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Propositions belonging to the PhD thesis
Tailoring the mechanical properties of Ti alloys via plasticity induced transformations

by Suresh Neelakantan

1. The translation of design principles for TRIP effect in steels into those for PiTTi
effect in metastable β titanium alloys is not straight forward. (this thesis)

2. The Mo equivalence for predicting the β phase stability in titanium alloys and the
Andrews’ equation for the Ms temperature in steels suggests a simple additivity rule
to hold. However the Ms in multicomponent Ti alloys is not captured by such a rule.
(Chapter 4, this thesis)

3. The Mo equivalence only gives a measure for the stability of β , from which the like-
lihood of martensitic transformation can be estimated. However, a physical model
may lead to an accurate prediction of the Ms temperature. (this thesis)

4. Modelling metastable phase transformations remains a challenging task, especially
in titanium alloys.

5. Metastable β alloy behaviour can broaden the application of titanium alloys from
the typical high temperature and corrosive environments to complex shaped struc-
tural products.

6. Employing physical reasoning is the best way to understand a problem; however
this does not necessarily mean the problem can be solved.

7. The increased usage of software programs to acquire experimental data simplifies
work and reduces time, but at the risk of a reduced understanding of underlying
principles of the apparatus and overconfidence in the reported data by the software.

8. The complexity involved in an Indian arranged marriage is no less than that of a
doctoral research.

9. The open-mindedness and tolerant nature of Dutch people contradicts their attach-
ment to traditional values.

10. Deformation (i.e. successive small step developments) and transformations (i.e. rad-
ical changes) are common phenomena in PiTTi alloys and PhD research.

These propositions are regarded as opposable and defendable, and have been approved as
such by the supervisor Prof. dr. ir. Sybrand van der Zwaag
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Chapter 1

Introduction

1.1 Current trends in titanium alloys

Titanium and its alloys are relatively new in commercial applications; however,

they slowly and steadily start to gain a unique position amongst other structural

materials, like Fe-, Ni- and Al-based alloys. Being light weight, i.e. displaying a

density between that of Al and Fe, highly corrosion resistant and thermally stable

at high temperatures, Ti possesses superior structural efficiency in application areas

such as airframes and aero-engines. Emerging lower cost processing technologies,

along with strategies for improved strength-ductility relations, would aid in devel-

oping new Ti alloy grades that offer great potential as futuristic materials, fulfilling

commercial demands.

Titanium alloys are commonly categorized as α , β and α +β based on pre-

dominant crystallographic phases present at room temperature [1]. The alloying el-

ements, responsible for the stability of phases and their influence on the β -transus

temperature, are classified as α-stabilizers, β -stabilizers and neutral [1, 2]. Each

alloy category exhibits different mechanical properties as they differ in the individ-

ual properties of β (austenite) and α phases, their volume fraction and arrangement

[1, 3]. Table 1.1 summarizes the range of properties for different Ti alloys and their

dominant microstructural characteristics.

1
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Low density α alloys, due to their single (stable) phase character, are insensi-

tive to heat treatment, and hence offer little opportunities for strength improvement.

They exhibit moderate tensile strength in the range of 240 to 740 MPa at room

temperature, but possess excellent corrosion behaviour and formability. Being pre-

dominantly single phase alloys, they have good weldability and cold formability,

but lack on toughness and age hardenability [4, 5]. Commercially pure (cp-) tita-

nium with a range of oxygen levels is a popular α alloy, along with Ti-5Al-2.5Sn

and Ti-3Al-2.5V alloys, which are mainly used in chemical and petrochemical in-

dustries [6, 7, 8, 9]. α +β alloys, especially Ti-6Al-4V, are by far the most popular

type of titanium alloy. More than 50 % of all titanium alloys applications are of this

type [2, 10, 11, 12]. These alloys are sensitive to heat treatment, and thus the com-

bination of a wide range of possible microstructures offer the potential for tuning

strength and ductility. However, the meticulous control of the α phase morphology

for certain conditions is required. Having a two phase microstructure with different

morphologies, they possess an exceptionally good balance of strength (900 to 1300

MPa), ductility, fatigue and fracture properties [13, 14, 15, 16, 17, 18, 19, 20, 21].

An advantage of these alloys is the superplastic formability for complex sheet metal

applications [1, 22]. Common alloys in use are Ti-6Al-6V-2Sn, Ti-6242 and IMI-
834 in particular for aircraft structural parts and aero-engines, in sporting goods

and automobiles [5, 13]. Recent trends in α +β alloys focuses on grain refinement

using Boron (B) or Nitrogen (N) additions for improved properties [23, 24, 25, 26].

β alloys are arguably the most versatile in the titanium family. They exist

in two forms as metastable β alloys (in between βc and βs) and stable β alloys

(beyond βs) based on the β stabilizing content as shown in Figure 1.1 [27]. The

βc and βs correspond to the critical β and stable β stabilizer content, respectively.

The schematic pseudo binary phase diagram (Figure 1.1) reveals the importance

of the β stabilizing elements on the stability level of β . In general, β alloys have

a number of advantages over other Ti-alloy systems. Perhaps the most important

one relates to their high cold formability, higher fatigue strength and improved

bio-compatibility. Metastable β alloys posses processing advantages over the α +

β alloys, owing to their low flow stress at elevated temperature. They offer the

highest strength-to-weight ratio for engineering alloys, excellent hardenability and

heat treatability, and hence provide significant improvements in both strength and
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Figure 1.1: Pseudo-binary phase diagram of Ti with regions highlighting the different

alloy categories and the decomposition products of β alloys.

toughness with enhanced uniform properties throughout the forgings [28, 29, 30,

31]. Some of the most commonly used metastable β alloys are Ti-10V-2Fe-3Al

(Ti−1023), Ti-5Al-2Sn-2Cr-4Mo-4Zr-1Fe (β −Cez), Ti-15V-3Cr-3Al-3Sn (Ti−
15−3), Ti-15Mo-2.6Nb-3Al-0.2Si (β−21S), Ti-11.5Mo-6Zr-4.5Sn (Beta III) and

Ti-3Al-8V-6Cr-4Mo-4Zr (Beta C).

The importance of metastable β alloys has steadily increased over the last

few decades, mainly because the wide range of complex microstructures enable

the designer to optimize for both high strength and toughness [32, 33, 34, 35].

These alloys can be taken to extremely high strength levels beyond 1400 MPa, and

can be improved further by effective control of the metastable phase formation.

Metastable β alloys, in general, decompose into α (hcp), α ′ (hcp) martensite, α ′′

(orthorhombic) martensite and ω (hcp) metastable phases based on the cooling

rate, initial alloy composition and β solute content Fig. 1.1 [27, 36, 37, 38, 39,

40, 41, 42]. The strength-ductility improvements mainly stem from the formation

of martensite, while the other metastable phase, ω , is more detrimental to ductil-

ity [32, 43, 44, 45, 46, 47, 48]. Martensite formation can be tailored mainly by the

heat treatment parameters that control the β stabilising contents in the range of me-
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chanically unstable β alloys as shown in Fig. 1.1. With increasing solute content

the hexagonal (α ′ martensite) structure loses its symmetry and distorts to an or-

thorhombic (α ′′ martensite) structure [49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60].

Such alteration of β stability by alloying helps in achieving an attractive range of

properties. Wide spread application of β alloys is, however, limited by their rel-

atively high specific weight, modest weldability, poor oxidation behaviour, high

cost and complex microstructure.

1.2 Deformation induced martensite formation

Phase transformations resulting from the elasto-plastic deformation of metals or

alloys have been known for a long time, for some systems they are intentionally

used to improve properties. The formation of martensite under externally applied

load is a well established deformation mode of several type of alloys resulting in

TRansformation Induced Plasticity (TRIP) mechanical effects [61, 62, 63, 64, 65].

The primary mechanism behind TRIP is the low temperature stress assisted trans-

formation of a retained high temperature phase into martensite. Martensite is char-

acterized by superior hardness and strength in steels [66]. The transformation upon

deformation proceeds in the ductile phase progressing to a high strength crystal

structure. Technological applications have been established in copper and equi-

atomic titanium-nickel based systems, in which shape memory characteristics are

exploited [67, 68]; and in TRIP steels, where relatively high ductility has been

obtained [69, 70].

The TRIP effect, i.e. the mechanically induced martensitic transformation

of metastable austenite, has been demonstrated to contribute very effectively to

the deformation process in a large variety of fully austenitic iron-based alloys

[71, 72, 73, 74]. Numerous studies have shown that the TRIP effect improves

the strength-ductility balance by helping to maintain a high work-hardening rate

during later stages of straining [61, 69, 70, 71]. This phenomenon is commonly

ascribed to two different mechanisms: i) stress-assisted nucleation of martensitic

variants favourably oriented with respect to the applied stress and ii) plastic strain-

ing of the surrounding phases due to the volume and shape changes associated
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Figure 1.2: Schematic stress-strain characteristics of martensite formation in Ti alloys.

with the transformation, and due to the deformation itself. However, it should be

pointed out that the martensite in Ti alloys is much softer than the martensite in fer-

rous alloys mainly because the interstitial oxygen atoms only cause a small elastic

distortion of the hexagonal lattice of the martensite in Ti [1, 2]. Hence the stress-

assisted martensite nucleation is the predominant mechanism in Ti alloys, which

increases their ductility substantially above that of similar Ti alloys with other mi-

crostructures. The characteristics of martensite formation and the role played by

stress have been reviewed by Grosdidier et al. [75].

In Ti alloys, when the martensite is stress induced, the stress-strain curve

shows a double-yield effect as highlighted by the arrows in the schematic diagram

shown in Fig. 1.2. The first yielding at low stress levels corresponds to the on-

set of stress-induced martensite (SIM) nucleation, after which an initial region of

low work hardening rate associated with the progression of martensite throughout

the gauge length is observed until the second yield point, where slip deformation

initiates [76]. Plastic strain results from the deformation strain of the martensite

together with subsequent slip accommodation in the parent β phase. Studies on

Ti-Ta [36], Ti-V [44, 50, 77], Ti-Mo [49, 50], Ti− 1023 [29, 78], β −Cez [75],

Ti−10−12 [79] and Ti−10−14 [80] alloys show the deformation characteristics

are those of stress induced orthorhombic α ′′ martensite, which is associated with

a shape strain of ∼ 7− 8 % [29, 48, 79, 80]. Such a TRIP like effect in Ti alloys
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is further-on referred to in this thesis as Plasticity induced Transformation in Ti

(PiTTi) alloys.

From an applications point of view, the strengthening behaviour of β tita-

nium alloys by stress-induced martensite transformation at room temperature is

a promising feature rapidly gaining importance for many potential applications in

various fields. Detailed studies, upon tensile testing, on β−Cez and Ti−1023 have

shown that the heat treatment parameters and sequence determine the deformation

mechanism by α ′′ martensite formation [28, 75, 81, 82, 83, 84]. Indications on the

dependence of prior β grain size, interaction of ω phase, athermal martensite start

temperature (Ms) and solute concentration on formation of martensite have also

been observed [28, 75, 76, 81, 85]. An important difference in titanium alloys, as

compared to the ferrous systems, is the intrusion of ω phase, and the associated

negative role of interstitials upon the deformation products [45].

1.3 Potential improvements

Over the past two decades, the strength-ductility increase in high strength steels has

been a major research topic. Success has been achieved with ductility improvement

through the TRIP effect as an additional strengthening mechanism in addition to

solid solutioning, precipitation hardening and dual phase structures (see Fig. 1.3).

Such improvements resulted in very strong and ductile yet cheap TRIP steel grades,

for the production of intricate morphologies of automotive components.

Applying such concepts to Ti metallurgy would address the ductility levels

while retaining their high strength levels. The potential of observing PiTTi ef-

fects for strength improvements is high in metastable β alloys as they exhibit a

homogeneous and stable high temperature β regime, which can be retained in

a metastable state to room temperature and thus have the potential to undergo

martensite transformation upon loading. Optimizing the PiTTi effect for poten-

tial strength-ductility improvement depends mainly on tailoring various factors,

athermal Ms temperature, β grain size, α phase fraction and β solute partitioning,

through different thermo-mechanical treatment. However, no attempts to effec-

tively control the factors in order to achieve an optimal mechanical performance
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Figure 1.3: Schematic representation of the expected specific strength-ductility improve-

ments for Ti alloys in comparison to steel grades.

due to PiTTi have been reported yet. The schematic representation of the targeted

specific property improvements through PiTTi of existing metastable β or near β
Ti alloys is also indicated in Fig. 1.3.

1.4 Scope and outline of the thesis

Stimulated by the possibility of enhancing the much demanded strength-ductility

relation in titanium through the PiTTi effect, this thesis aims at identifying and

quantifying the main factors that effectively control and promote the martensitic

transformation in metastable β alloys. Considering the critical role of the athermal

Ms temperature on PiTTi effect, a thermodynamic model for predicting the Ms

temperature as function of binary solute concentration will be developed. Further,

an equation for estimating the Ms temperature for generic multicomponent β alloys

will be proposed. A novel alloy design methodology following the developed Ms

equation along with β stability requirements will be presented. Such approach

will be applied to design new grades of metastable β Ti alloys meeting the desired

criteria for Ms, at or around room temperature with adequate β metastability. The

prototype alloy compositions will be fabricated and experimentally characterized

for validating the alloy design methodology.
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Chapter 2 is focused on experimental investigations on existing commercial

β −Cez and Ti− 1023 alloy systems in order to study their PiTTi behaviour for

various solution treatment conditions. The corresponding microstructural features

have been analyzed and linked to their influence on the SIM formation upon com-

pression testing. The origin of the improved mechanical properties due to SIM has

been studied with various characterization techniques.

Having observed the potential for tuning of the PiTTi effect in Ti− 1023, a

comprehensive analysis of the fundamentals behind the PiTTi existence by report-

ing the various defining factors that could control/promote the SIM formation in

Ti−1023 is given in Chapter 3.

Considering the importance of the Ms temperature, Chapter 4 presents a ther-

modynamic based model, following Ghosh-Olson’s approach for Ms in ferrous al-

loys, to predict the athermal Ms temperature for binary Ti systems. The binary

predictions are validated with experimental Ms values. A further extension of the

developed model is achieved by proposing a simple Ms equation for multicompo-

nent Ti systems based on additivity rules, which is validated by correlating it to the

so called Molybdenum equivalence values.

