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ABSTRACT 

This dissertation provides important insights into the phase transformations 

occurring in the wrought (conventionally produced) and the additively manufactured 

(AM) β-Ti alloy as a function of different heat treatment parameters. High-end 

characterisation techniques such as small-angle neutron scattering (SANS) and 

electrical resistivity measurement were performed to study the in situ nucleation and 

growth kinetics of phase transformations as a function of heat treatment parameters. 

Scanning electron microscopy, energy dispersive spectroscopy, electron backscatter 

diffraction, and X-ray diffraction were used to understand the variability in the 

microstructural features. These techniques were also used to complement the nucleation 

and growth kinetics study. A Vickers’ microhardness tester was used to measure the 

microhardness of the samples to establish the relationship between microstructure and 

the associated mechanical properties. The availability of microstructure-property 

relationship data at different heat treatment conditions will benefit β-Ti users. The 

critical evaluation and understanding of additively manufactured β-Ti alloy will support 

the potential application of additive manufacturing in the aerospace sector. Further, a 

better understanding of the precipitation kinetics in the material will enable precise 

control and optimisation of the alloy properties. Ti–5Al–5V–5Mo–3Cr wt% (Ti-5553), 

a metastable β-Ti alloy system, was selected for this work due to its desirable properties 

for high strength applications and increasing use in the aerospace industry.  

The influence of different ageing approaches (single ageing with different heating 

rates, and duplex ageing) on the microstructure evolution and the associated property of 

the wrought alloy was studied extensively. The observations indicated that single aged 
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samples with slow heating rate and duplex aged samples produced approximately 

similar microstructures and microhardness at all ageing conditions. This was attributed 

to the same precipitation mechanism in both cases as observed via in situ electrical 

resistivity measurements. Both these samples showed extremely fine and uniform 

microstructures in comparison to single aged samples with a fast heating rate. The 

single aged samples with slow heating rate and duplex aged samples generally produced 

higher microhardness in comparison to single aged samples with fast heating rate. 

However, the difference in the microhardness tended to decrease with ageing time at 

higher temperatures (600 °C and 700 °C). A correlation (𝐻𝑣 = 348 + 247/√𝑑) 

between the microhardness values and the width of α-phase (𝑑) was established for all 

the aged wrought samples. This study also supported that the precursor isothermal ω-

phase (ωiso) precipitates have a direct influence on the nucleation of the α-phase leading 

to better alloy properties.   

Since the nanoscale ωiso precipitates assisted α-phase nucleation led to the higher 

microhardness, therefore, an investigation was done to study the precipitation kinetics 

of the ωiso precipitates during low-temperature ageing (300 °C and 325 °C) up to 8 h to 

better control the mechanical properties. The precipitation kinetics were studied as a 

function of cooling rate (air cooling and water quenching) after β-solutionising because, 

for structural applications in the aerospace industry, the section thickness may 

determine the achievable cooling rate and therefore limit the mechanical properties. A 

combined in situ SANS and electrical resistivity measurement approach was used for 

this purpose. The SANS modelling was consistent with ellipsoid shaped particles for the 

ωiso precipitates, for both air-cooled and water-quenched samples. The precipitates 

attained a maximum size (equatorial diameter) of ~21 nm and ~17 nm after 2 h and 4 h 
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of ageing the water-quenched and the air-cooled samples, respectively. Although the 

air-cooled samples showed delayed nucleation in comparison to the water-quenched 

samples, the volume fraction became approximately the same (~11 %) after ageing for 8 

h. The average value of the activation energy for ωiso nucleation from the β-phase 

matrix was determined as ~122 kJ mol–1 from electrical resistivity data using a modified 

Johnson-Mehl-Avrami-Kolmogorov (JMAK) model. The aged sample after water 

quenching showed higher hardness than the aged samples after air cooling, with the 

hardness values trend with ageing time for both the cooling rates. 

Additive manufacturing of titanium alloys for aerospace applications is attractive 

due to design and near net shape benefits. However, the formation of solely β-phase 

after direct laser deposition of β-Ti alloy does not provide the desired properties. Hence, 

the ageing response (after single ageing with different heating rates, and duplex ageing) 

of the AM Ti-5553 β-Ti alloy was studied to obtain the bimodal (β+α) microstructure 

providing improved properties. The as-built samples showed the presence of elemental 

segregation due to the formation of sub-structures within the β-phase matrix. The 

duplex aged samples and single aged samples with slow heating rate showed higher 

hardness when compared to single aged samples with fast heating rate, similar to the 

wrought alloy. This is attributed to the extreme refinement of microstructure due to ωiso 

precipitates assisted α-phase nucleation. The single aged samples with a fast heating rate 

showed refined intragranular and discontinuous grain boundary α-phase when aged at 

500 °C and 600 °C. This is important to get higher strength and higher ductility at the 

same time. The as-built and aged samples showed similar final microstructures with 

respect to the wrought samples. This boosts confidence in exploring the possibility of 

the use of the direct laser deposition method in applications. Similar to wrought alloy, a 
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correlation (𝐻𝑣 = 348 + 168/√𝑑) between the microhardness values and the width of 

α-phase (𝑑) was established for all the aged AM samples. The solution-treated AM 

sample showed coarser intragranular α-phase precipitates (width = 139 ± 22 nm) with 

continuous grain boundary α-phase precipitates (thickness = 126 ± 12 nm) after ageing 

(600 °C/0.5 h). However, the AM sample directly aged (600 °C/0.5 h) after deposition 

exhibited refined intragranular α-phase precipitates with an average width of 105  20 

nm and discontinuous grain boundary α-phase precipitates with an average thickness of 

46  11 nm. Refined intragranular α-phase precipitates in the AM sample led to 

increased hardness from 400 ± 5 Hv to 424 ± 4 Hv (~6% increase) in comparison to the 

solution-treated sample. The average activation energy for ωiso precipitation from the β-

phase matrix of as-built and solution-treated samples was calculated as ~130 kJ/mol 

using the modified JMAK model for electrical resistivity data. 
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 CHAPTER 1 

INTRODUCTION 

1.1  Motivation 

The β titanium (Ti) alloys are important alloys from the Ti family [1]. Their 

outstanding specific strength, deeper hardenability and fatigue properties have gathered 

them considerable attention for aerospace applications such as landing gears and load-

bearing bulkheads [2–4]. These desirable properties are highly dependent on the 

microstructure of the material, which itself is sensitive to the heat treatment conditions 

[5–7]. For example, a duplex-aged (300 °C/8 h + 600 °C/ 1 h) sample exhibited higher 

strength but lower ductility due to the refinement of α strengthening phase [8]. The 

balanced mechanical properties were obtained by designing a complex heat treatment 

cycle producing a better combination of refined intragranular α-phase (controlling 

strength) and discontinuous grain boundary α-phase (controlling ductility) for Ti–5Al–

5Mo–5V–1Cr–1Fe β-Ti alloy [9]. However, a better understanding of the influence of 

different heat treatment parameters on the microstructure evolution to achieve balanced 

properties through a simple heat treatment process is needed. The availability of 

microstructure-property relationship data at different heat treatment conditions will also 

benefit β-Ti users in optimising the use of the material. Further, metastable isothermal 

ω-phase precipitates act as the nucleation site for the α strengthening phase, hence, a 

better understanding of the precipitation kinetics of these precipitates in the material 

will enable precise control and optimisation of the alloy properties.  

Recently, a need for a quick and economical way to develop these alloys has 

arisen due to a desire for shorter product development cycles. This can be achieved by 
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an additive manufacturing technique due to its capability to produce intricate shapes in 

shorter times with less wastage of material [10]. The unsustainable buy-to-fly ratio of 

wrought Ti alloys and the long lead time in conventional manufacturing have been other 

reasons for the attraction towards the additive manufacturing processes. However, due 

to the rapid cooling rates associated with additive manufacturing, the microstructure of 

the additively manufactured (AM) β-Ti alloy is quite distinct and consists of solely β-

phase, which does not provide the required material properties [11]. Besides, the ageing 

response of AM β-Ti alloys is not understood and requires the development of a specific 

post-processing pathway to obtain a substantial improvement in the AM β-Ti alloys. 

Hence, critical evaluation and understanding of AM β-Ti alloys are necessary to support 

the potential application in the aerospace sector by establishing the correlation between 

the obtained microstructure and the resulting mechanical properties. 

1.2  Contributions of the Dissertation 

This present work provides important insights into the phase transformations 

occurring in the wrought (conventionally produced) and AM β-Ti alloy as a function of 

different heat treatment parameters. These heat treatment parameters influence the size, 

morphology, and volume fraction of the phases that are precipitated out from the β-

phase. A deeper understanding of this will enable a tailored microstructure with 

balanced mechanical properties within shorter processing time (i.e. a reduced processing 

complexity). The influence of sub-structure formation in the AM alloy was also 

explored to see the subsequent effect on the microstructure after ageing. Ti–5Al–5V–

5Mo–3Cr wt% (Ti-5553), a metastable β-Ti alloy system, was selected for this work 
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due to its desirable properties for high strength applications and wider use in the 

aerospace industry [12]. 

High-end characterisation techniques such as small-angle neutron scattering 

(SANS) and electrical resistivity measurement were performed to study the in situ 

nucleation and growth kinetics of phase transformations as a function of heat treatment 

parameters. Additionally, scanning electron microscopy (SEM), energy dispersive 

spectroscopy (EDS), electron backscatter diffraction (EBSD) and X-ray diffraction 

(XRD) were used to understand the variability in the microstructural features. These 

techniques were also used to complement the nucleation and growth kinetics study. A 

Vickers’ microhardness tester was used to measure the microhardness of the samples to 

establish the relationship between microstructure and the associated mechanical 

properties. A direct laser deposition technique, Laser Engineered Net Shaping (LENS), 

was employed to produce Ti-5553 β-Ti alloy to understand the difference in the 

precipitation behaviour of AM β-Ti alloy when compared to wrought alloy. 

1.3  Structure of the Thesis 

This dissertation is divided into seven chapters. Chapter 2 presents a general 

outline of the fundamentals of phases and the transformations that occur in the β-Ti 

alloys. The importance of Ti-5553 β-Ti alloy and the usage of additive manufacturing to 

produce β-Ti alloys are also presented. Chapter 3 describes the processing of the 

materials used and the heat treatment procedures used to achieve the objectives of the 

current work. The different characterisation techniques used to establish a fundamental 

understanding of phase transformations are also explained in this chapter. Chapter 4 

marks the beginning of the results obtained for the current work. The chapter explains 
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the influence of different ageing approaches on the microstructure and the associated 

mechanical properties for the wrought Ti-5553 β-Ti alloy. The obtained results are 

compared with past research to highlight the advantage of the current work. This 

chapter ends with a motivation to understand the precipitation kinetics of the β to ω-

phase transformation. Chapter 5 clarifies the precipitation kinetics of β to ω-phase 

transformation with the help of SANS and electrical resistivity measurements. At the 

end of this chapter, the need for additive manufacturing to produce these alloys is 

justified. Chapter 6 talks about the understanding of phase transformations occurring in 

AM Ti-5553 β-Ti alloy as a function of different heat treatment conditions. The 

influence of sub-structures on the aged microstructure is also explained. Chapter 7 

summarises the findings from the current experimental results and ends with the 

potential future work possibilities.  

  



5 

 

CHAPTER 2 

LITERATURE REVIEW 

This chapter primarily focuses on the fundamental concepts of β-Ti alloys that are 

required to achieve the objectives of this work. The chapter commences with the 

classification of Ti alloys as presented in section 2.1. The description of equilibrium and 

non-equilibrium phases observed in β-Ti alloys, and their crystallography is explained 

in section 2.2. Section 2.3 presents the influence of different heat treatment parameters 

on the phase transformation behaviour of β-Ti alloys. A critical review of the phase 

transformations in the Ti-5553 metastable β-Ti alloy is provided in section 2.4. This is 

followed by a review of additively manufactured β-Ti alloys in section 2.5. 

2.1  Titanium Alloys 

Ti alloys are the alloys that contain Ti as the major alloying element. Based on the 

composition of the alloy and the room temperature stability of the constituent phases, Ti 

alloys are classified as α, near α, α + β, and β alloys, where the β-Ti alloys are further 

classified as metastable and stable β alloys [13]. The categorisation of different Ti 

alloys based on their position on the β isomorphous phase diagram is shown in Fig. 2.1.  

2.1.1 α Titanium Alloys 

α-Ti alloys (e.g., Ti–5Al–2.5Sn) are the alloys that consist of neutral alloying 

elements (Sn) and/or α-phase stabilising elements (Al, O). These are not heat treatable 

and exhibit solely α-phase at room temperature. These alloys are used in chemical 

industry applications such as heat exchangers and pressure vessels due to their 

remarkable creep and corrosion resistance.   
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2.1.2 Near α Titanium Alloys 

Near α-Ti alloys (e.g., Ti–6Al–SN–4Zr–2Mo) contain a small amount (≤ 2 wt%) 

of β stabilising elements (Mo, V) producing ~10 vol% of β-phase. These are mainly 

used in high-temperature applications in the aerospace industry. 

2.1.3 α + β Titanium Alloys 

α + β Ti alloys (e.g., Ti–6Al–4V) consist of 4–6 wt% of β stabilising elements that 

leads to the formation of 5–40 vol% of β-phase at room temperature. These alloys can 

lead to Martensitic transformation (MS; Fig. 2.1) whilst fast cooling from the β-phase 

region. These alloys can be heat treated and can produce a variety of microstructures 

leading to different mechanical properties. These alloys are used in biomedical and 

aerospace applications. 

2.1.4 β Titanium Alloys  

β-Ti alloys derive their name from the stabilisation of high volume fraction of the 

β-phase at room temperature whilst rapidly cooling from temperatures above the beta-

transus temperature (Tβ) [13]. This is done by adding enough concentration of β-phase 

stabilising elements (e.g. Mo, V, Cr) [14]. Metastable and stable β-Ti alloys contain 

around 10–15 wt% and 30 wt% of β-phase stabilising elements, respectively. 

Metastable β-Ti alloys can produce an α-phase volume fraction of > 50%, whilst stable 

β-Ti alloys exhibit solely β-phase. Metastable β-Ti alloys are heat treatable and their 

mechanical properties can be controlled by controlling the size, shape and volume 

fraction of the α-phase precipitated from the β-phase matrix. Metastable β-Ti alloys are 

used in aerospace application whilst stable β-Ti alloys are not produced commercially. 
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This work deals with a metastable β-Ti alloy (Ti-5553), which is hereafter referred as a 

β-Ti alloy. 

 

Fig. 2.1. Classification of Ti alloys based on their position on the β isomorphous phase 

diagram {redrawn from [13]}. 

2.2  Phases in β Titanium Alloys 

Titanium primarily exhibits two equilibrium allotropes: low-temperature 

hexagonal closed-packed (hcp) α-phase and high-temperature body-centred cubic (bcc) 

β-phase (at 1 atm pressure) [13,15]. This allotropic transformation takes place above Tβ. 

This temperature of transformation, during slow heating or slow cooling, is primarily 

dependent on the alloying additions, i.e. purity of the metal [15]. A metastable ω-phase 

has also been observed in β-Ti alloys [16]. The metastable ω-phase can be broadly 

classified into three categories based on its process of formation: (i) an athermal ω-

phase (ωath, 3-4 nm), which is formed during rapid cooling from above the Tβ 
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temperature due to the partial collapse of the {111} planes of bcc β-phase due to a 

shuffle mechanism [16,17]; (ii) an isothermal ω-phase (ωiso, 5-50 nm), which is a 

continuation of ωath and forms during the subsequent isothermal ageing at low 

temperatures (~300°C) due to thermally activated diffusion phenomena leading to a full 

collapse of {111} planes of bcc β-phase [16], and (iii) a deformation-induced ω-phase, 

which is formed due to the applied stress and/or strain [18,19]. The heat treatment 

conditions for the formation of different ω-phases in β-Ti alloys are summarised in 

Table 2.1. 

Table 2.1. The heat treatment conditions for the formation of different ω-phases in β-Ti 

alloys. 

Type of ω-phase Heat treatment condition 

Athermal ω-phase 
Formed during rapid cooling from above 

the Tβ temperature after solution treatment 

Isothermal ω-phase 

Either formed during isothermal ageing at 

~300 °C or during slow heating (~5 

°C/min) below 450 °C  

The bcc β-phase belongs to the Im3̅m space group and its unit cell is shown in 

Fig. 2.2 (a), whilst the α-phase belongs to the P63mmc space group with hcp unit cell 

shown in Fig. 2.2 (b) [13,15,20]. The stability of β-phase at higher temperatures is due 

to its ability to accommodate higher vibrational entropy due to its open structure1, 

which leads to the lower Gibbs free energy of the phase at elevated temperatures [21]. 

 
1 BCC structure has a low packing density, hence exhibiting low co-ordination number. 

This provides a higher degree of freedom to absorb more energy leading to greater 

entropy and stability at higher temperature. 
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The typical equilibrium α-phase in β-Ti alloys is precipitated by either ageing it in the 

α/β region or slow cooling it from above Tβ [22,23]. 

 

Fig. 2.2. (a) Crystal structure of bcc β-phase, and (b) crystal structure of hcp α-phase 

{redrawn from [13]}. 

An ideal ω-phase possesses a non-close packed hexagonal unit cell [24] and 

depending on the extent of the phase transformation, the space group of ω-phase can be 

either p6/mmm or p-3m1. For the early-stage transformation, ω-phase exhibits a 

trigonal symmetry, whilst for transformation completion, ω-phase has a hexagonal 

symmetry. The trigonal symmetry of ω-phase in the early stages of the phase 

transformation is postulated to generate diffuse intensity spots in selected area electron 

diffraction instead of sharp ω spots, under transmission electron microscopy (TEM) 

[25]. 

The formation and stability of the phases are also dependent on the concentration 

of different alloying elements in the alloy. The alloying elements are primarily 

classified as α- and β-phase stabilisers depending on whether they increase or decrease 
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Tβ to stabilise either α or β-phase. Substitutional element Al, and interstitial elements 

such as O, N, C are used as α-phase stabilisers. Some other elements such as B, Ga, and 

Ge can also be used as α-phase stabilisers, however, only Al is primarily used due to its 

high solid solubility in both α and β-phase. These α-phase stabilisers shift the Tβ 

temperature upwards depending on the concentration of alloying elements, as shown in 

Fig. 2.3. The effectiveness of these α-phase stabilisers is calculated using an Al 

equivalency number as given below [13]: 

[Al]eq = [Al] + 0.17 [Zr] + 0.33 [Sn] + 10 [O + C + 2N] 

The β-phase stabilisers are classified as β isomorphous and β eutectoid forming 

systems. These alloying elements lower Tβ and allow the β-phase to be stable at lower 

temperatures, as shown in Fig. 2.3. Ti with V, Mo, Nb, Ta or Hf are β isomorphous 

systems and form solid solutions at most temperatures. Fe, Cr, Mn, Co, Ni, Cu, W, Au, 

Ag, Pt and Pd are β eutectoid forming systems due to the formation of a eutectoid 

compound at certain temperatures [13]. Some of the β isomorphous systems undergo a 

β-phase separation into β (solute rich) and β' (solute lean) at higher β stabilising element 

concentrations, as shown in the phase diagram in Fig. 2.4. This is essentially due to the 

positive enthalpy of mixing of these elements leading to a positive curvature of the free 

energy composition plot of β-phase. The phase separation leads to the precipitation of α-

phase from either β′ or β/β′ interface [13]. The phase diagram also illustrates a 

superimposed region of the ω-phase formation. Additions of β stabilisers are also 

known to lower the martensitic start temperature below room temperature. This feature 

is used to get a quantitative value for the β-phase stabilisation effect of individual 

elements in terms of Mo equivalency [13]. The Mo equivalency is calculated as follows: 
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[Mo]eq = [Mo] + 0.22[Ta] + 0.28 [Nb] + 0.44 [W] + 0.67[V] + 1.6 [Cr] + 1.25 [Ni] + 

1.7 [Mn] + 1.7 [Co] + 2.9 [Fe] 

 

Fig. 2.3. Effect of alloying elements on phase diagrams of Ti alloys {redrawn from 

[13]}. 

 

Fig. 2.4. Schematic phase diagram for β isomorphous Ti alloys showing metastable ω-

phase and phase separation as β+β’ {redrawn from [13]}. 
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2.3 Phase Transformations in β Titanium Alloys 

2.3.1 β to α-phase Transformation 

The β to α-phase transformation occurs after either slowly cooling the material 

from above Tβ or ageing it in the α/β region (Fig. 2.4). This transformation occurs due 

to a non-classical pseudo-spinodal decomposition mechanism, where the small 

compositional fluctuations in the β-phase during heat treatments provide sufficient 

activation energy for the nucleation of α-phase [26]. The final properties of β-Ti alloys 

are influenced by the size, morphology, volume fraction, and the distribution of α-phase 

precipitate in the β-phase [27–29]. These microstructural features are critically 

controlled by the heat treatment parameters, such as cooling rate, heating rate, ageing 

temperature and ageing time [7,30–34].   

Depending on the nucleation site, the α-phase predominantly appears as: an 

allotriomorphic phase that precipitates along the prior β-phase grain boundaries; a grain 

boundary Widmanstätten α-phase that nucleates at the allotriomorphic α-phase and 

grows into the β-phase matrix; an intragranular Widmanstätten α-phase that nucleates 

within the β-phase; an intergranular α-phase which grows from grain boundary α-phase 

into the β-phase; and an intragranular α-phase where the α-phase precipitates within the 

β-phase at the dislocation sites, a precursor metastable ω-phase, and the other inclusions 

[35–40]. All these features of α-phase are shown in Fig. 2.5. The growth of 

intragranular and grain boundary α-phase during β to α-phase transformation happens 

due to the diffusion of α stabilising elements (Al and O) in the β-phase matrix [9,41]. 

