addition of Si3N4 can 

significantly improve the creep and wear properties of the monolithic Ti matrix given 

the excellent wear resistance of Si3N4 [76], it is not considered a suitable reinforcement 

due to the unstable nature of the Ti matrix at high temperatures (Fig.2.17) [76, 161, 162].  
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Fig.2.17 (a) Phase diagram for Ti/Si (b)Phase diagram for Ti/N system [163] 

 

Alman et al.[76], in their work, explored Ti/Si3N4 composites to some extent and 

compared them with other composite systems. The authors concluded that Si3N4 was 

entirely consumed and converted to Ti5Si3 and Ti3Si during sintering. The Ti matrix 

was alloyed with N2 to produce α-Ti (N) solid solution containing Ti with 0.3%N. The 

authors also concluded that the Ti+20 vol.% Si3N4 composite contained Ti2N. In 

another study, Saito et al. [162] explored the adaptability of several reinforcements for 

Ti matrix composites and claimed that Si3N4 is not a suitable reinforcement because of 

its unstable nature in Ti alloy.  Another study by Qiliang et al. [75] developed TiN-

Si3N4 composites using Ti and Si3N4 as raw materials. The authors concluded that Ti 

reacted with silicon nitride producing TiN and TiSi compounds in the sintering 

temperature range of 1873 °K to 1973°K.  Furthermore, they also pointed out that 

soaking the samples at 1873 °K for 1 hr completed the Ti reaction with silicon nitride 

and prevented the loss of nitrogen from the system. In another study, Koga et al.  [164] 

claimed Ti nitride (TiN), and Ti silicide (Ti5Si3) were the resulting phases in the 
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reaction of Si3N4 and Ti at the temperature range of 873 °K to 1373 °K. Dougherty et 

al. [161] manufactured 2 vol.% Si3N4 fibre Ti composites by uniaxially pressing and 

sintering at 1400 °C in flowing argon.  They claimed that some of the Si3N4 particles 

were located at the Ti grain boundaries, which might have reacted to form Ti-Si-N 

phases. The instability of Si3N4 in Ti is, however, not fully understood. In particular, 

there are contradictory statements regarding the formation of in situ phases resulting 

from the decomposition of Si3N4. Given the contradictory results, no significant 

conclusion can be drawn for this composite system. In a recent study, the effect of 

silicon was seen in the Ti matrix to develop in situ Ti5Si3/Ti composites by Zhang et al. 

[165]. The authors developed Ti-based composites with homogeneous Ti5Si3 particle-

reinforcements (Ti5Si3p) which was successfully fabricated by spark plasma sintering 

at 1100 °C and 1200 °C. It is worth noting that all the previous researchers have 

employed a single concentration of Si3N4. The effect of Si3N4 concentration on this 

composite system is therefore yet to be seen.  

2.6 Motivation 

Ti metal matrix composites provide an outstanding combination of properties and 

characteristics that make them the promising material for a range of applications. The 

motivation for this work is based on many factors: 

The global metal matrix composite market is expected to reach USD 433.3 million by 

2022 according to a new report by Grand View Research, Inc [166]. The need for high-

performance materials in different sectors such as the aerospace, automotive and marine 

industries is expected to increase the demand for composites. The selection of processing 

technique is an important aspect in the development of Ti-based metal matrix composites. 

Powder metallurgy is a constantly and rapidly evolving technology for the development 
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of TMCs with near net shape components. Although this processing technique has existed 

for more than 100 years, over the past decades it has become a widely recognised 

technology to produce high-quality components for a range of applications.As different 

reinforcements serve different purposes and provide different properties to the matrix 

material, a systematic study of different kinds of reinforcements used in the Ti metal 

matrix needs to be studied, and their effect on the Ti matrix has to be studied in detail for 

practical applications. Based on the above literature review, the importance and 

effectiveness of in situ Ti composites need more attention because of their enhanced 

mechanical properties. The main aim of our study to understand the in situ Ti matrix 

composites in detail with the mechanism of in situ reactions which led us to choose TiB2 

and Si3N4 as our feasible reinforcements for this study.  
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Chapter 3 

Experimental methodology 

 
This chapter describes the experimental procedure adopted in the present investigation.  

The first part of this chapter describes the raw materials with their characteristic properties 

used in this research work. The other part includes the equipment/instruments used to 

carry out the experiments indicating their specific use in the work along with their 

specifications and particulars in detail. This chapter provides the detailed stepwise 

methods adopted for the fabrication of the composites. The work plan adopted is shown 

in Fig.3.1. 
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Fig.3.1 Flowchart showing the work plan 

3.1 Composite manufacturing process 

3.1.1 Raw materials  

Two types of Ti powder were used: one was produced by argon gas atomization (GA), 

and the other was produced with a hydrogenation-dehydrogenation process (HDH). Both 

GA and HDH-Ti powders had an average particle size of ~26 µm. They were mixed with 

a 50:50 ratio. Selection of these types of powder is because (1) GA Ti powder alone is 

very difficult to be pressed into green compacts, but it has very low interstitial contents 

(2) HDH powder has good compressibility, but its interstitial contents are slightly high. 
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A mixture of these two types of powder enables sufficient green strength while 

maintaining necessary impurity thresholds. The basic characteristics of Ti powders are 

listed in Table 3.1. The morphologies of all the raw powders are shown in Fig. 3.2  

 

 

 

Fig.3.2 SEM images of (a) GA Ti (b) HDH Ti powder (c) TiB2 powder and (d) Si3N4 

raw powders 
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Table 3.1. Characteristics of Ti powders  

 GA Ti HDH Ti  

Mean Size, D50 (µm ) 26.83 26.33 

Oxygen Content (wt.%) 0.08 % 0.28% 

Carbon Content (wt.%) 0 % 0.05% 

Nitrogen Content (wt.%) 0.02% 0.02 % 

Theoretical density (g/cm3) 4.50 4.50 

Powder Morphology Spherical Irregular 

 

Both TiB2 and the Si3N4 powder were acquired from Sigma Aldrich. The characteristics 

of TiB2 powder are: mean Size <10 µm ; O- 1.38 %; C- 0.29%; N- 0.17 %,  while the 

Si3N4 powder has 99% purity with a mean size of less than 1 µm. For the development of 

in situ TiB/Ti composites, 2, 5, 10 and 20 wt. % of TiB2 was blended with a mixture of   

Ti powders. Similarly, for the study of Ti/Si3N4 composites, another set of specimens 

having compositions 1, 2, 2.5 and 5 wt. % Si3N4 was blended with the Ti powder mixtures 

separately.  The powders were mixed in a roll mixer for 6 hrs at 100 rpm to ensure uniform 

mixing of the powders.  The detailed pre-designed samples with the processing conditions 

are also mentioned in the respective results and discussion chapters.  

3.1.2 Cold Compaction 

Uniaxial hydraulic pressing is one of the ideal methods commonly used to manufacture 

near net shaped components. It is used for making the green samples which are later 

sintered in a vacuum furnace. Uniaxial pressing involves the compaction of powder in a 

die by applying pressure in a single axial direction through a punch or piston. The 

aforementioned mixed powders were compacted at 400 MPa. Specimens for impact, 
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tensile and 3-point flexural testing were compacted using a rectangular die. No lubricant 

was applied on the die wall or in the powder mixture. 

3.1.3 Vacuum Sintering 

The vacuum furnace is comprised of three major components: i) a high-speed diffusion 

pump; ii) a vacuum chamber with a high-temperature hot zone and iii) a control unit. In 

our study, the green compacts were sintered in the vacuum furnace (vacuum level: ~ 1x 

10-2 Pa) at different sintering temperatures for various holding times (mentioned in the 

individual chapters of results and discussion) followed by a relatively fast furnace 

cooling.   

 The general sintering profile used in this work is shown in Fig. 3.3 

 

 

 

 

 

 

 

 

 

Fig. 3.3 Sintering profile 
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3.2 Material Characterisation Process 

3.2.1 Particle size analysis 

The particle size of the powders was measured in a laser particle size analyser (Malvern, 

Mastersizer 2000, UK). The dispersion for particle size analysis was prepared by 

dispersing the powder particles in distilled water. 

3.2.2 X-ray diffraction (XRD)  

In this research, X-ray diffraction crystallography (XRD) of the constituents and the 

composite samples was done on a Bruker D2 Phaser instrument at 30 kV, 10 mA using 

Cu Kα radiation having a wavelength of 0.1549 nm. 

3.2.3 Scanning electron microscopy (SEM) 

. An XL30 scanning electron microscope equipped with an energy dispersive X-ray 

spectrometer (EDS) was used in the present investigation. All the samples were sputter 

coated with platinum before being subjected to the SEM instrument. 

3.2.4 Transmission electron microscopy (TEM) 

A Philips CM100 transmission electron microscope (TEM) operating at 120 kV was used 

for our investigation. The bulk samples were prepared by ion beam milling method.  

3.2.5 Neutron diffraction -WOMBAT 

Wombat is a high-intensity neutron diffractometer at the Australian Nuclear Science and 

Technology Organisation (ANSTO), primarily used as a high-speed powder 

diffractometer. The instrument uses a 300 mm high vertically focusing monochromator 

consisting of 23 crystal plates with a length of 70 mm. For our study, the heating process 

was conducted in a high-temperature vacuum furnace (1600 °C ILL-type vacuum 

furnace). The vacuum level during in situ neutron diffraction was ∼ 5 × 10−3 Pa. The 
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powder compacts were wrapped with a molybdenum wire and suspended in the vacuum 

chamber. The <311> reflection of a germanium crystal monochromator was used with an 

asymmetric cut angle of 9.45° and a take-off angle of 90° to define the incident beam. 

The wavelength (λ) of the incident bean was 0.2419 nm and was calibrated by a 

LaB6 standard. The diffracted neutrons were collected every minute in a cylindrical 

detector with an angular range from approximately 15° to 140° to the samples in the 

diffraction plane and ∼20° to the vertical.  

3.3 Physical and mechanical properties 

3.3.1 Density measurement 

Archimedes’ principle specified in the ASTM B962-17 standard was used for the 

measurement of the density of samples. Precise measurement of the density of the 

sintered samples was carried out by measuring the suspended weight and soaked weight 

of the specimens. The liquid used was distilled water (ρ =1.0 gm/cc).  

3.3.2 Microhardness  

Micro-hardness of the samples was measured by a Vickers hardness tester at a load of 1 

kg for a dwell time of 10 seconds. At least five readings were taken for each sample, and 

the average values were reported. 

3.3.3 Mechanical Testing 

An Instron 5567 universal testing machine (Fig.3.3) was used to determine the tensile and 

flexural properties of the developed composite systems. Bluehill material testing software 

led the entire tests in the Instron machine which included data input (sample dimension, 

crosshead speed, span lengths, etc.) and generation of output in the form of stress-strain 
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curves. Finally, the results relating to strength, modulus, elongation at break, etc. were 

produced using a data processor. 

 

 

 

 

 

 

 

 

 

Fig. 3.4 Instron 5567 used for Mechanical Testing 

The samples for three-point flexural testing were prepared using a rectangular die 

according to the ASTM standard B925-15. A span length of 20 mm and a crosshead 

velocity of 0.5 mm/min were maintained during the tests. Dog-bone-shaped specimens 

with a rectangular cross-section of (34 mm (L)*11mm (W) *3mm (T)) and gauge length 

of 20 mm were prepared for the tensile samples and  the testing has been carried out on 

the Instron 5567 using ASTM E 8 standard. An external extensometer was used to 

determine the strain during the test.  
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3.4 Wear Study 

Wear is the progressive loss of materials from contacting surfaces which are relative in 

motion. It is basically the erosion of material from its base position on a solid surface. 