A novel alloy design methodology has been presented in Chapter 5, follow-

ing the developed Ms equation from Chapter 4 coupled with β stability estimations

through the well established Molybdenum equivalence (Mo eq.) equation, result-

ing in proposing two new grades of potential PiTTi alloys. The fabrication of the

prototype alloy compositions and their experimental characterization for the PiTTi

properties is presented.

Chapter 6 further validates the predictions of the simple Ms equation by com-

paring them to the values predicted by an established neural network for Ms predic-

tions for multicomponent Ti alloys. The mismatch between both model predictions

in the composition domain has been analysed in terms of determining the effect of

ternary solute interactions on the Ms, and some guidelines for a future extension of

the thermodynamics based Ms model.

The main outcome of this thesis is finally presented as summary.
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Chapter 2

Experimental verification of
PiTTi effect in β −Cez and
Ti−1023 alloys

Deformation induced transformations are a widely observed phenomenon in sev-

eral metallic systems. β titanium alloys, not being an exception, in principle has the

ability to undergo such transformations. Related studies have shown that some near

β and β metastable titanium alloys can undergo deformation induced martensitic

or SIM transformation into α ′ (hcp structure) and/or α ′′ (Orthorhombic structure)

[36, 44, 48, 50, 78, 84, 86] phases. Such formation of martensite upon loading

depends on the microstructural state of the alloy, and in particular the austenite

(β ) phase stability [28, 43, 75, 84]. This mechanism, along with slip and twin-

ning [87, 88, 89, 90], could result in improved strength-ductility properties. In

analogy to ferrous alloys (multiphase steels)[91, 92], the ability of high temper-

ature β phase to martensitically deform at room temperature can be controlled

via well designed solution treatments [32, 48, 75]. Of prime importance is un-

derstanding the effects of the local alloying elements concentration variation and

the deformation state, which results from various thermo-mechanical treatments

[29, 93, 94]. These factors determine the ability to undergo SIM deformation at

room temperature, which is the deformation mechanism behind the PiTTi effect.

11
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Generally, β metastable alloys show good response to solution treatments, and

their microstructures can be modified reasonably well. This should permit the tun-

ing of microstructural parameters in order to achieve an optimized PiTTi effect,

improving mechanical properties [29, 75]. This chapter deals with studying the oc-

currence of stress-induced martensite in two commercial β alloys. Various solution

treatments resulting in distinctive microstructural features have been considered to

study their influence on PiTTi behaviour, which is evaluated using compression

testing, and further analysed with different experimental physical characterization

techniques.

2.1 Materials

The Ti alloys that are of interest for the deformation induced transformation studies

are from the β alloy family as they can retain metastable β phase at room temper-

ature upon quenching. The present study considers two commercially important

alloy systems. One is Ti-5Al-4Zr-4Mo-2Cr-2Sn-1Fe (wt.%) alloy (further referred

to as β −Cez), which was obtained from Cezus company, France. The β -transus

temperature of this alloy is 878± 5 ◦C [75, 84]. The other alloy is the near β -

metastable Ti-10V-2Fe-3Al (wt.%) - henceforth referred to as Ti− 1023, which

was obtained from TIMET, Germany. The β -transus temperature of this alloy is

795±5 ◦C [28, 29]. The chemical analysis as provided with both the alloys is listed

in Table 2.1. Both alloys display a bimodal α+β microstructure in the as-received

condition, Figs. 2.1a and 2.1b, respectively. For Ti−1023, the as-received pancake

structure had been obtained under unspecified conditions at the production site by

i) forging the ingot at β -transus + 30 ◦C temperature, and then at 750 ◦C, where

the bi-modal distribution was formed; this was followed with ii) a heat treatment at

760 ◦C for 1 h, water quenched and then aged at 525 ◦C for 8 h and air cooled. For

the β −Cez alloy no information about the manufacturing route has been obtained.
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Table 2.1: Chemical composition (in wt.%) of the considered β alloys.

Alloys Al V Fe Cr Mo Zr Sn O N C Ti

β -Cez 4.9 - 0.93 2 3.99 4.37 2 0.099 0.005 0.006 bal.

Ti-1023 3 9.8 1.9 - - - - 0.11 0.01 0.007 bal.

(a) Bi-modal distribution of α and β phases in β−Cez

(b) Bi-modal distribution of α and β phases in Ti−
1023

Figure 2.1: As-received microstructures of considered β alloys.
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2.2 Experimental Procedure

Machining and polishing

The as-received material was shaped into cylindrical samples of 4 mm diameter and

7 mm length using electrical discharge machining (EDM). The EDM affected sam-

ple surface layer was removed prior to further experimentation. Microstructural

observations of all samples were made after the following steps.

i) Electropolishing: In order to avoid any transformation of metastable β phase

to martensite during mechanical polishing, electropolishing was used. A solution

of 36 ml perchloric acid, 390 ml methanol, 350 ml ethylene glycol and 24 ml water

has been used to erode the sample surface at 45 V for 30 s using a Struers electropol

setup. The solution bath is maintained at 5 ◦C.

ii) Etching: Standard Kroll’s reagent (3 ml HF + 6 ml HNO3 + 100 ml water)

etchant for β Ti alloys has been used for revealing the various phases. Typical

etching time was 10 - 20 s.

Solution treatments

The cylindrical samples of both alloys were solution treated at several temperatures

and times in the β and/or α+β domains using a Bähr 805 horizontal dilatometer

at a vacuum level of 10−5 mbar approximately, and helium (He) gas quenched at

a high rate to room temperature. Heating to the solutionizing temperature, and

cooling to the α +β temperatures from β regime was done at a rate of 10 ◦C/s.

A thermocouple was spot welded to the sample longitudinal surface to record its

temperature.

Compression

Stress-induced martensite formation ability of the alloys after subjecting them to

various solution treatments has been assessed by compression testing in a Gleeble®

1500 thermo-mechanical machine. Per condition 3 samples were deformed at room
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temperature to different strain levels ranging from 5 to 40 % at a strain rate of 10-3

s-1. In order to avoid friction between the anvils and the sample surface, a lubricant

(Lubriplate - white grease) was used.

Microscopic analysis

The observation of various phases, their morphology and distribution along with

other features of the polished and etched samples was carried out using a Leica DM

LM microscope with a Leica DC300 camera. The longitudinal cross-section of the

sample was observed. High resolution microscopic analysis was performed using

scanning electron microscopy JEOL JXA 8900R coupled with an energy dispersive

spectrometer (EDS).

Structural analysis

The identification of the various phases in the samples subjected to different con-

ditions was carried out using X-ray diffraction (XRD) with Co Kα radiation at

room temperature. XRD data were taken from the longitudinal cross section of the

samples in the 2θ range from 30 to 130 degrees.

Nano indentation

Nano indentation using a CSM Instruments nano hardness tester was performed to

measure the mechanical properties of the individual phases. A Berkovich diamond

indenter applying a maximum load capacity of 10 mN at a loading/unloading rate of

20 mN/min was used for the indentation studies. A 10 s hold time after reaching the

maximum load was maintained. Matrices of indents of various dimensions were

made in the cross-sectional surface of cylindrical samples, which were mounted in

a cold setting resin.
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Figure 2.2: Schematic diagram of the Pin-on-disc Tribometer.

Wear test

Experiments to evaluate the friction and wear behaviour were performed on a pin-

on-disc tribometer in contact with AISI 52100 hardened steel. The ball on disc

geometry has been chosen to avoid misalignment problems. The schematic pin-

on-disc setup used for the experiments is shown in Figure 2.2.

The sample disc is mounted on a holder driven by a motor. The motor is

computer controlled, and by using built-in software one can determine the sliding

velocity and the distance or the number of revolutions applied to the test. A ball

shape counter body is mounted in a ball holder that is attached to a very stiff arm

in normal direction which is held by two elastic joints flexible in lateral direction.

The frictional force is obtained from the displacement experienced at the end of the

elastic joint (Fig. 2.2). The normal load is applied by placing a corresponding mass

on top of the pin holder. In order to obtain constant test conditions the tribometer

was placed in a controlled environment with the temperature set at 23 ◦C and the

relative humidity at 40 %. The sample discs were polished to a root mean square

(RMS) value of less than 0.1 μm. Commercially available 10 and 20 mm steel

balls (AISI 52100) were used as counterface. Both discs and balls were cleaned

ultrasonically in isopropanol for 10 min and then rinsed with water and dried at 110
◦C for 20 h prior to use. Per condition 3 samples were tested. Each test was carried
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out for 1 km sliding distance. To study the wear behaviour, the same tests were

done for both dry and lubricated conditions, where Vitrea 9 as lubricant was used

in all lubricated tests. The wear volumes of the disc and the balls were measured

using optical and interference microscopy.

2.3 Solution treatment schemes

The solution treatment is categorized into three domains: above β , below β and

β+(α+β ), depending on the chosen temperature (Fig. 2.3). Generally, the above β
treatment is considered as the one dealing with various temperatures and/or times

within the homogeneous β regime, i.e. above the β transus temperature. The high-

est β temperature was chosen so as to avoid significant grain growth. The below

β treatment considers various temperatures and/or times in the α +β regime, i.e.
below the β transus temperature, in order to cover the entire α +β domain. The

β+(α+β ) treatment considers various temperatures and/or times from both the ho-

mogeneous β , and the α +β regime. Homogenization at above β is followed with

a controlled cooling to α +β regime, where annealing at the desired temperature

is performed. The temperatures were chosen such that proper solute redistribution

in a modest annealing time (60 min) could be achieved. The schematic diagram

shows the different regimes of the solution treatments mentioned above (Fig. 2.3).

At the β and α +β temperatures, several holding times were considered in order

to study the alloy kinetics. It is to be noted that the estimated β transus temperature

for β −Cez and Ti−1023 is 878±5 ◦C and 795±5 ◦C, respectively. The various

solution treatment temperatures, times considered within each regime are tabulated

for the β−Cez (Table 2.2) and Ti−1023 (Table 2.3) alloys, respectively. The solu-

tion treatments and the β transus determination were performed using dilatometer.
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Figure 2.3: The schematic solution treatment diagram at various phase regimes.

Table 2.2: Solution treatment temperature and time considered for β −Cez.

Temperature

domain

Solution treatment

schemes
Cooling mode

Temperature (◦C) Soaking time (min)
Helium (He) gas

quench

920 15, 60 and 1440 He gas quench

β 1020 15 He gas quench

1120 15 He gas quench

850 180 He gas quench

α +β 820 15 He gas quench

750 180 He gas quench

720 15 He gas quench

920 60 Controlled Cooling

850 7.5, 15 and 60 He gas quench

β +(α +β ) 920 60 Controlled Cooling

750 7.5, 15 and 60 He gas quench

920 60 Controlled Cooling

650 7.5 and 15 He gas quench



Chapter 2. Experiments to verify PiTTi effect in β Ti alloys 19

Table 2.3: Solution treatment temperature and time performed for Ti−1023.

Temperature

domain

Solution treatment

schemes
Cooling mode

Temperature (◦C) Soaking time (min)
Helium (He) gas

quench

900
15, 60, 120 and

overnight
He gas quench

β 1000 15 He gas quench

1100 15 and 60 He gas quench

820 15 He gas quench

α +β 700 15 He gas quench

900 60 Controlled Cooling

750 60 He gas quench

900 60 Controlled Cooling

650 60 He gas quench

900 15 and 60 Controlled Cooling

β +(α +β ) 700 15 and 60 He gas quench

900 15 Controlled Cooling

650 15 and 60 He gas quench

900 15 Controlled Cooling

750 15 and 60 He gas quench
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2.4 Characterization of the alloys

2.4.1 β −Cez

The influence of various solution treatments (Table 2.2) on the microstructure ki-

netics of metastable β alloy for potential PiTTi effect has been studied. The various

microstructural features related to PiTTi properties are categorically analysed after

selecting solution treatment temperatures in the β , α+β and β+(α+β ) phase fields.

2.4.1.1 Microstructure formation

β phase field The above β -transus experiments were conducted at several tem-

peratures ranging from 920 to 1120 ◦C for various timings from 15 min to 24 h
(Table 2.2). The as-quenched microstructure of the alloys shows coarse retained

β grains at room temperature [75], without any visible transformations (Fig. 2.4).

This alloy seems to have enough β stability in order to retain it down to room tem-

perature. Samples treated at different temperatures and times within the β regime

show a uniform β phase with a more or less constant grain size of 300 - 450 μm
(Figure 2.4).

(α +β ) phase field A bi-modal mixture of α and β phase microstructures was

observed for the below β -transus treatments (Table 2.2). α appears in different

morphologies as i) globules and ii) laths, embedded within a β matrix [75]. With an

increase in temperature or time, within the α+β domain, α laths dissolve leaving

only globular α microstructures and retained β domains (Figures 2.5a and 2.5b).

For temperatures far below β transus, in the α +β regime, with a longer holding

times, a lower volume fraction of retained β is observed (Figures 2.5c and 2.5d),

mainly because of the increased equilibrium α phase fraction.

β +(α +β ) phase field This treatment involves β homogenization followed by

cooling to α +β field before quenching to room temperature. The microstructures

after these treatments (Table 2.2) exhibit different features (Figure 2.6). Intermedi-

ate annealing at α +β resulted in a more promising microstructure. Predominantly
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(a) 920 ◦C for 15 min (b) 920 ◦C for 60 min

(c) 1120 ◦C for 15 min

Figure 2.4: Microstructure kinetics of the above β solution treatments of β −Cez.
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(a) 820 ◦C for 15 min (b) 850 ◦C for 180 min

(c) 720 ◦C for 15 min (d) 750 ◦C for 180 min

Figure 2.5: Microstructure kinetics of the below β heat treatments of β −Cez; The insets

show the magnified view of the features.
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Table 2.4: Selected solution treatments of β −Cez for PiTTi analysis.