The intragranular α-phase primarily controls the strength of the alloy, whilst the grain 

boundary α-phase controls the ductility of the alloy [9,41].  
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Fig. 2.5. Microstructure of Ti alloys showing the (a) Allotriomorphic & Widmanstätten 

α-phase [42], and (b) intergranular & intragranular α-phase [43]. 

Depending on the heat treatment parameters, different morphologies of the α-

phase precipitates were reported. For example, an acicular α-phase morphology was 

observed when β-Ti alloys were aged between 500°C and 700°C [23,44–47], whilst a 

chevron-shaped α-phase morphology was obtained during the ageing at the temperature 

of ~400°C [48], as shown in Fig. 2.6 (a) and (b) respectively. The acicular α-phase 

formed during heat treatments also showed three different α variants arranged in a self-

accommodating cluster morphology having a triangular arrangement (Fig. 2.6 (a)) [12]. 

These three variants share a common {112̅0}α//{111} β poles. The (0001) planes of the 

α variants lie parallel to {011} β plane, and each makes an angle of 60° with the other 

two [49]. The clustering of these α variants happens to reduce the overall strain energy 

via the self-accommodation principle [50,51] because the formation of α-phase leads to 

the straining of the β-phase matrix. The internal structure of a chevron consisted of a 

major and smaller α lath, where the smaller lath nucleated from the major lath via 

sympathetic nucleation [48]. Colonies of lamellar α-phase, as shown in Fig. 2.6 (c), 

were reported when the β-Ti alloy was slowly cooled (2°C /min) from above Tβ after 

solution treatment to the ageing temperature. This heat treatment cycle was termed as 

beta annealed, slow cooled and aged heat treatment cycle [14,22,23,52]. A better 

This item has been removed due to 3rd Party Copyright. The unabridged version of the 
thesis can be found in the Lanchester Library, Coventry University.
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combination of strength and ductility was obtained for the material containing lamellar-

acicular α-phase in its microstructure [23]. The Burgers orientation relationship 

observed between α and β-phase is given below [53]:  

(0001)α||{011}β; <112̅0>α ||<11̅1>β;{110̅0}α||{121}β 

Fig. 2.6. Microstructure of Ti alloys showing the morphology of α-phase as (a) acicular 

[54], (b) chevron-shaped [48], and (c) lamellar [43]. 

The controlled precipitation of fine and un-deformable α-phase in the β-phase 

matrix produced higher yield strength in β-Ti alloys [55–58]. However, such a higher 

strength can also lead to the loss in ductility due to α-phase refinement [59–62]. A better 

combination of refined intragranular α-phase (controlling strength) and discontinuous 

grain boundary α-phase (controlling ductility) led to higher ultimate tensile strength 

(~1111 MPa) alongside higher ductility (~12.5%) for Ti–5Al–5Mo–5V–1Cr–1Fe β-Ti 

alloy [9]. This goal was achieved via a specially designed and complex heat treatment 

pathway. A better understanding of the influence of different heat treatment parameters 

on the microstructure evolution can help in achieving the balanced properties in β-Ti 

alloys through simple heat treatment processes. For example, balanced mechanical 

properties (~1265 MPa + 9% elongation) were obtained when β-Ti alloys were directly 

aged at 600 °C for 1 h [8]. This was achieved due to the nonuniform size and 

distribution of α-phase in the β-phase matrix. This led to the presence of distinct lamella 

spacing and undulating interface assimilating more plastic dissipation. However, there 

is a need to explore a wider range of ageing temperatures and ageing time to have a 

This item has been removed due to 3rd Party Copyright. The unabridged version of the 
thesis can be found in the Lanchester Library, Coventry University.
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more critical understanding of the relationship between ageing parameters and the 

obtained mechanical properties, especially for Ti-5553 metastable β-Ti alloy. 

The influence of different heat treatment parameters on the microstructure 

evolution in other β and α+β Ti alloys have been studied previously [63–69]. The 

coarser α-phase precipitates obtained at higher ageing temperatures (~600°C-700°C) and 

longer ageing time led to the improved ductility of the material, but the strength of the 

material was greatly reduced [27,28,70]. In contrast, fine α-phase precipitates were 

observed at lower temperatures (~400°C-500°C) and the lower ageing time leading to 

higher strength but reduced ductility [5,35,71–75]. Moreover, higher heating rates have 

also led to the coarsening of the α-phase and hence giving improved ductility but 

reduced strength [30,31,76–79]. Thus, there is a great need to explore the influence of a 

combination of heat treatment parameters such as different heating rates, ageing 

temperatures, and ageing time. This will help in understanding the material behaviour 

that is important for optimising the ageing parameters and obtaining balanced 

mechanical properties. 

2.3.2 β to ω-phase Transformation 

In the beginning, the ω-phase was found to show an embrittlement effect on the Ti 

alloys [80], however, in the later stages numerous experiments have been performed on 

it to understand its complex morphology, kinetics, and most importantly the interplay 

between ω and α-phase leading to refined α-phase precipitates, which provides higher 

strength to β-Ti alloys [81–85]. Based on the morphology, ω-phase can be present with 

either a cuboidal or ellipsoidal shape depending on the lattice misfits between ω and β-

phases. The critical lattice misfit magnitude has been reported as 0.5%, below which the 
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morphology will be ellipsoidal, and higher misfit values will lead to the cuboidal 

morphology of ω-phase [25]. The high misfit binary alloys of Ti-V, Ti-Cr, Ti-Mn, and 

Ti-Fe are reported to have a cuboidal morphology due to the reduction in elastic energy 

of the matrix, whilst the low misfit binary alloys of Ti-Mo and Ti-Nb are shown to have 

ω-phase with ellipsoidal morphology facilitating minimisation of anisotropic surface 

energy [12]. The orientation relationship observed for this transformation is given as 

[24]: [111]β || [0001]ω ; (110̅)β || (1120̅)ω 

Several high-end characterisation techniques have been used to characterise the 

formation of this nanoscale ω-phase from the decomposition of β-phase [17,54,94,86–

93]. Jones et al. [91] used in situ synchrotron X-ray diffraction and they reported that 

the embryonic ω-phase formed during rapid cooling from above the Tβ correlate to form 

the final athermal ω-phase at a lower temperature. Coakley et al. [95] used SANS to 

understand the precipitation behaviour of isothermal ω-phase formation during low-

temperature (300 °C) ageing up to 8 h, where the volume fraction of isothermal ω-phase 

was found to be increased during the ageing process [18,87,95,96]. Although there have 

been numerous research investigations [17,54,94,86–93] carried out on the ω-phase 

formation mostly during quenching and subsequent isothermal ageing, the effect of 

cooling rate (after solution treatment) on β to isothermal ω-phase transformation, in 

terms of microstructure evolution, and its subsequent phase transformation kinetics is 

still not studied. This necessitates further investigation to understand the microstructural 

evolution and precipitation kinetics for β to isothermal ω-phase transformation. 

Understanding the influence of different cooling rates is highly important for structural 

applications in the aerospace industry because the section thickness may determine the 

achievable cooling rate and therefore can affect the mechanical properties. Furthermore, 
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these data may help clarify the thermodynamic understanding of the isothermal ω-phase 

precipitation from the parent β-phase matrix. Recently, Chen et al. [97] reported that the 

formation of isothermal ω-phase precipitates during low-temperature (300 °C) ageing is 

influenced by the cooling rates from the solution treatment temperature of Ti–6Cr–

5Mo–5V–4Al β-Ti alloy. Their TEM studies qualitatively showed that the number 

density of isothermal ω-phase precipitates increased with more rapid cooling. However, 

an in-depth quantitative understanding of the evolved microstructure is required to 

precisely control and optimise the mechanical properties. In addition, due to the small 

volume of samples, TEM is unable to easily provide statistical information about the 

path leading to final desired microstructure. A high-end technique such as SANS can 

serve this purpose because it has the ability to provide information for a far larger 

volume of sample than TEM, whilst probing the precipitates of size in the range of 1–

100 nm [98,99]. SANS is especially interesting due to its ability to probe the three-

dimensional structural information of the material at the nanoscale [95,100]. In addition, 

the electrical resistivity measurements during these transformations can also help in 

deriving the thermodynamic information such as the activation energy for precipitation 

[101]. 

2.3.3 ω-phase-Assisted α-phase Nucleation 

Fine and uniformly distributed α-phase precipitates leading to high strength can be 

obtained by allowing isothermal ω-phase-assisted α-phase nucleation [3,102–106]. As 

explained in section 2.3.2, isothermal ω-phase exhibits two types of morphologies: 

cuboidal and ellipsoidal. Cuboidal ω-phase generated in the high lattice misfit systems 

leads to the nucleation of α-phase precipitates at the ledges of ω/β interface, which was 

recently characterised using scanning transmission electron microscopy (STEM) and 
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atom probe tomography (APT) [107]. However, there have been different explanations 

for the ω-phase-assisted α-phase nucleation in low misfit systems: (i) α-phase 

precipitates nucleate inside the ω-phase due to a displacive mechanism, as shown in Fig. 

2.7 [108]. (ii) α-phase nucleates at the ω/β interface due to the rejection of α-phase 

stabilisers (Al and O) at the interface, as shown in Fig. 2.8 [12]. (iii) Mixed-mode 

transformation, which states that α-phase first nucleates at the ω/β interface due to the 

rejection of α-phase stabilisers, such as Al and O and then it grows rapidly into the ω-

phase due to a displacive mechanism whilst it grows into the β-phase matrix very 

slowly due to diffusion, as shown in Fig. 2.9 [109].  

Fig. 2.7. High-resolution images showing the nucleation of α-phase platelets in the core 

of a ω-phase via displacive mechanism [108]. 

This item has been removed due to 3rd Party Copyright. The unabridged 
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Fig. 2.8. Dark-field TEM image recorded with <113> β zone axis, showing α-phase at 

the β/ω interface [12]. 

Fig. 2.9. Schematic diagram of the ω-assisted α-phase formation [109]. 

In a recent attempt to understand the interplay between ω and α-phase, high-angle 

annular dark-field (HAADF) imaging mode under STEM was used [40]. They also 

performed a phase-field simulation to see the effect of misfit strain, where it was found 

This item has been removed due to 3rd Party Copyright. The unabridged 
version of the thesis can be found in the Lanchester Library, Coventry 

University.
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that the rejection of α-phase stabiliser to the ω/β interface reduces the stress field 

associated with the ω-phase. This leads to a reduction in the activation energy required 

for the α-phase nucleation [40]. However, some researchers also reported that ω-phase 

does not have a direct role to play whilst they introduced a new mechanism called 

pseudo-spinodal mechanism, where the α-phase was observed to precipitate from the 

compositionally depleted pockets formed in the β-phase [110]. Later, this confusion was 

aggravated when it was reported that ω-phase plays an indirect role in the α-phase 

nucleation and was proposed to activate the pseudo-spinodal effect from different 

compositional pockets, rich and lean at high and low temperatures, respectively [111]. 

In an attempt to answer the questions on the role of ω-phase and the relative 

contribution of composition partitioning and misfit strain for nucleation of α-phase, Li 

et al. [112] showed that the α-phase does not nucleate directly from the ω-phase until it 

reaches a critical size from incommensurate embryonic ω-phase to the commensurate 

isothermal ω-phase. They also reported that misfit strain contributes as a major portion 

in the nucleation of α-phase from ω-phase. In their other work [113], they explained that 

the misfit strain only contributes to convert the coherent ω/β interface to semi-coherent 

ω/β interface during ageing at low temperature (~300°C) up to 48 h, where the ledges 

and local enrichment of oxygen at the semi-coherent ω/β interface provide the activation 

energy required for the α-phase nucleation [113]. From the literature researched, 

although the results from ex situ studies, it could be argued that isothermal ω-phase does 

have a direct or indirect role to play for α-phase nucleation. Hence, it becomes 

important to understand the kinetics of isothermal ω-phase to precisely control and 

optimise the mechanical properties. It is also important to clarify the role of isothermal 

ω-phase on α-phase nucleation at different temperatures, whether it is direct or indirect. 
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The use of high-end in situ characterisation via SANS and electrical resistivity 

measurements can make better sense of these questions due to their ability to track 

minor constitutional changes in the material at the nanoscale [101,114]. 

Moreover, this transformation is also affected by the heat treatment parameters 

due to their direct effect on the ω-phase transformation [17]. Recently, it has been 

shown that the slower heating (~5°C/min) rate has led to the nucleation of ω-phase at a 

lower temperature of ~300°C and leading to the refined α-phase precipitation in the final 

microstructure after ageing at higher temperature [40,95]. The ω-phase formation was 

found to be absent at a higher heating rate (~84°C/min) [54]. Besides, the higher cooling 

rate has been found to increase the isothermal ω-phase precipitation by affecting the 

solute partitioning during the cooling process from the higher temperatures [97,115]. 

However, there is no clear evidence on the thermodynamics and kinetics of the 

isothermal ω-phase formation as a function of cooling rate after solution treatment. 

Also, deconvolution of precipitate size, shape and volume fraction has not been 

presented, warranting further investigation. This understanding will enable designing a 

better and simple heat treatment pathway for the best use of the β-Ti alloys in industry. 

In addition to these efforts to understand isothermal ω-phase-assisted α-phase 

precipitation, several attempts have been made to improve the performance of the β-Ti 

alloys by exploiting the isothermal ω-phase-assisted α-phase precipitation via the 

duplex ageing procedure [104,116,117]. The main concept behind duplex ageing is to 

perform the ageing process in two steps, i.e. first to allow the isothermal ω-phase to 

grow in size and number density at a lower temperature of ~ 300°C and then directly 

raise the temperature to the desired ageing temperature for allowing the α-phase to grow 
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from already precipitated isothermal ω-phase. It has been demonstrated that a more 

homogenous and fine distribution (Fig. 2.10) of α-phase precipitates can be obtained by 

duplex ageing in contrast to the single ageing procedure leading to improved 

mechanical properties [116]. This led to higher levels of hardness and strength values 

but reduced ductility [8,118], whilst some researchers also reported a good balance of 

strength and ductility via duplex ageing [116]. Ren et al. [8] reported a very low 

ductility of ~2% after duplex ageing, although, the ultimate tensile strength reported 

was quite higher (~1368 MPa). This behaviour was attributed to the presence of refined 

and uniformly distributed α-phase that led to flat interfaces between the intragranular 

precipitates and the grain boundary. The duplex aged samples also showed the presence 

of precipitate free zones (PFZ) near the grain boundaries (Fig. 2.10). The formation of 

PFZ is attributed to the diffusion of α stabilisers (Al and O) to the grain boundaries from 

the adjacent areas contributing to the growth of grain boundary α-phase [9]. The ageing 

temperatures and ageing time exploited for duplex ageing were very limited. There is 

further scope for investigation of ω-phase-assisted α-phase nucleation kinetics due to 

wide window of ω-phase and α-phase temperatures.  

Fig. 2.10. SEM micrograph of a duplex-aged sample aged at 600 °C for 1 h [8].  

This item has been removed due to 3rd Party Copyright. The 
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2.4 Ti-5553 β Titanium Alloy and its Importance  

The Ti-5553 is a metstable β-Ti alloy that is a modified version of a Russian alloy 

VT-22, which was developed for high-performance aerospace applications [3]. In 

comparison to the other β-Ti alloys, it offers good quenchability by avoiding the 

transformation of any other phase during the cooling period, leading to greater control 

on microstructure during heat treatment. Depending on the microstructure, this alloy can 

offer a high ultimate tensile strength of ~1200 MPa with good ductility (~14 %) and 

toughness. This alloy offers excellent specific strength and high-cycle fatigue properties 

in comparison to the most widely used Ti–6Al–4V [23,27]. Therefore, this has replaced 

the other competing alloys such as Ti–10V–2Fe–3Al β-Ti alloy in aerospace 

applications [14,27]. Moreover, Boeing has preferred this alloy over other alloys [2,27]. 

However, it is worthwhile to mention that the properties of Ti-5553 β-Ti alloy are 

greatly affected by its microstructure, which is sensitive to the heat treatment 

parameters. As a result, a detailed investigation is required to understand the 

microstructural evolution as a function of different heat treatment parameters. 

Typically, for Ti-5553 alloy, an athermal ω-phase and isothermal ω-phase 

precipitates from the β-phase [23,95]. The isothermal ω-phase is observed either during 

low-temperature (~300 °C) ageing or when a slow heating rate (5°C/min) is used to 

reach the ageing temperature [40,119]. For higher heating rates (~84°C/min) isothermal 

ω-phase does not precipitate and instead an orthorhombic α-phase is observed, which 

evolves towards the hcp α-phase at higher temperatures [54,120]. α-phase is also 

observed during subsequent ageing at low temperatures (~325°C to 425°C) after either 

direct quenching to these temperatures or quenching to room temperature first and 
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subsequently raising the temperature at the high heating rate [120–122]. This is reported 

to be formed by the diffusionless process [87]. 

The heat treatment pathways followed so far by researchers to understand the 

phase precipitation in Ti-5553 β-Ti alloy mainly focused on the single ageing process 

after solution treatment. These heat treatment cycles follow either the direct rapid 

cooling from above Tβ to the ageing temperature or rapid cooling to the room 

temperature followed by subsequent ageing. Mainly, the heat treatment cycles used 

were centred around the two heat treatment cycles, i.e. beta annealed, slow cooled and 

aged, and solution-treated and single aged, as shown in Fig. 2.11 and Fig. 2.12 

respectively [23,27,95]. Both these heat treatment cycles involve single-step ageing 

after the solution treatment stage, where the beta annealed slow cooled and aged heat 

treatment cycle involves controlled cooling (2°C/min) after the solution treatment to the 

desired ageing temperature, whilst in the solution-treated and single aged conditions the 

desired temperature is set for ageing after solution treatment. However, the temperature 

window for the formation of the α strengthening phase is quite wide and the 

characteristics of the α-phase, such as size and shape, are affected by the heat treatment 

parameters. Therefore, the study of microstructure evolution as a function of different 

combinations of ageing parameters such as different heating rate, different ageing 

temperature and ageing time can help in optimising the mechanical properties with 

simple heat treatment processes. The influence of duplex ageing [8] and the slow 

heating [123] was also explored, but the ageing temperatures and ageing time exploited 

were very limited and has left a scope to further optimise the ageing parameters. This 

will help in better utilising the advantages of duplex ageing and slow heating leading to 

balanced mechanical properties for β-Ti alloys. The improved strength after duplex 
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ageing and single ageing after slow heating was primarily attributed to the refinement of 

α-phase precipitates due to isothermal ω-phase assisted α-phase nucleation during 

duplex ageing. However, Zheng et al. [111] reported that as the ageing temperature is 

increased, isothermal ω-phase has an indirect role to play in the refinement of the α-

phase precipitates. Hence, it is important to understand the precipitation mechanism 

during these single ageing and duplex ageing approaches.  

 

Fig. 2.11. Beta annealed, slow cooled and aged heat treatment cycle. 

 

Fig. 2.12. Solution treated and single aged heat treatment cycle. 
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It has also been reported that the cooling rate after the solution treatment affects 

the size of α-phase precipitates [42,77]. Also, the cooling rate affects the precipitation 

kinetics of isothermal ω-phase [97], however, there are still some questions unanswered 

for Ti-5553 β-Ti alloy: (i) There is a need to better understand the behaviour of the 

material under duplex ageing parameters that can provide the desired combination of 

mechanical properties. (ii) The influence of different heat treatment conditions such as 

heating rate, ageing temperatures, and ageing time on microstructure evolution during 

single ageing should be studied extensively because there is a wide temperature window 

for the formation α-phase, hence, a better understanding of the microstructural evolution 

in the material can help in designing the simple heat treatment steps to obtain better 

mechanical properties. The availability of microstructure-property relationship data at 

different heat treatment conditions will lead to the better utilisation of the Ti-5553 β-Ti 

alloy. (iii) There is a need to clarify the role (direct or indirect) of isothermal ω-phase on 

α-phase precipitation during different ageing approaches and at different ageing 

temperatures. (iv) There is a need to study the kinetics of isothermal ω-phase as a 

function of cooling rate. A higher cooling rate has shown to shorten the isothermal ω-

phase precipitation [97], which may help in obtaining the desired properties in short 

processing times. The deconvolution of the isothermal ω-phase as a function of cooling 

rate is also important to precisely optimise the microstructure evolution. This will 

further enable understanding of the effect of cooling rate on the section thickness for 

structural applications in the aerospace application. 
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2.5 Additive Manufacturing 

In the modern era, additive manufacturing is a widely accepted technology in 

producing industrial parts ranging from orthopaedic implants to aircraft components due 

to its capability to produce complex shapes in less time with less wastage of material 

[10]. Due to the increased scientific understanding of these methods, they are now 

getting wider attention in fabricating net-shaped Ti alloy components for aerospace 

applications [10]. 

Although the β-Ti alloys possess good properties such as high specific strength 

and deeper hardenability, with the cast and forged material [124], however, their wide-

scale use is restricted to only high-value components due to high cost [125]. This high 

cost wrought alloys is because of the multi-step and energy-intensive processes such as 

forging, casting, machining, and thermomechanical processing. The cost of producing 

wrought Ti alloys can be broken down into two parts as per reference [126]: Cost of 

ingot (~50%) and cost of processing (~50%). The proper breakdown of the cost for 

wrought alloy production is shown in Fig. 2.13. The majority of the Ti alloy parts are 

prepared using forging at a slow speed that produces large scrap, up to 95% of the raw 

material [127]. Hence, the additive manufacturing of titanium alloys for aerospace is 

attractive due to design and near net shape benefits [10]. There are several variants of 

additive manufacturing such as blown powder deposition under direct laser deposition 

category, and selective laser melting under the powder bed fusion category [128,129]. 

The direct laser deposition is beneficial because it provides a high deposition rate and 

wider processing window to fabricate larger items in comparison to the other metal-

based additive manufacturing methods [128]. It has the potential to produce exact 
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dimensions for high-value components in aerospace and military industries. Besides, 

direct laser deposition provides a relatively excellent density, better metallurgical 

bonding, precise deposition, and minimal distortion and microcracking, hence making it 

a better tool for processing high-value components [128,130]. 