Wear is linked to the interactions between the two surfaces. Specifically, it is the removal 

and deformation of material on a surface due to the mechanical action of the opposing 

surfaces. The relative motion between the two surfaces and the initial mechanical contact 

between the surfaces are important factors in wear. In our study the sliding wear test was 

carried out on a ball-on-plate tribometer, using a linear reciprocating mechanism. These 

unlubricated wear tests were conducted at ambient temperature with a constant 

frequency of 5 Hz under 25 N according to the ASTM G133 standard. In the wear test 

setting, our composite materials were used as the plate (flat specimen), while the 

counterpart specimen was a 6 mm diameter bearing steel ball with a mirror finish 

surface. These parameters were selected to cover a sliding distance of ~100 m. The wear 

characteristics of the composites were measured by calculating the percentage weight 

loss and specific wear rate. To further reveal the differences in the wear response, the 

wear tracks and the subsurface regions of the tracks were studied using a profilometer. 

3.5 Summary 

This chapter has provided detailed insight into the development of Ti-based composites 

along with their characterisation. Ti-based composites containing different reinforcement 

with varying wt. % were successfully manufactured by the simple press and sinter route. 

Following this, the fabricated composites were characterised and tested for mechanical 

properties using various characterising and testing instruments.  
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Chapter 4 
 

Development of in situ TiB/Ti composites 

by the conventional press and sinter 

route: microstructural analysis 
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4.1 Introduction 

The scope of this chapter is to develop the in situ TiB/Ti composites by the press and 

sinter technique. This chapter is extracted from the publications (ref.[167] and ref.[168]). 

4.2 Experimental procedures 

The Ti powders were mixed in equal proportions (50:50 ratio) along with different weight 

fractions (2, 5, 10 and 20 %) of TiB2 powder (as presented in Table 4.1). All the powders 

were first blended in a roll ball mixer for a minimum of 5 h to ensure uniform mixing of 

the powders. Different compositions were then compacted at 400 MPa in a uniaxial press 

to form the green compacts (samples). 

Table 4.1.  Compositions of different composites 

Sample Reactants (wt. %) 

 TiB2 Ti 

A 0 100  

B 2 98 

C 5 95 

D 10 90 

E 20 80 

 

For testing physical properties and phase constituent identification, circular samples of 

diameter 20 mm were prepared using a uniaxial hydraulic press. The green compacts were 

subsequently sintered in a vacuum furnace at (~ 1x 10-2 Pa) at 1300 C. The samples were 

held at a constant temperature for 3 h followed by furnace cooling at a rate of 5 C/min. 

The attained density of the sintered samples was measured by the Archimedes’ method 

as specified in the ASTM B962-17 standard. Phase identification was performed using 

the X-ray diffraction (XRD, Bruker D2 Phaser) technique. The radiations used were Cu 

Kα (λ=0.1549 nm) with a scan speed of 5°/min. The metallographic samples were 
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polished and etched to image the cross-section microstructure. The microstructure of the 

samples was characterised using an XL30 scanning electron microscope and a Philips 

CM100 transmission electron microscope (TEM) operating at 120 kV. Micro-hardness of 

the samples was measured by a Vickers hardness tester at a load of 1 kgf for a dwell time 

of 10 seconds. At least five measurements were taken for each sample, and the average 

values were reported. 

4.3 Results and discussion 

4.3.1 Phase Identification by XRD 

The sintered samples were first subjected to XRD analysis to identify the different phases 

formed during sintering. The XRD spectra of the developed composites are shown in Fig. 

4.1. Diffraction peaks of TiB were observed in all the spectra. No peaks of TiB2 were 

observed, indicating that the chemical reaction between TiB2 and Ti was completed 

successfully at 1300 C. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 X-ray diffraction pattern for Ti in-situ TiB composites 
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The peaks of the TiB phase became more prominent when the addition amount of TiB2 

was increased.  

4.3.2 Microstructural study  

Fig.4.2  shows the microstructure of the composites having varying amounts of TiB2, 

especially the morphology of the in situ formed TiB whiskers, which are considered to 

play a key role in the final mechanical properties of these composites [169]. Micrographs 

were taken in backscatter electron (BSE) mode after deep etching to reveal the 

distribution of TiB whiskers. The dark phase is TiB, and the lighter one is the Ti matrix. 

It can be seen from Fig. 4.2 that the TiB whiskers are needle-shaped and uniformly 

distributed along the grain boundaries and inside the grains as well. The size of the in situ 

formed TiB whiskers seems to be dependent on the weight fraction of added TiB2. For 

example, in sample B  the fine TiB needles are ~5-10 µm in length with width smaller 

than 1µm.  In the case of 10 wt. % and 20 wt. % TiB2, the size of the in situ TiB whiskers 

increases significantly. Moreover, the formation of TiB in case of sample D and E leads 

to macro and micro voids due to excessive reaction between Ti and TiB2. These voids act 

as the crack initiation sites and adversely affect the mechanical properties of composites. 

These voids also lead to a lower sintered density. 
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Fig. 4.2 Cross-sectional SEM images of  (a) Sample B with 2 wt.% TiB2 addition 

(b) Sample C with 5 wt% TiB2 (c) Sample D  with 10 wt% TiB2 and (d) Sample E 

with 20 wt.% TiB2 

Fig. 4.3 shows the EDS analysis for the Ti-2 wt. % TiB2 sample. The EDS analysis was 

taken on one of the TiB needles and suggests approximately 34.01 wt. % of boron. 

Stoichiometrically, the TiB phase shows the same weight percentage of B, further 

validating the formation of this phase.  

Fig. 4.3 EDS analysis for the Ti-2 wt.% TiB2 sample. The point was taken on one of 

the TiB whiskers. 
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Fig. 4.4 shows higher magnification SEM images for sample B (Ti-2 wt.% TiB2) and 

sample D (Ti-10 wt.% TiB2) in order to understand the morphology of the in-situ TiB 

phase.  The morphologies of the developed TiB differ considerably as the weight fraction 

of TiB2 is increased. The sample with lower wt.% of TiB2 (sample B) shows fine long 

needles with no pores/voids in the composites. As the concentration is increased to 10 

wt.% of TiB2 (Sample D), formation of coarse needle-shaped TiB whiskers, and TiB 

plates is noticeable.  Moreover, voids can be clearly seen. As the concentration of TiB2 is 

increased in the Ti matrix, insufficient bonding between the matrix and the in situ 

reinforcement emerges. This could be due to the excessive reaction between the Ti matrix 

and TiB2 reinforcement. It is worth noting that the most of the voids are within TiB and 

it could be due to the difference in the molecular volume between TiB and TiB2. On the 

contrary, needle-like whiskers (at lower concentration of TiB2) show good interfacial 

bonding between the Ti matrix and TiB, generating clean interfaces between them.   
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Fig. 4.4 Higher Magnification SEM images (a) Sample B and (b) Sample D 

Fig. 4.5 shows the bright field TEM image for sample B and sample D and their 

corresponding selected area diffraction (SAED) patterns. The SAED results (Fig. 4.5) 

reveal that the needle-shaped TiB whiskers have an orthorhombic structure B27 with 

lattice parameters a=0.612 nm, b=0.306 nm and c=0.456 nm [170].  
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Fig. 4.5 Bright-field TEM image with corresponding SAED patterns for (a) sample 

B and (b) sample D, respectively 

The morphologies of these different TiB whiskers in the case of samples B and D could 

be related to the crystal structure of TiB, which shows a high irregularity. It is suggested 

that TiB grows preferably along a certain crystallographic direction. Indeed, many 

refractory borides are all based on the same building block: the trigonal prism, with each 

B atom lying at the centre of a trigonal prism of six Ti atoms, which are stacked in 

columnar arrays sharing only two of their rectangular faces with neighbouring prisms 

[171]. The TiB whisker grows via the one-way dispersion of B atoms mostly along the 

[010] direction. Furthermore, because of the steadiness of the B-B bonds in the [010] 

direction, the growth rate in this direction is favoured compared with the other <100> 

directions. Therefore, the quicker diffusion rate in the longitudinal direction associated 

with those in the transverse direction seems to lead to needle-shaped whiskers. Boron 

atoms in this way form a zigzagging chain alongside the B27 [010] direction, and form 

boron-free ‘pipes’ of Ti atoms with a trapezoidal cross-section  [172].  The needles are 

finer and smaller for lower wt. % of TiB and act like whiskers. The needles become 



77 | P a g e  
 

coarse as the concentration of TiB2 is increased in the Ti matrix as can be seen for 

sample D and sample E in Fig. 4.2 (c & d) and verified by higher magnification SEM 

(Fig. 4.4) and TEM, Fig.4.5 (b). These needles act like large particles which deteriorate 

the mechanical properties due to insufficient interfacial bonding with the Ti matrix.  

Fig.4.6 shows the interfaces for sample B and sample D, respectively. It can be seen 

from Fig. 4.6 (a) that for sample B, the interface between the TiB whisker and the Ti 

matrix is clean, no flaws such as debonding or cracks can be observed around the 

interface zone. Therefore, higher bonding forces can be expected between the matrix 

and reinforcement. On the contrary, bright-field TEM for sample D in Fig.4.6 (b) 

shows the formation of cracks and flaws at the interface between Ti and TiB whiskers. 

A dislocation array can be observed which needs further analysis.    

 

 

Fig. 4.6 Bright-field TEM image for (a) sample B and (b) sample D showing 

interfaces between Ti and TiB 

 

4.3.3 Density and hardness  

 

Table 4.2 presents the relative green density, sintered density, and microhardness values 

of the developed composites and compares the values with those of sintered pure 
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titanium.All the developed composites were of high density (> 90%). Sample B possesses 

the highest relative density of 99.4% but it is worth noting that as the concentration of 

TiB2 increases above 5 wt.%, the relative density decreases significantly.   

 

Table 4.2.  Density and microhardness for developed composites 

Sample Relative green 

density / % 

Relative sintered 

density / % 

Hardness, 

HV1 

A 76 .1 98.2 282 ± 24 

B 75.6 99.4 321 ± 32 

C 73.2 98.6 343 ± 12 

D 72.1 94.6 416 ± 46 

E 72.0 92.4 580 ± 38 

 

It is believed that the addition of brittle TiB2 particles reduces the sinterability between 

the matrix and the reinforcement phase. The in situ formation of TiB inside the Ti matrix 

may have potentially created additional pores or cracks, demonstrated by the cross-

sectional SEM images of the samples containing a higher weight fraction of TiB2 

particles. The porosities are retained in the composites at a higher fraction (wt. %) of TiB 

and can be seen at the interface which accounts for the decrease in density of these 

composites. The hardness value increases with increasing the TiB2 fraction in the matrix. 

The highest hardness value is ~ 580 HV1 achieved for sample E, which had the highest 

TiB2 fraction. Samples B and C also attained significant hardness values which are 

comparable to those from the literature [113, 114]. These hardness values and their small 

variations demonstrate the homogeneous distribution of the reinforcing TiB particles or 

whiskers.  
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4.4 Summary  

 

The series of in situ TiB/Ti composites were fabricated under the same environment by 

the conventional press-and-sinter-technique. The results provide a comprehensive 

knowledge of the primary characteristics of the microstructure evolution of these 

composites with an increase in TiB2 content. The formation of in situ TiB reinforcement 

in the titanium matrix is found to be homogenous and uniform. The incorporation of in 

situ TiB in titanium matrix increases the microhardness of the resultant composite. The 

maximum hardness achieved was 580 HV1 for the Ti-20wt.% TiB2 composites. The 

comprehensive analysis of the mechanical properties is given in the next chapter.  
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Chapter 5 
 

Evaluation of mechanical properties of   

in situ TiB/Ti composites and correlation 

with microstructure 
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5.1 Introduction 

The mechanical properties of these composites have been characterized in the past [100, 

105, 107, 173-175], but further work is needed in this area to develop the relationship 

between the evolved microstructure and mechanical properties. The scope of this chapter 

is to study the mechanical and tribology properties of these developed composites and 

address the limitations of the previous studies. The effect of the concentration of 

reinforcement on the mechanical properties has been evaluated and discussed in this 

chapter. The role of interfacial bonding between the matrix and the reinforcement and its 

correlations with mechanical properties have been investigated which were missing in the 

previous literature [100, 105, 107, 173-175]. This chapter is extracted from the ( ref . 