Solution treatment condition Temperature regime Further reference name

920 ◦C - 60 min above β Cez1

850 ◦C - 180 min below β Cez2

920 ◦C - 60 min/750 ◦C - 15 min β +(α +β ) Cez3

large retained prior β grains along with smaller α grains possessing different mor-

phologies (laths and Widmanstätten) have been observed, Fig. 2.6 [83]. α Wid-

manstätten is observed at the prior β grain boundaries. Increasing temperature

and/or time within the β regime results in larger prior β grains. Within such β
grains, depending on the chosen temperature and/or time in the α +β regime, both

α morphologies form. The upper α+β temperatures i.e. just below β transus, re-

sult in more untransformed metastable β domains (Figure 2.6a and Figure 2.6b)

upon quenching as compared to the lower α +β temperatures far below β transus

(Figs.2.6c, 2.6d and 2.6e).

Based on the above detailed microstructural analysis of the various solution

treatments a representative condition corresponding to each regime has been con-

sidered. The solution treatment conditions that have been considered for further

analysis on PiTTi occurrence are given in Table 2.4. X-ray analysis of the selected

treatments confirm the presence of α and β phases, Fig. 2.7.

2.4.1.2 Evaluation of mechanical properties

Stress - Strain curve The selected solution treated microstructures (Table 2.4),

representing each phase regime, were compression tested in a Gleeble®1500 ma-

chine to evaluate their SIM formation capability. The samples Cez1, Cez2 and

Cez3 were tested. Corresponding stress-strain curves are shown in Figure 2.8.

There is no clear indication of martensite formation, generally reflected by the

double-yield point like behaviour in stress-strain curves upon loading. Moreover,

the different solution treatments with variations in microstructural features do not

result in significant changes in their mechanical properties. Thus based on the
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(a) 920 ◦C for 60 min and 850 ◦C for 15 min (b) 920 ◦C for 60 min and 850 ◦C for 60 min

(c) 920 ◦C for 60 min and 750 ◦C for 7.5 min (d) 920 ◦C for 60 min and 750 ◦C for 15 min

(e) 920 ◦C for 60 min and 750 ◦C for 60 min

Figure 2.6: Microstructure kinetics of β +(α +β ) solution treated β −Cez alloy.
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Figure 2.7: X-ray analysis after the selected treatments on β −Cez.

Figure 2.8: Compressive stress-strain curves after various solution treatments of β −Cez
alloy.
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stress-strain response the β −Cez alloy does not seem to exhibit any PiTTi effect.

Moreover, the different solution treated microstructures do not show any noticeable

change in mechanical properties.

2.4.2 Ti−1023

A detailed study to determine the influence of various solution treatments (Table

2.3) on the microstructure kinetics has been carried out. Similar to β −Cez, the

various microstructural features related to PiTTi properties are categorically anal-

ysed corresponding to each phase regime. The solution treatment temperatures

were chosen within the β , α+β and β+(α+β ) phase regimes.

2.4.2.1 Microstructure kinetics

β phase field The above β -transus treatments were conducted at various temper-

atures ranging from 800 to 1100 ◦C (Table 2.3), for different times ranging from 15

min to a few hours. Predominantly retained metastable β phase along with ather-

mal martensite are the typical quenched microstructural features at room tempera-

ture of the above β treated samples (Figure 2.9). Similar results were reported by

Duerig et al. [29]. Temperature variations within the β regime led to microstruc-

tures differing in grain size and the volume fraction of the athermal martensite.

In general, higher temperatures or longer times were found to result in larger β
grain size with a lower volume fraction of athermal martensite (Fig. 2.9c). Their

presence is restricted to the neighbourhood of grain boundaries.

α+β phase field The below β -transus treatment of the as-received material was

performed at 700 ◦C for 15 min. This treatment resulted in a bi-modal microstruc-

ture with a mixture of α and β phases. α appears in different morphology: i) in

globular form and ii) as laths embedded in a β matrix. The microstructure of the

alloy is shown in Figure 2.10. Further, with increasing temperature or time within

the α+β domain, the α laths dissolve, resulting in only globular α with a lower

volume fraction and more retained β domains [48].



Chapter 2. Experiments to verify PiTTi effect in β Ti alloys 27

(a) 900 ◦C for 60 min (b) 820 ◦C - 15 min

(c) 1100 ◦C - 15 min

Figure 2.9: Microstructure kinetics of the above β solution treated Ti−1023 sample.
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Figure 2.10: Microstructure of the 700 ◦C for 15 min (α+β ) solution treated Ti− 1023

sample.

β+(α+β ) phase field Table 2.3 lists the heat treatment temperatures and times

explored in this domain. The quenched samples show predominantly the α phase

possessing different morphologies: laths inside the grains and Widmanstätten near

prior β grain boundaries [95]. Higher temperatures or longer times within the

β field resulted in larger prior β grains. Within the β grains, depending on the

temperature and time in the α+β regime, α of both morphologies fill the grains.

For instance, at the 700 ◦C α+β temperature (just below β transus temperature)

shorter soaking time resulted in more untransformed metastable β domains (Figure

2.11a) upon quenching as compared to the longer time at the same temperature,

Fig. 2.11b. Hardly any metastable β phase remain for the long time soaked α+β
temperature.

The microstructural response to the different solution treatment schemes is an

aid to tailor its plastic deformation capability. From microstructural analysis of the

various solution treatment conditions, a representative condition corresponding to

each regime is considered and tabulated below for further characterization towards

observing optimum PiTTi properties. X-ray analysis of the selected heat treatments

show the presence of β , α and martensite (α ′,α ′′) phases as shown in Figure 2.12

and the corresponding crystal parameters are listed in Table 2.5.
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(a) 900 ◦C - 15 min and 700 ◦C - 15 min (b) 900 ◦C - 15 min and 700 ◦C - 60 min

Figure 2.11: Microstructure kinetics of β+ (α+ β ) solution treated Ti−1023 alloy.

Table 2.5: Lattice parameters of selected solution treated Ti−1023 samples.

Lattice parameters (Å)

900 ◦C - 60 min 700 ◦C - 15 min
900 ◦C - 15 min/ 700

◦C - 15 min

β a 3.2433 3.2339 3.2355

α a 2.933 2.9396

c 4.6764 4.6582

α ′ a 2.9190 2.9532

c 4.6770 4.4887

α ′′ a 3.02 2.9992

b 4.985 4.9222

c 4.356 4.3598

Table 2.6: Selected solution treatments for PiTTi analysis in Ti−1023.

Solution treatment condition Temperature regime Further reference name

900 ◦C - 60 min above β Sample A

700 ◦C - 15 min below β Sample B

900 ◦C - 15 min/700 ◦C - 15 min β +(α +β ) Sample C
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Figure 2.12: X-ray analysis showing the presence of desired phases in the selected

heat treatments.

2.4.2.2 Evaluation of mechanical properties

Stress-Strain curve The selected microstructures (Table 2.6), representing each

phase regime, were compression tested to evaluate their deformation induced marten-

site formation ability. Samples A) 900 ◦C - 60 min (above β ), B) 700 ◦C - 15 min
(α +β ) and C) 900 ◦C - 15 min/700 ◦C - 15 min (β +(α +β )) were compression

tested in a Gleeble®1500. Each sample was compressed to various strain levels

ranging from ∼5 to ∼40 %. Figure 2.13 shows selected stress-strain curves for

the as-received condition and samples A, B and C. Sample A was stopped before

failure at ∼35 % strain, samples B and C failed by macroscopic shearing. Sam-

ples A and C, which involve β homogenization, show a double yield point-like

behaviour that is absent in sample B. Such a double yield phenomenon is ascribed

to martensite formation producing the PiTTi effect [28, 48]. Further, samples A

and C show an increase in strength by a noticeable amount (∼20%), while still re-

taining a reasonable compressive failure strain (Table 2.7). Contrary to samples A

and C, the multiphase microstructures of the as-received sample and sample B do

not show the double yield behaviour [28], ruling out the work hardening change to
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Figure 2.13: Compressive stress-strain curve of Ti−1023 alloy.

be due to transformation plasticity. However, this particular treatment has shown

large failure strain, although lower strength than the heat treatments leading to a

PiTTi effect (Table 2.7).

The formation of SIM seems to be intrinsically related to the metastability of

the β grains [28, 48, 75]. The results show that PiTTi effect stems from a number

of microstructural factors derived from prior solution treatments. β undergoes SIM

formation as confirmed by the double yield point, which is accompanied by an in-

crease in alloy strength of approximately 20 % (Fig. 2.13). The nature of the SIM

formed is α ′′ orthorhombic [28, 29]. The strength increase may be due to the work

hardening of the SIM, which displays a change in the strain hardening exponent.

Figure 2.13 demonstrates that SIM is also formed in a β +(α +β ) microstructure

(Sample C), displaying similar double yield behaviour and peak strength. The so-

lute concentration in the β phase seems to be consistent with that required to form

SIM. β +(α +β ) microstructures display a larger degree of complexity. Higher

(α + β ) temperatures (700 ◦C) combine β , martensite, Widmanstätten α and α
flakes; the volume fraction of α increases by reducing the (α + β ) temperature,

increasing the concentration of β stabilisers, and reducing the likelihood of SIM
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Table 2.7: Mechanical properties of Ti−1023.

Condition Martensite

formation stress

(σm)

Yield stress
Ultimate

strength

Strain to

failure

MPa MPa MPa %

as-received - ∼920 ∼1060
49 (no

failure)

Sample A ∼550 ∼1100 ∼1300
35 (no

failure)

Sample B - ∼860 ∼1100 47

Sample C ∼670 ∼1125 ∼1250 37

formation. Moreover, the presence of α flakes in the samples aged at 700 ◦C
may be an aid for SIM formation by increasing the volume fraction of its nucle-

ation sites. The absence of SIM in Sample B is consistent with the single yield

point in Figure 2.13 for such α + β microstructure, which is very similar to that

of the as-received condition. Moreover, the large volume fraction of α stabilises

the β grains, precluding the formation of SIM. In the compressed microstructures

it becomes interesting to note that the obtained SIM displays a very different ap-

pearance than the athermal martensite; this α ′′ nucleates at the grain interfaces

and an autocatalytic effect does not seem to apply. In the samples that under-

went compression, the grains appear to be fully covered by martensite, suggesting

that deformation provides the additional energy fostering the autocatalytic effect.

Moreover, the structure of the martensite obtained by deformation is predominantly

α ′′ orthorhombic, unlike the athermally obtained hexagonal martensite.

Strain hardening exponent The strain hardening exponent values of the dif-

ferent phases are derived from the stress-strain data. The well known flow stress

equation σ = Kεn, where K is the strength coefficient and n is the strain hardening

exponent, is imposed to estimate the effective strain hardening exponent [61, 96].

The slope change at different stages of the stress-strain curve signifies a particular
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Figure 2.14: Strain hardening plot of the compression tested Ti−1023 samples.

Table 2.8: Strain hardening values signifying the transformation.

Sample condition n (transformation) K (transformation)

As-received - -

Sample A 0.52±0.01 2865±12

Sample B - -

Sample C 0.47±0.03 2696±238

deformation mode change, which is quantitatively measured for the corresponding

strain hardening values. The solution treatments resulting in the PiTTi effect show

a distinct change in the strain hardening exponent in between the two yield points

of their stress-strain curve as highlighted in Figure 2.14. However, the non-PiTTi

effect solution treatments do not result in such distinct behaviour during the plastic

flow. Table 2.8 shows the strain hardening exponent and related parameter values

for the PiTTi exhibiting solution treatments.
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Figure 2.15: X-ray analysis of the compressed samples of selected treatments.

2.4.2.3 X-ray structural analysis

A detailed X-ray diffraction analysis to identify and confirm the various phases

present in the microstructures of the compressed samples A, B and C has been car-

ried out. Figure 2.15 shows the corresponding diffractograms. The peaks indicate

that the phases present in these samples are α , martensite (α ′, α ′′) and β ; their

respective lattice parameters are given in Table 2.9. Moreover, the compressed

samples show clear formation of SIM (α ′′- orthorhombic and α ′- hexagonal). α ′′

martensite peaks were observed only for the treatments involving above β temper-

atures. Similar observations were made by Duerig et al. [29] for above β heat

treatments.

Ti− 1023 show a good response to solution treatment resulting in tuned mi-

crostructural parameters exhibiting an optimized PiTTi effect. PiTTi existence is

reflected via a double-yield point like behaviour as seen unequivocally in the stress-

strain curves for Ti− 1023, Fig. 2.13. Such behaviour results in a significant

improvement in the compressive strength values along with reasonable strain to

failure for Ti−1023. Hence, Ti−1023 has been chosen for further studies to de-
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Table 2.9: Lattice parameters values of different phases after compression.

Lattice parameters (Å)

900 ◦C - 60 min 700 ◦C - 15 min
900 ◦C - 15 min/ 700

◦C - 15 min

β a 3.2378 3.2439 3.231

α a 2.933 2.929

c 4.6723 4.457

α ′ a 2.885 2.881

c 4.64 4.643

α ′′ a 3.02 2.97

b 4.95 4.983

c 4.422 4.398

termine the defining factors that influence and promote PiTTi effect. Henceforth,

all the characterization studies has been restricted to Ti−1023 alloy unless other-

wise mentioned specifically.

2.5 Further characterization of properties in Ti−1023

The influence of plasticity induced martensite formation on surface mechanical

properties has been measured. Additionally, the properties of individual phase are

also measured.

2.5.1 Nano indentation

In order to identify the mechanical behaviour of individual phases and their contri-

bution towards the overall mechanical characteristics [66], nano-indentation stud-

ies on the selected solution treated (Table 2.6) and compressed samples were car-

ried out. Matrices of indents were made in the cross-section surface of the cylindri-

cal samples, which were mounted on resin. A Berkovich indenter with a maximum
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Figure 2.16: SEM image showing the matrices of indents highlighting their locations in

austenite and martensite phases.

load of 10 mN at a rate of 20 mN/min has been employed. Indentation character-

istics of the various phases (β (austenite), α(spheroid, flake morphologies) and α ′,
α ′′ (martensite)) present at different sample conditions have been measured. Fig-

ure 2.16 shows a representative SEM image of the austenite and martensite indent

locations in the solution treated condition of Sample A.