 

Fig. 2.13. The breakdown for the processing cost of wrought Ti alloys [126]. 

Ti-5553 β-Ti alloy is mostly processed by selective laser melting [11,131], where 

Carlton et al. [132] recently reported the influence of single ageing on the mechanical 

properties of the selective laser melting built Ti-5553 β-Ti alloy. However, a detailed 

understanding of the effect of microstructural features on the mechanical properties was 

not presented. Besides, there is a need to understand the evolution of microstructural 

features as a function of different ageing conditions because there is a wide window of 

temperatures and time for the formation of α-phase. It was also reported that Ti-5553 β-
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Ti alloy can be deposited using direct laser deposition with less porosity in the 

microstructure [133,134]. The inherent rapid cooling rates associated with direct laser 

deposition led to the formation of solely β-phase in the as-built condition that does not 

provide the desired mechanical properties [11]. The bimodal (α+β) microstructure was 

produced after in situ dwelling (i.e. switching off the laser beam) and in situ annealing 

(i.e. laser scanning without feeding powder) after each layer to get the desired 

properties. However, an inhomogeneous microstructure was observed after in situ 

dwelling and in situ annealing that led to the variation in the microhardness at different 

locations [131]. This variation in the microstructure from top to bottom was reported to 

be because of the different thermal history, where the bottom region had more chances 

to get to the ageing temperature of 600 °C hence producing more α-phase at the bottom 

region compared to the top region (maintained at a higher temperature) that was 

dominated by β-phase. The laser deposited samples showed anisotropy in the 

mechanical properties [135] and the aged samples showed better mechanical properties 

for other types of titanium alloys when compared to the most widely used mill annealed 

alloys [10]. Hence, the post-processing of these samples was recommended to obtain 

the minimum required properties and performance consistency [10]. However, the 

ageing response of direct laser deposition built β-Ti alloys is not understood and 

requires the development of a specific post-processing pathway to obtain a substantial 

improvement in the direct laser deposition built β-Ti alloys. The critical evaluation and 

understanding of direct laser deposition built β-Ti alloy will support the potential 

application of additive manufacturing in the aerospace sector. It is also very important 

to understand whether the AM alloy can be directly used in the applications instead of 

the wrought alloy. The microstructure of the AM samples just after the deposition is 
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unique and exhibits the presence of the sub-structures (Fig. 2.14) in the β-phase grains 

[11]. Therefore, it is important to understand the influence of these sub-structures on the 

aged microstructure of AM T-5553 β-Ti alloy. 

As understood from section 2.3.3, isothermal ω-phase-assisted α-phase nucleation 

during duplex ageing and slow heating has been used to obtain the refined intragranular 

α-phase precipitates to get higher microhardness in the wrought material. Therefore, it is 

important to study the response of these ageing treatments on the AM samples. This will 

help in clarifying the precipitation behaviour of the AM material with respect to the 

wrought material. This will enable better utilization of the additive manufacturing 

technique to produce β-Ti alloy parts. Since isothermal ω-phase influences the 

formation of α strengthening phase, therefore, it is also important to understand the 

precipitation kinetics of isothermal ω-phase in AM β-Ti material to better control and 

optimise the mechanical properties.  

Fig. 2.14. Cellular/cellular-dendritic solidification of the melt [11]. 
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2.6 Research Gaps 

Based on the literature, the following research gaps have been identified: 

➢ The duplex ageing treatments can produce balanced mechanical properties. 

However, the temperature region explored is limited and there is further scope to 

optimise the ageing parameters. The characteristics of α strengthening phase 

such as shape and size (which control the mechanical properties) are also 

influenced by the heat treatment parameters. Therefore, the study of 

microstructure evolution as a function of different combinations of ageing 

parameters such as different heating rate, different ageing temperature and 

ageing time is necessary to optimise the mechanical properties with simple heat 

treatment processes.  

➢ The isothermal ω-phase has been seen to affect the nucleation of α strengthening 

phase, hence, there is a need to understand the kinetics of potent nucleant 

isothermal ω-phase as a function of the different cooling rate which might be 

useful in achieving the desired properties in shorter processing time during 

duplex ageing. Also, there is a need to deconvolute the variation in size, shape, 

and volume fraction of the isothermal ω-phase as a function of cooling rate. 

Understanding the influence of cooling rate is important for controlling the 

section thickness in structural applications. It is also important to clarify the role 

(direct or indirect) of isothermal ω-phase on α-phase nucleation during different 

ageing approaches and at different ageing temperatures. 

➢ The microstructures and properties of the AM Ti-5553 alloy is already studied in 

powder bed processing. Limited study is done on net-shape processing such as 
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LENS. Also, the ageing properties of these alloys need to be known for better 

use of AM alloy. This will enable the better use of additive manufacturing 

methods for producing β-Ti alloy parts. This will also help in developing a 

precise pathway for post-processing of AM β-Ti alloy samples, generating a 

good balance of properties in comparison to the wrought Ti-5553 β-Ti alloy. 

2.7 Research Questions 

The key questions which are aimed to be addressed through this work are given below: 

➢ What is the relationship between the microstructural features and the mechanical 

properties of the wrought Ti-5553 β-Ti alloy as a function of single ageing 

(using different heating rates) and duplex ageing at different ageing temperatures 

for varied ageing times? 

➢ What is the role (direct or indirect) of isothermal ω-phase on α-phase nucleation 

during different ageing approaches and at different ageing temperatures? 

➢ How are the kinetics of isothermal ω-phase affected as a function of different 

cooling rate after solution treatment? What difference does different cooling rate 

cause in terms of the precipitation pathways of the isothermal ω-phase?  

➢ What is the ageing response of the AM Ti-5553 β-Ti alloy and how is it different 

from the wrought Ti-5553 β-Ti alloy? How do the sub-structures in the as-built 

condition affect the microstructure of the aged sample? 
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CHAPTER 3 

EXPERIMENTAL METHODOLOGY 

This chapter presents the heat treatment procedures and the detailed description of 

characterisation tools used in this work. The chapter begins with an introduction to the 

material used in this work and its processing routes.  

3.1 Material and its Processing 

For the current work, the Ti-5553 β-Ti alloy, used in this research, was prepared 

using two processing routes as explained below.  

3.1.1 Conventionally Made or Wrought Alloy 

The conventionally prepared or wrought alloy was obtained from TIMET. The 

chemical composition of the alloy as measured using inductively coupled plasma atomic 

emission spectroscopy (ICP-AES) is mentioned in Table 3.1. The material provided was 

given in the form of discs of size ø160 mm × 15 mm that were cut from the end of a 

billet. The photograph of one such disc is shown in Fig. 3.1. The disc was forged at 815 

°C with several reheats following the initial recrystallisation at 960 °C and subsequent 

air quenching. For further heat treatment experiments, the discs obtained were sectioned 

into samples of size 40 mm × 15 mm × 15 mm using electrical discharge machining 

(EDM). The microstructure and the microhardness variations in the disc were also 

studied by examining the samples from different locations (1, 2, and 3) marked on the 

disc in Fig. 3.1. The SEM micrographs and the microhardness values taken from these 

locations are shown in Fig. 3.2. The surface parallel to the plane of the paper in Fig. 3.1 

was examined for all the characterisations. The results (Fig. 3.2) indicate that the 
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microstructure and the microhardness values at different locations are similar. This 

indicates that the final microstructure and the microhardness results after ageing will not 

be affected by the location from where the samples were extracted.    

Table 3.1. Chemical composition of the wrought Ti-5553 β-Ti alloy measured using 

ICP-AES. 

Elements 

(wt%) 

Mo V Al Cr Zr Fe Co C O Nb Ti 

4.81 4.59 5.51 2.97 <0.01 0.33 <0.01 0.02 0.045 <0.01 Bal 

 

Fig. 3.1. Photograph of the Ti-5553 β-Ti alloy disc obtained from TIMET. 1, 2, and 3 

are the marked locations from where the samples were extracted to check the variations 

in the microstructure and the microhardness values in the disc. 
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Fig. 3.2. The SEM micrographs and the microhardness values taken from different 

locations (1,2, and 3) marked on the disc in Fig. 3.1.  

3.1.2 Additively Manufactured Alloy 

Gas-atomised spherical Ti-5553 β-Ti alloy powder was obtained from AP&C 

company as a starting material. The chemical composition of the powder, measured 

using ICP-AES, is presented in Table 3.2. The typical appearance of the as-received 

powder is shown in Fig. 3.3 (a). The particle size distribution was calculated using SEM 

images, where the particles lied in the range of 16–148 µm, and the average size was 

calculated as 64 ± 34 µm. The particle size distribution is also presented in Fig. 3.3 (b). 

The double walls (40 mm × 10 mm × ~1.5 mm) of Ti-5553 β-Ti alloy were 

manufactured in an OPTOMEC LENS MR-7 system equipped with a 1 kW IPG Fiber 

Laser System. The chemical composition of the as-built samples is shown in Table 3.2. 
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The Al content (4.98 wt%) of the as-built samples decreased with respect to Al content 

(5.04 wt%) in the powder. This is because of the evaporation of Al at high temperature 

of additive manufacturing processes [136]. The oxygen content (0.1 wt%) in the as-built 

sample was found to be more than the oxygen content (0.065 wt%) in the powder. This 

is because of the oxygen pick up during high-temperature additive manufacturing 

processes [136]. The schematic of the deposition track profile is shown in Fig. 3.4. The 

typical appearance of the double-wall samples can be seen in Fig. 3.5. The laser power, 

feed rate and scanning speed during the build are 300W, 6g/min and 635 mm/min, 

respectively. The laser spot size was 0.25 mm. The oxygen concentration was contained 

within the range of 2-18 ppm during the building process. The melt pool overlap is 

about 50% and the layer thickness along the build direction was 0.254 mm. 

Table 3.2. Chemical composition of the Ti-5553 β-Ti alloy powder and the as-built 

samples used in the current work. 

Elements 

(wt%) 
Mo V Al Cr Zr Fe Co C O Nb Ti 

Powder 5.08 4.52 5.04 2.86 <0.01 0.36 <0.01 <0.01 0.065 <0.01 Bal 

As-built 

Sample 
5.10 4.54 4.98 2.86 <0.01 0.38 <0.01 0.01 0.1 <0.01 Bal 

 

Fig. 3.3. (a) Typical appearance of Ti-5553 β-Ti alloy powder used for producing the 

additively manufactured samples. (b) shows the particle size distribution for the gas 

atomised Ti-5553 β-Ti powder used in this work. 



37 

 

 

Fig. 3.4. The deposition track profile for depositing the double-wall (DW) samples. 

 

Fig. 3.5. The typical appearance of the double-wall sample after deposition. 

3.2 Heat Treatment Procedures 

3.2.1 Solution Treatment 

The wrought Ti-5553 β-Ti alloy samples (40 mm × 15 mm × 15 mm), sectioned 

from the disc, were first ground on all sides using 320 grit size SiC abrasive paper to 

clean the surface. These samples were then coated with a Bonderite L-GP 12 Acheson 
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coating to minimise the oxidation and the formation of α-case on Ti-5553 β-Ti alloy 

samples during the solution treatment. The samples were dried for a day before the 

solution treatment. The solution treatment was done at 900 °C (above Tβ) for 0.5 h 

followed by rapid cooling to room temperature via different cooling rates: water 

quenching (Chapter 4 & 5) or air cooling (Chapter 5); depending on the objective of the 

work. The solution treatment was performed in a pre-heated and a well-calibrated tube 

furnace under argon gas (industrial grade) with a flow rate of 10 l/min. An N-type 

thermocouple having a diameter of 3 mm was used to measure the solution treatment 

temperature and cooling rate. The solution treatment temperature was maintained within 

± 2 °C. The thermocouple was fixed with high-temperature adhesive to a hole at the 

centre of a reference sample (40 mm × 15 mm × 15 mm). The reference sample was 

kept inside the furnace along with the to-be solution treated samples. The average 

cooling rate was measured as ~0.5 °C/s and ~20 °C/s for air cooling and water 

quenching, respectively. The cooling rate curves obtained from the thermocouple are 

shown in Fig. 3.6.  

A few AM samples were also solution treated (for Chapter 6) similarly as the 

wrought alloy to dissolve the sub-structures formed after deposition. This was done to 

study the influence of sub-structures on the microstructure after ageing. All the AM 

samples were only water quenched after solution treatment. Before solution treatment, 

the AM samples were ground on all sides up to 600 µm grit size SiC paper to remove 

the oxidised layer formed during deposition.  



39 

 

 
Fig. 3.6. The cooling rate measurement curves for water quenching (WQ) and air 

cooling (AC) after solution treatment. The figure also shows the enlarged data around 

the 2000 s to highlight the difference between the cooling rates. 

3.2.2 Ageing Treatment 

Before ageing, the wrought (solution-treated) and the AM (solution-treated and 

as-built) samples were ground on all the sides up to 600 µm SiC paper to remove the 

developed oxide layer and the α-case. These samples were further sectioned to 10 mm × 

15 mm × 15 mm and 10 mm × 10 mm × 1.5 mm, respectively. A Struers precision cut-

off machine (Secotom-50) was used to cut these dimensions. The sectioned samples 

were aged at the chosen ageing temperatures for the chosen ageing time to observe the 

microstructural changes and determine the microstructure-property relationship. The 

detailed information on ageing parameters is given in the respective results chapters. 

Overall, the ageing was done using three different heat treatment pathways: (i) the 

samples were slowly heated to the desired ageing temperature – the samples were kept 

in the furnace at room temperature, and then the temperature was raised at ~5 °C/min, 

(ii) the samples were fast heated to the desired ageing temperature – ageing was done in 

a pre-heated furnace that produced a heating rate of ~100 °C/min, and (iii) the samples 

were duplex aged – the samples were first pre-aged in a pre-heated furnace at 300 °C 
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for 8 h and then the sample was quickly shifted to another furnace pre-heated at a higher 

temperature. The ageing treatments were carried out under argon gas maintained at a 

flow rate of 10 l/min. The samples were also coated and dried before the ageing 

treatments, same as for the solution treatment. All the single ageing treatments were 

carried out in a tube furnace, whilst a combination of tube and chamber furnaces was 

used to perform the duplex ageing. Similar to the solution treatment procedure, an N-

type thermocouple was used to measure the ageing temperature and heating rate. The 

ageing temperatures were maintained within ± 2 °C. 

3.3 Characterisation Tools  

3.3.1 Metallography 

The wrought and AM samples were prepared using standard metallographic 

procedures for SEM, EDS, EBSD, XRD and Vickers’ microhardness characterisation. 

The sectioned samples were mounted in 2 mount using the hot mounting procedure on 

a Struers’ hot mounting machine (CitoPress-15) to examine the cross-section. The 

cross-section was mechanically ground up to 1200 μm SiC abrasive papers followed by 

polishing using diamond suspension down to 1 μm. Subsequently, the samples were 

finally polished using vibratory polishing with colloidal silica having 0.02 μm particle 

size. After polishing, the samples were cleaned in distilled water for 0.25 h by ultrasonic 

cleaning.  

3.3.2 Scanning Electron Microscopy (SEM) 

The microstructures of the wrought and AM samples were examined using 

backscatter electron (BSE) imaging in a Zeiss Gemini Sigma 500VP SEM operating at 
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an accelerating voltage of 20 kV. The best contrast for BSE micrographs to detect α and 

β-phases was obtained at an aperture size of 60 µm. 

3.3.3 Energy Dispersive Spectroscopy (EDS) 

The EDS was performed to find out the elemental composition of the sub-

structures observed in the AM samples. This was performed using an X-MaxN detector 

from Oxford instruments installed in the same SEM, which was operated at an 

accelerating voltage of 20 kV.  

3.3.4 Electron Backscatter Diffraction (EBSD) 

The EBSD measurements were performed to find out the local misorientations, 

grain boundary mapping and texture in the AM samples. A NordlysNano detector from 

Oxford instruments installed in the same SEM was used to perform the EBSD 

acquisition. An aperture size of 300 µm was used to collect the large area scans. The 

instrument was set up at an accelerating voltage of 20 kV, whilst the working distance 

and the step size was kept as 8-16 mm and 0.2 µm, respectively. The build direction of 

the AM sample was aligned parallel to the Y direction of the instrument for EBSD 

measurements. The sample surface angle with respect to the horizontal plane was kept 

as 70°. The EBSD data were analysed using HKL Channel 5 software.  

3.3.5 X-ray Diffraction (XRD) 

The XRD measurements were carried using a Rigaku SmartLab X-ray 

diffractometer equipped with CuKα radiation operating with an applied voltage of 40 

kV and a current of 30 mA. The diffraction patterns were collected in the angular 2θ 

range of 35° to 100° at a scan rate of 1°/min. The treatment of the XRD data, such as 
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background determination, was performed in the Xpert HighScore Plus software. The 

peak phases were indexed using the previously published crystallographic data on Ti 

alloys [95,100].  

3.3.6 Vickers Microhardness  

Samples prepared for microstructural examination were also tested using a 

Vickers microhardness tester (using D80 Durascan-70 by EmcoTest) using a load of 0.5 

kgf (Hv0.5). This was done to investigate the likely effect of phase precipitation on 

mechanical properties. About 40 measurements were taken for each sample. 

3.3.7 Quantification of Microstructure 

The microstructures after solution treatment and ageing were quantified using the 

ImageJ software [137]. The line intercept method was used to quantify the phase 

characteristics such as β grain size, the width of α-phase, interparticle spacing between 

the α-phase and volume fraction of α-phase in the microstructure. In order to perform 

the quantitative analysis using ImageJ, the image processing was done in the ImageJ 

software itself to create the drawings of each microstructure. Drawings were created by 

first reducing the bandpass filter of the images followed by the thresholding of the 

images. The drawings along with the corresponding SEM micrographs are shown in 

Fig. 3.7. The drawings look similar to the SEM micrographs. These drawings were then 

used to perform all the quantitative analysis. 
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Fig. 3.7. SEM micrographs of the aged samples along with their corresponding 

drawings.  

3.3.8 Small-angle Neutron Scattering (SANS) 

The use of SANS to study precipitate evolution in engineering alloys has gathered 

considerable attention in the recent past due to its ability to provide full and precise 

structural information of nanoscale precipitates [95,100]. The SANS technique provides 

information for a far larger volume of sample than TEM and is still able to probe 

precipitates of size in the range of 1–100 nm [98,99]. The technique measures the 

coherent elastic scattering of the incident neutron beam from precipitates at small angles 

less than 10° based on the contrast variation principle, i.e. the difference in the 

scattering length densities (SLD) between the parent phase and precipitate [138].  

The samples of size 20 mm × 15 mm × ~1 mm were sectioned from the solution-

treated samples for SANS measurements (for Chapter 5). These samples were then 
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polished up to 1 µm using diamond suspension. The SANS measurements were 

performed on the LARMOR beamline of ISIS Pulsed Neutron Source, UK. 

Polychromatic neutrons (λ = 0.9 to 13.3 Å) were used for measuring the scattering from 

the system. The detector configuration provided a momentum transfer (q) range of 

0.007 – 0.7 Å, where q = 4πsinθ/λ and the scattering angle is 2θ, and λ is the neutron 

wavelength. The sample scattering was measured by exposing the samples to a neutron 

beam of size 12 mm × 12 mm. The overall set-up of the instrument can be seen in Fig. 

3.8. The schematics of the SANS experiment can also be seen in Fig. 3.9.  

The measured raw SANS data were reduced to absolute SANS scattering 

intensities (I) using standard procedures in the Mantid software [139]; i.e. by correcting 

the data for transmission and background measurements. The data was azimuthally 

averaged for plotting the one-dimensional (1D) I vs q plots. The data were also checked 

for any Bragg’s peak, which was not observed in the data collected. A K-type 

thermocouple of diameter 1 mm was attached to the surface of the sample through the 

sample holder to measure the ageing temperature and the heating rate during in situ 

SANS measurements. The ageing temperature was maintained within ± 2 °C. A radiant 

air furnace [140] was used for ageing the samples. All the measurements were 

performed under argon gas (industrial grade). 
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Fig. 3.8. Photograph of the LARMOR instrument set-up for in situ SANS experiment. 

 

Fig. 3.9. The schematics of in situ SANS experiment to study the kinetics of isothermal 

ω-phase as a function of different cooling rate after solution treatment. 

3.3.9 Electrical Resistivity Measurement 

The formation of different precipitates from the β-phase matrix in the Ti alloys 

has also been detected by means of electrical resistivity measurements [101,122]. This 

is due to its high sensitivity to the minor constitutional changes in the material during 

quenching, heating and ageing [141]. This technique is especially interesting due to its 
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capability to derive thermodynamic information such as the activation energy for 

precipitation [101].  

A miniaturised multi-property test system [142] was used (for Chapter 4, 5 & 6) 

to in situ measure the electrical resistivity (using the 4-point method) during heat 

treatments performed under argon. The detailed information on the heat treatment 

parameters or pathways is presented in the relevant chapters. The typical set-up of the 

electrical resistivity measurement system is shown in Fig. 3.10. The working of the 

system can be understood from the schematics in Fig. 3.11. Matchstick samples of 

dimensions 40 mm × 2 mm × 1 mm were cut from the ground (up to 600 µm using SiC 

abrasive paper) wrought (solution-treated) and AM (solution-treated and as-built) 

samples using EDM. The measurements were done on the matchstick samples after 

grinding up to 1200 grit size SiC abrasive paper. The samples were held between the 

water-cooled grips, whilst a direct current was used to heat them. The electrical 

resistivity was measured across the central 2 mm of the sample using a Pt-Rh probe. 

Pt/Pt-13%Rh thermocouple wires having a diameter of 0.1 mm were used to measure 

the temperature of the sample. The thermocouple was spot welded to the centre of the 

test sample. The temperature during the measurements was maintained within ± 1 °C. 

The electrical resistivity (𝜌) of the samples was calculated using Equation 3.1.  