[168]) 

5.2 Fabrication of samples and experimental methodology 

 The samples for all the tests are labelled as before (Sample A- Pure Ti; Sample B-Ti-2 

wt.% TiB2; Sample C-Ti-5 wt.% TiB2; Sample D-Ti-10 wt.% TiB2 Sample E-Ti-20 wt.% 

TiB2). Tensile testing and flexural testing (3-point bending) were carried out in an Instron 

universal testing machine at room temperature. The samples for three-point flexural were 

prepared using a rectangular die according to ASTM standard B925-15. The samples for 

impact tests were prepared according to the ASTM standard E23-18. The sliding wear 

tests were conducted on a ball-on-plate configuration, using a linear reciprocating 

tribometer. The counterpart was a 6 mm diameter bearing steel ball with a mirror finish 

surface. These unlubricated wear tests were performed at ambient temperatures, with a 

constant frequency of 5 Hz under 25 N load according to the ASTM G133 standard. These 

parameters were selected to encompass a sliding distance of ~100 m. An optical 

profilometer was used to measure the indentation depths resulting from these tests. To 
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further obtain insights into the differences in the wear response, the wear tracks and the 

subsurface regions of the wear track were additionally studied using an SEM. 

5.3 Mechanical testing  

5.3.1 Tensile test 

 Fig.5.1 shows the tensile stress-strain curves at room temperature for pure Ti and 

different composites samples. The mechanical property data obtained from these tensile 

tests are also presented in Table 5.1. The tensile strength increases with the addition of 

TiB2 (up to 5 wt.% of TiB2) in the matrix compared to monolithic pure sintered Ti sample.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 Tensile stress-strain relationships for various weight fractions of TiB2 

 

The ultimate tensile strength for Sample C (Ti-5wt.%TiB2) was recorded as the highest 

(684.95MPa). As the concentration of TiB2 was increased above this limit, the samples 

showed premature failure during testing. It is well known that the increment in strength 
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for a particular composite system is dependent on the interfacial bonding between the 

matrix and reinforcement. Since insufficient interfacial bonding at the higher 

concentrations of in situ TiB reinforcement was observed as explained in Ch. 4, the 

samples showed premature failure. The recorded tensile strength for Pure Ti is ~ 591.27 

MPa which increased to ~ 654.72 and 684.95 MPa for samples B and C, respectively. 

This corresponds to an increase of 10.73 % and 15.84 %, respectively, for samples B and 

C compared to pure Ti. Additionally, the elastic modulus shows a significant 

improvement for composites compared to pure Ti. However, the % strain (ductility) 

decreases drastically with the increase in TiB concentration (Table 5.1) This indicates 

that for practical applications, the optimal concentration of TiB2 reinforcement should be 

between 2 and 5 wt.% in order to achive a right combination of strength and ductility. 

 

Table 5.1 Tensile test data for various samples 

 

Samples UTS (MPa) Strain % Modulus 

(GPa) 

Sample A 591.27 9.79 105.47 

Sample B 654.72 5.94 131.04 

Sample C 684.95 2.10 147.04 

 

5.3.2 Flexural Test 

The flexural stress-strain relationships are presented in Fig. 5.2 for the pure Ti and the 

composites developed by press and sinter. The flexural strength increases with an 

increased fraction of reinforcement up to 5 wt.% TiB2. In addition to the pure Ti sample, 

only sample B shows sufficient plastic deformation and strain hardening because of low 
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TiB content. Sample C demonstrated strain hardening to a limited extent. In contrast, both 

samples D and E ruptured well before the yield point of Ti, i.e. within the elastic 

deformation regime. The premature failure of samples D and E highlights the brittle 

nature of the composites. As explained previously, high contents of TiB2 reinforcement 

can result in porosity and cracking, thereby promoting premature brittle fracture. Hence, 

the composites lose ductility of Ti with an increase in the content of TiB2 above 5 wt. %. 

Nevertheless, sufficient bonding between TiB and Ti was achieved for the lower wt. % 

of TiB as seen for sample B, which is also seen from the interfacial bonding in the TEM 

images that leads to higher flexural strength. Fig. 5.3 (a-d) shows the fracture surfaces of 

the composite samples after the flexural tests.  

 

 

Fig. 5.2. Flexural stress-strain relationships for various weight fractions of TiB2 
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Fig.5.3 Fractured surfaces of (a) Sample B  (b) Sample C (c) Sample D and (d) 

Sample E 

 

Overall, the fracture surfaces primarily feature particle detachment, matrix-particle 

decohesion and micropores. Samples B and C with a lower TiB content show some 

dimples, which is a typical characteristic of ductile fracture with some brittle cleavage.  

However, in samples D and E, a typical brittle cleavage fracture is observed with the 

reflective facets and river patterns. Sample E also shows particle-matrix decohesion, 

particle detachment and micro pores. It is known that the interface cohesion between the 

TiB and Ti matrix is strong, which is able to withstand large stress and improve the 

strength until around 5 wt.% of TiB2 reinforcement for the composites under 
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consideration. There was no pull-out of TiB whiskers noticed for samples B and C which 

also indicates a strong bonding between the TiB reinforcements and the Ti matrix at low 

TiB2 content. The cleavage planes and pull out of TiB needles are observed in the 

fractography of samples D and E. This leads to the lower values of the flexural strength. 

The recorded flexural strength for pure Ti is ~ 1420 MPa which increased to ~ 1554 and 

1541 MPa for samples B and C, respectively. This corresponds to an increase of 9.4% 

and 8.5%, respectively, for samples B and C compared to pure Ti without losing much 

ductility. This improvement is better than that previously achieved in the literature [160, 

176]. The flexural strength first increases with the addition of 2 wt.% TiB2 and 

subsequently decreases with the further addition of 5 wt.% TiB2 reinforcement. This 

indicates that the optimal concentration of TiB2 reinforcement needs to be between 2 and 

5 wt.% while processing these in situ composites for industrial applications. 

5.3.3 Impact test 

Charpy impact tests were performed for the developed composites and pure Ti, and the 

results are shown in Fig. 5.4. It can be observed from Fig. 5.4 that the absorbed impact 

energy of Ti is significantly reduced by the addition of TiB2 particles, and it continues to 

decrease with increasing content of the reinforcement particles. These results are in 

accordance with the three-point bending tests. The reduced impact energy with the weight 

fraction of the reinforcement is attributed to the brittleness of TiB and a less favourable 

TiB/Ti interface. 
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Fig. 5.4 Variation of impact energy with TiB2 concentrations for various composites 

 

However, it can be seen that the impact energy for sample B and sample C is still within 

the acceptable range with some ductility in it. It is worth noting that insufficient particle-

matrix bonding at a higher fraction of reinforcement may cause preferential directions for 

crack growth mechanism. This leads to lower impact energy in the samples with a higher 

weight fraction of reinforcement. The precipitation hardening itself also makes the 

material more brittle, which causes less plastic deformation. 

 

 



88 | P a g e  
 

5.4  Wear Test  

The wear characteristics of the developed composites were measured by measuring the 

wear volume loss and specific wear rate. Fig. 5.5 (a-b) shows the coefficient of friction 

(COF) values and wear volume loss for pure Ti and all the developed composite samples. 

An enhancement in the wear resistance with an increase in the weight fraction of TiB2 

reinforcement was observed. Furthermore, in comparison with pure Ti, the wear 

resistance of the in situ TiB/Ti composites was significantly improved due to the 

formation of strong in-situ TiB whiskers. To investigate the friction characteristics of the 

developed composites, the coefficient of friction (COF) values were calculated. The COF 

values at the beginning of the tests for samples A, B and C continued to fluctuate until it 

became stable. However, the trend exhibited by the COF values for samples D and E was 

different. It was found that the abrupt change in friction at the commencement of the tests 

resulted from the creation and removal of major load-bearing phases. However, samples 

D and E being much harder seemed to be able to prevent the removal of the reinforcement 

phases and thus provided a wear resistant surface. In comparison to pure Ti, the average 

value of COF decreases as the weight fraction of the reinforcement increases in the Ti 

matrix. This suggests that the wear resistance of these in situ composites is drastically 

improved with the formation of TiB whiskers. The specific wear rates for the developed 

composites are shown in Fig.5.6. The specific wear rate decreases with an increase in the 

concentration of hard in situ TiB whiskers. The wear rate of sample E was the lowest 

because of the highest (20 wt.%) TiB2 concentration. This composite had the highest 

hardness and hence reduced the surface wear most effectively [113, 177, 178]. 
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Fig. 5.5 (a) Variation of the coefficient of friction with time, and (b) Wear 

volume loss for the developed composites 

Furthermore, the wear track characterisation was conducted using the profilometry study. 

Fig.5.7 shows the profilometer images of the wear track for samples B and E to compare 

the composites with the lowest and highest concentration of the reinforcements. Fig.5.7 

(a-b) shows the different levels of surface roughness of the worn surfaces and their 
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roughness profile for samples B and E respectively. In 3-D topography, sample B 

displayed more damage on the surface and exhibited deep groves with high plastic 

deformation compared to the relatively smooth surface with shallow groves of sample E, 

which led to a decrease in wear rate. As the weight fraction (wt.%) of the reinforcement 

increased, the surface changed from a mild wear regime to a low wear regime. The values 

of the scratch depth and scratch height are also shown in Fig.5.7. These indicate that the 

scar width and height decreased with increasing reinforcement concentration. Moreover, 

the 2-D topography for sample B shows more wear width and more deformation in the 

wear track compared to sample E. 

In industrial applications, surface roughness is assumed to be an important parameter in 

combination with mechanical properties for the performance of many types of mechanical 

components [179]. However, although sample E shows better wear resistant properties 

than samples B and C, it has poor static and dynamic mechanical properties due to 

insufficient interfacial bonding of Ti and TiB. Industrial engineering materials require a 

combination of mechanical properties with sufficient ductility and wear resistance. This 

shows the developed in situ TiB/Ti composites with 2 to 5wt.% of TiB2 are promising 

candidates for industrial applications.  
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Fig. 5.6 Specific wear rate with a weight fraction of the reinforcement for 

developed composites 
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Fig. 5.7 Profilometer topography images of wear track for (a) Sample B- Ti 2 

wt.% TiB2 (2D and 3D) and (b) Sample E Sample B- Ti 20 wt.% TiB2 (2D and 

3D) 

 

5.5 Summary  

This chapter investigated the static and dynamic mechanical properties of the developed 

composites by conventional press and sinter route. A reasonably good correlation was 

found between the concentration of reinforcement and mechanical properties in relation 

to the interfacial bonding. The high tensile and flexural strength originates from the good 

bond quality with a high interface strength between the reinforcement and the matrix at 

the lower weight fractions of the reinforcement. However, an optimum concentration 

range of TiB2 was determined in this work that dictates the balance of mechanical 

properties that could be achieved. It was found that the content of TiB2 should not exceed 

5 wt. %, as a high content leads to excessive porosity and cracking of the sintered material. 

It is recommended that the optimal range of TiB2 content is 2 to 5 wt. % to develop 

strengthened composites for engineering applications.  
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Chapter 6 
 

Decomposition of Si3N4 in titanium and 

processing of Ti-Si3N4 composites  
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6.1 Introduction 

Silicon Nitride (Si3N4) owns an excellent combination of mechanical, thermal and 

chemical properties [161]. This has made Si3N4 suitable for a number of applications, 

especially where high wear resistance under various operating conditions are desired. The 

phenomenon of decomposition of silicon nitride in the titanium matrix was not well 

understood with often contradictory reasons proposed in previous literature. This has been 

discussed in detail in the literature review chapter. This chapter is aimed to study the 

decomposition behaviour of Si3N4 in the titanium matrix. An effort has been made to 

answer some research questions on the growth of in-situ phases during the development 

of Ti/Si3N4 composites. Microstructural analysis has been carried out in detail, and the 

optimal concentration has been judged to develop these composites for practical 

applications. This chapter has been extracted from the publication (ref [163]). 