Figures 2.17a, 2.17b, 2.17c and 2.17d show the indentation behaviour of the

austenite, martensite and α (spheroids, flakes) phases, respectively. The indenta-

tion at different locations within the austenite phase exhibit more or less repro-

ducible behaviour. The indentations at different locations within martensite phase

show a distributed behaviour, where some indentation curves show low penetration

depth as compared to other ones. This could arise from the existence of two kinds

of martensite showing dissimilar characteristics. The indentation at α spheroids

and α flakes show a distribution in their response, the penetration depth within

the α spheroid indents and α flake indents at different locations show a large de-

viation. This behaviour could be related to the possible segregation among the

phase microstructural features in the solution treated conditions. The indents on

the austenite and the α flake show a noticeable slope change in their initial part (at

∼0.5 mN) of the loading curve. While it seems attractive to attribute this to the lo-

cally induced martensite formation, no traces of such transformations were found

for indents in the austenite phase. Furthermore, the behaviour was also found for

indents in non-transforming α flakes and martensite phases. No proper explanation
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(a) Austenite phase (b) Martensite phase

(c) α phase (Spheroid morphology) (d) α phase (flake morphology)

Figure 2.17: Indentation behaviour of various microstructural phases of Ti− 1023 sam-

ples subjected to different conditions.
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Table 2.10: Hardness values of the various phases after different sample conditions of

Ti−1023.

Phase Modulus (EIT), GPa Hardness, GPa Hv

Austenite 129±12 5.0±0.93 463±86

Martensite 129±30 6.2±2.3 578±209

α spheroids 173±50 7.1±2.6 654±243

α flakes 131±18 4.98±0.98 461±91

for the observation could be found. Table 2.10 summarizes the hardness values of

the various phases present for the different conditions considered.

2.5.2 Tribological properties

In order to study the influence of PiTTi effect on tribological properties of Ti−
1023 two sample conditions i) as-received, showing no martensite formation and

ii) 900 ◦C for 60 min solution treated, showing a clear PiTTi effect, have been con-

sidered. The friction coefficient of the samples, which were made as discs, sliding

against a steel ball under different conditions has been measured. A normal load

of 10 N (mean pressure 770 MPa) and 5 N (380 MPa) were applied to investi-

gate the behavior of material under different contact pressures. The load values

were chosen from the stress-strain curves corresponding to the non-martensite and

martensite formation regions. Table 2.11 shows the corresponding friction coeffi-

cient values. The reported coefficient of friction is an average of the steady state

regime values in the friction-time curve. The PiTTi effect does not show any no-

ticeable improvements in the friction coefficients of Ti−1023.

In addition to friction, the wear rates for the two sample conditions have been

measured as well. Wear rate is defined as the volume of material removed (mm3)

divided by the product of the normal load (N) and the sliding distance (m) given as

k =
volume loss

normal load X sliding distance
mm3

Nm
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Table 2.11: Friction coefficient measurements at different condition.

Lubricated Unlubricated

As-received F = 5 N 0.46 0.68

F = 10 N 0.45 0.57

900 ◦C - 60 min F = 5 N 0.68 0.65

F = 10 N 0.61 0.55

Table 2.12: Wear coefficient of ball for different test condition [mm3/Nm].

Lubricated Unlubricated

k ball against F = 5 N 1.9 x 10−4 3.2 x 10−4

as-received alloy disc F = 10 N 6.9 x 10−5 1.9 x 10−4

k ball against solution F = 5 N 1.6 x 10−4 3.5 x 10−4

treated (900 ◦C - 60 min) disc F = 10 N 4.8 x 10−5 2.1 x 10−4

Table 2.13: Wear coefficient of discs for different test condition [mm3/Nm].

Lubricated Unlubricated

k as-received alloy disc F = 5 N 8.65 x 10−4 1.08 x 10−3

F = 10 N 1.61 x 10−3 2.15 x 10−3

k solution F = 5 N 8.12 x 10−4 1.6 x 10−3

treated (900 ◦C - 60 min) disc F = 10 N 1.27 x 10−3 3.16 x 10−3
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The wear rate (k) values for the ball and the sample discs are tabulated in Table

2.12 and Table 2.13 respectively. The influence of plasticity induced martensite

formation on wear properties is negligible as wear rates were comparable to those

of the as-received condition.

2.6 Conclusions

Detailed characterization of two commercial metastable β alloys for possible plas-

ticity induced martensite transformation has been presented. The microstructural

features of the considered β alloys have been modified via various solution treat-

ment conditions. The near β type Ti− 1023 distinctly indicates the occurrence

of plasticity induced martensitic formation for the treatments involving β homog-

enization. Such formation of martensite is reflected by a double yield point like

behaviour in the compressive stress-strain curves. This behaviour resulted in an in-

crease of the alloy compressive strength by ∼20 % as compared to the as-received

alloy which does not show martensite formation. The solution treatment parame-

ters promoting the capability to undergo such hardening via martensite formation

upon loading have been identified. The following chapter will elaborate the var-

ious parameters that need to be taken into account in order to control or achieve

optimum properties via plasticity induced martensite formation, PiTTi effect. Such

studies have been performed using the Ti−1023 alloy.

The β −Cez alloy did not show any distinct presence of PiTTi effect for

the various solution treatment conditions considered. Moreover, the different mi-

crostructural features do not result in any noticeable variation or improvement in

compressive properties.



Chapter 3

Defining factors of PiTTi effect in
β Ti−1023 alloy

A fundamental understanding of the factors that cause martensitic phase transfor-

mation in β Ti− 1023 is necessary in order to achieve optimum mechanical per-

formance. The ability of metastable β phase to transform to martensite depends on

various parameters (solute concentration, deformation temperature, Ms, grain size

and phase fraction) [28, 32, 33, 43, 75, 81, 85]. These parameters in turn depend

on the thermo-mechanical treatment of the alloys, particularly the rate of cooling

after solutionizing at elevated temperatures. Designing the desired microstructure

exhibiting optimum strength-ductility properties, through PiTTi, requires under-

standing for the various solution treatment conditions [29, 75, 84]. The quenched

structures of the β , α + β and β +(α + β ) treatments show retained β that can

transform to martensite on loading. However, the amount of martensite formation

depends on the stability of the β phase, which is interrelated with the above pa-

rameters [28, 36, 44]. In this chapter a comprehensive study on the various factors

(solute partitioning among the phases, β grain size, phase fraction, Ms and defor-

mation temperature) potentially affecting the occurrence of SIM has been carried

out for Ti−1023 alloy.

41
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(a) Microstructure of the probe mea-

sured region of Sample A (b) Corresponding concentration variations as

measured by EPMA

Figure 3.1: EPMA measurement of the solution treated Sample A.

3.1 Solute partitioning

In order to determine the microstructural and solute partitioning conditions favour-

ing the martensitic formation of β , local concentration variations have been mea-

sured using Electron probe micro analysis (EPMA). EPMA was performed in a

JEOL JSM 6500F microscope to track the local concentration variations (accuracy

±0.2 %) of the major constitutive elements (V, Al, Fe and Ti) after various solution

treatments. The concentration data were obtained using a 15 kV , 50 nA beam. A

1 μm probe size has been used with a resolution of ±0.2 wt.% for the measured

concentration values.

The measurements were carried out on selected Samples A (900 ◦C - 60 min)

and B (700 ◦C - 15 min) (Table 2.6 of Chapter 2), and 900 ◦C - 15 min/650 ◦C
- 15 min corresponding to β +(α +β ) treated sample (hereinafter referred to as

Sample D) of Ti−1023.

SEM microstructures of the different samples show the traces along which the

probe measurements were carried out, Figures 3.1a, 3.2a and 3.3a; the start and

end point of the line scan is highlighted in each figure. Figures 3.1b, 3.2b and

3.3b show the corresponding concentration variations of the major elements. In
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(a) Microstructure of the probe mea-

sured region of Sample B (b) Corresponding concentration variations as

measured by EPMA

Figure 3.2: EPMA measurement of the solution treated Sample B.

(a) Microstructure of the probe

measured region of Sample D (b) Corresponding concentration variations as

measured by EPMA

Figure 3.3: EPMA measurement of the solution treated Sample D.



3.1. Solute partitioning 44

Figure 3.2a the probe measurements were carried out as a series of parallel lines

labelled as line 1, 2 till line n, and their respective concentration variations along

the line are shown in Figure 3.2b, where the region corresponding to line 1 and line

2 is highlighted for illustration purpose. The EPMA results show clear evidence of

partitioning or segregation of the major elements (V, Al, Fe and Ti) between the β
and α phases within the microstructure for the (α+β ) (Sample B) and β +(α+β )
(Sample D) treatments, Figs. 3.2b and 3.3b. However, the above β treated sample

(Sample A, Fig. 3.1b), where predominantly metastable β and athermal martensite

near grain boundaries is present, does not show any evidence of solute fluctuations,

as expected from the diffusionless nature of athermal transformation.

The concentration profiles shown in Figure 3.2b indicate strong concentration

fluctuations between α and β phases of the bi-modal distributed two phase mi-

crostructure. Solute partitioning indicates that β is enriched with V and Fe, which

are strong β stabilizing elements, while depleted in Al, which is an α stabilizing

element that enriches the α phase. However, no athermal martensite was observed

(Fig. 3.2a) after this treatment. Similar partitioning of the elements has been ob-

served for β +(α + β ) microstructure, mainly in the region near the start of the

line scan, whose concentration profile is shown in Figure 3.3b. However, the redis-

tribution of elements seems to be more prominent in the flake morphology than in

the Widmanstätten morphology of α (Fig. 3.3a).

Such partitioning of the constitutive elements could locally change the Ms tem-

perature of the transforming β phase. The effect of each of the solute element

concentrations of Ti− 1023 on the Ms temperature, obtained from the respective

binary systems [97, 98, 99], is given in Figure 3.4. A refined analysis of the effect

of composition on Ms can be found in Chapter 4.

The graph shows that the concentration variations of Fe and V have a strong

and moderate influence, respectively, on reducing the Ms temperature. Al has a

contrasting effect of increasing it. The shift in Ms for Fe and V variation of 1 wt. %

is about ∼ 75 ◦C and ∼ 50 ◦C, respectively.

Furthermore, the concentration values measured by EPMA have been com-

pared to the equilibrium values of β phase calculated using the thermodynamics

software Thermo-calc [100] with the TTTI3 Thermotech titanium database [101].
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Figure 3.4: Variation of Ms temperature as function of binary element (Ti-V, Ti-Fe and

Ti-Al) concentrations of Ti−1023.

Figure 3.5 shows that the β concentration measured at different solution treatment

temperatures is far from equilibrium values, especially for V, for low tempera-

tures1. The 900 ◦C for 60 min solution treated Sample A microstructure is closer

to equilibrium as against the other two samples.

Hence, it may be postulated that at temperatures below β transus (i.e. in the

range of 650-700 ◦C ), α diffusionally forms, rejecting V and Fe while dissolving

Al. For instance, given the large fraction of α at 700 ◦C temperature, the retained

(small) β domains are enriched with β stabilizers (V) and eutectoid (Fe) elements;

thereby increasing their stability such that martensite is not formed upon quench-

ing. Thus, partitioning or solute re-distribution of elements within the microstruc-

ture affects the occurrence of PiTTi.

1Although good care has been applied to the EPMA measurements and the conversion of inten-

sities to concentrations, there is an unsolved inconsistency between the EPMA data (in particular for

V) and the nominal concentration for the homogeneous microstructure of 900 ◦C for 60 min. We

have not been able to resolve the discrepancy.
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Figure 3.5: Comparison of the equilibrium and measured β concentration values

3.2 Microstructural features

The microstructure plays a key role in property control of any alloy, specifically in

β titanium alloys, where the wide range of possible microstructures has a strong

influence on their mechanical behaviour [32, 33, 43, 44]. In order to understand

the effects of such microstructural features on PiTTi effect, the solution treated

samples were subjected to a quantitative analysis of their prior β grain size and α
phase fraction.

3.2.1 Grain size

The PiTTi capability after various solution treatments corresponding to different

phase domains are analysed in terms of their as-quenched prior β grain size. The

typical grain size of β after the various heat treatments within the β phase region

is quite large, in the range of 300 to 600 μm (refer to Figure 2.9 of Chapter 2).

This may become a major hurdle in achieving good ductility. Various attempts to

reduce the average grain size of titanium alloys have been made. The addition of

grain refining elements like B and N to various alloys has given successful results

in reducing the average β grain size [23, 24, 25, 26]. However, only traces of such
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Figure 3.6: Microstructure of Sample E displaying reduced average grain size (100 to 200

μm).

grain refining elements can be added as higher amount will result in precipitation or

intermetallic compounds formation leading to the deterioration of properties [102].

Hence, our primary approach is to reduce the grain size via solution treatment at

temperatures around the β transus, thereby reducing the grain growth, and further

study their influence on PiTTi properties. Such treatment was performed at 820 ◦C
for 15 min (referred hereon as Sample E) that is slightly above the β transus (795.5
◦C [Chapter 2]) of Ti−1023. Representative microstructure of Sample E is shown

in Figure 3.6 displaying an average grain size in the range of 100 to 200 μm.

The PiTTi properties of such microstructure is evaluated upon compression

testing in a Gleeble®1500 machine. Figure 3.7 shows the corresponding stress-

strain curve of Sample E along with Sample A, the treatment involving above β
solutionizing temperature of large grain size as given in Chapter 2, and the as-

received Ti−1023. Sample E clearly shows the double yield point behaviour cor-

responding to SIM formation, and displays an increase in the strain to failure value

while retaining almost the same strength level as other PiTTi exhibiting treatment.

Evidently, the smaller prior β grain size (100 to 200 μm) achieved by tuning the

solutionizing temperature has shown acceptable ductility within the PiTTi proper-

ties of Ti− 1023. The reduction in prior β grain size in the considered range did

not alter the location of first and second yield point.
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Figure 3.7: Stress-strain curves showing the effect of grain size reduction on PiTTi prop-

erties.

3.2.2 α phase fraction

Another indirect factor that may alter the PiTTi effect is the α phase fraction after

various solution treatments. The solution treatments involving below β homoge-

nization result in equilibrium α phase. However, the amount of α increases with

decreasing α + β temperature, and increasing soaking time. Hence, a solution

treatment that displayed PiTTi effect is repeated to observe the effect of increased

α phase fraction. Such treatment is performed at 900 ◦C for 15 min followed by

controlled cooling to 700 ◦C and soaking for 60 min (referred hereon as Sample F),

whose respective microstructure is shown in Figure 3.8.