𝜌 =  
𝑉𝐴

𝐼𝑙
                                                                                                                         (3.1) 

where 𝑉 is the drop in the voltage, 𝐴 refers to the cross-sectional area of the sample, 𝐼 is 

the current and 𝑙 refers to the gauge length between the potential probes. An increment 

of ~0.01% in electrical resistivity was calculated due to a change in the length during 

heating that was neglected for further data analysis. 
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Fig. 3.10. Typical set-up of the electrical resistivity measurement system. 

 

Fig. 3.11. The schematics of the electrical resistivity measurement set-up illustrating the 

working of the system.  
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CHAPTER 4 

PRECIPITATION BEHAVIOUR OF SINGLE AND DUPLEX AGED WROUGHT 

METASTABLE β-Ti ALLOY 

4.1 Introduction 

As stated in the Literature Review (Chapter 2), the mechanical properties of β-Ti 

alloys are primarily controlled by the size, volume fraction, morphology, and the 

distribution of the α strengthening phase precipitates in the β-phase matrix. One of the 

ways to control these characteristics of α-phase precipitates is to use different ageing 

approaches – single ageing and duplex ageing, to get the desired final microstructure 

[117]. In single ageing, the homogenised alloy is aged at the temperature necessary for 

α-phase precipitates to nucleate by a non-classical pseudo-spinodal mechanism [26], 

whereas in the case of duplex ageing, pre-ageing treatment at a lower temperature (~250 

°C – 350 °C) is employed to allow the precipitation of metastable isothermal ω-phase 

precipitates, which then act as potential nucleation sites for the α-phase precipitates at 

higher ageing temperatures. The refined α-phase precipitates formed in the latter 

process leads to improved strength in β-Ti alloys [40].  

 This chapter presents a comparative study of the influence of different ageing 

approaches on the microstructures and microhardness of wrought Ti-5553 β-Ti alloy 

when aged at different temperatures and for different ageing time. In situ electrical 

resistivity measurement was performed to understand the precipitation mechanism 

during these ageing approaches (section 4.3.4). The evolution of different 

microstructures as a function of these ageing approaches at different ageing conditions 

is presented in section 4.3.1. A correlation between the microstructure and the 
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microhardness was established (section 4.4.4) to understand the likely effect of different 

microstructures on the mechanical properties.  

4.2 Experimental Details 

The ground and solution-treated samples of dimensions 10 mm × 15 mm × 15 mm 

were prepared (details in section 3.2) for ageing treatments. All solution-treated samples 

were water-quenched to room temperature. The ageing approaches followed for the 

work in this chapter were broadly classified into two types – single ageing and duplex 

ageing. The samples were aged at 500 °C, 600 °C and 700 °C for 0.5 h and 6 h using 

single ageing and duplex ageing. The schematics of the ageing treatments are depicted 

in Fig. 4.1. These different ageing parameters were chosen to see their influence on the 

obtained microstructure and the associated microhardness. All the aged samples were 

finally water-quenched to room temperature. For single ageing, two different heating 

rates, slow (~5 °C/min) and fast (~100 °C/min), were used to reach the ageing 

temperature. Further details on the ageing procedure is provided in section 3.2. The 

samples were also aged at 300 °C for 8 h to allow the precipitation of isothermal ω-

phase in the low-temperature ageing step during duplex ageing. This step is hereafter 

labelled as a pre-ageing step. 

In situ electrical resistivity measurements were also performed to understand the 

precipitation kinetics of the wrought Ti-5553 β-Ti alloy during different ageing 

approaches. The measurements were taken during the heating period up to 700 °C with 

high (~100 °C/min) and slow heating rate (~5 °C/min), whilst for duplex ageing, the 

measurements were taken during the heating period up to 300 °C and pre-ageing-step 
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i.e. at 300 °C up to 8 h. The schematic of in situ electrical resistivity measurement of 

solution-treated samples is depicted in Fig. 4.2.  

 

Fig. 4.1. Schematics of the heat treatment cycles used in this work to understand the 

influence of different ageing approaches on the microstructure evolution and associated 

mechanical properties of Ti-5553 β-Ti alloy. SA1 represents single ageing with fast 

heating rate, SA2 represents single ageing with slow heating rate, and DA represents 

duplex ageing approach. WQ indicates water quenching. 

 

Fig. 4.2. Schematics of the heat treatment cycles used to identify the precipitation 

mechanisms occurring during different ageing approaches by determining the 

dependence of electrical resistivity on the ageing temperature and ageing time. WQ 

indicates water quenching. 
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4.3 Results 

4.3.1 Microstructural Characterisation 

The backscattered electron micrograph of as-received Ti-5553 β-Ti alloy, as 

shown in Fig. 4.3 (a), exhibits the presence of large globular and ellipsoidal α-phase 

precipitates along with some fine acicular α-phase precipitates. Following solution 

treatment, the microstructure consisted of equiaxed large β grains (Fig. 4.3 (b)) having 

an average grain size of 245 ± 75 µm (after measuring 100 grains). Following 

isothermal ageing at 300 °C for 8 h, there is no evidence of α-phase precipitates in the 

SEM micrograph as shown in Fig. 4.3 (c).   

 

Fig. 4.3. The backscattered electron micrographs of the (a) as-received, (b) solution-

treated and (c) the pre-aged (300 °C + 8 h) conditions of wrought Ti-5553 β-Ti alloy. 

The BSE-SEM microstructures obtained after ageing at 500 °C, 600 °C and 700 

°C following the heat treatment processes (Fig. 4.1) are shown in Fig. 4.4, Fig. 4.5 and 
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Fig. 4.6, respectively. Overall, single ageing with slow heating rate and duplex ageing 

produced a uniform microstructure for all ageing conditions, but in the case of single 

ageing with fast heating rate, a nonuniform microstructure was observed where larger 

size α-phase precipitates were observed near to the grain boundary. In addition, single 

ageing with slow heating rate and duplex ageing produced approximately the similar 

microstructure at all ageing conditions, but markedly different than single ageing with 

fast heating rate. The intragranular α-phase after single ageing with fast heating rate 

showed acicular morphology self-accommodated in triangular clusters, where 

precipitates tend to grow in different directions, meaning the α-phase possesses three 

variants. This is in line with the observations of Nag et al. [12], where the angular 

separation between the (0001) planes of α variants was reported to be 60° with each 

other. However, it is important to note here that the acicular α-phase precipitates 

obtained by single ageing with slow heating rate and duplex ageing do not show sharp 

ends as obtained for single ageing with fast heating rate. A thick and continuous grain 

boundary α-phase can also be seen for single ageing with fast heating rate whilst single 

ageing with slow heating rate and duplex ageing showed thin and continuous grain 

boundary α-phase. Further, single ageing with fast heating rate also led to the formation 

of Widmanstätten α-phase near to the grain boundaries. The microstructures obtained 

after single ageing with slow heating rate and duplex ageing also showed the presence 

of precipitate free zones (PFZ) near the grain boundaries. The width of the PFZ grew 

with the increase in ageing temperature. 
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Fig. 4.4. BSE-SEM micrographs showing the grain boundary and intragranular α-phase 

precipitates for aged Ti-5553 β-Ti alloy at 500 °C for varied ageing time after following 

(a), (b) single ageing with fast heating rate (SA1), (c), (d) single ageing with slow 

heating rate (SA2), and (e) (f) duplex ageing (DA) approach. 
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Fig. 4.5. BSE-SEM micrographs showing the grain boundary and intragranular α-phase 

precipitates for aged Ti-5553 β-Ti alloy at 600 °C for varied ageing time after following 

(a), (b) single ageing with fast heating rate (SA1), (c), (d) single ageing with slow 

heating rate (SA2), and (e) (f) duplex ageing (DA) approach. 
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Fig. 4.6. BSE-SEM micrographs showing the grain boundary and intragranular α-phase 

precipitates for aged Ti-5553 β-Ti alloy at 700 °C for varied ageing time after following 

(a), (b) single ageing with fast heating rate (SA1), (c), (d) single ageing with slow 

heating rate (SA2), and (e) (f) duplex ageing (DA) approach. 

The volume fraction, width and interparticle spacing of intragranular α-phase 

precipitates are presented in Fig. 4.7 (a), (b) and (c), respectively. The width of α-phase 

precipitates near grain boundaries in single ageing with fast heating rate varied in the 

range of ~30 nm to ~700 nm as ageing temperature increased from 500 °C to 700 °C. 

However, the intragranular α-phase precipitates for single ageing with fast heating rate 

are more-or-less uniformly distributed (Fig. 4.7).  
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The microstructures obtained after ageing at 500 °C exhibited much finer α-phase 

precipitates than α-phase precipitates observed in microstructures obtained after ageing 

at other higher temperatures (600 °C and 700 °C). This is shown in Fig. 4.7 (b). The 

width of α-phase precipitates remained approximately constant (Fig. 4.7 (b)) as ageing 

time was increased, but the volume fraction (Fig. 4.7 (a)) of α-phase increased 

indicating an increase in the number density. The interparticle spacing remained 

approximately the same throughout the ageing time at 500 °C, as shown in Fig. 4.7(c). 

After ageing at 600 °C, the width of α-phase grew (Fig. 4.7 (b)) with increase in 

ageing time. However, the volume fraction of the α-phase remained approximately 

constant (Fig. 4.7 (a)) for all ageing treatments. It is important to note here that the 

volume fraction of intragranular α-phase precipitates is highest (~52%) at 600 °C (Fig. 

4.7 (a)) for all kinds of ageing approaches. The single ageing with slow heating rate and 

duplex ageing showed much finer α-phase than single ageing with fast heating rate at 

the beginning (0.5 h) of the ageing at 600 °C, but the difference in the α-phase width 

was reduced after ageing for 6 h. The interparticle spacing between the α-phase 

precipitates increased with ageing time (Fig. 4.7 (c)). 

The microstructures obtained after ageing at 700 °C exhibited the largest width for 

α-phase (Fig. 4.7 (b)) when compared to microstructures obtained at all other ageing 

temperatures. However, the volume fraction obtained at this temperature is the lowest 

and remained approximately constant during the ageing time (Fig. 4.7 (a)). This might 

be due to its proximity to the Tβ (~850 °C). The width of intragranular α-phase 

precipitates grew for single ageing with slow heating rate and duplex ageing approach 

as the ageing time was increased, however, the width of intragranular α-phase remained 
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approximately the same (Fig. 4.7 (b) for single ageing with fast heating rate approach 

even after ageing for 6 h. The microstructure obtained at the beginning (0.5 h) of single 

ageing with slow heating rate and duplex ageing showed the presence of finer α-phase 

precipitates when compared to single ageing with fast heating rate approach. However, 

the samples aged for 6 h exhibited approximately the same width for intragranular α-

phase precipitates irrespective of the ageing approach. The interparticle spacing 

remained the highest at this temperature, and remained approximately the same for 

single ageing with fast heating rate, but increased for single ageing with slow heating 

rate and duplex ageing with ageing time.  

 

Fig. 4.7. The variation in the (a) volume fraction, (b) width and (c) interparticle spacing 

of intragranular α-phase precipitates for Ti-5553 β-Ti alloy aged via different ageing 

approaches at different temperatures and for different ageing time.  
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4.3.2 XRD Analysis 

Fig. 4.8 shows the XRD pattern following solution treatment, pre-ageing (300 °C 

+ 8 h) and single ageing (with fast heating rate) at different temperatures for 0.5 h. The 

peaks were identified and labelled following the peak indexing procedure described in 

section 3.3.5. The XRD pattern after solution treatment indicates the presence of solely 

β-phase matrix. The pre-aged sample (300 °C + 8 h) showed the presence of solely β-

phase under SEM (Fig. 4.3 (c)), but a small volume fraction of isothermal ω-phase and 

α″ precipitates can be confirmed from the XRD diffraction patterns (Fig. 4.8). This is in 

line with earlier observations [57]. It is also important to note here that the diffraction 

patterns for solution-treated and pre-aged samples are significantly different. The pre-

aged sample exhibits broader peaks than the solution-treated sample. This can be 

attributed to the coherency strains [95] present in the β-phase matrix due to the presence 

of coherent isothermal ω-phase [80]. The XRD patterns at higher temperature showed 

the presence of α-phase precipitates along with the β-phase matrix. This could also be 

seen from the SEM images (Fig. 4.4, Fig. 4.5 and Fig. 4.6).  
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Fig. 4.8. The evolution of XRD diffraction pattern after solution treatment (ST), pre-

ageing and ageing at different temperatures for 0.5 h after single ageing with fast 

heating rate (SA1). 

4.3.3 Microhardness 

Fig. 4.9 shows the changes in the microhardness values following the ageing at 

500 °C, 600 °C and 700 °C for 0.5 h and 6 h using single ageing (with different heating 

rate) and duplex ageing heat treatment routes depicted in Fig. 4.1. For reference, the 

microhardness of as-received material was measured as 345 ± 7 Hv. The microhardness 

of the pre-aged sample (300 °C + 8 h) was measured as 474 ± 9 Hv and is not presented 

in Fig. 4.9. The hardness of the solution-treated sample is similar to Manda et al. [143], 

however, the pre-aged sample showed higher hardness compared to literature [57]. This 

additional increment in hardness could be due to the presence of α″ in the 

microstructure (see XRD Fig. 4.8) [144]. From the changes in the hardness in Fig. 4.9, 

the following points are noted. 

1. The single ageing with slow heating rate and duplex ageing led to approximately 

similar microhardness at all ageing conditions. 
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2. The hardness of the aged samples in the α region (500 °C – 700 °C) decreased 

with increase in temperature. 

3. After ageing at 500 °C, the microhardness increased from 0.5 h to 6 h of ageing. 

However, the microhardness obtained for single ageing with slow heating rate 

and duplex ageing was much higher than single ageing with fast heating rate, at 

all ageing times. The microhardness (~518 ± 8 Hv) of the sample aged at 500 °C 

for 0.5 h via duplex ageing is consistent with that of Coakley et al. [95] for a 

similar heat treatment profile ( 300 °C/0.5 h + 500 °C/2 h).  

4. After ageing at 600 °C, the microhardness showed a decreasing trend as ageing 

time was increased. Single ageing with slow heating rate and duplex ageing 

showed higher microhardness than single ageing with fast heating rate, at all 

ageing times. However, the difference in the microhardness of single ageing 

with slow heating rate and duplex ageing with respect to single ageing with fast 

heating rate decreased with ageing time.  

5. The samples aged at 700 °C exhibited the lowest microhardness compared to all 

other ageing temperatures. For single ageing with slow heating rate and duplex 

ageing, the microhardness decreased as ageing time was increased, however, the 

microhardness for single ageing with fast heating rate showed very small 

variation with an increase in ageing time. However, the samples aged via single 

ageing with slow heating rate and duplex ageing showed higher microhardness 

at the beginning of the ageing time (0.5 h) with respect to single ageing with fast 

heating rate. The samples aged for 6 h showed approximately the same 

microhardness irrespective of the ageing approach. 
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Fig. 4.9. The microhardness characteristics of Ti-5553 β-Ti alloy heat treated via 

different ageing approaches at different temperatures and for different ageing time. SA1 

represents single ageing with fast heating rate, SA2 represents single ageing with slow 

heating rate, and DA represents duplex ageing approach. WQ indicates water 

quenching. 

4.3.4 Electrical Resistivity Measurement 

The change in electrical resistivity as a function of temperature during single 

ageing with different heating rates is shown in Fig. 4.10 (a). The electrical resistivity is 

normalised with respect to the room temperature electrical resistivity. It is clear from the 

figure that the initial change in the electrical resistivity remained the same between two 

processes. This confirms consistency in microstructures among different solution-

treated samples.  

During single ageing with fast heating rate, the electrical resistivity first dropped 

as the temperature was raised. The drop was observed up to ~550 °C. Following this, 

the electrical resistivity increased indicating a phase transformation at higher 

temperature. For single ageing with slow heating rate, there was a similar drop in the 

electrical resistivity up to ~320 °C and then the electrical resistivity increased between 
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~320 °C and ~500 °C. The electrical resistivity dropped again up to ~600 °C and then 

increased again indicating a lot of phase transformations during single ageing with slow 

heating rate.  

Fig. 4.10 (b) shows the change in the electrical resistivity up to the pre-ageing step 

(300 °C + 8 h) of duplex ageing. The electrical resistivity dropped as the temperature 

was increased. The resistivity then increased further before becoming approximately 

saturated after ~5 h of ageing.  

 

Fig. 4.10.  The relative electrical resistivity plots obtained from the solution-treated Ti-

5553 β-Ti alloy during the heating period up to 700 °C for (a) single ageing with fast 

heating rate (SA1) and (b) single ageing with slow heating rate (SA2). (c) shows the 

relative electrical resistivity plot for pre-ageing-step (300 °C + 8 h) in duplex ageing 

(DA) measured during heating period up to 300 °C and during ageing at 300 °C up to 

8h. 

4.4 Discussion 

4.4.1 Precipitation Kinetics 

The microhardness measurements revealed similar variation in mechanical 

properties during single ageing with slow heating rate and duplex ageing approaches, 

however, significantly different than the single ageing with fast heating rate approach. 

This indicates that single ageing with slow heating rate and duplex ageing approaches 
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follow similar precipitation behaviour, but different than the single ageing with fast 

heating rate approach. Hence, the precipitation behaviour during different ageing 

approaches has been understood via in situ measured electrical resistivity results (Fig. 

4.10).  

Irrespective of the ageing approach, the initial drop in the electrical resistivity 

could be attributed to the partial dissolution of athermal ω-phase formed during rapid 

cooling, which disappears reversibly on heating [12,94,101]. In the case of single 

ageing with slow heating rate, the increase in electrical resistivity after ~320 °C can be 

attributed to the formation of isothermal ω-phase [94]. The decrease in the electrical 

resistivity at ~500 °C is an indication of the formation of isothermal ω-phase-assisted α-

phase precipitates. The electrical resistivity decreases due to the progressive vanishing 

of  isothermal ω-phase [17,94]. The α-phase precipitates formed via isothermal ω-phase-

assisted α-phase precipitation are reported to have non-equilibrium (αnon-eqm) nature just 

after the precipitation and tend to attain equilibrium (αeqm) after further ageing [111]. 

Therefore, this decrease in the electrical resistivity can be associated with the formation 

of non-equilibrium α-phase precipitates from isothermal ω-phase. The increase in the 

electrical resistivity at ~600 °C can be related to the formation of equilibrium α-phase as 

reported in the literature [101,111]. The important point to note here is that Zheng et al. 

[111], through their ex situ TEM study, reported that the αnon-eqm dissolves in the matrix 

at higher temperatures and then re-precipitates as αeqm. Through these observations, they 

concluded that the ωiso precipitates have an indirect role in the refinement of the α-phase 

precipitates at higher temperatures. However, there are no such indications for the 

dissolution of the αnon-eqm in the current in situ electrical resistivity study. The current 
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study suggests that there is a direct role of ωiso precipitates in the refinement of the α-

phase precipitates.  

At the pre-ageing-step, the increase in the electrical resistivity can be associated 

with the nucleation of isothermal ω-phase. It could be seen from Fig. 4.10 that it took 

around 0.25 h ageing time to see the start of formation of isothermal ω-phase, which is 

in line with the literature [145]. The resistivity becomes constant after ~5 h of ageing 

indicating the saturation for the formation of isothermal ω-phase. This also validates 

that no α-phase has formed at the pre-ageing-step as observed using XRD (Fig. 4.8) and 

SEM (Fig. 4.3 (c)). Hence, the α-phase observed in the microstructure at higher 

temperatures after duplex ageing is formed due to isothermal ω-phase-assisted α-phase 

precipitation. Therefore, single ageing with slow heating rate and duplex ageing show 

similar microstructural characteristics as their precipitation behaviour is the same.  

For single ageing with fast heating rate, the increase in the electrical resistivity 

observed at ~550 °C is an indication of the nucleation of equilibrium α-phase due to the 

pseudo-spinodal mechanism as reported earlier [26]. No formation of isothermal ω-

phase (ωiso) can be seen during single ageing with fast heating rate. This means that the 

precipitation mechanism for single ageing with fast heating rate is markedly different, 

and therefore, a difference in the microstructure and microhardness was seen in 

comparison to single ageing with slow heating rate and duplex ageing. 

4.4.2 Evolution of Intragranular α-phase Precipitates 

The width of intragranular α-phase and interparticle spacing increased as a 

function of ageing temperature. The observance of coarser intragranular α-phase at 

higher temperature can be attributed to faster diffusion kinetics at higher temperature 
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[146]. The precipitation of coarser α-phase leads to a region with more β-stabilisers in 

the surrounding region of the precipitates. The precipitation of α-phase is difficult in 

this region because of high stability of the region due to enrichment in β-stabilisers. 

Hence, it gives broader β stabilised regions surrounding the precipitates, leading to 

higher interparticle spacing. The refined α-phase for single ageing with slow heating 

rate and duplex ageing is due to the isothermal ω-phase-assisted α-phase nucleation, as 

seen from electrical resistivity results (Fig. 4.10). 

At 500 °C, the width of intragranular α-phase and interparticle spacing remained 

almost the same with increased ageing time, irrespective of the ageing approach. This 

could be because the α-phase starts precipitating at around this temperature, as seen 

from electrical resistivity results (Fig. 4.10). This indicates that the α-phase precipitation 

did not reach the equilibrium condition before it starts coarsening. This could also be 

understood from the fact that volume fraction increases and the width of intragranular α-

phase and interparticle spacing remained approximately the same.  

At 600 °C, the volume fraction remained the same for both the ageing times, but 

the width of the intragranular α-phase and interparticle spacing increased, irrespective 

of the ageing approach. This indicates that the α-phase precipitation reached the 

equilibrium condition at this temperature.  