6.2 Sample preparation and experimental methodology 

Five different weight fractions (1, 1.5, 2, 2.5 and 5) of Si3N4 particles were chosen and 

added to the raw Ti powder mixtures accordingly. These green compacts were 

subsequently sintered in a vacuum furnace (vacuum level: ~ 1x 10-2 Pa) at different 

sintering temperatures for various holding times followed by a relatively fast furnace 

cooling. Table 6.1 summarises the pre-designed samples under various sintering 

conditions. 
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Table 6.1. Pre-designed samples with sintering conditions 

 

For physical property testing and phase constituent identification, circular samples of 

diameter 20 mm were prepared. The attendant density of the sintered samples was 

measured by the Archimedes water immersion method as specified in the ASTM B962-

17 standard. Phase identification was performed using X-ray diffraction (XRD, Bruker 

D2 Phaser). The radiations used were Cu Kα (λ=1.542A°) with a scan speed of 5°/min. 

The metallographic samples were polished and etched to image the cross-section 

microstructure. The microstructure was characterised using an XL30 scanning electron 

microscope equipped with an energy dispersive X-ray spectrometer (EDS).  

6.3 Results and Discussion 

6.3.1 XRD Analysis 

Fig.6.1 shows the XRD diffraction patterns for the raw Si3N4 powder and green samples. 

The as-sourced Si3N4 powder is a mixture of both α and β Si3N4. In the green samples, 

other than that containing 5 wt.% of Si3N4, no noticeable peaks of Si3N4 were detected 

due to the low fractions of Si3N4 and detection limitations of the lab XRD. 

Batch Sintering Condition Reinforcement wt.% 

Batch 1 1200 C, 2 hrs   1, 1.5, 2, 2.5, 5  

Batch 2 1200 °C, 3 hrs   1, 1.5, 2, 2.5, 5  

Batch 3  1300 °C, 2 hrs   1, 1.5, 2, 2.5, 5  

Batch 4 1300 °C, 3 hrs   1. 1.5, 2, 2.5, 5  
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Fig. 6.1 XRD graph for green samples 

Fig. 6.2 (a-b) shows the XRD patterns for Batch 3 and Batch 4 composite samples. For 

comparison purposes, a sintered pure Ti sample is also included in Fig. 6.2.  In contrast 

to the green sample containing 5 wt.% Si3N4, the sintered samples do not reveal any 

significant peaks associated with Si3N4. Instead, Ti5Si3 phase (space group: P63/mmc, a 

=0.74610 nm and c =0.51508 nm) is present, suggesting that Si3N4 reinforcement may 

have been consumed during sintering [180]. The formation of Ti5Si3 is due to the in situ 

reaction (5Ti +3Si ⇌ Ti5Si3) between Ti and Si at higher temperatures and is well 

explained in the previous literature [165, 181, 182]. For example, Zhang et al. [165] used 

a Ti-5 wt.%Si mixture to develop in situ Ti5Si3 particles and claimed no other phases were 

formed. Bernert et al. [182] carried out a high-temperature self-propagating exothermic 

reaction of Ti with Si to understand the syntheses of Ti5Si3. Jiao et al. [181] studied the 

hot reaction pressing of Ti/Si powders at 1200 °C to synthesize Ti5Si3 in the Ti matrix. 
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According to these previous reports, it is conceivable that sintering temperature does not 

affect the formation of Ti5Si3. Indeed, the selected sintering temperature in this study did 

not have any significant effect on the formation of Ti5Si3. On the other hand, holding time 

does impact the completion of the in situ reaction, thereby the formation of Ti5Si3 phase, 

Fig. 6.2 (b).  Batch 4 samples, which were kept for three hrs in the furnace compared to 

two hrs for Batch 3 samples at 1300 °C, show higher intensities of Ti5Si3 peaks (a similar 

observation was made for Batch 1 and Batch 2 samples).  In other words, increasing the 

holding time provides more time for the reaction to be completed.  
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Fig.6.2 XRD patterns for (a) Batch 3 sintered at 1300 °C for 2 hrs (b) Batch 4 

composite samples 1300 °C for 3 hrs. No other impurity peaks such as 

Ti oxides were detected 

The shifting of XRD peaks in the case of sintered samples is another indication of 

decomposition of Si3N4 in the Ti matrix. The shifting could be due to the formation of 

new in situ Ti5Si3 phase formation and solid solution effect. The released nitrogen from 

Si3N4 dissolution will form a solid solution with Ti, as can be seen from the Ti-N phase 

diagram. Up to 2.5 wt.% nitrogen is soluble in α-Ti. Given the maximum amount of 

nitrogen in the developed composites is 2 wt. % (in the case of 5 wt.% Si3N4 reinforced 

composite), the solid solution is likely to occur.  

6.3.2 Microstructure and phase analysis 

Fig. 6.3 (a) shows the SEM image including elemental mapping for the 1 wt.% Si3N4 

Batch 4 sample. It can be seen from Fig.6.3 (a) that there is no significant phase formation 
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at this concentration. Elemental mapping reveals that both Si and N are homogeneously 

distributed within the Ti matrix.                     

 

Fig. 6.3 (a) SEM image and(b-d) Elemental mapping for Ti- 1wt.% Si3N4 

composite for Batch 4 sintered at 1300 °C for 3 hrs 

A formation of white phase/particles is visible at grain boundaries, Fig 6.3 (a). EDS 

analysis reveals that these are likely silicon-rich Ti phases, Fig.6.4. Given silicon is 

considered a β-Ti stabilizer [183] and the solubility of silicon in β-Ti is around 2 wt.%, 

these white phases at the grain boundaries are possibly retained β-Ti phase. It is worth 

noting that the cooling rates during sintering were not controllable and the cooling was 

fairly fast, further aiding the formation of retained β-Ti phase. The Si dissolution in the 
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Ti matrix increases the sinterability of the composites and hence makes it denser. A 

similar observation of the formation of minute retained β-Ti phase at the grain boundaries 

was made in all batches. TEM analysis is needed to further confirm the existence of β-Ti 

phase. 

 

Fig.6.4 EDS analysis for Ti-1 wt.% Si3N4 composites for Batch 4 sintered at 1300 

°C for 3 hrs 

 

Fig.6.5 (a-d) shows the SEM images for Ti-2.5 wt.% Si3N4 composite samples of all the 

batches respectively. The sample shows additional phases having different morphologies 

have formed at the grain boundaries. These phases form either a continuous or quasi-

continuous network-shaped microstructure at the grain boundaries. Moreover, localised 

pores are also noticeable around these phases. Fig. 6.6 shows the EDS analysis for the Ti-

2.5 wt.% Si3N4 composite sample (Batch 4) only. Point 1 shown in the EDS analysis is 

taken on one of the white phases, which suggests approximately 13.5 wt.% of silicon. 

Ti3Si phase indeed shows the same weight percentage of Si, and therefore the possibility 

of formation of the Ti3Si phase at this concentration cannot be ruled out. However, the 

stability of the Ti3Si phase is an on-going topic of discussion in the recent literature [184]. 

The differences found in the previous reports on the occurrence of the Ti3Si in the Ti-Si 
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and Ti-X-Si phase diagrams might be explained by the existence of interstitial 

contamination. The existence of interstitials encourages the stability of the Ti3Si phase 

[185, 186]. Ramos et al. performed heat treatment on Ti-13.5Si and Ti-25Si alloys and 

concluded that there was no significant microstructural modifications observed in the Ti-

25Si alloy heat-treated at 1100 °C. However, for the Ti-13.5Si alloys, the formation of 

Ti3Si was not observed at 1000 °C, but a large amount of Ti3Si was found at 1100 °C, 

confirming its presence in Ti-Si alloys containing low interstitial contents [187].  It is 

worth mentioning that most experimental works on the Ti-Si and Ti-Si-X systems did not 

perform a quantitative analysis of the phases developed. In addition, the formation of 

other metastable phases was also observed at this concentration of Si3N4 in Ti. It is noted 

that these phases contain different weight percentages of Si ranging from 7 wt. % to 10 

wt. %. These metastable phases start forming in the Ti-2 wt. % Si3N4 samples and can 

also be seen in the Ti-2.5wt. % Si3N4 samples for all the batches. These phases highlight 

the possibility of an incomplete reaction between Ti and Si. The formation of localised 

porosity around these phases may also be contributed by this incomplete reaction. 

Overall, the size of the micro-voids is small, i.e. approximately 1-2 µm. Nevertheless, the 

samples have achieved good sintered density. It should be noted that the possibility of a 

complex ternary phase system such as TixSiyOz could not be ruled out either. It is implied 

that the presence of these micro-voids and metastable phases around grain boundaries 

may result in grain boundary embrittlement.  
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Fig.6.5 SEM images for Ti-2.5 wt.% composites (a) Batch 1 sintered at 1200 °C for 

2 hrs (b) Batch 2 sintered at 1200 °C for 3 hrs (c) Batch 3 sintered at 1300 °C for 2 

hrs (d) Batch 4 sintered at 1300 °C for 3 hrs 

 

 

Fig. 6.6 EDS Analysis for Ti-2.5 wt.% Si3N4 Batch 4 samples sintered at 1300 °C 

for 3 hrs 
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According to the current Ti–Si phase diagram, the peritectoid reaction temperature of 

βTi+Ti5Si3↔Ti3Si should occur at 1170 °C [188]. However, Zhang et al. [165] did not 

observe the formation of Ti3Si during the fabrication of these composites. Nevertheless, 

in our case, the formation of Ti3Si or other metastable phases cannot be ruled out as 

confirmed by our EDS results.However, the existence of  Ti3Si needs further confirmation 

and is still a topic of debate.  Figure 6.7 (a-b) shows SEM images of Ti-5 wt.% Si3N4 

composite samples for Batch 2 and Batch 4 which were sintered at 1200 °C for 3 hrs and 

1300 °C for 3 hrs, respectively. Figure 6.8 shows the EDS mapping analysis for (Batch-

4) Ti-5 wt.% Si3N4 composite sample only.  

  

Fig. 6.7 SEM image for Ti-5 wt.% Si3N4   composites (a) Batch 2 sintered at 1200 

°C for 3 hrs (b) Batch 4 sintered at 1300 °C for 3 hrs 

The EDS analyses (Figs. 6.8 and Fig. 6.9) suggest the presence of the Ti5Si3 phase. 

Theoretically, the Ti5Si3 phase contains 26 wt.% Si, and the EDS analysis shows almost 

the same wt.% Si (Fig. 6.9), further validating the XRD result. The increase in 

concentration from 2.5 wt.% to 5 wt.% of Si3N4 in Ti provides enough Si to develop the 

prominent Ti5Si3 phase in the composite, but the formation of these phases also depends 

on the sintering temperature and holding time in particular. The average size of 
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Ti5Si3 particles for the Batch 2 composites was about 2-3 µm at a sintering temperature 

of 1200 °C, which increased to about 4-5 µm when sintered at 1300 °C for the same 

holding time of three hrs. It is speculated that Si diffuses into the Ti matrix at sintering 

temperature and upon cooling Ti5Si3 precipitates from saturated Ti matrix. [181]. 

 

Fig.6.8 (a) SEM image and(b-d) Elemental mapping for Ti- 5 wt.% Si3N4 

composite for Batch 4 sample sintered at 1300 °C for 3 hrs 
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Fig.6.9 EDS analysis for Ti-5wt.% Si3N4 composites for Batch 4 composite sintered 

at 1300 °C for 3 hrs 

It is interesting to note that two different kinds of morphologies of Ti5Si3 particles have 

been observed in our samples. The formation of plate type particles at the grain 

boundaries is more dominant than the round shaped particles. This is possibly due to a 

quicker reaction between Ti and silicon taking place at the grain boundaries than inside 

the Ti lattice. The dispersion of N can also be seen clearly from the elemental mapping in 

Fig. 6.8. It is worth noting that the 5 wt. % Si3N4 /Ti composite sample contains   ~2 wt.% 

nitrogen (theoretical value). Some TiN formation, therefore, cannot be overruled. 