Sample F visibly displays an increased α phase fraction, which appears as

needles within the prior β grains in Figure 3.8, and as feathers at their grain bound-

aries, in order to enrich them with β stabilising elements. Moreover, the morphol-

ogy of α varies depending on the solution treatment scheme.

The observed microstructure has been subjected to compression testing in a

Gleeble®1500 machine for evaluating their PiTTi properties. Figure 3.9 shows

the respective stress-strain curve of Sample F along with the behaviour of another

similar treatment but with a lower α phase fraction. From Figure 3.9 we could

infer that an increase in α fraction i.e. an increase in the stability of β , reduces the
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Figure 3.8: Microstructure of Sample F displaying increased α phase fraction

Figure 3.9: Stress-strain curves showing the effect of α phase fraction on PiTTi effect
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likelihood of martensite formation upon loading and thus eventually the plausible

improvement in mechanical properties. Other than the homogenized β microstruc-

ture, a reasonable amount of α along with β phase also results in PiTTi effect.

However, the amount of α should be tunable by proper selection of heat treatment

temperature and time in the α +β domain. Compared to previously reported re-

sults for similar treatments, namely 900 ◦C - 15 min/700 ◦C - 15 min (Figure 2.11a

of Chapter 2), the increase in α + β soaking time and decrease in α + β heat

treatment temperature increases the fraction of α phase, thereby solute enriching

the β phase, which makes it too stable to undergo deformation induced martensite

transformation.

3.3 Deformation temperature

Our studies, as presented in Chapter 2, have shown that the PiTTi effect exists at

room temperature, and can be tailored to achieve improvements in β Ti− 1023

alloy mechanical properties [Chapter 2]. However, little information is available

on the temperature dependence of deformation induced martensite for Ti alloys.

The current work describes such a study to systematically explore the deformation

temperature dependence of PiTTi properties in β Ti−1023 alloy.

3.3.1 Experimental procedure

The β Ti−1023 alloy details are the same as explained in Chapter 2. Of the many

solution treatments performed [Table 2.6 of Chapter 2], the one at 900 ◦C for 60

min was chosen as it displays a homogeneous microstructure with more metastable

β domains without partitioning of the solute elements. The solution treatment was

performed on a Bähr 805 horizontal dilatometer at a vacuum level of 10−5 mbar,

and quenched to room temperature by helium gas flow. After subjecting to above

treatment, the samples were compressed at various temperatures ranging from ∼33
◦C to 400 ◦C at regular intervals (33, 93, 163, 183, 213, 233, 293, 350, 375 and

400 ◦C). The compression tests were carried out with a load cell capacity of 20

kN in the dilatometer. The deformation temperature has been maintained within an
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Figure 3.10: Compressive stress-strain curves of Ti− 1023 alloy at various deformation

temperatures.

accuracy of ±5 ◦C by attaching a thermocouple to the sample. All the compressed

samples were characterized subsequently using X-ray diffraction (XRD) with Co

Kα radiation at room temperature.

3.3.2 Compression testing results

Compressive stress-strain curves obtained at various deformation temperatures rang-

ing from ∼33 ◦C to 400 ◦C are given in Figure 3.10. The low temperature stress-

strain curves distinctly show the double-yield points, which correspond to marten-

site formation stress (or so called triggering stress [29]) and slip stress (due to

plastic deformation), respectively. It is evident that the double-yield behaviour, a

phenomenon associated to martensite formation showing SIM effect, disappears as

the deformation temperature is increased; specifically after 213 ◦C only a single

yield point corresponding to slip deformation is observed.

3.3.3 Discussion

Further elucidation of the temperature dependence of the two stress levels (the

martensite formation stress - first yield point; the slip deformation stress - second

yield point) is given in Figure 3.11.
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Figure 3.11: The critical stress values of the double-yield phenomenon as function of

deformation temperature.

The two critical stress values from the stress-strain curves have been deter-

mined by the method of tangents intersection. It is obvious that the separation be-

tween two yield points decreases with an increase in the deformation temperature

till 213 ◦C, Fig. 3.11. Such observation quantitatively reflects the amount of SIM

formation. Overall, the deformation temperature seems to have a noticeable effect

on the martensite formation stress or the so-called triggering stress. However, the

triggering stress seems to remain constant after 163 ◦C deformation temperature,

and eventually disappears at 233 ◦C. The slip deformation stress falls sharply after

213 ◦C to levels comparable to the martensite formation stress but shows a steady

increase with further deformation temperatures. Contrastly, the prior β fraction

increases with deformation temperature and becomes stable, losing metastability,

resulting in simple plastic yielding.

It is interesting to assess whether the temperature at which the double yield

disappears can be related to the athermal Ms temperature of the alloy. According

to our thermodynamic model (to be explained in Chapter 4), the Ms temperature

of Ti-X (where X = Fe, Mn, Cr, Mo, Ni, Cu, V, Nb, Zr and Al) can be expressed

as function of the alloy concentration. Using this equation, the Ms temperature for

nominal composition of Ti−1023 alloy is predicted as ∼240 ◦C. This temperature

coincides reasonably well with the temperature (∼213 ◦C) above which the double
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Figure 3.12: A quantitative measure of martensite and austenite peak areas in deformed

samples as function of deformation temperature. Above ∼233 ◦C (from Figure 3.11)

temperature no martensite was found.

yield effect due to SIM formation disappears (Figures 3.10 and 3.11).

The temperature dependence of the SIM effect has been further quantified

with the aid of X-ray diffraction. An analysis on the diffractograms of the various

temperature compressed samples confirmed the disappearance of post deforma-

tion martensite peaks with increasing deformation temperature. Measurement of

the austenite and martensite peak areas identified from the diffractograms of the

various temperature compressed samples has been performed using MDI Jade 5.0

software [103]. A plot showing the measured martensite and austenite peak areas

as function of deformation temperature reflects the trend of martensite disappear-

ance, where a negligible or no martensite presence, after the 233 ◦C deformation

temperature, is observed (Fig. 3.12). Attention was focused on the low angle

diffraction peaks that exhibited clear transformation trends. Moreover, the diffrac-

tograms also show a concurrent increase in the formation of β phase in agreement

with the disappearance of martensite as function of deformation temperature. Fur-

ther, at higher deformation temperatures i.e. above 300 ◦C, the equilibrium α phase

formation is observed.
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3.4 Conclusions

Various factors that control and/or promote the stress induced martensite formation

have been identified for Ti− 1023 alloy. The solute partitioning of the elements

among the α and β phase is quite evident and alters the Ms temperature locally

for various solution treatment conditions. It may be postulated that solution treat-

ments: i) involving above β transus temperatures result in a partially transformed

and compositionally homogenized microstructure; and ii) involving below β tran-

sus temperatures (i.e. below 795 ◦C), result in diffusional formation of α , which

rejects V and Fe while absorbs Al. Given the large fraction of α formation at low

temperatures, the retained small β domains are enriched with β stabilizers (V) and

eutectoid (Fe) elements; increasing their stability such that martensite is not formed

upon quenching.

A modest effect of prior β grain size and α phase fractions on the occurrence

of PiTTi and its eventual improvement in mechanical properties is observed. The

reduction of grain size down to the range of 100 to 200 μm by selection of lower

solution treatment temperatures and shorter times at just above β transus (820 ◦C
for 15 min) resulted in a moderate improvement of alloy ductility while retaining

the same strength level as obtained through PiTTi effect. However, the smaller

grain size did not affect the two critical stress levels in SIM formation. Similarly,

increasing the α phase fraction by a solution treatment involving longer soaking

time at below β phase regime (900 ◦C for 15 min followed by 700 ◦C for 60 min)

precludes the martensite formation and thereby the improvement in PiTTi proper-

ties.

Another factor that determines the SIM formation capability is the deforma-

tion temperature. The temperature dependence of the strength improvements stem-

ming from PiTTi effect is evident. However, the PiTTi formation capability, upon

compression, disappears with an increase in deformation temperature, as demon-

strated from X-ray measurements. The temperature at which the effect disappears

is identified as 233 ◦C, which is comparable to the predicted Ms value of 240 ◦C
for Ti−1023 using the developed Ms prediction model.

It can be inferred that the PiTTi effect is controlled by the microstructural state
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involving i) solute partitioning and ii) phase fractions, along with iii) deformation

temperature, all interlinked with β phase stability and its ability to transform into

martensite (i.e. Ms temperature). The Ms temperature’s strong dependence on the

concentration of alloying elements is explained in the next chapter.
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Chapter 4

Thermodynamics based
prediction of the martensite
formation temperature in β Ti
alloys

The formation of martensite in titanium alloys is of great importance for tailoring

their mechanical properties. Its importance has long been recognized for steels,

and recently demonstrated for titanium alloys [[29, 75],Chapter 2]. A key parame-

ter in indicating the tendency to a martensitic transformation is the martensite start

temperature, Ms. Several approaches have been proposed in the steel literature for

computing the compositional dependence of the Ms. These include linear combi-

nations of the weighted contributions of each component [104], as well as non-

linear relations and unspecified interaction terms using artificial neural networks

[105, 106, 107]. The input for such models comes from extensive data sets avail-

able in steel literature. Other approaches are based on thermodynamics and enjoy

some physical foundation [108]. In contrast to the steel literature, the prediction

of Ms temperature in titanium alloys has not been extensively explored. Although,

enough experimental evidence is available on the martensitic transformation of

metastable β alloys, only few attempts have been made to model such transforma-

57
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tion. Malinov and co-workers have modelled the time-temperature-transformation

kinetics along with the Ms temperature for titanium alloys using artificial neural

networks [109, 110]. In addition, for titanium alloys, the Mo equivalence has been

employed as a rough approximation for determining the likelihood for metastable

transformations, specifically the ω transformation [2, 27, 111]. Inspired by the

Ghosh–Olson approach to model the Ms in ferrous alloys, this chapter aims at pro-

viding a thermodynamic model that describes the compositional dependence of Ms

temperature in β titanium alloys.

4.1 Need for thermodynamic based models

The application of thermodynamics to the understanding of the martensitic trans-

formation has been relatively successful in capturing multicomponent effects in

ferrous systems. The martensitic transformation happening at high cooling rates

from the high temperature regime can be regarded as a form of spontaneous plastic

deformation driven by chemical forces [112, 113]. This approach to the under-

standing of martensitic transformations can provide insight into the mechanism

of transformation, serving as a generalization technique to predict Ms temperature

among various alloying systems. The development of a thermodynamic framework

to describe the nucleation of martensite laid the foundations for the thermodynamic

models predicting the Ms temperature as a function of composition. Studies on the

implementation of a thermodynamic model by Bhadeshia [114, 115] in plain car-

bon steels have estimated the driving force for martensite formation at Ms. This

resulted in describing the driving force to form martensite (ΔGc) as a function of

carbon content. This function has been applied to predict the Ms temperature in

steels with good agreement. In order to obtain a model of wider applicability,

Olson and Cohen considered the heterogeneous martensite nucleation as a fault-

ing mechanism. In this model, martensite transformation occurs when embryos of

martensite, which are defects bounded by interfacial dislocations, can grow against

the lattice friction experienced by these dislocations [112, 113]. This results from

grouping existing dislocations present in the high-temperature phase. Such clus-

tering onto neighbouring planes leads to stacking faults of a certain energy which
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favour the formation of martensite nuclei [112]. In analogy to the classical nucle-

ation theory, stacking faults are regarded as second-phase embryos, which display

volume and surface energy contributions. Relative to the original perfect lattice,

the free energy contribution per unit mole caused by forming such embryos has

a chemical component (ΔGchem) term, which stems from the chemical thermody-

namic differences between parent and product phases, a strain energy (Estr) term

due to the accompanying lattice distortion by the embryo, and a true surface energy

(σ ) term due to the formation of new particle/matrix interface. The fault energy of

such a nucleus per unit area along the fault plane can be expressed as [112]:

γ = nρA(ΔGchem +Estr)+2σ(n) (4.1)

where n is the number of fault planes and ρA is the density of atoms in a close-

packed plane in moles per unit area. Ghosh and Olson proposed a method to de-

scribe the composition dependency of the critical driving force [108, 116, 117, 118]

including interstitial and substitutional solutes. This proposed theory leads to the

modelling of martensitic transformations based on thermodynamic principles. A

detailed description of the martensite nucleation mechanism can be found else-

where [112, 119, 120].

4.2 Ghosh-Olson model

The Olson and Cohen’s thermodynamics-based heterogeneous martensite nucle-

ation theory was employed by Ghosh and Olson [108] to develop a model that

computes the critical driving force for athermal martensitic nucleation in multi-

component solid solution strengthened steels excluding any effect the grain size

may have. The critical driving force from equation 4.2 is modelled as the sum

of the strain energy, a defect-size dependent interfacial energy and a composition-

dependent interfacial frictional work contribution:

Δgch +gel +2σ/nd =−(wμ +wth) (4.2)
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where Δgch is the Gibbs energy difference between the phases per unit volume,

gel is the strain energy per unit volume, σ is the semi-coherent interfacial energy,

n is the number of fault planes comprising the nucleus thickness, d is the spac-

ing between them, wμ and wth are the athermal (composition-dependent) and the

thermal (composition- and temperature-dependent) components of the interfacial

work, respectively.

In describing the nucleation of athermal martensite, expressions for the com-

position dependence of the athermal frictional work, and expressions for the mo-

tion of martensitic interfaces have been proposed by Ghosh and Olson [108]. They

incorporated the solid solution hardening theory in describing the kinetics of barri-

erless heterogeneous nucleation. A fixed defect potency displaying weak composi-

tion dependence is assumed, along with a temperature-independent shear modulus.