4.4.3 Effect of Intragranular α-phase Precipitates on Microhardness 

The effect of interparticle spacing upon the eventual mechanical properties in Ti–

6Mo–5V–3Al–2Fe β-Ti alloy has been considered previously [146]. This suggests that 

the reduction in interparticle spacing observed here on its own would lead to an increase 

in hardness of the samples after ageing. This reduction in the interparticle spacing can 
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also be correlated with the refinement of the α-phase width during ageing leading to 

higher microhardness, as stated above. In addition, refinement of α-phase width can 

directly be linked to the increase in yield strength and hardness [10,136]. We conclude 

therefore that the increase in hardness after single ageing with slow heating rate and 

duplex ageing is solely due to the refinement of the α-phase. A similar proportional 

increase would be expected in the yield and fatigue strength of the material [147,148]. 

At 500 °C, the microhardness increased as a function of ageing time for all the 

ageing approaches. This is due to the increased number density (Fig. 4.7) of the 

precipitates leading to reduced interparticle spacing. The single ageing with fast heating 

rate approach showed reduced microhardness due to coarser α-phase in comparison to 

single ageing with slow heating rate and duplex ageing approach. 

At 600 °C, the microhardness showed a decreasing trend (Fig. 4.9) as a function 

of ageing time. This happened due to the coarsening of the α-phase (Fig. 4.7). The 

single ageing with slow heating rate and duplex ageing approach showed higher 

hardness than single ageing with fast heating rate due to the finer microstructure. 

At 700 °C, the microhardness remained the same for both the ageing times during 

the single ageing with fast heating rate approach. This is due to the similar size and 

volume fraction of α-phase at both the ageing times (Fig. 4.7). The single ageing with 

slow heating rate and duplex ageing showed higher hardness at the beginning because 

of the refined microstructure, but the size of the α-phase after single ageing with slow 

heating rate and duplex ageing became the same as single ageing with fast heating rate 

after ageing for 6 h leading to the same hardness at this ageing condition.  
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4.4.4 Correlation between Microstructure and Microhardness 

A correlation between the microhardness values and the width of α-phase (𝑑) was 

established for all the aged samples. A high value of correlation coefficient, R2 = 0.95 

was observed for the fitted regression lines. The mean width of α-phase was considered 

as the best microstructural feature to control the microhardness values. The dependence 

of microhardness and the width of α-phase is represented in Fig. 4.11 and the relation is 

given in Equation 4.1. 

𝐻𝑣 = 348 + 247/√𝑑                                                                                                 (4.1) 

 

Fig. 4.11. Variation of mean hardness with inverse of square root of mean width of α-

phase after ageing the AM Ti-5553 β-Ti alloy samples. 

4.5 Conclusions 

A study was carried out to understand the influence of different ageing approaches 

on microstructure evolution and the associated effect on hardness in Ti-5553 β-Ti alloy. 

The following conclusions can be made: 
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1. Duplex ageing and single ageing with slow heating rate yield similar 

microhardness and microstructure results at all ageing conditions. This can be 

attributed to the same precipitation mechanism in both cases, as observed via in 

situ electrical resistivity measurement. 

2. Single ageing with slow heating rate and duplex ageing yield uniform 

microstructures in comparison to ageing with fast heating rate.  

3. The study supports previous reports that the isothermal ω-phase plays a direct 

role in the nucleation of refined α-phase precipitates, warranting detailed 

investigation into the precipitation kinetics of isothermal ω-phase to better 

control the mechanical properties of the material.  

4. Single ageing with slow heating rate and duplex ageing generally produce higher 

microhardness in comparison to single ageing with fast heating rate, however, 

the difference in the microhardness after single ageing with slow heating rate 

and duplex ageing with respect to single ageing with fast heating rate tends to 

decrease with ageing time at higher temperatures (600 °C and 700 °C).  

5. A correlation (𝐻𝑣 = 348 + 247/√𝑑) between the microhardness values and the 

width of α-phase (d) was estabilished for all the aged samples. 

The results in this chapter demonstrated that isothermal ω-phase plays a direct 

role in the refinement of α-phase precipitates leading to higher microhardness. Thus, it 

leads to the following chapter to understand the precipitation kinetics of isothermal ω-

phase that will help in utilising the advantages of isothermal ω-phase α-phase nucleation 

to better control the alloy properties.   
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CHAPTER 5 

PRECIPITATION KINETICS OF NANOSCALE ISOTHERMAL ω-PHASE IN β-Ti 

ALLOY AS A FUNCTION OF DIFFERENT COOLING RATES 

5.1 Introduction 

The duplex-aged samples and the single aged samples with slow heating rate in 

the previous chapter exhibited higher hardness for the wrought Ti-5553 β-Ti alloy 

compared to the single-aged samples with fast heating rate. This happened due to the 

isothermal ω-phase-assisted nucleation process leading to a highly refined α-phase 

distribution, which has previously shown improved alloy strength [8,40,116]. Hence, it 

is important to understand the kinetics of isothermal ω-phase formation in order to 

precisely control and optimise the alloy properties. 

For this chapter, samples of a Ti-5553 β-Ti alloy produced using air cooling and 

water quenching after solution treatment were used to establish the influence of the 

cooling rate on the kinetics of nanoscale isothermal ω-phase precipitates. In situ SANS 

measurements (section 5.3.2) were used to quantify the evolved microstructure and 

understand the nucleation and growth kinetics of isothermal ω-phase precipitates during 

low-temperature (300 °C) ageing. Complementary in situ electrical resistivity 

measurements (section 5.3.3) conducted during ageing at 300 °C and 325 °C provided 

additional insight into the precipitate mechanism and activation energy. These in situ 

measurements were supported by conventional SEM and XRD measurements to 

confirm the phases present. With this combined approach, the kinetics of isothermal ω-

phase precipitates transformation from the β-phase matrix under different cooling rates 
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are clarified. Finally, Vickers microhardness measurements (section 5.3.4) were used to 

see the likely effect of the evolved microstructure on the mechanical properties.  

5.2 Experimental Details 

The schematics of the entire experiments are shown in Fig. 5.1. In situ SANS and 

electrical resistivity measurements were recorded at room temperature, during the 

heating period, and during the entire ageing process. Room temperature data were 

collected first, and then sample temperature was raised to the ageing temperature (300 

°C or 325 °C) with a heating rate of ~100 °C/min, and was held for 8 h whilst the 

measurements were recorded. The detailed description of SANS and electrical 

resistivity measurements can be seen in sections 3.3.8 and 3.3.9, respectively.  

For SANS data analysis, the complete 60 min of room temperature data was 

averaged, but for ageing, the data were combined into 15-minute bins with the 

exception of 100 s of data averaged just after the sample reached the ageing temperature 

to show the data at the end of the heating period. An ellipsoid model fitting was applied 

to deconvolute the evolved microstructure. This model was chosen based on the 

understanding of precipitate shape from the literature [17,95]. 
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Fig. 5.1. The schematics of heat treatment cycle used in this work to understand the 

nucleation and growth kinetics of nanoscale isothermal ω-phase precipitates in Ti-5553 

β-Ti alloy as a function of water quenching (WQ) and air cooling (AC) during solution 

treatment. 

The solution-treated samples after water quenching and air cooling were also 

subsequently aged at 300 °C for a sequence of times (1 h, 2 h, 4 h and 8 h). The ageing 

was performed in a pre-heated tube furnace under argon gas with a heating rate of ~100 

°C/min. Samples were water-quenched after ageing. 

5.3 Results 

5.3.1 Microstructural Characterisation 

The BSE-SEM micrographs of samples after water quenching and air cooling 

exhibited a homogenised microstructure (Fig. 5.2 (a) and (b), respectively), where the 

XRD analysis (Fig. 5.3 (a)) indicated the presence of solely β-phase in the 

microstructure. The average β grain size for water-quenched and air-cooled samples 

was measured as 245 ± 75 µm and 225 ± 85 µm, respectively. Note that the presence of 

an inevitable ωath (without the size or volume fraction difference) has been reported 

consistently for the air-cooled and the water-quenched Ti-5553 β-Ti alloy after solution 
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treatment when examined under TEM [8,143,149]. Since the present solution treatment 

conditions are same as the previous work on the same alloy, it is reasonable to assume 

the formation of ωath (undetected by SEM and XRD) in both samples after solution 

treatment. The average microhardness values were measured as 300 ± 5 Hv and 298 ± 4 

Hv for water-quenched and air-cooled samples, respectively. The BSE-SEM 

micrographs (Fig. 5.2 (c) and (d)) for the samples aged at 300 °C for 8 h after solution 

treatment (both water-quenched and air-cooled) also showed homogenised 

microstructure. However, the presence of a small volume fraction of isothermal ω-phase 

precipitates and α-phase, in the β-phase matrix, can be inferred in the aged condition 

from the XRD patterns (Fig. 5.3 (b)). This is in agreement with the TEM and XRD 

observations in the literature [57,120] for Ti-5553 β-Ti alloy during ageing.  

 

Fig. 5.2. The BSE-SEM microstructure of Ti-5553 β-Ti alloy samples after solution 

treatment (ST) under (a) water quenching (WQ) and (b) air cooling (AC), (c) and (d) 

show the BSE-SEM microstructure of aged samples (300 °C for 8 h) after WQ and AC, 

respectively. 
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Fig. 5.3. The XRD diffraction patterns of Ti-5553 β-Ti alloy samples after (a) solution 

treatment (ST) using water quenching (WQ) and air cooling (AC). The XRD patterns 

show the presence of solely β-phase. The doublets seen in the XRD data are due to the 

diffraction from both Kα1 and Kα2 emissions. (b) shows the XRD diffraction patterns 

after subsequent ageing the solution-treated samples at 300 °C for 8 h, indicating the 

presence of β-phase and small volume fraction of isothermal ω-phase and α-phase.  

5.3.2 Small-angle Neutron Scattering 

One-dimensional I vs q plots for all the SANS measurements after water 

quenching and air cooling are shown in Fig. 5.4 (a) and (b), respectively. The error bars 

(~±0.01 cm-1) for each point are not presented in the plots (Fig. 5.4) to assist in 

delineating the data. The scattering curves after water quenching and air cooling are 

significantly different in terms of shape and evolution rate. The scattering curve for the 

air-cooled sample evolves quite slowly when compared to the water-quenched sample.  

The scattering intensity decreased with respect to room temperature scattering when 

the sample temperature was increased to the ageing temperature (300 °C). This occurred 

for both cooling rates. During the ageing period, the first additional scattering or 

deviation from the room temperature scattering was observed after 0.25 h and 1.25 h for 

water-quenched (at ~0.05 Å–1) and air-cooled (at ~0.08 Å–1) samples, respectively; for 

the water-quenched sample the deviation was in agreement with similar SANS 
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measurements obtained by Coakley et al. [95]. This additional scattering can be 

associated with the nucleation of isothermal ω-phase precipitates [57]. The α does not 

affect the SANS signal as observed previously [87] because it is formed by a 

diffusionless process [120], creating no contrast difference between the precipitate and 

the matrix. The ageing temperature (300 °C) is lower than the minimum stress relief 

temperature (480 °C), therefore, the presence of residual stresses caused by rapid 

cooling after solution treatment can be expected in the samples. However, the small 

dimensions of the samples that were extracted for the SANS means that there will have 

been considerable relaxation of any residual stress. Furthermore, SANS does not look at 

lattice-scale deformations, but structures at higher-order length scales [138].  

 

Fig. 5.4. The one-dimensional intensity (I) vs momentum transfer (q) plots of SANS 

scattering for Ti-5553 β-Ti alloy samples measured at room temperature (RT), after 

heating period (100 s) and in situ at 300 °C up to 8 h after (a) water quenching (WQ) 

and (b) air cooling (AC). The mentioned time represent the end of the measurement. 

BKG refers to the background scattering. 

5.3.3 Electrical Resistivity Measurement 

The electrical resistivity measurements for water-quenched and air-cooled 

samples were recorded during the entire ageing process, heating from room temperature 

to both 300 °C and 325 °C for up to 8 h.  Relative electrical resistivity results are plotted 
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(Fig. 5.5) to understand the change in the kinetics of isothermal ω-phase precipitates as 

a function of cooling rate from solution treatment temperature (i.e. water quenching or 

by air cooling). The solution-treated condition is considered as the reference state in 

order to calculate the relative electrical resistivity change.  

Both air-cooled and water-quenched samples show a similar drop in the electrical 

resistivity as the temperature was raised to the ageing temperatures (300 °C and 325 

°C), as shown in Fig. 5.5 (a) and (b). This decrease in the electrical resistivity can be 

associated with the partial dissolution of athermal ω-phase [80,141,150–153].  

The evolution of the electrical resistivity during ageing at 300 °C correlates with 

the kinetics for isothermal ω-phase formation determined by SANS analysis. The first 

increase in the electrical resistivity (discarding the initial drop during the heating period) 

can be associated with the time to nucleate isothermal ω-phase precipitates [101]. This 

occurs for the water-quenched sample (Fig. 5.5 (c)) after ~0.25 h of ageing, which is 

consistent with the changes in SANS data that showed a marked increase in scattering 

between 0.25 and 1 h. In comparison, for the air-cooled sample the initial increase in 

electrical resistivity was delayed relative to the water-quenched sample to ~1.25 h. 

These delayed kinetics are also observed in the scattering intensity derived from the 

SANS data. The formation of α-phase in Ti-5553 β-Ti alloy happens rapidly after ~2 h 

of ageing at 325 °C [120]. We did not observe any clear deviation in the electrical 

resistivity curves (Fig. 5.5) due to the formation of α-phase. This is in line with the 

previous observations [54,94,154], where electrical resistivity measurements were used 

to examine the precipitation sequences during continuous heating of β-Ti alloys to 

higher temperatures. The observations from the literature suggest that there was no clear 
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deviation when α-phase transformation happened. We contend therefore that the 

possible presence of α-phase does not affect the electrical resistivity data. The 

electrical resistivity measurements basically show the interaction with the interfacial 

energy produced by the growing surface of the precipitates, and will not generate any 

changes as an effect of the lattice distortions. Hence, it is stated that the expected 

presence of residual stresses will not affect the measurements in the current work. The 

similarity in the intital results of electrical resistivity measurements for the water-

quenched and the air-cooled samples also indicate that either there were no residual 

stresses in the samples due to relaxation during cutting of the samples or the electrical 

resistivity does not interact with the residual stresses produced, because the difference 

in the residual stress values for different cooling rate is expected.   

After this initial increase in electrical resistivity during ageing at 300 °C, the 

electrical resistivity increased further (Fig. 5.5) and attained an approximate saturation 

condition after ~5 h and ~6 h of ageing the water-quenched and air-cooled samples, 

respectively.  

For the samples aged at 325 °C, a reduction in the precipitate nucleation time was 

observed. The first increase in electrical resistivity for water-quenched sample was 

observed almost immediately upon reaching the ageing temperature; however, the 

nucleation time was considerably delayed (~1 h) for the air-cooled sample. As for the 

samples measured at 300 °C the electrical resistivity increased further (Fig. 5.5 (d)) and 

attained an approximate saturation condition after ~3 h and ~5 h of ageing the water-

quenched and air-cooled samples, respectively.  
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Fig. 5.5. The evolution of electrical resistivity measurements for Ti-5553 β-Ti alloy 

recorded in-situ at room temperature, heating period to reach (a) 300 °C and (b) 325 °C, 

and during ageing at (c) 300 °C and (d) 325 °C up to 8 h for samples that were 

previously water-quenched (WQ) or air-cooled (AC) from the solution-treated 

condition. 

5.3.4 Microhardness 

The evolution of Vickers microhardness characteristics for the solution-treated 

and the aged alloy is shown in Fig. 5.6. The figure also shows the comparison of the 

microhardness values for the current work with the literature on water-quenched Ti-

5553 β-Ti alloy. The water-quenched samples showed higher hardness after ageing 

when compared to the air-cooled samples. The obtained microhardness values for the 

current work are on the higher side when compared to the literature, as shown in Fig. 

5.6. This additional increment in the hardness with respect to the literature values could 
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be due to the presence of α. The increment in the hardness by α is also dependent on 

its volume fraction in the matrix [144]. 

 

Fig. 5.6. The characteristic evolution of Vickers microhardness for Ti-5553 β-Ti alloy 

as a function of ageing time up to 8 h at 300 °C. The plot also shows the comparison of 

microhardness values obtained for the current work with the available values in the 

literature for same alloy after water quenching at same ageing conditions.  

5.4 Discussion 

5.4.1 Interpretation of SANS Measurements  

Although the SEM showed a homogenised microstructure at room temperature, the 

virgin samples presented a SANS signal that can be described by Guinier and Porod 

models. The Guinier and Porod regimes are labelled as region I and region II in Fig. 5.7. 

Similarly, the SANS signals after the heating period (100 s of ageing data) can be 

divided into Guinier and Porod regimes, as shown in Fig. 5.7. The Porod regime 

exhibits q–4 behaviour (region II). The exponent –4 is related to a smooth interface 
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between the precipitates and the matrix [138,155]. However, the Guinier regime (region 

I) shows an exponent value of 0. The Guinier regime is related to the real space regions 

of size > q–1 i.e. regions >> precipitates size. As explained in section 5.3.1, the 

inevitable ωath must be present in the solution-treated condition for metastable β-Ti 

alloys after water quenching and air cooling [18,26]. Thus, the scattering observed from 

region II at room temperature can be associated with the interfaces of athermal ω-phase 

and β-phase matrix [16,95,157]; although, there was no obvious scattering from the 

athermal ω-phase precipitates themselves. This can be due to the fact that athermal ω-

phase and β-phases have the same composition [87]. This observation is similar to the 

observation of Coakley et al. [95] where they did not observe any scattering from 

athermal ω-phase in their SANS measurement work on water-quenched Ti-5553 β-Ti 

alloy samples: however, they did observe a similar decay of SANS signals at room 

temperature. In addition, they did not observe any scattering from the Guinier regime 

(region I), though this may be due to the q range they used (~0.01– 0.3 Å). It is also 

important to note here that the intensity of scattering decreased as the temperature was 

raised from room temperature to the ageing temperature (300 °C). This was not 

observed by Coakley et al. [95]. The drop in the intensity was much more pronounced 

in the water-quenched sample (Fig. 6 (a)) than the air-cooled sample (Fig. 6 (b)). The 

scattering curves in region II at room temperature and after heating seem to have the 

same slope, but there are deviations in region I for water-quenched and air-cooled 

samples, respectively, with a more significant deviation for the water-quenched 

material. We attribute this reduction of the SANS intensity to a homogenisation process 

of the partially resolved large scattering features as scattering is coming from the 

Guinier regime. Since the aim of this work is to investigate the creation and evolution of 
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the isothermal ω-phase precipitates we will assume that once the metastable phase has 

been dissolved into the matrix, this contribution will remain constant during the thermal 

treatment and that the variations on the SANS are originated by the isothermal ω-phase 

precipitates.  

 

Fig. 5.7. One-dimensional plots of scattering intensity (I) vs scattering vector (q) for 

SANS measurements for Ti-5553 β-Ti alloy at room temperature (RT) and after the 

heating period (100 s of ageing data at 300 °C) after (a) water quenching (WQ) and (b) 

air cooling (AC)  after solution treatment. 

The SANS data collected for the aged samples can be divided into Guinier and 

Porod regions (Fig. 5.8); however, as the sample ages the I vs q decay at intermediate q 

values showed a deviation from the Guinier and Porod regime (Fig. 5.8 (a) and (b)) 

which indicated the scattering coming from the precipitates [40]. The segregation of 

different regions is shown in Fig. 5.8 (c) and (d) for water-quenched and air-cooled 

samples, respectively. The region I and III shows the scattering from the Guinier and 

Porod regime, respectively, whilst region II shows scattering from the precipitates. 
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Fig. 5.8. One-dimensional plots for the whole measurement process for Ti-5553 β-Ti 

alloy samples after (a) water quenching (WQ) and (b) air cooling (AC) showing 

deviation in scattering from the Guinier-Porod regime during ageing, whilst (c) and (d) 

show the SANS signals produced during ageing at 300 °C up to 8 h after WQ and AC, 

respectively. 

5.4.2 Model-independent Analysis 

Firstly, the model-independent (shape-independent) analysis method was adopted 

to extract the useful information on the precipitate size and its volume fraction in the 

matrix. This method is based on following some standard plots that are useful in 

determining the precipitate characteristics without any particular assumption of its form 

(shape) [158]. For a polydispersed distribution of scattering features (region I and II), as 

understood from the I vs q plots in Fig. 5.8 (c) and (d), there is no simple relation for 

some of the standard plots (e.g. Guinier plot) to determine the particle characteristics 
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[159]. Hence, the simplest Kratky plots (Iq2 vs q) were used to find out the 

characteristic precipitate size by calculating the pseudo-guiner radius (𝑅𝑚𝑎𝑥) using the 

plots in Fig. 5.9. 𝑅𝑚𝑎𝑥 can be obtained from the maximum q value (𝑞𝑚𝑎𝑥) in the plot 

and using Equation (5.1). Numerical curve fitting was adopted to determine the 𝑞𝑚𝑎𝑥 

values in Fig. 5.9. A log-normal distribution of the precipitate size was assumed for 

curve fittings, as recommended in reference [159]. The obtained 𝑅𝑚𝑎𝑥 values are 

presented in Table 3.1. Since the clear peak in the Kratky plots for ageing period data 

were observed from 2 h and 4 h of ageing the water-quenched (Fig. 5.9 (a)) and air-

cooled (Fig. 5.9 (b)) samples respectively, hence, the 𝑅𝑚𝑎𝑥 values for ageing period 

(Table 5.1) were determined from 2 h and 4 h of ageing.  

𝑅𝑚𝑎𝑥 =  
√3

𝑞𝑚𝑎𝑥
                                                                                                               (5.1) 
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Fig. 5.9. The Kratky plots for the (a) water-quenched (WQ) and (b) air-cooled (AC) 

samples for the entire measurement process at 300 °C, and (c) shows the Q invariant 

fitting of the data to calculate the volume fraction. 

Table 5.1. Characteristics of ωiso precipitates formed during ageing at 300 °C up to 8 h, 

and determined from the analysis of SANS data using Kratky plots. 