However, both XRD and EDS results did not show any such phase. It is fair to assume 

that the formation of the stable phase Ti5Si3 would significantly enhance the hardness and 

therefore, wear properties. 

6.4 Summary 

The role of Si3N4 as a potential reinforcement for titanium composites was evaluated in 

this chapter. The in situ reactions and phases were thoroughly studied with different 

compositions of Si3N4 and different sintering profiles. It was found that Si3N4 completely 

decomposes during sintering resulting in the formation of different in situ phases 

depending on the concentrations of Si3N4. At low concentrations of Si3N4 (≤1 wt. %), 



106 | P a g e  
 

only silicon and nitrogen solid solution strengthening is observed. As the concentration 

of Si3N4 is increased in the titanium matrix, an additional effect of precipitation hardening 

occurs with the formation of new in situ phases. However, up to a Si3N4 concentration of 

2.5 wt. %, the in situ phases are either metastable or a multi-component phase, such as 

TixSiyOz, and are located at grain boundaries resulting in grain boundary hardening. A 

further increase in Si3N4 concentration (up to 5 wt.%) into the Ti matrix results in the 

formation of a stable Ti5Si3 phase, depending on the sintering parameters, specifically 

holding time.
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Chapter 7 
 

Analysis of mechanical and wear 

properties of Ti-Si3N4 composites 
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Singh, H; Hayat,M; Zhang, H and Cao,P; 2019, The decomposition of Si3N4 in titanium 

and its effect on wear properties. Wear, vol.420-421, pp.87-95. 
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7.1 Introduction 

This chapter has been extracted from the publication (ref [163]). This chapter summarises 

the physical and mechanical properties of Ti/Si3N4 composites developed by the press 

and sinter technique.  The effect of formation of in situ phases on the mechanical and 

tribological properties are examined in detail. The optimal concentration of Si3N4 is 

judged for the formation of Ti/Si3N4 composites for practical applications.  

7.2 Experimental Procedures 

Micro-hardness of the samples was measured with a Vickers hardness tester at a load of 

1 kgf for a dwell time of 10 seconds. At least five readings were taken for each sample, 

and the average values were reported. The sliding wear tests were executed on a ball-on-

plate configuration, using a linear reciprocating tribometer. These tests were conducted 

at ambient environment at a constant frequency of 5 Hz for 16 min 40 sec under 25 N 

according to the ASTM G133 standard. In the wear test setting, our composite materials 

were used as the plate (flat specimen), while the counterpart specimen was a 6 mm 

diameter bearing steel ball with a mirror finish surface. The test was carried out under 

unlubricated conditions. These parameters were selected to cover the sliding distance of 

~100 m. The wear characteristics of the composites were measured by calculating the 

percentage weight loss and specific wear rate [189].  To further reveal the differences in 

the wear response, the wear tracks and the subsurface regions of the wear tracks were 

further studied using a SEM. 
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7.3 Results and discussion 

7.3.1 Density and hardness 

The relative density data reveals that all the samples from all batches were well sintered 

with a density > 97 %. Due to the lowest sintering temperature and time, Batch 1 samples 

ought to have the lowest relative density data among all the batches. For the Batch 1 pure 

Ti sample, the as recorded relative density is 97.5 %, which increases to ~ 99% for 5 

wt.%. The same trend is observed for each batch. As the wt.% of reinforcement increases, 

the amount of released silicon increases in the samples due to the decomposition of Si3N4. 

As mentioned before, the solubility of silicon in Ti improves its sinterability; therefore, 

the developed composites show higher sintered density compared to pure Ti samples. 

Fig.7.1 shows the microhardness plot for all the developed Si3N4 /Ti composites. 

 

Fig.7.1 Variation in microhardness with respect to wt.% of reinforcement   

The microhardness values increase with increasing content of Si3N4 in the Ti matrix (Fig. 

7.1). At lower concentrations of reinforcement (≤ 1wt.%) the main strengthening 
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mechanism is due to nitrogen and silicon solid solutioning, which also aids the 

densification process during sintering. As the wt.% of Si3N4 increases, in addition to the 

solid solution effect of silicon and nitrogen, some major Ti/Si in situ phases are forming 

during sintering. The hardness, therefore, further increases due to the precipitation 

hardening of these in situ phases. Similar to observations made in the SEM and XRD 

analyses, sintering conditions play a significant role in the properties of Ti/ Si3N4 

composites. Evidently, hardness value sharply increases for composites containing ≥ 2.0 

wt.% of Si3N4 reinforcement when sintered at 1300 °C for 3 hrs. This sharp increase is 

possibly due to the more time provided for the in situ reaction to occur and form the Ti5Si3 

phase, which was also evident from the XRD results with higher peak intensity. 

Interestingly, no such behaviour is observed for a sintering temperature of 1200 °C. 

Moreover, sintering at 1300 °C for 2 hrs marginally increased the hardness values 

implying that proper selection of both sintering temperature and time is key to achieving 

good hardness in the case of Si3N4 reinforced Ti composites. The highest average 

hardness value, 949 HV1, was obtained for the Batch 4 composite with 5 wt.% 

reinforcement, which is 110.89% more in comparison to pure Ti for the same Batch and 

26.08% more in comparison to the 5wt.% composite sample for the Batch 1 sample. The 

achieved hardness values are higher than the values reported by Zhang et al. [165] for Ti-

in situ Ti5Si3 composites which were 565HV1and 617HV1 for the samples prepared at 

1100 °C and 1200 °C, respectively. Hence, the proper selection of sintering parameters is 

crucial for the success of this composite system.  

7.3.2 Flexural test 

However, the formation of some metastable phases around grain boundaries and the 

brittle nature of the Ti5Si3 phase would hamper the overall mechanical properties, as was 
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confirmed by the flexural testing result (Fig.7.2). Moreover, the striking brittle nature of 

the 5 wt.% Si3N4 /Ti composite also suggests an extremely coherent and compatible in 

situ Ti5Si3/Ti interface, which would result in excellent hardness and wear resistance. 

 

 

Fig. 7.2 Flexural stress vs strain curves for selected Batch 4 composite 

sintered at 1300 °C for 3 hrs  

 

Therefore, the proper selection of the Si3N4 weight fraction and sintering parameters is 

critical to the success of Si3N4 reinforced Ti composite. In a nutshell, it is worth noting 

that the lower concentration of Si3N4 in the Ti matrix predominantly shows solid solution 

strengthening and as the concentration increases to 5 wt.%, precipitation hardening could 

be the prevalent mechanism in addition to solid solution strengthening.  
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7.3.3  Wear test  

Fig. 7.3 shows the graph for the percentage weight loss for all the developed composites. 

As expected, the percentage wt. loss decreases with increase in the content of 

reinforcement in the matrix. Batch 4 composite samples having the highest sintered 

density and hardness showed minimum percentage weight loss during the wear analysis.  

 

Fig.7.3 Percentage weight loss for all composite batches 

The specific wear rate of the studied composite samples is shown in Fig.7.4. The specific 

wear rate also decreases with increase in reinforcement content in the Ti matrix [76, 190]. 

The wear resistance of the as developed composite is drastically improved compared to 

pure Ti, Fig. 7.4. It can be seen that with just an addition of 1wt.% Si3N4 into pure Ti, a 

significant decrease in the specific wear rate is achievable. Comparison between the 

batches shows that Batch 4 has the best wear resistance properties of all batches.  
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Fig.7.4 Specific Wear Rate for all composite batches 

The specific wear rate of a composite system depends on density, hardness and type and 

the weight percent of reinforcement used. The interfacial strength between matrix and 

reinforcement also plays an important role in determining wear properties [191, 192]. As 

the hardness increases with the increase in the concentration of Si3N4 in the Ti matrix, the 

wear rate inadvertently decreases. The hard in situ phases, particularly the Ti5Si3 phase, 

acts as a major load-bearing phase at a higher concentration of the Si3N4 /Ti composite. 

The wear rate of the Batch 4-Ti-5wt.% Si3N4 composite sample is, therefore, the lowest 

because of its higher content of in situ Ti5Si3 phase and high hardness. To characterise 

and understand the underlying wear mechanism, SEM of wear tracks of Batch 4 samples 

2.5 wt.% Si3N4 /Ti, and 5 wt.% Si3N4/Ti, are presented (Fig. 7.5). It can be seen from Fig. 
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7.5(b) that the wear track width for the Ti-5 wt.% Si3N4 sample is much smaller (1.40 

mm) (Fig. 7.5 (a)) compared to the Ti-2.5 wt.% Si3N4 sample (1.71 mm) further validating 

the Figs. 7.4 and 7.5 results. The higher magnifications SEM images are also shown in 

Fig. 7.5 (c, d) for the same samples.  

  

  

Fig.7.5 Wear Track (a) Ti-2.5wt.% Si3N4 composites (b) Ti-5 wt.% Si3N4 

composites; Higher magnification SEM images (c) Ti-2.5wt.% Si3N4 composites 

(d) Ti-5 wt.% Si3N4 composites for Batch 4 composites sintered at 1300 °C for 3 

hrs 

 

In comparison with the Ti-5 wt. % Si3N4 composite sample (Fig. 7.5 d), the Ti-2.5 wt.% 

Si3N4 sample (Fig. 7.5 c) features large scratches with a rough and delaminated wear track 
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surface. On the other hand, the Ti-5 wt. % Si3N4 composite sample shows a relatively flat 

track. The specimen’s worn surface morphology indicates delamination as the main wear 

mechanism. It can also be seen that the Ti-2.5 wt.% Si3N4 sample shows more wear debris 

on the track compared to the Ti-5 wt.% Si3N4 composite sample reconfirming the higher 

amount of % wt. loss for the Ti-2.5 wt.% Si3N4 sample. Hence, this shows that in situ 

Ti5Si3 particles with higher hardness can reduce the wear rates and increase the wear 

resistance due to the scraping of the ball and reducing the direct load on the soft Ti matrix. 

From the cross-section and the chemical components of the worn surface as shown in 

Fig.7.6, it can be seen that an oxide layer was formed on the surface of these composites 

during tribological testing. It is worth noting that this oxide layer was observed on wear 

tracks  for all the composite samples. 

 

Fig.7.6 Chemical component of the wear track 

It is conceivable that the formation of the oxide layer could affect the friction coefficient 

and the principal wear mechanism. Additionally, the oxide layer can protect the surface 

of the composites, further improving the wear resistance. Compared to the reported 
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literature, the above results clearly show improvement in wear properties of these 

composite materials developed in this study. The achieved weight loss in our study shows 

improvement compared to the work done by Alman et al.[76]. Moreover, the hardness 

and wear properties obtained here show significant improvement compared to other 

commonly studied Ti composites such as Ti-TiB and Ti-TiC systems [76, 113, 167, 177].  

Since sintering temperature and time are critical factors determining the Si3N4 reaction 

with Ti, new technologies that enable fast sintering such as additive manufacturing, 

electric field assisted sintering or spark plasma sintering may be able to preserve Si3N4 

particles inside the Ti matrix. In such cases, it will be interesting to investigate how the 

unreacted Si3N4 affects the developed Ti-Si3N4 composites.  

7.4 Summary  

This chapter aimed at determining Ti-Si3N4 composites as potential candidates for 

industrial applications.  During our analysis, these composites showed an acceptable level 

of strength with good wear resistance properties. The highest average hardness value of 

949 HV1 was recorded for the 5 wt.% Si3N4 reinforced Ti composite. However, strength 

and ductility were adversely affected as Si3N4 wt.% was increased above 1 wt.%. 