This allows equation 4.3 to be expressed in molar quantities, represented in upper

case, to obtain the critical driving force for martensite nucleation for multicompo-

nent single-phase systems in general as:

−ΔGcrit = K1 +Wμ(Ki
μ ,X

t
i ) (4.3)

where K1 is a constant which covers the work due to the transformation strain, Wμ

is a function describing the molar interfacial work, Ki
μ is the athermal strength of

solute i, Xi is the concentration of solute i expressed in atom fraction and t is a

solute-dependent exponent. In describing the martensitic transformation in ferrous

alloys, Ghosh and Olson found t = 1/2 to provide the best fit to experimental re-

sults. Although the choice for such exponent was claimed to be rooted in solid solu-

tion hardening theories [108], other choices for t could have been made. Gypen and

Deruyttere [121] have reviewed several possible values for t, while Friederichs and

Haasen [122] have postulated t = 3/2. There is no physical objection to choosing

other values for t for other base materials where different hardening mechanisms

may prevail.
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4.3 Martensite formation in Ti alloys

In analogy to the thermodynamic modelling of face-centered cubic (FCC) to body-

centered cubic (BCC) martensitic transformations in steels, an idealized BCC to

hexagonal close-packed (HCP) scenario is defined for computing the transforma-

tion energetics in β titanium alloys [113, 123]. In such alloys, the high tempera-

ture austenite (β ) phase is of BCC structure and transforms into α phase of HCP

structure in equilibrium conditions. However, the β phase also undergoes transfor-

mation to phases like ω (HCP), martensite (α ′ (HCP) and α ′′ (Orthorhombic)) in

non-equilibrium conditions. Solution treated β alloys undergo transformation to

athermal martensite, which is defined by Ms temperature, upon quenching [2, 29].

The binary alloy systems of titanium that undergo such transformation are

gathered. Such alloying elements can be classified into α and β stabilizers and

neutral elements, in which the β stabilizing elements can be further categorized

into β isomorphous (Mo, V, Nb, Zr) and β eutectoid elements (Fe and Cr). The β
eutectoid elements have a strong effect on decreasing the Ms temperature in binary

Ti systems, while the β isomorphous elements have a more moderate influence; α
stabilizers (e.g. Al) have the effect of increasing the Ms temperature, and neutral

elements (e.g. Sn) display a negligible influence. Unlike Fe-based systems, there is

relatively limited data available from the literature on Ms temperature as a function

of composition for Ti binary alloy systems. The reliability of the gathered data

for various systems involving (X = Fe, Mn, Mo, V, Nb and Al) has been assessed

by comparing them with the T0 temperature (the temperature at which the driv-

ing force −ΔG = 0), calculated using the thermodynamic software (Thermo-calc)

[100] considering the TTTI3 Thermotech titanium database [101], Fig. 4.1.

Since the Ms temperature is sensitive to various factors, the processing con-

ditions and the amount of interstitials, mainly the oxygen and nitrogen content

within acceptable levels has also been analysed before choosing the corresponding

data for our studies. In this analysis the effect of grain size is not considered and all

the experimental data were taken from materials reported to have a large grain size.

The considered data is utilized to develop the model for Ms temperature prediction

in β Ti alloys. The following algorithm explains the model development for binary

systems, Fig. 4.2.
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Figure 4.1: Reliability check on gathered Ms vs. Xi data by comparison with correspond-

ing T0 temperatures.

Figure 4.2: Algorithm of the martensite model for β titanium alloys.
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Figure 4.3: Concentration dependence of Ms for Ti-X (X = Fe, Mn, Cr, Mo, Ni, Cu, V,

Nb, Zr and Al) binary systems [97, 98, 99, 124, 125].

4.4 Application of modified Ghosh-Olson model

4.4.1 β Ti-binary systems

Reported data on the athermal martensitic transformation in binary systems [97,

98, 99, 124, 125] have been employed to calculate the critical driving force for

martensite nucleation at the Ms temperature as function of Xi. Figure 4.3 shows the

reported Ms temperature for Ti-X binary systems (where X = Fe, Mn, Cr, Mo, Ni,

Cu, V, Nb, Zr and Al). Other elements like O and Sn displayed a lot of scatter in

the reported data, not representing their exact trend, and are thus not considered for

our model.

Equation 4.4 can be used to determine the Ms temperature for binary systems.

Employing thermodynamic software (Thermo-calc) [100] and TTTI3 Thermotech

titanium database [101], it is possible to obtain the driving force (−ΔG) at the

reported Ms temperatures (Fig. 4.4) for the β → martensite transition. The driv-

ing force for the martensite transformation is obtained by fixing the product phase

(HCP) to be dormant, and of same composition as the β phase, due to the diffu-
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sionless nature of the martensite transformation. Such driving force must equal

the critical driving force for martensite nucleation (equation 4.4), which for binary

alloys of Ti is approximated by the expression:

−ΔGMs = K1 +Ki
μXt

i (4.4)

where i = Fe, Mn, Cr, Mo, Ni, Cu, V, Nb, Zr and Al, t is the solute dependent

exponent. The calculated driving force at the reported Ms temperatures is plotted

as a function of the binary element concentrations, Figure 4.4. The variation of the

driving force is traced by fitting with equation 4.5. The K1, Ki
μ and t values are

derived by several iterations for all the considered binary elements. The K1, which

is the fault energy that arise from the base system, is supposed to be a constant.

Hence K1 is fixed at 0.150 kJ mol−1 (mean of all derived K1 values) and t is fixed

at 1.5. Thus the −ΔGMs vs. Xi is fitted with the following equation

−ΔGMs = 150+Ki
μX1.5

i (4.5)

resulting in the best fit for all considered elements as shown in Figure 4.4, where

the lines represent the variation of equation 4.5 resulting in different solute strength

(Ki
μ ) constants as listed in Table 4.1.

It is interesting to note that the solute-dependent exponent (t) employed in

this work is 1.5, while Ghosh and Olson [108] obtained the best agreement with

experimental data using 0.5. The value of t = 1.5 agrees well with that postulated

by Friedrichs and Haasen [122] for the BCC to HCP transformations.

The solute strength values are employed in equation 4.5 and the−ΔGMs for the

reported compositions of binary alloys are estimated and compared to the driving

force calculated using Thermo-calc for same compositions. The corresponding

temperature where the two driving force values are nearly the same is considered

as the Ms temperature of the given alloy composition.
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Figure 4.4: Concentration dependence of−ΔG at Ms for Ti-X (X = Fe, Mn, Cr, Mo, Ni,

Cu, V, Nb, Zr and Al) binary systems.

Table 4.1: The athermal solute strength values of different solutes in Ti-X systems.

Titanium binary (X) elements Kμ(kJ/mol)

Fe 440±20

Mn 231±2

Cr 216±6

Mo 157±3

Ni 125±1

Cu 57±1

V 45±3

Nb 27±1

Zr 4.0±0.5

Al 0.5±0.2
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Figure 4.5: Comparison of calculated and experimental Ms values of Ti-X (X = Fe, Mn,

Cr, Mo, Ni, Cu, V, Nb, Zr and Al) binary systems.

4.4.2 Validation of Ms predictions

The model was applied to the reported values of various Ti-X systems (X = Fe, Mn,

Cr, Mo, Ni, Cu, V, Nb, Zr and Al) from the literature (Fig. 4.3) [97, 98, 99, 124,

125]. The predicted values of Ms from the model for various existing composition

of binary alloys from literature have been validated as shown in the Figure 4.5. The

agreement of the predictions are well within ±50 K of the reported experimental

values, i.e. within the experimental scatter band as shown in Figure 4.5.

4.5 Extension to β Ti multicomponent systems

The binary Ms predictions for Ti alloys following Ghosh-Olson’s approach are

quite good. Extending the predictions to multicomponent systems is necessary

to capture existing engineering alloys. Moreover, our aim to control the PiTTi

properties via tailoring Ms generally involves multicomponent systems.
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4.5.1 Development of Ms equation

The Ms predictions for the various binary systems considered follow a relatively

smooth trend. Such trend can be best approximated by an equation of the type

Ms = M0
s +CiXt

i (4.6)

where i = Fe, Mn, Cr, Mo, Ni, Cu, V, Nb, Zr and Al and Ci is a constant reflecting

the solute effect on Ms. t is the solute dependent exponent. M0
s is the Ms tempera-

ture of the pure Ti, which is the β -transus temperature (882.8 ◦C or 1156 K). The

resultant approximations of equation 4.6 for all the elements, except Mn, Ni and

Cu, are given in Figure 4.6.

It is interesting to note that the best approximation is obtained when the solute

dependent exponent (t) is 1.5 (similar to the one observed for −ΔGMsvs. X fit).

Moreover, the M0
s approximately converge to comparable values for Xi → 0 of all

the binary approximations. The mean of all M0
s values (i.e. 1092 K) is more or less

the same as the β -transus. Ignoring strong interactions between elements and grain

size dependence, an approximation for Ms is postulated, in analogy to Andrew’s

equation for steels [104], by assuming that the contributions from the i components

obey additivity:

Ms = 1092−108701X1.5
Fe −49994X1.5

Mn −47973X1.5
Cr −33776X1.5

Mo −27403X1.5
Ni

−13865X1.5
Cu −12615X1.5

V −6832X1.5
Nb −2018X1.5

Zr +1829X1.5
Al (4.7)

where the concentrations Xi are atom fractions and Ms is in K in equation 4.7.

Similar equation for the elemental concentrations expressed in wt.% (equation

4.8) is given below

Ms = 1095−86Fe1.5
wt.%−43Cr1.5

wt.%−41Mn1.5
wt.%−21Ni1.5wt.%−13Mo1.5

wt.%

−12V 1.5
wt.%−10Cu1.5

wt.%−3Nb1.5
wt.%−1Zr1.5

wt.% +4Al1.5
wt.% (4.8)

The proposed equation has to be validated for its effective use. However, due

to lack of succinct and reliable experimental data on multicomponent Ti systems

in the literature a direct validation could not be achieved. Nevertheless, a novel
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Figure 4.6: Approximations for the predicted Ms values of Ti-X binary systems to obtain

the coefficients for various solutes.
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approach or attempt to validate it by comparing to already established equation,

which is the Molybdenum equivalence (Mo Eq.) criterion, for Ti alloys has been

made.

4.5.2 Validation of Ms equation

In order to effectively compare the above equation with the Mo Eq., it may be

linearised and expressed in terms of the elemental concentrations both in atom

fraction (equation 4.9) and wt.% (equation 4.10) as follows:

Ms = 1156−17480XFe−12186XMn−11299XCr−9463XMo−8096XNi

−5250XCu−4354XV −3160XNb−1200XZr +865XAl (4.9)

and

Ms = 1156−150Fewt.%−107Mnwt.%−96Crwt.%−67Niwt.%−49Mowt.%

−41Cuwt.%−37Vwt.%−17Nbwt.%−7Zrwt.% +15Alwt.% (4.10)

The results of the linearized equation to predict the Ms temperature (equation 4.10)

can be compared to the results of the Mo Eq. criterion (equation 4.11) as given

below [2, 27, 126]:

MoEq. = 1.00Mo+0.28Nb+0.22Ta+0.67V +1.6Cr+2.9Fe−1.00Al (4.11)

Mo Eq. (equation 4.11) is a measure of β (meta-)stability in β Ti alloys that can

be expressed as the sum of the weighted averages of the alloying elements in wt.%.

It is a well established parameter that provides the stability degree of β for further

transformations. Thus, the Mo Eq. of various commercial alloy systems from

equation 4.11 are compared with the Ms temperature value predicted using the

equation 4.10, developed for the multicomponent alloy systems, Fig. 4.7.

A desirable and interesting linear relationship between both criteria is found.

Moreover, it is noted that Ms values reaching room temperature are achieved by

alloys displaying a Mo Eq. approaching the experimentally observed range of

9.5–11.5 [2]. It is interesting to note that the alloy Ti–10V–2Fe–3Al has a predicted
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Figure 4.7: Comparison of calculated Ms values and the Mo equivalence criterion for

various Ti alloys.

Ms temperature reasonably above the room temperature, which is confirmed by

its tendency to form stress-induced martensite at room temperature in the fully

solution treated condition.

4.6 Application of Ms model for Ti− 1023 experimental
conditions

The model developed for estimating the Ms temperature (equation 4.8) for β mul-

ticomponent systems has been applied to Ti− 1023 alloy. The solution treatment

conditions performed on Ti− 1023 alloy as explained in Chapter 2, and repeated

in Table 4.2 have been considered in this study. These are the treatments for which

the PiTTi effect was evaluated by compression testing.

A noticeable variation of the local concentration due to solute partitioning

among β and α phases was observed for certain solution treated samples, as de-

tailed in Section 3.1 of Chapter 3. The model Ms equation has been applied to the
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Table 4.2: Considered solution treatment conditions of Ti−1023 for the model.

Temperature regime Solution treatment condition

above β 900 ◦C - 60 min

820 ◦C - 15 min

below β 700 ◦C - 15 min

β +(α +β ) 900 ◦C - 15 min/700 ◦C - 15 min

900 ◦C - 15 min/650 ◦C - 15 min

experimentally measured local β concentration values of the Ti− 1023 samples

using Electron Probe Micro Analysis (EPMA) in order to predict their possibility

of martensite formation. The samples were subjected to different solution treat-

ments and the corresponding EPMA measured values are given in Table 4.31. The

Ms temperature obtained using the model equation is also reported. The measured

concentration values are the non-equilibrium ones for the soaking time considered.

In general, the predictions reflect the trend observed for the solution treatments

involving above β solutionizing step. The measured values for 900 ◦C - 60 min
seem to nearly reach the equilibrium as seen from the comparison of Table 4.3 and

Table 4.4. The Ms predictions reflect the trend of athermal martensite formation

for this condition. However, the 700 ◦C - 15 min below β treatment, does not show

a martensite formation as against the model predictions. The small β domains in

this condition hinder martensite formation as they require high stress levels, which

could be beyond the slip deformation levels [28, 75, 76, 85].

The equilibrium β concentration values at the different heat treatment temper-

atures are obtained from Thermo-calc [100] using the Thermotech TTTI3 titanium

database [101]. It is to be pointed out that Thermo-calc gives only the equilibrium

values for defined conditions and hence the soaking time of the heat treatment

temperatures are not relevant for the calculations. Table 4.4 shows the equilib-

rium β concentration values for the considered temperatures. The corresponding

1Although good care has been applied to the EPMA measurements and the conversion of inten-

sities to concentrations, there is an unsolved inconsistency between the EPMA data (in particular for

V) and the nominal concentration for the homogeneous microstructure of 900 ◦C for 60 min. We

have not been able to resolve the discrepancy.
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Table 4.3: Measured EPMA concentration values of β phase at different solution treated

temperatures.