Transformation 

time 

~Pseudo-Guinier radius, 

Rmax (nm) 

~Volume fraction, 

𝑓𝑣(%) 

WQ AC WQ AC 

Room 

temperature (RT) 
13.5 13.5 – – 

After heating 

period (ageing 100s) 
13.5 13.5 – – 

2 h 6.5 – 4.5 – 

4 h 6.5 6.5 7.2 5.2 

8 h 6.5 6.5 10.2 9.8 

The area under the Kratky curves is proportional to the volume fraction (𝑓𝑣) of the 

precipitates in a two-phase system [98]. The integrated small-angle scattering, Q, 

(Porod invariant) was used to calculate the volume fraction of isothermal ω-phase 
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formed during the ageing time. The Q invariant is given by Equation (5.2), where 𝜌𝜔 

and 𝜌𝛽 represents the scattering length densities of isothermal ω-phase precipitate and 

the β-phase matrix, respectively. The 𝑓𝑣 was calculated by fitting the Q invariant curves 

in the SASView software [160] within the error bars (± 0.0001 cm-1 Å-2) of Kratky 

curves (Fig. 5.9). The error bars are not presented in Fig. 5.9 for better representation of 

data. The q-range for integration or Q invariant fit was extrapolated to 10-5 Å-1 for low q 

and 10 Å-1 for high q with the Guinier equation and the Porod law respectively, as 

recommended in reference [98]. The examples for Q invariant fit for water-quenched 

and air-cooled samples are shown in Fig. 5.9 (c). As two clear humps or clear peaks 

(indicating the presence of two different size precipitates) were observed for the air-

cooled sample (Fig. 5.9 (b)), hence, only area under the high q region hump (indicating 

the presence of nanoscale isothermal ω-phase precipitates) was fitted (Fig. 5.9 (c)) for 

calculating the volume fraction of isothermal ω-phase precipitates formed during ageing 

(at 300 °C up to 8 h) of the air-cooled sample, as the scope of the work is to see the 

precipitation kinetics of isothermal ω-phase precipitates formed during ageing. The 

scattering length density (SLD) values for calculating the isothermal ω-phase 

precipitates volume fraction in the β-phase matrix was kept the same as obtained by 

Coakley et al. [57], where 𝜌𝜔 = –1.7 × 1010  cm-2 and  𝜌𝛽 = –1.3 × 1010 cm-2. 

𝑄 =  ∫ 𝐼(𝑞)𝑞2𝑑𝑞 = 2π2(𝜌𝜔 − 𝜌𝛽)
2

𝑓𝑣(1 − 𝑓𝑣)
∞

0
                                                        (5.2) 

The Kratky plot for the water-quenched sample (Fig. 5.9 (a)) indicates that there 

is a presence of scattering surfaces at the solution treated condition, however, the peak 

position of the curve is found to be at low q region indicating the precipitates of bigger 

size (Table 5.1), correlating with the observations from I vs q plots (Fig. 5.7). The area 
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under the curve reduces upon completing the heating period (100 s of ageing data) 

indicating the homogenisation of large scattering features. The area under the Kratky 

curves, with peak position at high q, increases during ageing indicating an increase in 

the volume fraction of the isothermal ω-phase. The peak position after 2 h of ageing of 

the water-quenched samples almost become constant during the remaining ageing time 

indicating that the size of the precipitate remains constant during the ageing time, 

however, the volume fraction increases as the area under the curves increases. The air-

cooled sample shows greater area under the room temperature curve indicating larger 

volume fraction of large scattering features. The area under the Kratky curve after 100 s 

of ageing of air-cooled sample does not decrease completely indicating the stability of 

the features. The curve starts increasing after 2 h of ageing and two humps observed in 

the curve can be associated with the presence of both bigger (large scattering features) 

and smaller sizes of isothermal ω-phase precipitates in the matrix. However, it is 

important to note that peak position for the air-cooled sample after precipitation of the 

smaller isothermal ω-phase precipitates becomes constant after 4 h of ageing and only 

the area under the curve increases indicating the increase in the volume fraction of the 

precipitates, but not the size.  

In regards to the interpretation of the 𝑅𝑚𝑎𝑥 values from the Kratky plots, the 

constant 𝑅𝑚𝑎𝑥 values during ageing, as shown in Table 5.1, suggest a constant 

precipitate size during ageing that is in line with the observations of Coakley et al. [96] 

for their water-quenched Ti-5553 β-Ti alloy samples during ageing at 300 °C up to 8 h. 

Although, the 𝑓𝑣 for ωiso precipitates increased during ageing time for differently cooled 

samples. 
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5.4.3 Model Fitting of SANS Data 

For model fitting of a monodisperse system having Guinier and Porod regions, the 

SANS intensity (I) is given by Equation 5.3, 

𝐼(𝑞) = 𝑁𝑉2(𝛥𝜌)2𝑃(𝑞)𝑆(𝑞) + 𝑎𝑞−4 + 𝑏𝑒[
−𝑞2+𝑅𝑔

2

3
] + 𝐵𝐾𝐺                                        (5.3)                                                                                                                         

where 𝑁 refers to the number density of the precipitates per unit volume, 𝑉 

defines the volume of a single particle, Δρ defines the scattering length density (SLD) 

difference between the precipitate and the matrix, 𝑃(𝑞) is the particle shape function 

and BKG refers to an incoherent background scattering that is not desirable for data 

reduction [155]. 𝑃(𝑞) can be further defined in terms of form factors depending on the 

shape of the precipitates, as given in Equation 5.4. The form factor for ellipsoid shape 

precipitates (the model used in this work) has been described in Equation 5.5. 𝑆(𝑞) 

refers to the structure factor that incorporates the interparticle interference. A hard 

sphere model was considered in the current work, as recommended in [20], where 𝑆(𝑞)  

can be further defined as Equation 5.7. The scattering from the Guinier and Porod 

regions can be described by  𝑏𝑒[
−𝑞2+𝑅𝑔

2

3
]
 and 𝑎𝑞−4 respectively [18,142], where a and b 

are the scale factors for model fitting. 𝑅𝑔 refers to the radius of gyration indicating the 

characteristic size factor for the Guinier region.  

𝑃(𝑞) = ∫ 𝐹(𝑞, 𝑟)2𝑑𝑟
∞

0
                                                                                                 (5.4) 

𝐹ellipsoid(𝑞, 𝑟) = 3
(sin (𝑞𝑟)−𝑞𝑟cos(𝑞𝑟))

(𝑞𝑟)3                                                                             (5.5) 

where 𝑟 can be obtained from Equation (5.6) 
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𝑟 = [𝑅𝑒
2sin2𝛼 + 𝑅𝑝

2cos2𝛼]0.5                                                                                      (5.6) 

𝑅𝑒 and 𝑅𝑝 refer to the equatorial and polar radii perpendicular and along the rotational 

axis of the ellipsoid respectively, whilst 𝛼 represents the angle between the axis of the 

ellipsoid and q. 

𝑆(𝑞) =  
1

(1−𝐶(𝑞))
                                                                                                            (5.7) 

𝐶(𝑞) can be defined in terms of volume fraction 𝑉𝐻𝑆 and diameter (𝐷) of the hard 

spheres, as described in Equation (5.8) 

𝐶(𝑞) = − 
24𝑉𝐻𝑆

(𝑞𝐷)6 [𝛽(𝑞𝐷)3(sin𝑞𝐷 − 𝑞𝐷cos𝑞𝐷) + 𝛾(𝑞𝐷)2{2𝑞𝐷sin𝑞𝐷 − (𝑞2𝐷2 −

                    2)cos𝑞𝐷 − 2} + 𝛿{(4𝑞3𝐷3 − 24𝑞𝐷)sin𝑞𝐷 − (𝑞4𝐷4 − 12𝑞2𝐷2 +

                    24)cos𝑞𝐷 + 24}]                                                                                       (5.8) 

where β, γ and δ can be defined by Equation (5.9), (5.10) and (5.11) respectively. 

𝛽 =
(1+2𝑉𝐻𝑆)2

(1−𝑉𝐻𝑆)4                                                                                                                (5.9) 

𝛾 = −6𝑉𝐻𝑆

(1+
𝑉𝐻𝑆

2
)2

(1−𝑉𝐻𝑆)4
                                                                                                   (5.10) 

𝛿 =
1

2
𝑉𝐻𝑆

(1+2𝑉𝐻𝑆)2

(1−𝑉𝐻𝑆)4                                                                                                      (5.11) 

The model fitting of SANS data was undertaken in SASView software [160] to 

find out the real-space precipitate size. Based on the understanding from literature 

[17,145], both disc and ellipsoid shape model fittings were considered for the SANS 

measurements. However, the ellipsoid shape model fitting provided better fit, which 
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was determined based on the residuals and Chi-squared values. Curve fitting applied to 

the experimental data was performed by maintaining contrast values for isothermal ω-

phase precipitates (𝜌𝜔 = –1.7 × 1010  cm-2) and the β-phase matrix (𝜌𝛽 = –1.3 × 1010   

cm-2), as obtained by Coakley et al. [95]. The 𝑅𝑔 values of LSS (seen in Guinier region) 

were calculated first using the Kratky plots (Fig. 5.9). These values were kept constant 

whilst doing the model fitting as shown in Equation 5.3. The evolution of isothermal ω-

phase precipitates during ageing in terms of size and volume fraction is shown in Fig. 

5.10 and Fig. 5.11, respectively. 

It can be seen from Fig. 5.10 that the isothermal ω-phase precipitates attained an 

approximate maximum stable polar radius (Rp) after ~1 h and ~3 h of ageing at 300 °C 

in the water-quenched and air-cooled samples, respectively. However, the equatorial 

radius (Re) became approximately constant after 2 h and 4 h of ageing the water-

quenched and air-cooled samples, respectively. The formation of a stable size of ωiso 

precipitates after 2 h of ageing was also observed by Coakley et al. [96] during ageing 

of water-quenched Ti-5553 β-Ti alloy. This can also be confirmed from the Kratky plots 

(Fig. 5.10). It could also be observed from Fig. 5.10 (b) that the polar dimension 

attained stable size earlier than the equatorial radius. This may be due to the higher 

strain field at the ωiso/β interface, which leads to the preferential growth in <111> β 

directions, as observed by Sun et al. [101]. The SANS model-fitted dimensions of 

isothermal ω-phase precipitates along the equatorial dimensions (~ 21 nm) after 8 h 

ageing the water-quenched sample lies in the range of TEM observations (~10–50 nm) 

reported in the literature [17,57]. 
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The characteristic evolution of the volume fraction of isothermal ω-phase 

precipitates obtained from the ellipsoid model fitting is shown in Fig. 5.11. The volume 

fraction increased with ageing time. Both the samples (water-quenched and air-cooled) 

showed approximately similar volume fraction (~11 %) after 8 h of ageing at 300 °C. 

This is in agreement with the observations of Coakley et al. [57] where they reported a 

volume fraction of ~10 % for the water-quenched Ti-5553 β-Ti alloy after the same 

ageing condition. The qualitative understanding of Chen et al. [97] (based on their TEM 

observation) showed that increment in the cooling rate increases the number density of 

isothermal ω-phase precipitates. However, from the current observations, it is stated that 

the delayed nucleation does happen with the slow cooling rate, but approximately the 

same volume fraction is observed once the saturation stage is reached.  

 

Fig. 5.10. The evolution of ω-phase precipitate during the ageing time at 300 °C up to 8 

h after water quenching and air cooling. (a) shows the characteristic polar size of the 

precipitates, whilst (b) shows the evolution in the equatorial dimension of the 

precipitate.  
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Fig. 5.11. The evolution of volume fraction of isothermal ω-phase precipitates obtained 

from the ellipsoid model fitting. It could be seen from the plot that the volume fraction 

increased as a function of ageing time. 

5.4.4 Analysis of Initial Trends upon Heating 

Upon heating, there is a drop in the electrical resistivity of both the air-cooled and 

water-quenched samples. This initial drop in the electrical resistivity can be associated 

with the partial disappearance of athermal ω-phase as seen previously [150–152]. This 

drop is of similar magnitude and rate (Fig. 5.5 (a)), therefore, it can be assumed that the 

volume fraction of athermal ω-phase is similar between the both the samples at room 

temperature and is unaffected by the cooling rate difference. This could also be 

confirmed from the similar microhardness values after solution treatment for both 

cooling variants. It is also important to note that the β grain size remained 

approximately the same.  

Upon heating, the SANS data also show a drop in total scattered intensity. The 

observed decay of the SANS signal in the initial stages of the thermal treatment are 

different in both samples. The reduction in the air-cooled sample is smaller than the one 
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observed in the water-quenched sample. Our interpretation of that effect is that the large 

scattering features formed during the initial cooling process is related to the cooling 

rate: A slower cooling rate will produce a much more stable volume fraction of these 

large scattering features (Fig. 5.9 (b)). This could be attributed to the fact that slower 

cooling has allowed diffusion to happen that has provided an ageing effect leading to 

the higher degree of solute partitioning for the air-cooled sample, as observed by Chen 

et al. [156]. 

5.4.5 Precipitation Kinetics 

The transformed fraction (𝐹) of isothermal ω-phase precipitates obtained from 

electrical resistivity measurements during ageing at 300 °C and 325 °C are presented 

below in Fig. 5.12. The transformed fraction represents the ratio between the volume 

fraction of isothermal ω-phase precipitates at time t during ageing and the volume 

fraction formed at the metastable equilibrium state [161,162] and is given by Equation 

5.12. 

𝐹 =  
𝜌𝑡−𝜌0

𝜌meta−𝜌0
                                                                                                             (5.12) 

where ρt refers to the electrical resistivity of the alloy at time t during ageing 

period, ρ0 refers to the electrical resistivity of the alloy at the beginning of ageing, and 

ρmeta refers to the electrical resistivity of the alloy at the end of the ageing time.  

It could be seen from the electrical resistivity results (Fig. 5.5) that the water-

quenched and air-cooled samples showed similar trends, but the air-cooled samples 

showed a delay in the nucleation of the isothermal ω-phase precipitates (Fig. 5.12). 

Also, the nucleation behaviour showed transient nucleation kinetics for both the cases 
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i.e. an incubation time (𝜏) is required to reach the critical nucleation size. This early 

nucleation in the water-quenched sample could be attributed to the higher dislocation 

density in the sample [49]. In addition, Chen et al. [156] reported that an air-cooled 

sample has shown a higher degree of solute partitioning due to the ageing effect during 

air cooling. This would make the β-phase matrix of the air-cooled sample more stable at 

room temperature, and a higher amount of energy would be required during ageing for 

separation of other phases from the stable matrix. This could be another reason for the 

delay in the nucleation of the ωiso precipitates in the air-cooled sample, as observed in 

SANS (Fig. 5.11) and electrical resistivity data (Fig. 5.12). The obtained trend at the 

beginning of the transformed fraction correlates to the evolution trend of isothermal ω-

phase volume fraction obtained from SANS data fit (Fig. 5.11). However, the electrical 

resistivity data (Fig. 5.12) shows a transformed fraction of ωiso precipitates that almost 

saturates between 4–6 h of ageing, whilst the volume fraction obtained from SANS data 

(Fig. 5.11) showed an increasing trend even after reaching 6 h of ageing time. The 

intensity of the SANS signals is directly dependent on the volume fraction of the 

precipitates or the difference in the SLD values of the precipitate and the matrix phase 

(see Equation 5.3). As indicated by Equation 5.3, a slight variation in the SLD values or 

the volume fraction will cause the change in the scattering intensity of the SANS 

signals. In the present work, the SLD is held constant during refinement. However, it is 

possible that the SLD values of the precipitates and the matrix phase will evolve during 

the ageing as the formation of isothermal ω-phase happens by a diffusional process, 

leading to a slight change in the calculated volume fraction of ωiso precipitates. It is 

important to note here that the initial trends for ωiso evolution obtained from SANS (Fig. 

5.11) and electrical resistivity data (Fig. 5.12) matches qualitatively. 



93 

 

 

Fig. 5.12. Kinetic curves showing the isothermal ω-phase transformed fraction vs. 

ageing time: at (a) 300 °C and (b) 325 °C. The air-cooled (AC) sample showed a 

delayed nucleation of isothermal ω-phase precipitates when compared to water-

quenched (WQ) sample. 

5.4.6 Precipitation Mechanism 

The universal Johnson-Mehl-Avrami-Kolmogorov (JMAK) model can be used to 

understand the isothermal transformation kinetics under specific assumptions [163]. 

However, the transient nucleation as observed from the transformed fraction (Fig. 5.12) 

violates the universal JMAK model [163,164]. Hence, a modified JMAK model was 

used to understand the isothermal transformation kinetics of isothermal ω-phase 

precipitates. The modified JMAK model is given by Equation 5.13 [101,163]. 

𝐹(𝑡) = 1 − exp (−𝐾𝑇(𝑡 − 𝜏)𝑚)                                                                               (5.13)                                                                                                                             

𝐾𝑇 = 𝑘0𝑒−𝐸𝑎/𝑅𝑇                                                                                                         (5.14) 

Where 𝑚 represents the Avrami exponent that is indicative of the precipitation 

mechanism, 𝐾𝑇 is the thermally activated rate constant dependent on the nucleation and 

growth rate. This can be determined from the Arrhenius relation (Equation (5.14)), 

where 𝐸𝑎 is the activation energy, 𝑅 is the universal gas constant and 𝑇 is the absolute 
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temperature of isothermal ageing. 𝜏 refers to the incubation time required to achieve a 

steady-state precipitate size. 

The Avrami exponent, 𝑚, was determined over the full range of ωiso precipitation 

at 300 °C and 325 °C using Equation (5.15) and the gradients are shown in Fig. 5.13.  

𝑙𝑛[−𝑙𝑛(1 − 𝐹)] = 𝑙𝑛𝐾𝑇 + 𝑚𝑙𝑛(𝑡 − 𝜏)                                                                     (5.15) 

The 𝜏 values obtained for water-quenched and air-cooled samples are ~0.25 h and 

~1.25 h, respectively. An 𝑚 value of approximately 1.35 (see Fig. 5.13) at the early 

stage of transformation is indicative of a pure growth mechanism from a pre-existing 

nucleation site [101,163]. This is in line with the growth of isothermal ω-phase 

precipitates from athermal ω-phase [16]. However, the 𝑚 values reduce at later stages of 

transformation (Fig. 5.13 and Table 5.3). This reduction in the 𝑚 values has been 

attributed to the dimension loss for isothermal ω-phase precipitates at later stages of 

precipitation due to high misfit strain at the ωiso/β interface [101]. This can also be 

confirmed with the SANS measurement results during the early stage of transformation 

(Fig. 5.10). For water-quenched and air-cooled samples during ageing at 300 °C, the 

deviation in 𝑚 values were observed after ~40% and ~60% of transformation (Fig. 

5.13), respectively. This is in reasonable agreement with the SANS observations (Fig. 

5.10), where an approximate stable size of isothermal ω-phase precipitates was achieved 

during ageing time between 1–2 h for water-quenched sample (~40% of transformation) 

and 2–4 h for air-cooled sample (~60% of transformation) after growth along the major 

axis. Table 5.2 shows the list of Avrami exponent (𝑚) values along with corresponding 

precipitation mechanism predicted by them. 
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Table 5.2. List of Avrami exponent (𝑚) values along with corresponding precipitation 

mechanism predicted by them [165]. 

Avrami exponent Growth geometry Rate determination 

1<𝑚<2 One-dimensional, rod like Diffusion 

2<𝑚<3 Two-dimensional, disc like Diffusion 

3<𝑚<4 
Three-dimensional, 

spherulitic 
Contact 

 

Fig. 5.13. The modified JMAK plots for Avrami exponents (𝑚) during isothermal ω-

phase transformation as a function of WQ and AC at (a) 300 and (b) 325 °C. 

The analysis of the electrical resistivity measurements using the modified JMAK 

model indicate that the activation energy (𝐸𝑎) for the formation of isothermal ω-phase in 

the air-cooled sample is high compared to water-quenched sample (Table 5.3). Hence, 

this can assist in rationalising the increased incubation time (𝜏) for isothermal ω-phase 

nucleation in the air-cooled sample as compared to the water-quenched sample (Fig. 

5.12). The average value of the activation energy for the formation of isothermal ω-

phase precipitates from the β-phase matrix was calculated as ~122 kJ mol–1. This value 

is in agreement with the activation energy for the diffusion of Mo atoms in the Ti 

substrate (~135 kJ mol–1) [47]. Being the slowest diffusing element [48] in the current 

alloy indicates that the formation of isothermal ω-phase precipitates is controlled by the 

diffusion rate of Mo, as reported earlier [49]. This is a good evidence to state that the 
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electrical resistivity can pick up the β to isothermal ω-phase precipitates transformation. 

The observance of similar trends via electrical resistivity measurements and SANS 

measurements indicates the same transformation, i.e. β to isothermal ω-phase 

precipitates transformation.  

Table 5.3. The Avrami exponent (𝑚) and activation energy (𝐸𝑎) values for entire 

nanoscale ωiso precipitate transformation during ageing at 300 °C and 325 °C up to 8 h. 

ST Temperature (°C) 

Early-stage  

transformation 

Later stage 

transformation 

n (±0.05) KT (×10-3) Ea (±12 kJ mol-1) n (±0.05) 

WQ 
300 1.28 16.84 

114 
0.58 

325 1.35 45.78 1.02 

AC 
300 1.39 3.18 

131 
1.08 

325 1.35 10.05 1.02 

 

5.5 Conclusions 

A combination of in-situ small-angle neutron scattering (SANS) and electrical 

resistivity measurement techniques was used to study the kinetics of isothermal ω-phase 

(ωiso) precipitates during isothermal ageing at 300 °C and 325 °C up to 8 h as a function 

of different cooling rates from solution treatment temperature (water quenching (WQ) 

and air cooling (AC)). The following conclusions can be drawn: 

1. Air-cooled samples showed a delayed nucleation of ωiso precipitates when 

compared to water-quenched samples during ageing at 300 °C.  