Therefore, for practical applications, it is recommended that no more than 1wt.% of Si3N4 

reinforcement should be used in the Ti matrix in order to achieve good wear properties at 

acceptable levels of strength.   
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Chapter 8 

 

Phase transformation studies by neutron 

diffraction 
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diffraction observations of Ti-TiB composites, Composites Part A: Applied 

Science and Manufacturing, 124 (2019) 105501. 
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8.1 Introduction 

The mechanical properties of metallic materials are largely determined by their 

microstructure, in particular, depending on the phase composition and distribution as well 

as the deformation behaviour. From past several decades X-ray powder diffraction (XRD) 

has been recognised as a versatile tool for manifold applications in the field of materials 

engineering to determine phase composition [193]. It is a well-known rapid analytical 

method for scientific characterisation of materials. Contrary to X-rays, which interact 

primarily with the electron cloud surrounding each atom of a given material, neutron 

diffraction works with the scattering of neutrons occurring at the atom nuclei, thus 

providing additional information not accessible with X-rays. Material behaviour can be 

studied at room temperature and at elevated temperatures to determine the in situ phase 

transformations. Several advantages such as extraordinary penetration, good averaging 

over a large volume in grain statistics and different atomic contrasts that allow studying 

of order-disorder transitions make the neutron diffraction technique an important tool to 

characterise materials. Neutrons are generated either from a nuclear reactor or from an 

accelerator based source and can be detected either by gas detectors or scintillator 

detectors. The neutron flux generated by a nuclear reactor is invariable with time and 

covers a comprehensive range of neutron wavelengths. Thus, to perform a neutron 

diffraction experiment, it is essential to have a monochromatic neutron beam from a 

reactor [194]. This allows coverage of a narrow series of neutron wavelengths. When the 

sample is placed in a beam of neutrons, some of the neutrons are removed from the 

transmitted beam due to scattering.  The two interactions which give rise to this scattering 

are (i) the nuclear forces between the neutron and nuclei of the sample; (ii) the second 

interactions is between the magnetic moment of the neutron and unpaired electrons of 
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magnetic ions in the sample.  Fig. 8.1 shows a schematic of the neutron diffraction 

principle.  

This chapter aims to study the reaction mechanism and analyses the development of in-

situ phases developed during heat treating of both (a) in situ TiB/Ti extracted from ( 

ref.[195]) and (b) Ti-Si3N4 composite systems by the neutron diffraction technique. An 

effort has been made to identify the several in situ phases developing during the successful 

development of these composite materials.  

8.2 In-situ phase transformation during the development of in situ TiB/Ti composites 

8.2.1 Background 

The TiB reinforcement grows into a needle shape with a high aspect ratio, thus improving 

stiffness, strength and creep resistance. In the past, numerous attempts [108, 157, 196] 

have been made to study the growth mechanism of TiB in the composite system. Lu et al. 

[55] studied the growth mechanism and solidification of in situ TiB in the Ti matrix

prepared by a casting technique. The authors studied the growth mechanism using 

Fig. 8.1 Principle for neutron diffraction technique [193] 
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microstructural characterisation techniques. Attar et al. [197] studied the development of 

Ti-TiB composites prepared by different routes. The authors studied the development of 

these composites at different sintering temperatures to reveal the optimal temperature for 

sintering. Similarly, Feng et al. [176] studied the development of Ti in situ TiB 

composites developed via spark plasma sintering. The growth mechanism of TiB was 

studied using ex-situ XRD and was carried out at certain temperatures only. The authors 

claimed that the reaction between Ti and TiB2 occurred during sintering from 800 °C to 

1200 °C. However, a clear understanding of the evolution of TiB from TiB2 is missing 

from the study.  It is worth noting that ex situ powder diffraction was used in all of the 

above studies. Although, numerous studies have been carried out on these in-situ TiB 

composites [114, 149, 167, 178, 198], the undergoing formation of TiB from TiB2 at 

different temperatures needs further study using the in situ diffraction technique. The 

relevant reaction occurring is 𝑇𝑖 + 𝑇𝑖𝐵2 → 2𝑇𝑖𝐵 but the underlying mechanisms for this 

formation of TiB have still not been studied. Several mechanisms have been proposed for 

the conversion of the boron precursor into TiB, for example, the Gibbs-Thomson effect 

and germination/growth [157, 172], but none of them has yet gained a consensus. The 

crystallographic data for the possible boride phases are listed in Table 1 [199].  
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Table 8.1. Structure type, space group, lattice parameters, Wyckoff positions and 

fractional atom coordinates for the TiB (B27 and  Bf), Ti3B4 and TiB2 structures [4]; 

the lattice parameters for the Bf structure were determined from the lattice 

parameters of TaB [199].  

 

Structure  Space 

group 

Unit cell 

(nm) 

Atom Fractional coordinates 

TiB 

(B27) 

Pnma 

 

a= 0.611 

b= 0.305 

c= 0.456 

Ti (4c) 

B(4c) 

0.177 

0.029 

0.250 

0.250 

0.123 

0.603 

TiB 

(Bf) 

Cmcm 

 

a= 0.323 

b= 0.856 

c= 0.305 

Ti (4c) 

B(4c) 

0.000 

0.000 

0.146 

0.440 

0.250 

0.250 

Ti3B4 

(D7b) 

Immm a= 0.326 

b= 1.373 

c=0.304 

Ti (2c) 

Ti (4g) 

B (4g) 

B (4h) 

0.500 

0.000 

0.000 

0.000 

0.500 

0.180 

0.375 

0.444 

0.000 

0.000 

0.000 

0.500 

TiB2 

(C32) 

P6/mmm a= 0.303 

c= 0.323 

Ti (1a) 

B(2d) 

0.000 

0.333 

0.000 

0.666 

0.000 

0.500 

 

The existence of the metastable phase Bf has been the subject of substantial debate [170, 

200, 201]. In this work we have been able to characterise the in situ transition of the 

reinforcement from TiB2 to TiB during high-temperature treatment using the neutron 

diffraction technique. This will help clarify the existence of several boride phases.  
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8.2.2 Sample preparation and experimental procedure 

The pre-sintered compacts, Ti-2, 5, 10 and 20 wt. % of TiB2, prepared by the press and 

sinter route were used for these experiments.  The in situ measurement was carried out on 

the WOMBAT diffractometer at the Australian Nuclear Science and Technology 

Organisation (ANSTO). The samples were hanged through the molybdenum (Mo) wire. 

The heating procedure was conducted in a high-temperature vacuum furnace (1600 °C 

ILL-type vacuum furnace). A linear heating ramp rate of 20 °C/min was used when the 

temperature was ≤ 550 °C and 5 °C/min from 550 °C to 1300 °C. The compacts were 

sintered for 3 h at 1300 °C, followed by quick furnace cooling. During heating and 

cooling, a C-type thermocouple was placed right above the samples in order to monitor 

and control temperature. The data was collected every minute during heating and cooling.  

8.2.3 Results  

Fig. 8.2 shows the in situ neutron diffraction plot for the Ti-2 wt. % TiB2 composite as a 

function of heating time. The green and red lines on the blue background in Fig. 

8.2 represent the formed phases. The plot is drawn with the (2θ) on the abscissa and 

heating time on the ordinate. The colour lines denote their corresponding peak intensity. 

The present work is focused on the phase transition during sintering up to 1300 °C and 

then cooling down to ∼200 °C. The starting pre-sintered samples was confirmed with α-

Ti, TiB2 and Molybdenum (Mo) phases. The Mo peaks are noted because Mo wires were 

used to hold the samples in the instrument. At the isothermal holding stage (i.e., at 1300 

°C), both the α-Ti and TiB2 phases disappear entirely, and β-Ti and TiB phases are 

formed.  For a clear view, the details and the exact temperatures at which the phase 

transition occurs, a series of characteristic neutron diffraction patterns were selected from 
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the 2-D plot for both the heating and cooling cycles and drawn with traditional diffraction 

patterns in order to reveal the phase evolution at representative temperatures.   

 

 

 

Fig. 8.2 Neutron diffraction patterns as a function of time while temperature ramps 

for pre-sintered Ti- 2 wt. % TiB2 compact 

 

Fig. 8.3 shows the neutron diffraction pattern for the heating cycle up to 1300 °C at 

different temperatures. The phases observed and the peak positions with indexing of 

peaks are also shown in Fig. 8.3. It is clear from the diffraction pattern that the pre-

sintered compacts (at 550 °C) does not show any formation of the TiB phase and the 

peaks are indexed to raw materials only. The neutron diffraction pattern at different 

temperatures reveals that the reaction between the TiB2 and the Ti matrix begins at 

approximately 830 °C. It is noted that with the further increase in temperature, new peaks 

of the TiB phase appear which confirms the reaction between Ti and TiB2 is still ongoing 

till 1157 °C. Moreover, the peaks of the TiB2 phase completely vanish at this temperature. 

It is also worth noting that the reaction did not produce any metastable phase with the 

pure Ti as a matrix. Fig. 8.3 also reveals that the matrix transformation is also taking place 
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with the heating profile. The α-Ti to β-Ti starts around 887  °C which is known to be the 

transition temperature for Ti.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8.3 Neutron diffraction patterns at different temperatures to reveal the phase 

transformations 

Fig. 8.4 shows the diffraction pattern for different temperatures during the cooling of the 

sample. It is noticed that while cooling, the β-Ti starts transforming back to α-Ti at 

approximately around 885 °C. With further cooling, the peaks of α-Ti get stronger, and 

the complete transformation takes place around 640 °C. No other transformations were 

noticed during the cooling cycle. The final phases after cooling were comprised of α-Ti 

and TiB which confirms the complete transformation. It was also confirmed that the final 

sintered sample did not contain any unwanted phases.  
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Fig.8.4 Neutron 2-d diffraction patterns for cooling cycle 

8.2.4 Mechanism and discussion 

The pre-sintered sample at 550 °C shows the peaks of the raw materials, i.e. α-Ti and 

TiB2, and Mo from the hanging wire. No other borides were detected, and the amount of 

TiB2 corresponds to the initial weight fraction introduced during the preparation of the 

composite. No β phase (space group: Im-3 m) could be identified at this stage. The 

reaction between the Ti matrix and TiB2 starts around 830 °C with the emergence of a 

peak (111) peak of TiB around 2θ=62.14°.  The emergence of this first peak of TiB phase 

confirms the onset of the reaction between Ti and TiB2. Many authors have studied this 

composite system, but the onset temperature for this reaction has not been identified 

previously [149, 157, 197]. For example in a recent publication from Cao et al.[202], the 
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authors synthesized TiB/Ti6Al4V composites reinforced with nano TiB through SPS and 

studied the development of these composites with increasing sintering temperature from 

1173 K to 1473 K, but the mechanism and onset temperatures were not clear. Similarly, 

Kumar et al. [114] processed these composites by different sintering processes but 

observed TiB2 particles leftover after sintering around 1100 °C during the SPS technique 

which confirms the incomplete reaction and backs our study to define the temperature for 

complete reaction. Fig. 8.3 also reveals that the matrix transformation is also taking place 

with the heating profile. Further increasing temperature to 885 °C, the Ti matrix starts 

transforming from α-Ti to β-Ti. The peaks of β-Ti are mostly overlapped with other peaks, 

but one of the independent peaks (200) can be seen emerging at this temperature. The 

peak intensity of the Ti-β phase increases with the increasing temperature. It was also 

seen that the major peaks of the TiB phase emerge mostly in the presence of the α-Ti 

matrix. With the complete transformation of α-Ti to β-Ti the development of TiB stablises 

with a minor increase in intensity. It could be emphasised that the TiB-B27 phase 

develops faster in the α-Ti environment in the matrix. This may be related to the rate of 

diffusion of boron atoms in the α-Ti and β-Ti phases [176]. Moreover, it was noticed that 

the final sintered composites did not reveal any peaks of β-Ti. New peaks of the TiB phase 