Solution treatment

conditions

EPMA concentration

values in β phase, wt.%
Ms temperature

◦C
PiTTi effect

observed

900 ◦C - 60 min Ti-8.96V-1.7Fe-3.06Al 331 Yes

700 ◦C - 15 min Ti-11.5V-2.36Fe-2.41Al 57 No

900 ◦C - 15 min

/650 ◦C - 15 min
Ti-9.98V-1.89Fe-2.83Al 239 Yes

Table 4.4: Calculated equilibrium concentration values of β phase at different solution

treated temperatures.

Solution treatment

temperatures

Equilibrium concentration

values in β phase, wt.%
Ms temperature

◦C
PiTTi effect

observed

900 ◦C Ti-9.8V-1.9Fe-3Al 249 Yes

820 ◦C Ti-9.82V-1.91Fe-3Al 246 Yes

700 ◦C Ti-14V-2.93Fe-2.73Al -220 No

900 ◦C /650 ◦C Ti-17.5V-3.7Fe-2.58Al <-273 No
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Ms temperature estimated from the Ms equation (equation 4.8) is also reported. At

equilibrium concentration levels, in the α + β regime, the β is significantly en-

riched to an extent that it does not show martensite formation at room temperature.

The experimental results support the calculations for the corresponding solution

treatments, whereas for 700 ◦C - 15 min no athermal or stress-induced martensite

formation was observed.

Apart from the β grain size consideration, the Ms equation reflects a reason-

able trend of the martensite formation for the Ti−1023 alloy system.

4.7 Conclusions

A thermodynamic approach to predict the martensite start temperature for β Ti al-

loys is presented. Following Olson and Cohen’s theory on martensite nucleation

and Ghosh-Olson’s approach, a model representing the compositional dependence

of the critical energy for martensite formation for Ti alloys involving BCC to HCP

lattice transformation energetics has been developed. The model successfully re-

flects the energy contribution of each element towards the martensite formation. It

was found that the solute-dependent exponent for Ti-binary systems is 1.5. The

model has been successfully applied to binary systems of Ti with Fe, Mn, Cr, Mo,

Cu, Ni, V, Nb, Zr and Al, and reproduced the reported Ms data with an accuracy of

±50 K.

Extending the binary Ms predictions to multicomponent Ti systems, a first

order approximation has been postulated assuming non-linear dependence with so-

lute concentrations. The equation ignores the interaction between solute elements

and β grain size dependence. An approximately linear relation has been observed

between the postulated Ms equation and the already established and frequently em-

ployed Mo equivalence criterion for β Ti alloys, effectively validating the proposed

equation for Ti-multicomponent systems.

The application of the developed thermodynamic based Ms model equation

predicts reasonably well the trends in martensite formation for Ti− 1023 alloy.

The above β (900◦C - 60 min) solution treated condition showed athermal marten-

site formation in accord to the Ms prediction value. However, for the below β
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conditions the equation predicts martensite formation against observations mainly

due to neglecting the grain size effect, which is critical for smaller β domains.



Chapter 5

Design and characterization of
the newly developed Ti alloys

The significance of the martensite formation and its contribution to improve the

mechanical properties of β titanium alloys in general [36, 44, 48, 78, 84], and of

Ti−1023 alloy in particular [Chapter 2], has been studied in this work. It resulted

in a thermodynamics based model to predict the Ms temperature [Chapter 4]. The

key requirement for optimizing the martensite formation is a sufficient but low β
phase stability level, which can be estimated from the Ms temperature or the well

established Mo eq. equation [2, 27]. Hence, from an alloy design perspective, the

tendency for martensitic transformation can be expressed in terms of parameters

like Ms temperature and β -phase stability (Mo eq. value). Controlling such pa-

rameters by linking them to the concentration of the alloying elements results in

tailor-made alloy compositions to achieve the desired mechanical properties via

martensite formation. This chapter deals with designing such new alloy composi-

tions expected to display the PiTTi effect. The new alloy compositions have been

fabricated as experimental casts. In addition to the alloys of a new composition,

also the occurrence of PiTTi effect in an existing commercial alloy (β − 21S) has

been considered. All three alloys have been characterized on their tendency to

show the desired plasticity induced martensite formation.

75
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5.1 Design of new alloy compositions

5.1.1 Design approach

Inspired by the property improvements achieved in Ti−1023 displaying the PiTTi

effect, new alloy compositions having the potential to optimally exhibit such effect

have been designed as follows. The main design criteria for the new alloy com-

positions are: 1) Obtaining an athermal Ms temperature at around room tempera-

ture (−25 ◦C ≤ Ms ≤ 25 ◦C) (using the Ms model, equation 4.8 of Chapter 4),

which corresponds to a (meta-)stability of β , in the range 9.5 wt.% ≤ Mo eq. ≤
11.5 wt.% (using the Mo eq., equation 4.11 of Chapter 4). 2) Designing an alloy

and processing modification leading to a reduction in grain size without altering

much their Ms or Mo eq. value. Using these considerations, two alloys have been

designed i) a composition, based on Ti−1023 to realize the β grain size reduction

on PiTTi effect by adding a grain refining element, Boron (B): Ti-10V-2Fe-3Al-

XB. B has a strong influence on β grain size reduction in various β and α + β
Ti alloys [23, 24, 25, 127, 128, 129, 130, 131]; ii) a composition, based on Ti-

5Al-5V-5Mo-3Cr (a commercial replacement for the Ti−1023 alloys [132, 133]),

with adjusted V (X1), Mo (X2) and Cr (X3) levels to induce PiTTi effect: Ti-5Al-

X1V−X2Mo−X3Cr. The approach followed to reach the final optimum composi-

tion for both the alloys is elucidated below.

5.1.2 Results and discussion

The Ti-10V-2Fe-3Al-XB alloy composition has been aimed to further improve the

existing PiTTi properties of Ti−1023 by reducing its prior β grain size. To achieve

this, traces of B additions have been considered. Since the influence of B on Ms

temperature has not been quantified in our model due to lack of literature data,

calculations were performed to study its effect (up to 0.15 wt.%) on the driving

force for martensite formation (−ΔG at Ms) employing thermodynamic software

(Thermo-calc) [100] and the TTTI3 Thermotech titanium database [101].

Figure 5.1 shows the variation of the driving force (−ΔG at Ms) as a function

of B content and temperature. B additions up to 0.15 wt.% have a negligible effect
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Figure 5.1: Driving force (−ΔG at Ms) variation as function of B content for different

temperatures.

on the variation of −ΔG at Ms, and hence on the martensite formation ability. So,

expected property improvements can very well be related to the alteration in the β
grain size. Literature experimental studies report that B additions up to 0.1 wt.%
reduce the grain size to a significant degree without deteriorating the mechanical

properties [23, 128, 129, 130]. Since, from the design perspective, increasing the

B content beyond 0.1 wt.% does not have a noticeable effect on −ΔG at Ms (Fig.

5.1), the final concentration of B has been limited to 0.1 wt.%, in accordance to

studies involving other β Ti alloys [130, 131].

The other new composition (Ti-5Al-X1V-X2Mo-X3Cr) is a modification of the

existing β alloy (Ti-5Al-5V-5Mo-3Cr), whose Mo eq. value is 8.2, and as such

does not exhibit deformation induced martensitic formation [132, 133, 134, 135,

136]. Concentration variations of the dominant β stabilizers V, Mo and Cr in this

alloy have been considered in order to reach a composition that satisfies our criteria

to achieve martensitic transformation and the eventual PiTTi properties.

It follows from our model binary system calculations that Cr and Mo have a

reasonably strong influence on Ms while V only has a moderate influence. Hence,

the range of concentrations for Mo and Cr are limited within 0 to 10 wt.%. Ad-

ditions beyond this would either make β highly stable (Mo eq.) or promote the
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formation of undesirable precipitates: intermetallic compounds of Cr [102]. The

window in which V has been varied is between 5 and 12.5 wt.%, as V has a pos-

itive influence on pushing the Ms down to the desired range. Furthermore, the Al

content has been maintained to 5 wt.% in order not to deviate too far from the base

commercial alloy.

To simplify the computations, the V concentrations have been varied in steps

as 5, 7.5, 10 and 12.5 wt.%, while varying the Mo and Cr in the considered range.

Figures 5.2a to 5.2f and 5.3a, 5.3b show the computed Ms temperature and the Mo

eq. for various V levels, from 5 to 12.5 wt.%. To illustrate our design approach,

the results of the computations in which the V was fixed to 10 wt.%, while varying

the Mo and Cr content as shown in Figures 5.3a and 5.3b has been considered.

The figures show the Ms temperature (following equation 4.8 of Chapter 4) and

the Mo eq. variation (following equation 4.11 of Chapter 4) as function of Mo

and Cr content in the considered ranges. The hatched regions in Figures 5.3a and

5.3b correspond to the desired values of Ms: −25 ◦C ≤ Ms ≤ 25 ◦C and Mo

eq.: 9.5 wt.% ≤ Mo eq. ≤ 11.5 wt.%, respectively for various combinations of

Mo and Cr concentrations that potentially could lead to PiTTi effect. However,

the final optimum composition is reached by selecting the overlapping region (as

highlighted by the filled area within the hatched region in the Figures 5.3a and

5.3b) that satisfies both the criteria. The final new compositions stemming from our

calculations after further analysis are given in Table 5.1, along with their estimated

β transus from Thermo-calc and Ms temperatures from the Ms model.

The new alloy compositions are validated by observing their position in the

standard plot of Ms vs. Mo eq., where they are alongside a number of commer-

cial alloys. The Mo eq. and the Ms temperature values of the commercial alloys

are estimated following our model equations (equation 4.8 and equation 4.11 of

Chapter 4) that has been considered for the new alloys design, Fig. 5.4. An ap-

proximately linear correspondence between both equations has been observed.

Moreover, it is to be noted that room temperature Ms values are in principle

achieved by alloys displaying a Mo eq. approaching the experimentally observed

range of 9.5 to 11.5 wt.% for most of the existing metastable alloys. The designed

new alloys fit within this range as seen in Figure 5.4.
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(a) The Ms temperature as function of Mo and

Cr for 5 wt.% V
(b) The Mo eq. as function of Mo and Cr for

5 wt.% V

(c) The Ms temperature as function of Mo

and Cr for 7.5 wt.% V

(d) The Mo eq. as function of Mo and Cr for

7.5 wt.% V

(e) The Ms temperature as function of Mo

and Cr for 12.5 wt.% V

(f) The Mo eq. as function of Mo and Cr for

12.5 wt.% V

Figure 5.2: Alloy design calculations (Ms and Mo eq.) as function of concentration of

alloying elements (Mo, Cr and V); the hatched region highlights the desired values for

PiTTi effect.
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(a) The Ms temperature variations (b) The Mo eq. variations

Figure 5.3: Alloy design calculations as function of concentration of alloying elements

(Mo and Cr) for 10 wt.% V; the hatched region is the desired values; the highlighted con-

centration point is of alloy 2 that satisfies both criteria.

Table 5.1: The designed new alloy compositions.

New alloy compositions

(wt.%)

β - transus (◦C)

(Thermo-calc)

Ms temperature

(◦C)

Alloy 1 Ti-10V-2Fe-3Al-0.1B ∼ 760 ∼ 240

Alloy 2 Ti-10V-5Al-5Cr-1Mo ∼ 742 15
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Figure 5.4: Validation of the designed new alloys composition with various existing β
and α +β Ti alloys.

5.2 Alloy fabrication

The designed new compositions Alloy 1 and Alloy 2, further referred to as Ti1023−
B and Ti10551 respectively, have been fabricated on a laboratory scale by a com-

mercial alloy company, GfE Gesellschaft für Elektrometallurgie mbH, Nuremberg,

Germany. Each alloy ingot weighing about 15 Kg approximately has been deliv-

ered in forged condition. The ingots were prepared by double vacuum arc reduction

(VAR) melting and machined before hot forging below 1000 ◦C. A final heat treat-

ment to the forged material below 1000 ◦C has been applied. After machining and

surface finishing, the material has been delivered in rod form of dimensions D 90

mm x L 500 mm as shown in Figure 5.5. The achieved compositions provided by

the manufacturer are tabulated in Table 5.2.

The β transus temperatures for the material in its as-received state have been

measured using differential thermal analysis (DTA) and Dilatometer. The mea-

sured β transus values of Ti1023−B and Ti10551 are approximately 765 ± 5 ◦C
and 794 ± 5 ◦C, respectively. These values correspond reasonably well with the

predicted β transus values reported in Table 5.1. The as-received microstructure of

the Ti1023−B shows large β grains within which sub-grains are clearly visible,

along with needle-like particles, Fig. 5.6a. The needles are identified as Boron
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Figure 5.5: The as-received new alloys in rod form.

(a) Alloy 1 showing sub-grains and TiB nee-

dles

(b) EDS line scan analysis proving the

boron enrichment (Grey lines) in the TiB

needles

(c) Alloy 2 showing large β grains

Figure 5.6: The as-received microstructure of the designed new alloys.
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rich Titanium boride (TiB) intermetallics by EDS line scan analysis (Fig. 5.6b).

The intention of B addition to Ti− 1023 was to form small TiB needles that can

control the prior β grain size by Zener pinning [137]. However, that has not been

realized in the as-received condition of Ti1023−B as the TiB needles are large and

are located primarily in the grain interior and do not show any pinning effect on

the grain boundary. The Ti10551 alloy shows very large prior β grains in the as-

received condition (Fig. 5.6c). The Vicker’s macro hardness values for Ti1023−B
and Ti10551 are ∼350 Hv and ∼270 Hv, respectively. Overall, both alloys in their

as-received condition have a homogeneous β structure with a large grain size.

5.3 Experimental details

The as-received alloys have been subjected to various experimental techniques to

test them for the occurrence of PiTTi effect.

Machining and polishing

The ingot rod material has been parted into three parts: top, middle and bottom.

In each of these sections, many cylindrical samples along the longitudinal and

transverse directions have been prepared by electrical discharge machining (EDM).

The cylindrical samples are of approximately 4 mm diameter and 7 mm length

dimensions. Preliminary analysis on the samples from three parts does not show

much variation in properties and hence further characterization has been limited to

the samples machined along their longitudinal direction from the middle portion of

the ingot rod. Smaller size samples have been cut using a slow speed (< 500 rpm)

diamond saw (ISOMET 11-1180 Low speed saw, BUEHLER).