2. The volume fraction became approximately the same (~11 %) after ageing for 8 

h although the air-cooled samples showed slower nucleation in comparison to 

water-quenched samples,  
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3. The ellipsoidal ωiso precipitates achieved a maximum size (equatorial diameter = 

~21 nm and ~17 nm) after 2 h and 4 h of ageing the water-quenched and air-

cooled samples, respectively. 

4. The Avrami exponent decreased at higher transformed fraction indicating the 

dimension loss during the growth of the ωiso precipitates due to the high misfit 

strain at β/ω interface. This is in line with the SANS observations where only the 

equatorial dimension of ωiso precipitates grew in the later stages of 

transformation before achieving the maximum size. 

5. The Vickers microhardness results showed an increasing trend with ageing time 

up to 8 h when aged at 300 °C, where water-quenched samples showed higher 

hardness compared to air-cooled samples. 

The results in this chapter have shown the precipitation behaviour of the wrought 

alloy. However, in the modern era, there is a need to produce these alloy parts to near-

net shape with less wastage of material. This led to the work presented in the following 

chapter to study the precipitation behaviour of the additively manufactured β-Ti alloy. 
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CHAPTER 6 

THE AGEING RESPONSE OF ADDITIVELY MANUFACTURED β-Ti ALLOY 

6.1 Introduction 

This chapter presents a study into the ageing response (at different ageing 

temperatures and times) of Ti-5553 β-Ti alloy deposited using laser engineered net 

shaping, a direct laser deposition technique, that has the capability to directly produce 

complex aerospace parts. The different post-processing pathways (single ageing and 

duplex ageing) for as-built samples were explored to critically understand the influence 

of heat treatment upon part microstructure (section 6.3.2) and the mechanical properties 

(section 6.3.3). The influence of different heating rate during single ageing was also 

introduced to see the likely effect on the evolved microstructure. A correlation between 

the evolved microstructure and the microhardness was established in section 6.4.7. An 

in situ electrical resistivity measurement technique was used to study the precipitation 

kinetics of isothermal ω-phase during low temperature (300 °C and 325 °C) ageing. The 

electrical resistivity measurement was done for both the as-built and the solution-treated 

samples so that influence of sub-structures on the kinetics can also be understood. 

6.2 Experimental Details 

The samples were deposited as double-walls (40 mm × 10 mm × ~1.5 mm) using 

laser engineered net shaping method. The deposition strategy has been explained in 

section 3.1.2. The solution and ageing heat treatments employed for the wrought alloy 

in section 4.2 above were used for heat treating AM samples. The schematics of heat 

treatment cycles are shown in Fig. 6.1. The samples were sectioned as 10 mm × 10 mm 
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× 1.5 mm for ageing treatments. Two different heating rates (~100 °C/min and ~5 

°C/min) were introduced during single ageing to see the influence of heating rate on the 

microstructure evolution. For duplex ageing, the samples were pre-aged at 300 °C for 8 

h before the final ageing at higher temperature. The heat treatment cycle is shown in 

Fig. 6.1 (c). Some as-built samples were solution-treated at 900 °C for 0.5 h to remove 

the sub-structures formed and see the subsequent effect on the microstructure after 

aging. The solution treatment cycle is shown in Fig. 6.1 (d). The heat treatment 

procedures are further explained in section 3.2. The metallography and characterisation 

details are explained in section 3.3.  

 

Fig. 6.1. The schematics of the heat treatment cycle used to understand the ageing 

response of additively manufactured (AM) Ti-5553 β-Ti alloy. The heat treatment was 

carried out using different parameters: (a) fast heating rate plus single ageing (SA1), (b) 

slow heating rate plus single ageing (SA2), (c) duplex ageing (DA), and (d) solution 

treatment plus single ageing (ST). 
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In-situ electrical resistivity measurements were recorded during ageing at 300 °C 

and 325 °C for 15 h on the as-built and solution-treated samples to understand the 

kinetics of isothermal ω-phase formation. The details of the experimental procedure can 

be seen in section 3.3.9, and the schematics of the heat treatment cycle are shown in Fig. 

6.2. 

  

Fig. 6.2. The schematics of the heat treatment cycle used to perform the electrical 

resistivity measurements on the as-built and the solution-treated samples to understand 

the kinetics of isothermal ω-phase during low-temperature (300 °C and 325 °C) ageing. 

6.3 Results 

6.3.1 Microstructural Characterisation 

The as-built samples showed the presence of spherical gas pores (19-62 µm) 

mostly distributed at the edges, as shown in Fig. 6.3. The average number density per 

unit area was calculated as ~0.22 mm-2.  
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Fig. 6.3. SEM micrograph of as-built sample showing the presence of porosities at the 

(a) Top, (b) Middle, and (c) Bottom of the sample.   

The EBSD map of the cross-section of the as-built sample is shown in Fig. 6.4 (a). 

The as-built samples exhibited the presence of solely β-phase matrix in the 

microstructure (Fig. 6.4 (b)), however, the presence of an athermal ω-phase is expected 

as the formation of athermal ω-phase is inevitable during cooling from the β-phase 

region irrespective of the cooling rate [16]. Elongated β grains were present in the 

sample, where the sample showed more elongation towards the bottom of the as-built 

sample. However, more equiaxed grains were present on one side of the sample 

compared to the other side. The width of the β-phase remained approximately the same 

from top to bottom as 184 ± 66 µm. The as-built samples showed texture in <100> 

direction, and the texture intensity was measured as 4 times the random, as shown in 

Fig. 6.4 (c). The scan (melt pool) tracks are also visible in the micrograph (Fig. 6.4 (b)) 

throughout the sample.  

The microstructure (Fig. 6.4 (b)) also revealed the presence of sub-structures 

within the β grains. These sub-structures showed either cell or cellular-dendritic 

morphology with dendritic long axes perpendicular to the scan track boundaries, in 

agreement with the maximum heat flow direction. The sub-structures are present below 

the scan track boundaries; however, the sub-structures were not present in certain 

regions above the scan tracks. The sub-structures showed cellular morphology just 

below the scan tracks and then became cellular-dendritic as we reach towards the area 
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free from the sub-structure at the top of the next scan track. However, the sub-structures 

primarily followed cellular-dendritic morphology towards the bottom of the sample, 

followed by sub-structure free region. The sub-structure width varied in the range of 14 

± 4 µm.  

 

Fig. 6.4. (a) The EBSD map of the cross-section of the as-built sample showing the 

characteristics of β-phase along the build direction. (b) shows the SEM micrograph of 

the as-built sample showing the presence of solely β-phase and the cellular sub-

structures after deposition. (c) shows the pole figures for the as-built sample showing 

the texture along the <100> direction with texture intensity as 4 times random. 
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The EDS analysis (Fig. 6.5) of the as-built samples revealed that these sub-

structures (point 1) were slightly rich in Mo (6.3 wt%), while depleted in Cr (1.9 wt%). 

The sub-structure boundaries (point 2) were slightly depleted in Mo (5.5 wt%) and rich 

in Cr (2.3 wt%). This remains true for both cellular and cellular-dendritic sub-structures. 

However, the remaining elements (Ti, V, and Al) did not show any observable 

segregation.  

 

Fig. 6.5. The energy dispersive spectroscopy maps and point analysis done on the sub-

structures (point 1) and sub-structures boundaries (point 2) to find out their elemental 

composition. 

The solution-treated sample did not show the presence of sub-structures, and only 

β-phase was present, as shown in Fig. 6.6. The EBSD analysis of the solution-treated 

sample also showed a similar microstructure as the as-built sample. The width of β-

phase was measured as 187 ± 65 µm, which is approximately the same as the as-built 

sample. 
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Fig. 6.6. The BSE SEM microstructure of the solution-treated (ST) sample showing the 

presence of solely β-phase without any sub-structures.  

6.3.2 Aged Microstructure 

The as-built and solution-treated samples showed differences in their subsequent 

ageing response. Fig. 6.7 (a) and (b) show the microstructures of the two samples 

following an ageing heat treatment of 600 °C for 0.5 h. A generally more refined 

intragranular α-phase was observed for the as-built sample compared to solution-treated 

sample after ageing. Both samples showed a similar self-accommodating acicular 

morphology of intragranular α-phase. However, the solution-treated sample exhibited a 

lamellar α-phase morphology near to the grain boundaries. The solution-treated sample 

also showed Widmanstätten α-phase in the aged condition, that grows from the grain 

boundary α-phase to the interior of the β grains. 
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Fig. 6.7. The BSE-SEM microstructure of aged (600 °C/0.5 h) Ti-5553 β-Ti alloy (a) 

directly after deposition (AB) and (b) after solution treatment (ST), illustrating the grain 

boundary and intragranular α-phase characteristics. 

 The volume fraction of intragranular α-phase was similar (~52%) for both the 

aged samples. The width of intragranular α-phase was larger for the solution-treated 

sample (139 ± 22 nm) compared to as-built sample (103 ± 20 nm), based on a 

measurement of 150 α-phase particles. The interparticle (α-phase) spacing for as-built 

plus aged and solution-treated plus aged samples was found to be about 137 ± 17 nm 

and 187 ± 16 nm respectively.  

The width and morphology of the α-phase precipitates remained uniform within 

sub-structure and sub-structure free regions i.e. there was no local effect of the sub-

structure formation for as-built plus aged sample, as shown in Fig. 6.8. In addition, 

thinner and discontinuous grain boundary α-phase was observed for the as-built plus 

aged sample, whilst a thicker and continuous α-phase was observed for the solution-

treated sample after ageing. The as-built and solution-treated samples did not show any 

observable difference in the width and morphology of the α-phase along the build 

height.  
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Fig. 6.8. BSE-SEM microstructure of aged (600 °C/0.5 h) Ti-5553 β-Ti alloy showing 

(a) the presence of sub-structures after ageing. (b) shows low magnification SEM 

micrograph showing uniform distribution of intragranular α-phase across the sub-

structures and sub-structure free regions. AB refers to the as-built sample. (c) and (d) 

shows the high magnification SEM micrographs from sub-structures and sub-structure 

free regions, respectively. No observable difference in the α-phase characteristics were 

observed across the different regions.  

The microstructure of the single aged (500 °C and 700 °C for 0.5 h) as-built 

samples are shown in Fig. 6.9 (a) and (b), respectively. The micrographs show the 

presence of self-accommodating acicular α-phase morphology similar to the wrought 

alloy. No Widmanstätten α-phase was observed for aged as-built samples as observed in 

wrought and solution-treated (after deposition) samples. Precipitate free zones (PFZ) 

were observed near grain boundaries for as-built plus agedsample aged at 700 °C. PFZ 

were not seen in the single-aged wrought alloy. The slow-heated (Fig. 6.9 (c)) and 

duplex aged (Fig. 6.9 (d)) samples showed a very refined microstructure, similar to the 

wrought alloy. In addition, duplex aged and slow-heated samples also showed the 

presence of a very narrow PFZ.   
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Fig. 6.9. The BSE SEM microstructure of the as-built Ti-5553 β-Ti alloy samples aged 

(a) using the fast heating rate at 500 °C and (b) 700 °C for 0.5 h. (c) and (d) shows the 

aged microstructure after slow heating and duplex ageing at 600 °C for 0.5 h, 

respectively. SA1 refers to the single ageing with fast heating rate, SA2 refers to the 

single ageing with slow heating rate, and DA refers to the duplex ageing. 

 

The volume fraction, width and interparticle spacing of the α-phase precipitates 

are shown in Fig. 6.10 (a), (b) and (c) respectively. Irrespective of the ageing process, 

the volume fraction of intragranular α-phase was found to be a maximum (~52%) after 

heat treatment at 600 °C. The volume fraction remained approximately the same for 

single-aged as-built samples after ageing for 0.5 h and 6 h at 600 °C. This is similar to 

the observation from the wrought alloy aged at 600 °C. After ageing at 500 °C, the 

volume fraction increased as the ageing time increased. However, the volume fraction 

remained lower than the 600 °C aged samples. After ageing at 700 °C, the volume 

fraction was the lowest. It can be seen that the width of α-phase and the interparticle 

spacing between the α-phase increased as a function of ageing temperature and ageing 
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time during single ageing of as-built samples. The slow-heated and the duplex aged 

samples showed the minimum values of α-phase characteristics when compared to the 

different ageing approaches.  

 
 

Fig. 6.10. The characteristic variation in (a) volume fraction, (b) width of intragranular 

α-phase, and (c) interparticle spacing between the α-phase as a function of different 

ageing approaches.  

   

The variation of grain boundary α-phase thickness and its linear density, i.e. total 

coverage of grain boundary (in %) for single-aged as-built sample as a function of 

ageing temperature is shown in Fig. 6.11. The characteristics of grain boundary α-phase 

after ageing the solution-treated sample are also shown in Fig. 6.11. The grain boundary 

α-phase was analysed over a range of grain boundaries across the sample. For as-built 

plus aged samples, the grain boundary α-phase thickness and its linear density increased 

with ageing temperature. The as-built samples aged at 500 °C and 600 °C showed 
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thinner and discontinuous grain boundary α-phase. However, thicker, and continuous 

grain boundary α-phase was observed after ageing at 700 °C although the boundary 

coverage is still comparable to that observed in the solution-treated sample after ageing 

at 600°C. It is important to note here that the solution-treated sample showed the 

presence of thicker grain boundary α. The grain boundary coverage was also very high 

when compared with the as-built sample aged at the same temperature (600 °C). The 

slow-heated and duplex aged sample showed the presence of continuous, but narrow 

grain boundary α-phase, as can be seen in Fig. 6.9 (c) and (d), respectively.   

 

Fig. 6.11. The characteristics of grain boundary α-phase precipitate for as-built (AB) 

samples as a function of ageing temperature, and for solution-treated (ST) sample after 

ageing. 

6.3.3 Microhardness 

The hardness values of as-built and solution-treated samples remained within the 

error bars and were found to be 311 ± 8 Hv and 305 ± 5 Hv respectively. The removal 
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of sub-structures after solution treatment does not affect the hardness values 

significantly. Hence, it could be stated that the sub-structures do not act as barriers to 

the dislocations or do not act as the nucleation points that can possibly affect the 

subsequent precipitation of α-phase during ageing. However, the hardness value 

remained low for the aged (600 °C/0.5 h) solution-treated sample (400 ± 5 Hv), when 

compared to the aged as-built sample (424 ± 4 Hv). The observance of low hardness for 

the solution-treated sample compared to the as-built sample after ageing can be 

attributed to the increment in the interparticle spacing [168].  

The samples after single ageing with fast heating rate and duplex ageing showed 

higher hardness when compared with the single-aged samples after fast heating and 

solution treatment. The trend in the hardness characteristics as a function of different 

ageing approaches can be seen in Fig. 6.12. The hardness of the single-aged samples 

with fast heating rate decreased as a function of ageing temperature and ageing time (at 

600 °C and 700 °C). However, after ageing at 500 °C, the hardness increased with 

ageing time. The improvement in the microhardness values of the slow-heated and the 

duplex-aged samples is because of the reduction in the interparticle spacing due to 

refined microstructure. However, after single ageing with fast heating rate, the 

interparticle spacing increased as a function of ageing temperature and ageing time. 

Hence, the hardness values decreased. The microhardness value of single-aged Ti-5553 

alloy after deposition using selective laser melting, as obtained by Carlton et al. [132], 

are approximately similar to the current work values.  
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Fig. 6.12. The hardness characteristics AM Ti-5553 β-Ti alloy as a function of different 

ageing approaches. The hardness values of as-built (AB) and solution-treated (ST) 

samples are also shown in the Fig. SA1 refers to the single ageing with fast heating rate, 

SA2 refers to the single ageing with slow heating rate, and DA refers to the duplex 

ageing. 

 

6.3.4 XRD Analysis 

The XRD data for single-aged as-built samples, as a function of single ageing 

with fast heating rate, can be seen in Fig. 6.13. The as-built sample showed only peaks 

corresponding to the β-phase, which is in agreement with the SEM micrograph (Fig. 6.3 

(b)). After ageing the sample at 300 °C for 8 h, a small volume fraction of isothermal ω-

phase can also be seen in the XRD patterns. No presence of α-phase was observed in 

this condition. After high-temperature ageing, α-phase precipitates were observed along 

with the β-phase matrix. This could also be seen from the SEM images (Fig. 6.7, Fig. 

6.8 and Fig. 6.9).  
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Fig. 6.13. The evolution of XRD diffraction pattern for as-built, pre-aged (300 °C + 8 h) 

and single-aged after single ageing with fast heating rate. AB refers to the as-built 

sample.  

6.3.5 Electrical Resistivity Measurement 

To investigate the influence of sub-structures in the as-built condition on the 

isothermal ω-phase, the electrical resistivity measurements were done on the as-built 

plus aged and the solution-treated plus aged samples. In situ resistivity measurements 

were recorded during the low-temperature ageing starting from the room temperature, 

heating period and during both 300 °C and 325 °C for up to 15 h. The relative electrical 

resistivity results are shown in Fig. 6.14. The resistivity data is normalized with respect 

to the resistivity at room temperature.  

The electrical resistivity dropped for both samples (as-built and solution-treated) 

as the temperature was raised to the ageing temperatures (300 °C and 325 °C), as shown 

in Fig. 6.14 (a) and (b). This decrease in the electrical resistivity can be associated with 
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the partial dissolution of athermal ω-phase [80,141,150–153]. This decrease in electrical 

resistivity due to the dissolution of athermal ω-phase also confirms the fact that 

athermal ω-phase is present in the as-built samples. 

The first increase in the electrical resistivity can be associated with the time to 

nucleate isothermal ω-phase precipitates [101]. This occurs for the solution-treated 

sample (Fig. 6.14) (a)) after ~0.5 h of ageing. Whilst, for the as-built sample the initial 

increase in electrical resistivity was delayed relative to the solution-treated sample to ~2 

h.  

 

Fig. 6.14. The electrical resistivity measurements for as-built (AB) and solution-treated 

(ST) samples during ageing at (a) 300 °C and (b) 325 °C for 15 h. 

After this initial increase in electrical resistivity during ageing at 300 °C, the 

electrical resistivity increased further (Fig. 6.14 (a)) and attained an approximate 

saturation condition after ~9 h and ~14 h of ageing the solution-treated and as-built 

samples, respectively. For the samples aged at 325 °C, a reduction in the precipitate 

nucleation time was observed. The first increase in electrical resistivity for the solution-

treated sample was observed almost immediately upon reaching the ageing temperature; 

however, the nucleation time was considerably delayed (~1 h) for the as-built sample. 
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As for the samples measured at 300 °C the electrical resistivity increased further (Fig. 

6.14 (b)) and attained an approximate saturation condition after ~3 h and ~6 h of ageing 

the solution-treated and as-built samples, respectively.  

6.4 Discussion 

6.4.1 Formation of Microstructure for As-built Samples 

The formation of solely β-phase in the microstructure of the as-built sample can 

be attributed to the rapid cooling rates (~88 °C/ min) during the deposition of the 

samples. The high-temperature gradient in the melt pool produced elongated β grains 

along the build height (Fig. 6.4 (a)). The most easy-growth directions for BCC crystals 

are <100> and hence the long axis of the dendritic grains are oriented along this 

orientation [169] producing <100> texture as shown in Fig. 6.4 (c). However, due to 

repeated heating of subsequent layers, a transition from columnar (dendritic) grains to 

equiaxed grains can be seen in the microstructure.  

 The formation of the sub-structures can be understood from the constitutional 

undercooling [170,171]. The reduction in the temperature gradient ahead of the planar 

interface increases the undercooling leading to the increased outgrowth away from the 

interface. Hence, the cell structure is formed, that causes the rejection of solute causing 

the reduction in equilibrium solidification temperature [170]. The segregation of the 

solute elements is dependent on their solubility limits in the liquid and the solid state. 

Depending on the solubility limits of the elements, the solid may either take excess 

solute from the liquid or reject solute into the liquid. The redistribution of the solute 

elements can be understood with the help of equilibrium segregation coefficient (k) 
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(Equation 6.1) that is defined as the ratio of solute concentration in the solid (Cs) and 

the liquid (CL) at the solid interface at any given temperature T.  

k = Cs/ CL                                                                                                                        6.1 

The solubility of a solute is dependent on the temperature, so for a particular 

temperature, when k < 1, the solute solubility is more in liquid than in the solid. For k > 

1, the solute solubility is more in solid than in the liquid. This basically means that 

when the solute solubility decreases for a particular phase then it cannot hold the solute 

further and rejects it to another phase during solidification. From Ti-Mo and Ti-Cr 

binary phase diagrams, the k values were found to be greater and less than 1, 

respectively. This implies that the Mo will be rejected to the solid phase, i.e. the core of 

the sub-structures, however, Cr will be rejected to the sub-structure boundaries. For the 

remaining solute elements, the k values were found to be approximately equal to 1 that 

indicates that they will be uniformly distributed across the sub-structures. This is in line 

with the observations from EDS results (Fig. 6.5). The cellular-dendritic morphology 

was observed near to the bottom of the scan track and build due to higher temperature 

gradient. But the sub-structure-free region has the highest temperature gradient during 

solidification that reduced the outgrowth leading to no sub-structures in this region.   

6.4.2 Evolution of Intragranular α-phase Precipitates 

Fig. 6.15 (a) and (b) show the inverse pole figure maps for as-built and solution-

treated samples, respectively. These maps are superimposed with the grain boundary 

orientation map, where high-angle boundaries ( HAGB > 15°) are represented with 

black colour lines and the low-angle boundaries (LAGB 2°–15°) are represented with 

white colour lines. The as-built sample shows a large number density of LAGB within 
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the β grains (Fig. 6.15 (a) when compared to solution-treated sample (Fig. 6.15 (b). The 

presence of a large number density of LAGBs in the as-built sample indicate that the 

sample has a large amount of dislocations when compared to solution-treated sample. 