(101) appear at 1096 °C. On further increase in temperature, at 1157 °C, two new peaks 

(112) and (401) of the TiB phase appear showing that the reaction is still ongoing. These 

peaks get stronger with a further increase in temperature up to 1300 °C which is the 

optimal sintering temperature according to our study. Previously, the authors commented 

on the optimal sintering temperature to develop these in situ composites successfully 

without any concrete evidence like Attar et al. [173] in their previous study claimed that 

the reaction between Ti and TiB2 occurs between 800 °C and 1100 °C. However, it is 
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clear from our study that at 1157 °C, peaks of TiB phase appear which contradicts 1100 

°C as the optimal sintering temperatures for these composites. No new peaks were 

observed after 1157 °C. The peaks of the TiB2 phase completely vanished at this 

temperature. However, holding these composites at 1300 °C did not show any significant 

changes in the phase peaks. This clearly states that the transformation from TiB2 to TiB 

is independent of holding time. It was also noticed that any undesirable or impurity phases 

were not detected during the whole transformation. At higher temperatures after 1157 °C, 

the TiB phase emerges completely while the TiB2 phase disappears. It is considered that 

solubility of B in Ti is limited and therefore the free boron reacts with the matrix to form 

TiB needles at the interface between the TiB2 and the matrix [203]. The mechanism 

behind the needle formation was explained previously with the help of microstructure 

evolution using TEM. It is also worth noting that the reaction did not produce any 

metastable phase with pure Ti as a matrix. The transformation in the Ti matrix with TiB2 

is only known to produce TiB phase at the interface between TiB2 and the Ti. The 

existence or appearance of the metastable Bf phase is an ongoing research debate for these 

composite materials. De Graef et al.[170] studied the evolution of Bf borides in Ti-Al-B 

alloy. The authors confirmed that the experiments revealed the presence of numerous 

monoboride particles with the Bf (CrB-type) structure in dilute Ti-40.97Al-0.97B alloy.  

The existence and stability of the Bf phase have been explained, and it was proposed that 

the Bf monoboride in the Ti-Al-B system forms in response to a change in the chemistry 

of the melt during solidification which in the absence of kinetic constraints should 

produce either Ti3B4 or TiB2. Another theory proposes that the Bf phase is a metastable 

phase relative to the Ti3B4 (D7b) or TiB2 (C32) structures, but it must necessarily become 

more stable than the (TiB) B27 phase as the melt becomes enriched in Al, or it would not 
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be able to supersede the latter. Similarly, Kitkamthorn et al. [200] studied the ribbon 

borides in an as-cast Ti–44Al–4Nb–4Zr–1B (at. %) alloy using high-resolution 

transmission electron microscopy and confirmed the existence of the Bf phase. The 

authors concluded that Bf and B2 structures are expected rather than the B27 and A2 

structures in ternary Ti-Al-B alloys. It should be noted that these phases were detected in 

the various types of Ti-based materials (specifically Ti aluminide materials), and 

produced via liquid metallurgy routes (Ti–Al intermetallics [170], [200] or in laser 

claddings of Ti–6Al–4V + TiB [201]). However, recently Ropars et al. [204]  also 

confirmed the existence of the Bf phase while studying the phase evolution of Ti-6Al-4V-

TiB composites prepared by the powder metallurgy route using high energy X-ray 

diffraction. However, it should be noted that the phase (Bf) has been mainly characterised 

in Ti aluminide materials as a matrix and has been experienced as a metastable phase in 

these materials. To the authors’ knowledge, it is the first time the study has been done for 

pure Ti using the neutron diffraction technique and the non-existence of any metastable 

phase (Bf) is confirmed here.  So, it is evident that apart from the processing route, Ti-

based materials play an important role in the development of this metastable phase. 

Moreover, we assume that this Bf phase is mostly formed in the presence of Al in Ti 

materials as previously explained by De Graef et al. [170].  

During the cooling cycle, the 2-d diffraction data for various temperatures is shown in 

Fig. 8.4. On further cooling, various peaks of alpha Ti can be indexed to their original 

<hkl> values. It was noted that below 640 °C no beta Ti peaks were observed and the 

complete transition takes place. However, it is still possible that a small amount of the 

retained β-Ti phase could exist because of fast cooling, but it cannot be confirmed here 

because of peak overlapping. The diffraction pattern for the final sintered samples showed 
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the minor peak shifting to higher angles. This could be due to structural modification 

because of lattice shrinkage due to the internal stresses introduced during phase 

transformation. Fig. 8.5 shows the neutron diffraction pattern for the Ti-5 wt. % TiB2 

composite sample. It was noted that the concentration of TiB2 did not reveal any 

significant change in the development of in situ TiB. The reaction mechanism remains 

similar, and the onset of the reaction temperature remains the same.  

 

 

 

Fig. 8.5 Neutron diffraction patterns as a function of time while temperature ramps 

for pre-sintered Ti- 5 wt. % TiB2 compact 

 

No new phase transformation such as Ti3B4 was observed at a higher concentration of 

TiB2. However, a minor drop in the peak intensities was observed for all the phases as the 

concentration of TiB2 increased. This could be due to the limitation of the neutron 

diffraction experiment, as in general boron-B is a strong neutron absorber, and 

WOMBAT does not have flux to cope with higher wt. % of TiB2. As the concentration is 

further increased to the 10 wt. % TiB2 and 20 wt. % TiB2 in the samples, the peaks for 

the different phases were not present due to the limitations of this technique.  
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8.3 In-situ phase transformation during the development of Ti- Si3N4 composites 

8.3.1 Background 

 

 The use of Si3N4 as reinforcement in Ti composite materials is considered to have vital 

importance for the development of automotive wear-resistant parts. Many researchers in 

the past have studied this composite system but could not reach a consensus about 

applicability because of the instability of Si3N4 in the Ti matrix. For instance, Alman et 

al. [1] studied the Ti-Si3N4 composites and concluded that Si3N4 was entirely consumed 

and converted to two phases, Ti5Si3 and Ti3Si, during sintering and the Ti matrix was 

alloyed with N to produce an alpha-TiN solid solution. But they did not provide evidence 

such as EDS and XRD data to justify their conclusions. Zhang et al. [2] used the Ti-5 wt. 

% Si mixture to develop in situ Ti5Si3 particles and claimed no other phases were visible. 

Bernert et al. [3] carried out the high-temperature self-propagating exothermic reaction 

of Ti with silicon to analyse the synthesis of Ti5Si3. Jiao et al. [4] studied the hot reaction 

pressing of Ti/Si powders at 1200 °C to synthesize Ti5Si3 in a Ti matrix. Imai et al. [5] 

studied Ti-1.0 mass % Si3N4 and reported the formation of just a single Ti5Si3 phase at 

950 oC by ex-situ XRD. A recent study undertaken by Zhang et al. [2] for the development 

of in-situ Ti matrix composites showed the formation of only single phase Ti5Si3 at 1100 

oC and 1200 oC for 5 wt. % Si in a Ti matrix. The Ti5Si3 formation was based on the in 

situ reaction of 5Ti +3Si⇌Ti5Si3 during sintering. This clearly shows contradiction 

between different studies making it difficult to reach a concrete conclusion. The real 

challenge in the development of these composites for commercial applications is 

therefore, to study the undergoing formation of different in situ phases at different weight 

concentrations of Si3N4. In our work, we have studied the in situ reaction of Si3N4 with 

Ti. The reaction was studied at different temperatures with varying concentrations of 
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Si3N4 from 1 wt. % to 5 wt. % in order to understand the effects of temperature and 

concentration on the formation of in situ phases. Contrary to the cited literature and 

limited ex-situ XRD data, we suspect many other phases in addition to Ti5Si3 are forming 

depending upon the temperature and concentration of Si3N4. It can be clearly seen from 

EDS analysis in Chapter 6, that other phases are forming with different weight. % of 

silicon, supporting our hypothesis. Referring to the Ti-Si phase diagram in Chapter 2, 

only two stable Ti-rich phases can be seen. Based on our EDS results as presented in 

Chapter 6, it is conceivable that the other phases are either intermediate/meta-stable 

phases or a complex multiple-element phase containing impurity elements. Hence, this 

makes it really important to study this material system in detail with in situ powder 

diffraction to understand the formation of different phases from a scientific and 

technological point of view as well. This work aims to study the formation of in situ 

phases in Ti-Si3N4 composites using a neutron diffraction beam during the high-

temperature sintering step of the powder metallurgy fabrication route. 

8.3.2 Sample preparation and experimental procedure 

Pre-sintered compacts (Ti-1, 2.5, 5 wt. % Si3N4) prepared by the press and sinter route 

were used for these experiments. The in situ measurement was carried out on the 

WOMBAT diffractometer at the Australian Nuclear Science and Technology 

Organisation (ANSTO). The samples were hanged through the molybdenum (Mo) wire. 

The heating procedure was conducted in a high-temperature vacuum furnace (1600 °C 

ILL-type vacuum furnace). The heating and cooling profile is shown in Fig. 8.6. During 

the heating and cooling sequences, a C-type thermocouple was placed right above the 

samples in order to monitor and control temperature. The data was collected every minute 

during both sequences.  
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Fig. 8.6 Heating and cooling profiles for neutron diffraction. The data was collected 

for Ti-1, 2.5 and 5 wt. % Si3N4 composite samples, respectively. The samples were 

heated up to 1400 °C with 3 hrs of holding time and then cooled down to ∼200 °C  

 

8.3.3 Results and discussion  

The in situ neutron diffraction plots for different samples as a function of heating time are 

discussed in this section. The plot is drawn with the (2θ) on the abscissa and heating time 

on the ordinate. The blue and green lines in the map denote formation of different phases. 

The colour lines denote their corresponding peak intensity.  

(a) Ti -1 wt. % Si3N4 sample 

Fig.8.7 shows the neutron diffraction pattern for the Ti -1 wt. % Si3N4 sample.  It can be 

seen that Si3N4 completely decomposes in the Ti-matrix during heating. For a clear view 

of the exact temperatures at which the phase transition occurs, a series of characteristic 

neutron diffraction patterns for different temperatures is selected from the 2-D plots and 
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drawn with traditional X-ray software in order to reveal phase evolution at representative 

temperatures in Fig. 8.8.   

 

 Fig.8.7 Neutron diffraction patterns as a function of time while temperature ramps 

for pre-sintered Ti- 1 wt. % Si3N4 compact. The presence of Mo peaks is due to the 

holding wire used to hang the samples. The pre-sintered compacts (at 550 °C) do not 

show formation of any new phases and only show the peaks for the raw materials.  
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Fig 8.8. 2-D diffraction plots for Ti- 1 wt. % Si3N4 sample at different temperatures 

It is noticeable from Fig. 8.8 that the peak of TiSi2 at 700 °C-indexed to the (111) peak- 

emerges and vanishes at 949 °C. This clearly shows the existence of this metastable phase. 

The transition of alpha Ti to beta Ti starts at 845 °C. However, it can be clearly seen that 

at this concentration of Si3N4 in Ti, no new phases are formed in the final sintered 

composite sample. This further confirms our initial results obtained during EDS analysis, 

which showed diffusion of Si and N in the Ti matrix. However, the possibility of retained 

beta-Ti phase cannot be ruled out due to fast cooling.  
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(b) Ti-2.5 wt. % Si3N4 sample 

Fig.8.9 shows the neutron diffraction pattern for Ti -2.5 wt. % Si3N4 sample.  It can be 

seen that Si3N4 decomposes completely, and new phases emerge during heating. The new 

phases can be seen evolving at higher temperature and remain in the final sintered 

composites. The final sintered samples contain α-Ti, Ti3Si and Ti5Si3 phases. 

 

Fig 8.9. Neutron diffraction patterns as a function of time for pre-sintered Ti- 2.5 

wt. % Si3N4 sample 

 

For a clear understanding of the exact temperatures at which the phase transition occurs, 

a series of characteristic neutron diffraction patterns was selected from the 2-D plot for 

different temperatures and drawn with traditional X-ray diffraction software in order to 
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reveal the phase evolution at representative temperatures.  The 2-D plot for Ti -2.5 wt. % 

Si3N4 sample is shown in Fig. 8.10. 

Fig 8.10. 2-D diffraction plots for Ti- 2.5 wt. % Si3N4 sample at different 

temperatures 

 

As the concentration of Si3N4 was increased in Ti to 2.5 wt. % , the formation of different 

phases such as TiSi2, Ti3Si and Ti5Si3 was observed. Similar to the 1 wt.% Si3N4 sample, 

this sample also shows the formation of TiSi2 at 700 °C indexed to the (111) peak and 

this peak vanishes at 949 °C showing the metastable nature of this peak. At this 

concentration the two new phases are Ti3Si and Ti5Si3, which are indexed using the 

diffractometer software. No other silicide phases are detected at this concentration. The 

existence of Ti3Si was also confirmed with EDS analysis previously. However, we 
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couldn’t confirm the existence of Ti5Si3 phase in our EDS study, but it is observable with 

neutron diffraction. This suggests that this phase may be present in minor content. 

(c) Ti-5 wt. % Si3N4 sample 

Fig. 8.11 shows neutron diffraction patterns for the Ti-5 wt. % Si3N4 sample. The relevant 

phases show higher intensity than the lower concentration Ti - Si3N4 samples. The sample 

shows the clear formation of in situ Ti5Si3 phase, which is the most prominent phase at 

this concentration. For a clear understanding of decomposition of 5 wt. % of Si3N4 in Ti, 

2-D, diffraction plots are shown in Fig 8.12 for different temperature ranges.  

 

 

 

 

 

 

 

 

 

 

 

Fig 8.11. Neutron diffraction patterns as a function of time while temperature ramps 

for pre-sintered Ti- 5 wt. % Si3N4 sample 



138 | P a g e  
 

 

 

Fig 8.12. 2-D diffraction plots for Ti- 5 wt. % Si3N4 sample at different temperatures 

Similar to the previous samples, the peaks of TiSi2 appear at 700 °C at 2θ = 43.62ο. 

However, unlike the previous samples with lower concentrations of Si3N4, the TiSi2 peaks 

remain in the final sintered composite, which confirms the stability of this phase at 5 wt. 

% Si3N4 in the Ti matrix. The peaks for Ti3Si and Ti5Si3 are also observed in these 

composite samples. The intensity of these peaks is higher compared to previous samples, 

which confirms the development of these phases in higher amounts in these samples.  

These results are in accordance with our previous characterisation and mechanical 

properties results presented in Chapters 6 and 7, and clearly show the development of 

multi Ti-silicide phases as the concentration of Si3N4 is increased in the Ti matrix.  
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As a conclusion, for these composite systems it was found out that the lower 

concentrations of Si3N4 in the Ti matrix shows the homogeneous distribution of silicon 

and nitrogen in the Ti matrix. The existence of metastable TiSi2 was observed in all the 

samples. In the literature some researchers have confirmed the metastable nature of this 

phase and its existence at a lower temperature [205]. However, in our study this phase is 

found to be stable at higher concentrations of Si3N4 (at 5 wt. % Si3N4). The transformation 

of α-Ti to β-Ti and vice versa during cooling is observed for all samples and is in 

accordance with the phase diagram. As the concentration is increased, the new in situ 

phases are formed such as Ti3Si and Ti5Si3 phases, which were also seen during our ex 

situ characterisation and have been explained previously.  

8.4 Summary 

From the above results it is clear that in situ neutron diffraction is an effective technique 

to determine the reaction mechanisms for both the composite systems. Several phases are 

identified during the heating cycle of both the composite systems, which may help to 

determine the optimal concentration of reinforcement in the titanium matrix. With the use 

of neutron diffraction technique, we have been able to characterize the onset temperature 

for the formation of different phases during heat treating. This may help to determine the 

suitable temperature in order to control microstructure for improvement in mechanical 

properties of these composite systems. 
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Chapter 9 

 Conclusions 
 

The principal objective of this research was the development of titanium-based in situ 

composites by powder metallurgy route. Efforts were made to identify different phase 

transformations during the successful development of these composites.  It is expected 

that the major findings described below could lay a foundation and lead to utilization of 

these composite materials in different industrial applications. The following are the key 

outcomes and main findings of this research: 

1) The formation of in situ TiB reinforcement in the titanium matrix is homogenous 

and uniform. Good bonding and formation of a strong interface between the 

reinforcement and matrix was observed at the lower weight fraction of the 

reinforcement. It was noticed that the content of TiB2 should not exceed 5 wt. %, 

as higher contents above this limit lead to voids and cracking of the sintered 

samples. The microstructural analysis clearly shows the existence of different 

morphologies of TiB depending upon the concentrations of TiB2. It is 

recommended that the optimal range of TiB2 content is 2 to 5 wt. % to develop 

strengthened composites for engineering applications.   

2)  The incorporation of in situ TiB  in titanium matrix results in an increase in  

microhardness  and strength of the developed composites. The maximum hardness 

achieved was 580 HV1 for the Ti-20 wt.% TiB2 composite. However, the tensile 

test reveals that highest tensile strength is achieved for Ti- 5 wt. % TiB2 sample 

and as the concentration is increased above 5 wt. % TiB2, samples fails 
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prematurely. The recorded tensile strength for pure Ti was ~ 591.27 MPa, which 

was increased to ~ 654.72 and ~ 684.95 MPa for Ti-2 wt. % TiB2 and Ti-5 wt. % 

TiB2 sample, respectively. This corresponds to an increase of 10.73 % and 15.84 

%, for Ti-2 wt. % TiB2 and Ti-5 wt. % TiB2 sample respectively as compared to 

pure titanium. 

3) Increase in the weight fraction of TiB2 reinforcement results in enhancement of 

wear resistance of the composites. Furthermore, in comparison with pure titanium, 

the wear resistance of the in-situ Ti-TiB composites is significantly improved due 

to the formation of strong in-situ TiB whiskers. With the increase in weight fraction 

(wt. %) of the reinforcement, the surface changes from mild wear regime to low 

wear regime. 

4) In situ neutron diffraction reveals that during phase transformation from TiB2 to 

TiB, no metastable phases appear in case of pure titanium. The TiB2 phase 

completely converts to TiB without forming any undesirable phases. It was noted 

that the concentration of TiB2 does not reveal any significant change in the 

development of in situ TiB. The reaction mechanism remains similar, and the onset 

of reaction temperature remains the same.  

5) The role of Si3N4 as a potential reinforcement for Ti composites was evaluated. 

The in situ reactions and phases were thoroughly studied in Ti composites with 

various fractions of Si3N4 and varying sintering profiles. It is found that Si3N4 

decomposes during sintering resulting in the formation of different in situ phases, 

depending on the weight percent of Si3N4.  

6) The ex-situ characterization techniques and in situ neutron diffraction study reveals 

that the lower concentration of Si3N4 in titanium during sintering shows the 
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formation of solid solution and the formation of TiSi2, which seems to be the 

metastable phase and vanishes at higher temperature. As the concentration is 

increased the formation of new in situ phases such as Ti3Si and Ti5Si3 occurs.  

7) At higher concentration of Si3N4 in titanium matrix the formation of stable Ti5Si3 

phase significantly improves hardness and wear resistance of the system. The 

highest average hardness value of 949 HV1 was recorded for 5 wt. % Si3N4 

reinforced Ti composite. However, the strength and ductility are adversely affected 

when Si3N4 wt.% is increased above 1 wt.%. Therefore, for practical applications 

it is recommended that no more than 1 wt.% of Si3N4 reinforcement should be used 

in Ti matrix in order to achieve good wear properties while maintaining acceptable 

levels of strength. 
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  Chapter 10 
 Recommendations and future work 

 

In the past two decades new industrial collaborations have been set up in order to develop 

and manufacture new materials systems for TMCs. For instance, FMW Composite 

Systems, Inc., in collaboration with Honeywell Aerospace proposed to develop a novel 

nano-dispersion reinforced TMC system that can operate at higher temperatures for 

impeller applications in advanced Army turboshaft engines. This project was funded by 

SBIR.STTR, America’s seed fund. Similarly, Lawrence Livermore National Lab and 

Pratt & Whitney made a Cooperative Research and Development Agreement (CRADA) 

to improve the ductility and toughness of high-strength, high-stiffness TiAl-base 

composite materials for commercial jet engines and U.S. Department of Energy (DOE) 

Defense Program applications [206]. In another such collaboration ORNL Manufacturing 

Demonstration Facility worked with XG Sciences, Inc. to develop composite material 

incorporating graphene platelets in a titanium matrix with the goal of improving thermal 

conductivity [207]. These developments are, however, not limited to industrial 

collaborations only. As stated earlier, individual research groups are also contributing 

soundly towards the development of new TMCs and further improving the properties of 

already established TMCs [208, 209].  

Following recommendations have been put forward for future work : 

1) With the clarification of the non-existence of the metastable phase in TiB/Ti 

composites, further work to develop the hybrid composites using TiB2 

reinforcement should be studied in detail.  
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2) The mechanism  of TiB whiskers transformation into plate-like morphology at 

higher concentrations of TiB2 needs to be studied in detail by  in situ imaging 

techniques.  

3)   A detailed study for each of the phases formed during decomposition of Si3N4 

should be studied and the composites should be developed at different 

temperatures to determine the effect of each phase on the mechanical and 

tribology properties. The role of metastable phases such as TiSi2 is missing in the 

literature and needs to be further validated.   

4) As mentioned in literature, Qi An et al. [210] successfully fabricated in-situ 

TiBw/Ti64 composites with a network structure by powder metallurgical process 

to further enhance wear properties. Similar effort needs to be carried out for Ti-

Si3N4 composites to enhance wear properties of these materials.  

5) Achieving high strength with desirable ductility is still a challenge in DRTCs 

which needs a proper attention.  

Manufacturing Techniques 

The surge of additive manufacturing (AM) technology in the past two decades has opened 

up new opportunities for the development of application-oriented TMCs. The most 

commonly used AM processes for composites are: Selective Laser Sintering/Melting 

(SLS/M), Laser Engineered Net Shaping (LENS), Fused Deposition Modeling (FDM), 

3D Printing and Ultrasonic Consolidation. Among these, SLS and LENS have seen some 

success in the development of TMCs – but only DRTCs. It should be noted that the 

production of fibre reinforced composites (mainly polymer based) are limited to 

Stereolithography (SL) and Laminated Object Manufacturing (LOM) techniques only. 
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This is because in the powder-based AM techniques it is difficult to draw smooth layers 

of fibre-powder mixture. This gives rise to density variations and subsequently leads to 

reduced strength of final parts. Moreover, it is difficult to incorporate long fibres into 

processing [211]. Some of the common DRTCs manufactured by AM technology include: 

Ti/TiB [173, 212]; Ti/TiC [92]; Ti/TiB+TiC [213]; Ti/SiC [214]; Ti/graphite/diamond 

[214]; Ti64/TiB [215]; Ti-48Al-2Cr-2Nb/TiC [216]; and Ti-Cu/TiC [217]. Despite the 

fact that AM technology provides a promising platform for highly efficient fabrication of 

DRTCs and even though promising results have been reported in recent times, there are 

still some important aspects which require considerable attention and research. For 

instance, fatigue lives of AM fabricated titanium alloys, in almost every case, is lower 

than their wrought counterparts and require exhaustive post-processing to achieve 

acceptable levels. This highlights that improvement of fatigue features for AM-produced 

DRTCs are even more challenging and may involve other complicating factors. 

Nevertheless, given the large volume of research activities currently aimed at AM 

technology, it is believed that such challenges will be ironed out in the near future.  
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