The presence of higher dislocation density can also be confirmed from the fact that as-

built samples have previously [172] shown residual stresses in the deposited condition. 

This could also be related to the rapid solidification of the sample during deposition. 

However, the heat treatment of the sample will cause the annihilation of the dislocations 

[173]. Hence, it could be attributed to the fact that a lower number density of LAGBs 

were observed in the solution-treated sample.   

 

Fig. 6.15. The grain boundary misorientation mapping for (a) as-built and (b) solution-

treated (ST) AM Ti-5553 β-Ti alloy. 

These dislocations in the sample will act as the nucleation point for the α-phase 

precipitation. Hence, the refinement of intragranular α-phase for the as-built sample in 

comparison to solution-treated sample can be attributed to the higher number density of 

dislocations in the as-built condition. Due to the refinement of intragranular α-phase, 

there is less enrichment of β-stabilisers in the surrounding area that leads to lower 

interparticle spacings. Based on EDS analysis (Fig. 6.5), the value of Mo equivalent for 

the sub-structure free region, the core of the sub-structure and sub-structure boundary 
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are calculated as ~8.3. The Mo equivalent is almost the same for all the regions. Mo 

equivalent controls the precipitation temperature for the phases. Hence, this can be the 

reason for getting the uniform microstructure throughout although we have seen Mo and 

Cr segregation across the sub-structures, but both are β-phase stabilisers.  

For single-aged material, the width of α-phase and the interparticle spacing 

between the α-phase precipitates increased as a function of ageing temperature and 

ageing time due to availability of larger driving force. The slow-heated and duplex aged 

samples showed refined α-phase due to isothermal ω-phase assisted nucleation.   

6.4.3 Effect of Intragranular α-phase on Microhardness  

The effect of interparticle spacing upon the eventual mechanical properties in Ti–

6Mo–5V–3Al–2Fe β-Ti alloy has been considered previously [146]. This suggests that 

the reduction in interparticle spacing observed here would lead to an increase in 

hardness of around 6% between the as-built and solution-treated samples after ageing. 

This reduction in the interparticle spacing can also be correlated with the refinement of 

the α-phase as stated above. The refined microstructure makes the dislocations pile up 

into more interfaces and this movement is restricted, whilst a coarser microstructure 

allows greater movement of dislocations leading to more assimilation of plastic 

deformation. In addition, refinement of α-phase width can directly be linked to the 

increase in yield strength and hardness [10,136]. Therefore, it could be concluded that 

the increase in hardness of ~24 Hv after ageing is solely due to the refinement of the α-

phase caused due to higher dislocation density in the as-built condition. A similar 

proportional increase would be expected in the yield and fatigue strength of the material 

[147,148]. 
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The observance of the highest microhardness values for the slowly heated and the 

duplex aged samples is because of the extremely refined α-phase precipitates leading to 

the reduction in the interparticle spacing. However, for the sample aged using single 

ageing with fast heating rate, the interparticle spacing increased as a function of ageing 

temperature. Hence, the hardness values decreased with temperature. The samples aged 

at 500 °C showed the highest hardness amongst the single aged sample using single 

ageing with fast heating rate. This is attributed to the refined microstructure. The further 

increment in hardness with ageing time at this temperature was because of the increased 

number density of α-phase (as stated above) leading to reduced interparticle spacing 

(Fig. 6.10 (c)). At 700 °C, the hardness was the lowest due to coarser α-phase and 

highest interparticle spacing. The ageing time at 700 °C did not cause any change in the 

hardness because the volume fraction, width and interparticle spacing of α-phase 

remained constant with ageing time. The drop in the hardness with ageing time at 600 

°C is because of the coarsening of the α-phase leading to increased interparticle spacing. 

6.4.4 Evolution of Grain Boundary α-phase 

As understood from Fig. 6.11, the nucleation and growth mechanism of the grain 

boundary α-phase can be represented as shown in Fig. 6.15. Grain boundary α primarily 

starts forming with the heterogenous nucleation at the grain boundaries and then grows 

due to diffusion of Al and O (α stabilizing elements) from the surroundings to the grain 

boundary α [9]. The diffusion of Al and O from the grain boundary surroundings makes 

the region rich in β-stabilisers, hence, leading to the formation of PFZ. The growth of 

the α-phase at grain boundary allows the different nucleants at grain boundary to 

connect with each other and form a thicker and continuous grain boundary α. The 
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nucleation and growth of the α-phase is a temperature dependent process, however, 

since as-built and solution-treated samples were aged at the same temperature (600 °C). 

Hence, it is important to understand the reason for obtaining the difference in the 

formation of grain boundary α-phase for both the samples. 

 

Fig. 6.16. The nucleation and growth mechanism for grain boundary α-phase. 

Heterogenous nucleation happens at grain boundaries and diffusion of Al and O leads 

the growth of the grain boundary α-phase and precipitate free zones near grain 

boundaries. 

The refinement of microstructure for the as-built plus aged sample in comparison 

to the solution-treated plus aged sample may also be linked to a loss of ductility [174]. 

However, based on previous assessments [9], the ductility is majorly controlled by the 

grain boundary α-phase. The authors [9] reported an empirical relation between ductility 

and grain boundary α-phase based on their experimental validation. They reported that 

the discontinuity in the grain boundary α-phase is directly proportional to ductility and 

larger discontinuity provides higher ductility. For the current work, discontinuous grain 

boundary α-phase was observed after ageing the as-built samples at 500 °C and 600 °C. 

The discontinuous grain boundary and refined intragranular α-phase for as-built samples 

are highly significant for getting higher ductility and higher strength at the same time. 
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The observance of discontinuous grain boundary α-phase in as-built samples can be 

attributed to the presence of high angle β grain boundaries in the as-built condition (Fig. 

6.15), whilst the solution-treated sample shows low angle β grain boundaries. The 

differences and the similarities in the precipitation behaviour of wrought and additively 

manufactured samples in terms of its microstructural features are presented in Table 6.1.  

Table 6.1. The differences and the similarities in the precipitation behaviour of wrought 

and additively manufactured Ti-5553 β-Ti alloy. 

Microstructural feature Difference/similarities 

1. Intragranular α-

phase size 

distribution 

• The slow heating and duplex ageing led to a uniform 

distribution of extremely refined α-phase in both 

kinds of samples, i.e. the wrought and the AM 

samples. 

• The fast-heated samples showed a nonuniform α-

phase distribution, where larger size α-phase was 

distributed near to the grain boundaries, whilst 

relatively finer size α-phase found within the β 

grains. However, the fast-heated AM samples did 

not show the presence of Widmanstätten α-phase 

near to the grain boundaries as observed in wrought 

alloy after single ageing with a faster heating rate. 

• When the comparison of the Intragranular α-phase 

size was done for the wrought and the AM samples, 

it was observed that the intragranular α-phase 

precipitates are relatively refined in the AM samples. 

This could be attributed to the fact that the 

intragranular α-phase precipitates become more 

refined when the β grain size reduces [175]. The β 

grain size for the wrought and the AM samples was 

found as 245 ± 75 µm and 184 ± 66 µm, 

respectively. 

2. Grain boundary 

α-phase 

distribution 

• Wrought alloy samples showed the presence of thick 

and continuous grain boundary α-phase, whilst the 

AM samples showed the presence of thin and 

discontinuous grain boundary α-phase.  

• It was also observed that the reduction in the β grain 

size will lead to thicker and continuous grain 

boundary α-phase, however, this was not the case for 

AM samples (relatively smaller β grains). 

3. Morphology of 

intragranular α-

phase 

• Both the types of samples, i.e., the wrought and AM 

samples showed similar morphologies of the 

intragranular α-phase. 
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6.4.5 Precipitation Kinetics 

Fig. 6.17 shows the evolution of the transformed fraction (𝐹) of isothermal ω-

phase precipitates obtained from the electrical resistivity measurements during ageing at 

300 °C and 325 °C. Transformed fraction is the ratio between the volume fraction of 

isothermal ω-phase precipitates at time t during ageing and the volume fraction formed 

at the metastable equilibrium state [161,162] and is given by Equation 6.2. 

𝐹 =  
𝜌𝑡−𝜌0

𝜌meta−𝜌0
                                                                                                               (6.2) 

where ρt refers to the electrical resistivity of the alloy at time t during ageing, ρ0 

refers to the electrical resistivity of the alloy at the beginning of ageing, and ρmeta refers 

to the electrical resistivity of the alloy at the end of the ageing time.  

Similar trends were observed in the electrical resistivity measurments (Fig. 6.14) 

of the solution-treated and the as-built samples, but a delay in the nucleation of the 

isothermal ω-phase precipitates (Fig. 6.17) was observed for the as-built samples. Also, 

a transient nucleation kinetics was observed in both cases i.e. an incubation time (𝜏) is 

required to reach the critical nucleation size.  
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Fig. 6.17. Kinetic curves showing the ωiso transformed fraction vs. ageing time: at (a) 

300 °C and (b) 325 °C. A delay in the nucleation of ωiso precipitates was observed for 

as-built samples when compared to the solution-treated samples. AB refers to the as-

built sample and ST refers to the solution-treated sample. 

6.4.6 Precipitation Mechanism 

Isothermal transformation kinetics of a material can be understood by the 

universal Johnson-Mehl-Avrami-Kolmogorov (JMAK) model under specific 

assumptions [163]. The current work shows a transient nucleation behaviour, as 

observed from the transformed fraction (Fig. 6.17). This violates the universal JMAK 

model [163,164]. Therefore, a modified version of the JMAK model was utilised to 

understand the isothermal transformation kinetics of isothermal ω-phase precipitates. 

The modified JMAK model is given by Equation 6.3. 

𝐹(𝑡) = 1 − exp (−𝐾𝑇(𝑡 − 𝜏)𝑚)                                                                                 (6.3)                                                                                                                             

𝐾𝑇 = 𝑘0𝑒−𝐸𝑎/𝑅𝑇                                                                                                           (6.4) 

where, 𝑚 represents the Avrami exponent that is an indicative of the precipitation 

mechanism, 𝐾𝑇 is the thermally activated rate constant dependent on the nucleation and 

growth rate. This can be determined from the Arrhenius relation (Equation (6.4)), where 
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𝐸𝑎is the activation energy, 𝑅 is the universal gas constant and 𝑇 is the absolute 

temperature of isothermal ageing. 𝜏 refers to the incubation time required to achieve a 

steady-state precipitate size. 

The Avrami exponent, 𝑚, was determined for isothermal ω-phase precipitation at 

300 °C and 325 °C using Equation (6.5) and the gradients are shown in Fig. 6.18.  

𝑙𝑛[−𝑙𝑛(1 − 𝐹)] = 𝑙𝑛𝐾𝑇 + 𝑚𝑙𝑛(𝑡 − 𝜏)                                                                       (6.5) 

 

Fig. 6.18. The modified JMAK plots for Avrami exponents (m) during isothermal ω-

phase transformation for as-built and solution-treated samples at (a) 300 and (b) 325 °C. 

AB refers to the as-built sample and ST refers to the solution-treated sample. 

The 𝜏 values obtained for solution-treated and as-built samples are ~0.5 h and ~2 

h, respectively. An 𝑚 value of approximately 1.4 (see Fig. 6.18) at the early stage of 

transformation is indicative of a pure growth mechanism from a pre-existing nucleation 

site [101,163]. This is in line with the growth of isothermal ω-phase precipitates from 

athermal ω-phase [16]. This is also similar to the precipitation mechanism for wrought 

alloy (Fig. 5.13). However, the 𝑚 values reduce at later stage of transformation (Fig. 

6.18 and Table 6.2). This reduction in the 𝑚 values has been attributed to the dimension 

loss for isothermal ω-phase precipitates at later stages of precipitation due to high misfit 
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strain at the ωiso/β interface [101]. The as-built sample aged at 300 °C does not show 

any reduction in the 𝑚 values. This indicates that isothermal ω-phase precipitated in as-

built sample after ageing at 300 °C did not lose its dimensions. For the solution-treated 

sample during ageing at 300 °C, the deviation in 𝑚 values was observed after ~75 % of 

transformation (Fig. 6.18), respectively.  

The  activation energy (𝐸𝑎) for the formation of isothermal ω-phase, as calculated 

using the modified JMAK model, showed a higher value for the as-built samples in 

comparision to the solution-treated samples (Table 6.2). This coul be attributed to the 

increased incubation time (𝜏) for isothermal ω-phase nucleation in the as-built sample as 

compared to the solution-treated sample (Fig. 6.18). The average value of activation 

energy for isothermal ω-phase precipitation in the additively manufactured alloy was 

determined as ~130 kJ mol–1. This is approximately similar to the values obtained for 

wrought alloy and activation energy of Mo atom diffusion in Ti substrate. Hence, it is 

stated that the precipitation of isothermal ω-phase in AM samples is also controlled by 

Mo diffusion, as observed for wrought alloy. 

Table 6.2. The Avrami exponent (𝑚) and activation energy (𝐸𝑎) values for entire 

nanoscale ωiso precipitate transformation during ageing at 300 °C and 325 °C up to 8 h. 

Temperature (°C) 

Early stage  

transformation 

Later stage 

transformation 

n (±0.05) KT (×10-3) Ea (±12 kJ mol-1) n (±0.05) 

ST 
300 1.44 17.85 

119 
1.15 

325 1.48 50.77 - 

AB 
300 1.39 3.88 

140 
1.22 

325 1.35 10.85 0.70 

6.4.7 Correlation between Microstructure and Microhardness 

A good correlation between the microhardness values and the width of α-phase (d) 

was observed for all the aged samples. A high value of correlation coefficient, R2 = 0.91 
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was observed for the fitted regression lines. The mean width of α-phase was considered 

as the best microstructural feature to control the microhardness values. The dependence 

of microhardness and the the width of α-phase is represented in Fig. 6.19 and the 

relation is given in Equation 6.6. 

𝐻𝑣 = 348 + 168/√𝑑                                                                                                   (6.6) 

 

Fig. 6.19. Variation of mean hardness with the inverse of square root of mean width of 

α-phase after ageing the AM Ti-5553 β-Ti alloy samples. SA1 refers to the single 

ageing with fast heating rate, SA2 refers to the single ageing with slow heating rate, and 

DA refers to the duplex ageing. 

6.5 Conclusions 

The following conclusions can be drawn from this chapter: 

1. The direct laser deposition methods can be directly used to deposit the Ti-5553 β-Ti 

alloy samples with solely β-phase matrix, without having to go for solution 

treatment. This saves the production time. 
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2. The aged microstructure of as-built samples showed similar morphology of the α 

strengthening phase when compared to wrought alloy. This indicates that the as-

built samples can be directly used in the application after ageing. 

3. The as-built samples exhibited refined intragranular α-phase after single ageing 

when compared to solution-treated samples, hence producing higher hardness 

values.  

4. The duplex-aged and slow-heated samples showed the maximum hardness due to 

further refinement of the intragranular α-phase. 

5. The single-aged as-built sample with fast heating rate showed discontinuous grain 

boundary α-phase indicating the possibility of achieving higher ductility for as-built 

samples in comparison to solution-treated material. 

6. The average value of activation energy for isothermal ω-phase precipitation in the 

additively manufactured alloy was determined as ~130 kJ mol–1. This is 

approximately similar to the values obtained for the wrought alloy. 

7.  A good correlation (𝐻𝑣 = 348 + 168/√𝑑) between the microhardness values and 

the width of α-phase (d) was established for all the aged samples. 
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CHAPTER 7 

SUMMARY AND FUTURE WORK 

The primary aim of this work was directed at understanding the precipitation 

behaviour of wrought and additively manufactured Ti-5553 β-Ti alloy. The first 

investigations were carried out on the wrought Ti-5553 β-Ti alloy to understand the 

influence of different ageing approaches on its microstructure-property relationship and 

the precipitation mechanisms. These investigations were coupled with scanning electron 

microscopy, X-ray diffraction, in situ electrical resistivity measurements and Vickers’ 

microhardness studies. The slowly heated and duplex aged samples showed 

approximately similar microhardness and microstructure results at all ageing conditions. 

This was attributed to the same precipitation mechanism in both cases as observed via 

in situ electrical resistivity measurements. However, the fast-heated samples showed 

coarser microstructure and lower hardness in comparison to slowly heated and duplex 

aged samples. This study also supported that the isothermal ω-phase precipitates have a 

direct role to play in the nucleation of α-phase precipitates. The slowly heated and 

duplex aged samples generally showed higher microhardness values in comparison to 

fast heated samples, however, the difference in the microhardness tended to decrease 

with ageing time at higher temperatures (600 °C and 700 °C). A good correlation (𝐻𝑣 =

348 + 247/√𝑑) between the microhardness values and the width of α-phase (𝑑) was 

observed for all the aged samples of wrought alloy. 

Subsequently, the influence of different cooling rate (air cooling and water 

quenching) on the precipitation kinetics of isothermal ω-phase was studied by coupling 

in situ small-angle neutron scattering (SANS) and electrical resistivity measurements. 
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These studies were complemented by scanning electron microscopy, X-ray diffraction 

and Vickers microhardness studies. The air-cooled sample showed delayed nucleation 

of isothermal ω-phase precipitates in comparison to water-quenched sample during 

ageing at 300 °C. This delayed nucleation was attributed to the higher activation energy 

for isothermal ω-phase precipitation in the air-cooled sample (~131 kJ mol–1) compared 

to the water-quenched sample (~114 kJ mol–1). The average value of activation energy 

(~122 kJ mol–) for isothermal ω-phase precipitation in the β-phase matrix was found to 

be comparable to the activation energy for the diffusion of Mo atoms (~135 kJ mol–1) in 

the Ti substrate. Because Mo is the slowest diffusing element in the current alloy 

system, therefore, it was concluded that the isothermal ω-phase precipitation is 

controlled by the diffusion of Mo. The volume fraction of isothermal ω-phase 

precipitates became approximately the same (~11 %) after ageing water-quenched and 

air-cooled samples for 8 h, although air-cooled samples showed slower nucleation. The 

SANS modelling was consistent with the ellipsoid shaped particles for isothermal ω-

phase precipitates, where they achieved a maximum size (equatorial diameter = ~21 nm 

and ~17 nm) after 2 h and 4 h of ageing the water-quenched and air-cooled samples, 

respectively. A decrease in the Avrami exponent was observed at later stages of 

transformation that indicated that isothermal ω-phase precipitates suffer a dimension 

loss during their growth due to the high misfit strain at the β/ω interface. This was found 

to be in line with the SANS observations where only equatorial dimension of isothermal 

ω-phase precipitates grew at later stages of transformation. The Vickers microhardness 

results showed an increasing trend with ageing time, where water-quenched samples 

showed higher hardness compared to air-cooled samples. 
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Lastly, the ageing response of additively manufactured (direct laser deposited) Ti-

5553 β-Ti alloy was investigated by coupling with scanning electron microscopy, X-ray 

diffraction, energy dispersive spectroscopy, electron backscatter diffraction, Vickers’ 

microhardness and in situ electrical resistivity measurements studies. It was concluded 

that the direct laser deposition methods can be directly used to deposit the Ti-5553 β-Ti 

alloy samples with solely β-phase matrix, without having to go for solution treatment. 

This will save production time. The similarity in the microstructure features of 

additively manufactured and wrought alloy samples after ageing boosts the confidence 

in directly using the as-built samples in the applications after ageing. The as-built 

samples exhibited refined intragranular α-phase after single ageing when compared to 

solution-treated samples, hence, producing higher hardness values. Similar to wrought 

alloy, the duplex-aged and slow-heated additively manufactured samples showed 

maximum hardness due to further refinement of the intragranular α-phase. 

Discontinuous grain boundary α-phase was obtained for single-aged as-built sample in 

comparison to the solution-treated sample. This is an indication of higher ductility for 

as-built samples in comparison to solution-treated samples after ageing because grain 

boundary α-phase plays a major role in controlling the ductility of the material. The in 

situ electrical resistivity studies at low temperature ageing (300 °C and 325 °C) 

indicated that solution treatment of the additively manufactured samples reduces the 

activation energy for precipitation of isothermal ω-phase. The average value of 

activation energy for isothermal ω-phase precipitation in the additively manufactured 

alloy was determined as ~130 kJ mol–1 that is approximately similar to the values 

obtained for wrought alloy. This is an indication of approximately similar precipitation 

behaviour for both types of alloys. As observed wrought alloy, a good correlation (𝐻𝑣 =
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348 + 168/√𝑑) between the microhardness values and the width of α-phase (𝑑) was 

observed for all the aged samples.   

  There is further scope for study in this field. Some of the important future 

directions are as follows: 

➢ The electrical resistivity results for wrought alloy indicated that different phase 

transformations happen during the isothermal ω-phase-assisted α-phase 

nucleation. SANS studies for these pathways can provide better insights as 

SANS is more sensitive to provide precise structural information at the nano 

level.  

➢ The SANS signals indicated the dissolution of an unknown metastable phase 

(bigger size) in wrought alloy as the temperature was raised from room 

temperature to ageing temperature (300 °C). Further studies on this can provide 

better insights to this observation. 

➢ The as-built samples showed finer intragranular α-phase precipitates and 

discontinuous grain boundary α-phase. This is a good indication for producing 

higher strength (controlled by intragranular α-phase) and higher ductility 

(controlled by grain boundary α-phase) at the same time. A comparative 

understanding of mechanical properties for single aged, duplex-aged, solution 

treated plus aged and slowly heated samples can help in understanding the 

direct use of additively manufactured samples in the applications. 

➢ The additively manufactured samples showed the presence of sub-structures in 

the deposited condition. These sub-structures were present just below the melt 

pool tracks. Although these sub-structures did not show any influence on the 
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mechanical properties of this material, but the sub-structures in the other 

materials such as steel have resulted in the better mechanical properties for 

them. However, the size of the sub-structures in steel was quite small in 

comparison to the sub-structure size in current material. Hence, the influence of 

additive manufacturing parameters can be studied to control the sub-structure 

size that could provide better mechanical properties for titanium alloys. 
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