The polishing procedure and etchant solutions are the same as described in

Chapter 2, except for the as-received and below β transus samples of Ti10551

(etchant: 5 ml HF + 10 ml HNO3 + 35 ml water), and β − 21S samples (etchant:

40 ml glycerol + 15 ml HF + 20 ml HNO3 + 5 ml water).
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Table 5.3: Optimized solution treatments for PiTTi analysis in new alloys.

Solution treatment condition Temperature regime
Further reference

name

900 ◦C - 60 min above β ST-1

700 ◦C - 15 min below β ST-2

900 ◦C - 15 min/700 ◦C - 15 min β +(α +β ) ST-3

Solution treatments

The cylindrical samples have been solution treated in a Bähr 805 horizontal dilatome-

ter at a vacuum level of 10−5 mbar approximately, and helium gas quenched to

room temperature. A thermocouple has been spot welded to the sample surface to

track the sample temperature.

The fabricated new alloys have been subjected to the previously optimized

solution treatment schemes (Section 2.4.2.1 of Chapter 2) before evaluating their

martensite formation capability. The solution treatment conditions, representing

each of the different microstructure domains β , α +β and β +(α +β ) are tabu-

lated in Table 5.3.

Compression

Stress-induced martensite formation ability of both the new alloys in the as-received,

and various solution treated conditions has been assessed by compression testing

in a Gleeble®1500 machine. The samples were deformed at a strain rate of 10-3 s-1

at room temperature. In order to avoid friction between the anvils and the sample

surface a lubricant (Lubriplate (white grease)) has been used.

Sub-ambient temperature compression testing has been carried out using an

INSTRON machine of 250 kN load cell at a strain rate of 10-3 s-1. The test temper-

ature of−50 ◦C is maintained within a temperature chamber cooled using a Liquid

N2 atmosphere.
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Microscopic analysis

The observation of various phases, their morphology and distribution along with

other features of the polished and etched samples has been carried out using Leica

DM/LM microscope with a Leica DC300 camera. The longitudinal cross-section

surface of the sample has been observed. High resolution microscopy analysis has

been performed using scanning electron microscopy JEOL JXA 8900R coupled

with an energy dispersive spectrometer (EDS).

Structural analysis

The identification of the various phases in the samples subjected to different con-

ditions has been carried out using X-ray diffraction (XRD) with Cu Kα radiation

at room temperature. XRD data were taken from the longitudinal cross section of

the samples over a 2θ range from 10 to 90 degrees. It is to be noted that instead of

the usual Co the Cu radiation has been used here as it produced less background.

In the following sections the microstructure and properties of the three alloys

considered in this chapter are reported.

5.4 Characterization of the new Ti1023−B alloy

5.4.1 Results

5.4.1.1 Microstructure

The heat treated samples have been analysed metallographically. The microstruc-

tures of Ti1023−B show the formation of martensite, specifically for the above β
treatments, along with the dispersed TiB needles as shown in Fig. 5.7a. In contrast,

the β +(α +β ) treatment, surprisingly, did not show the presence of equilibrium

α phase. Only the appearance of large prior β grains with random distribution of

TiB particles has been observed, Fig. 5.7b. The absence of α points at a slow nu-

cleation kinetics, but there is no obvious reason for α nucleation to be hampered.
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(a) The above β (ST-1) treated mi-

crostructure with β , athermal marten-

site and TiB

(b) The β + (α + β ) (ST-3) treated mi-

crostructure with β and TiB particles, no

equilibrium α is present

(c) The below β (ST-2) treated mi-

crostructure with equilibrium α and TiB

particles

Figure 5.7: The solution treated microstructures of Ti1023−B.
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Figure 5.8: X-ray studies after various solution treatments of Ti1023−B.

alloy did show athermal martensite formation upon quenching (refer Fig. 2.9 of

Chapter 2). The below β treatment shows the equilibrium α +β microstructure,

along with randomly distributed TiB particles, Fig. 5.7c. The X-ray results confirm

the presence of different phases at various conditions. Though the TiB particles are

present in all conditions they are not discernible in the XRD results, mainly due

to their very small volume fraction, Fig 5.8. The crystal parameters including the

phase fraction estimated from the X-ray peaks of the various treated Ti1023−B
alloy are tabulated in Table 5.4.

5.4.1.2 Mechanical property evaluation

The different Ti1023−B samples have been subjected to compression testing in a

Gleeble®1500 machine for evaluating their martensite formation capability (PiTTi

effect). Figure 5.9 shows the compressive stress-strain behaviour of the as-received

material and the three different solution treated samples. The treatments that in-

volve a β solutionizing step show the PiTTi effect. A clear signature of such effect

is evident with the double-yield point behaviour of the stress-strain curves. The

above β and β +(α +β ) treatments clearly exhibit formation of martensite upon

loading. However, the below β microstructure does not show the PiTTi effect.
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Table 5.4: Lattice parameters of selected solution treated Ti1023−B samples.

Lattice parameters (Å)

900 ◦C - 60 min 700 ◦C - 15 min
900 ◦C - 15 min/

700 ◦C - 15 min

β a 3.25 3.255 3.256

α a 2.952

c 4.687

α ′ a 2.9190 2.961

c 4.6690 4.650

phase α 0.371

fraction β 0.524 0.635 0.297

α ′ 0.476 0.703

Figure 5.9: Compressive stress-strain behaviour of different solution treated samples of

Ti1023−B.
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Figure 5.10: Diffractograms of Ti1023−B compressed samples at different conditions.

5.4.2 Discussion

5.4.2.1 Structural analysis

XRD has been used to confirm the occurrence of martensite formation in β solu-

tionised samples after compressive loading. The diffractogram results are given in

Figure 5.10. For both samples a substantial α ′ martensite signal is observed. The

lattice parameters for the phases present after compression are listed in Table 5.5.

There are some minor differences in lattice parameters between both samples in

their initial and compressed state, but no significant trends have been identified.

The volume fraction of α ′ martensite in the compressed ST-1 sample is consid-

erably higher than that in the unstrained condition, in accordance with the distin-

guishable PiTTi effect, in the stress-strain curve. However, the increase in marten-

site fraction was considerably smaller for the β +(α + β ) sample, although this

showed a clear PiTTi effect as well.

5.4.2.2 Comparison with Ti−1023

In Figure 5.11 the stress-strain curves of Ti− 1023 and Ti1023−B alloy for the

three heat treatments performed is shown. The figure shows that the B containing
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Table 5.5: Lattice parameters of compressed Ti1023−B samples.

Lattice parameters (Å)

900 ◦C - 60 min
900 ◦C - 15 min/ 700

◦C - 15 min

β a 3.238 3.25

α ′ a 2.919 2.964

c 4.659 4.636

phase fraction β 0.189 0.223

α ′ 0.811 0.777

Figure 5.11: Comparison of the PiTTi properties of Ti−1023 and Ti1023−B alloys.
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alloy has a comparable yield point but a higher initial strain hardening coefficient,

resulting in a lower strain to failure. To a first approximation the stress range over

which the β →martensite transformation occurred remained more or less constant.

Table 5.6 compares the mechanical properties of both the Ti−1023 and Ti1023−B
alloys. For the fabricated conditions used the TiB particles are too coarse and no

grain refinement has been observed and the effect of grain size on the conditions

for PiTTi transformation could not be established.

In order to realize the aspired grain refinement in Ti1023−B, a homogeniza-

tion treatment at ∼ 1500 ◦C (i.e., above the ∼ 1430 ◦C solvus temperature of TiB)

for 2 h has been performed resulting in segregation of fine TiB needles along the

grain boundaries. However, no pinning effect has been observed to achieve the

reduction in grain size. Further experiments imposing cold rolling strains of up to

13 % followed by recrystallization treatment at above β transus still does not result

in any reduction of the β grain size.

5.5 Characterization of Ti10551 alloy

5.5.1 Results

5.5.1.1 Microstructure

In the case of Ti10551, the different heat treatment conditions did not result in

much different microstructures, as the resulting microstructure of all treatments

shows a homogeneous β of large grain size with only a small α fraction. Figures

5.12a, 5.12b and 5.12c show the respective microstructure of the above β , α +β
(below β ) and β +(α +β ) treatments. More importantly, the treatments involving

below β temperatures did show the presence of more grain boundary α and few

randomly distributed α flake regions. X-ray results confirm the presence of differ-

ent phases. The predominant β peaks are quite evident for the different solution

treatments, Fig 5.13. The crystal parameters including the phase fraction estimated

from X-ray peaks are tabulated in Table 5.7.
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(a) The above β (ST-1) treated microstruc-

ture with large prior β grains
(b) The below β (ST-2) treated mi-

crostructure with equilibrium α and β
phases

(c) The β + (α + β ) (ST-3) treated mi-

crostructure with β and small fraction of

grain boundary α film, α flakes

Figure 5.12: The solution treated microstructures of Ti10551.
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Figure 5.13: X-ray studies after various solution treatments.

Table 5.7: Lattice parameters of selected solution treated Ti10551 samples.

Lattice parameters (Å)

900 ◦C - 60 min 700 ◦C - 15 min
900 ◦C - 15 min/

700 ◦C - 15 min

β a 3.237 3.243 3.233

α a 2.648

c 4.610

phase

fraction
α 0.078

β 1.000 0.922 1.000
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Figure 5.14: Compressive stress-strain behaviour of different solution treated samples of

Ti10551.

5.5.1.2 Mechanical property evaluation

In Ti10551, the different solution treated microstructures were evaluated for their

PiTTi characteristics. Figure 5.14 shows the respective compression stress-strain

response of the as-received and the solution treated sample conditions. None of the

solution treated samples show any existence of PiTTi effect i.e. no double-yield

point behaviour is observed. The mechanical response of the samples subjected to

the different conditions are all similar.

5.5.2 Discussion

5.5.2.1 Structural analysis

The compressed phase composition of Ti10551 alloy after subjecting it to various

solution treatments has been identified as shown in Figure 5.15. The absence of

a significant martensite peak formation even after compression is quite evident

for all the conditions. The corresponding crystal parameters along with the phase

fractions are tabulated in Table 5.8. As observed in the previous sections, all the

solution treated samples have untransformed large stable β grains and thus show
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Figure 5.15: Diffractograms of Ti10551 compressed samples at different conditions.

almost identical mechanical properties upon compression. The retained β grains

seem to be very stable precluding any martensitic transformation upon quenching

and loading at room temperature. Interestingly, the absence of a PiTTi effect at

room temperature compression testing is in a way plausible, as the as-received

Ti10551 compositions, according to our model predictions, has an Ms temperature

below room temperature.

5.5.2.2 Sub-ambient temperature compression testing

Since the compression curves at room temperature did not show any signs of

martensite formation or martensite plasticity, deformation at lower temperature,

well below the calculated Ms was performed. Compression experiments have been

made at −60 ◦C (Fig. 5.16) for the three solution treated conditions of Ti10551.

However, the sub-ambient temperature experiments do not show any evidence for

the double-yield phenomenon attributed to the PiTTi effect. Instead, simple shear

softening was observed.
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Table 5.8: Lattice parameters of compressed Ti10551 samples.

Lattice parameters (Å)

900 ◦C - 60 min 700 ◦C - 15 min
900 ◦C - 15 min/

700 ◦C - 15 min

β a 3.227 3.229 3.231

α a 2.904 2.909

c 4.642 4.648

phase

fraction
α 0.078 0.048

β 1.000 0.922 0.952

Figure 5.16: Sub-ambient (-60 ◦C) compression testing of Ti10551 alloy samples sub-

jected to different conditions.
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5.5.2.3 Optimization of Ti10551 microstructures

Since the previously followed solution treatments did not result in martensite for-

mation, attempts to tune the experimental parameters (solution treatment tempera-

ture and time, β phase stability and microstructure) have been made. Various new

solution treatments have been performed to alter the as-quenched microstructure,

the β phase stability, and the solute partitioning in order to achieve the PiTTi effect

in Ti10551 alloy. Microstructures obtained from new solution treatments, in which

one was obtained from solutionizing at 850 ◦C for 30 min followed by aging at

550 ◦C for 2 h (Fig. 5.17a), and another treatment at 1100 ◦C for 60 min followed

by cooling to 600 ◦C and aging for 60 min (Fig. 5.17b) are shown in Figure 5.17.

The expected equilibrium α platelets have indeed been observed for these treat-

ments in the α +β regime. Various other solution treatment schemes resulted in

microstructural features of equilibrium α phase, and partly recrystallized β grains

with sub-grain boundaries.

Further, the different solution treated microstructures were compression tested

for studying their martensite formation capability, Fig. 5.18. The stress-strain

curves do not show any double yield phenomenon, associated to the PiTTi effect

in metastable β alloys. Though the presence of α , along with some unknown

precipitates, is neither expected to, nor seen to induce the PiTTi effect, it however

shows an improvement in the compressive strength properties as compared to the

previously analysed microstructures (subsection 5.5.1.1). The increase in strength

that is achieved by changing the microstructure shows promising prospects for the

alloy.

The absence of the PiTTi effect for the developed new solution treated mi-

crostructures at lower α +β temperatures can be explained from quantitative EDS

spot measurements on local β concentrations. Figures 5.19a and 5.19b show the

respective β location of the EDS spot analysis for the two solution treated condi-

tions.

The measured values of selected solution treatments have been applied to the

developed Ms equation for β Ti alloys (equation 4.8 of Chapter 4). Table 5.9

shows the β concentration values of the main elements and their respective Ms

temperatures for the two conditions.
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(a) Presence of equilibrium α flakes in 850 ◦C for 30 min followed by 550 ◦C
for 2 h solution treated microstructures

(b) Initial stages of equilibrium α flakes nu-

cleation in 1100 ◦C for 60 min / 600 ◦C for

60 min microstructures

Figure 5.17: Modification of the Ti10551 microstructure by different solution treatments.

Table 5.9: EDS measured β concentration values for different conditions.

Temperature Method V Cr Mo Al Ti
Ms

(◦C)

Mo eq.

(wt.%)

650 EDS 4.35 8.56 0.57 2.56 bal. <-273 14.6

Thermo-calc

(equilibrium)
14.9 8.53 1.92 4.76 bal. <-273 20.79

600 EDS 3.61 8.43 0.55 2.88 bal. <-273 13.6

Thermo-calc

(equilibrium)
17.9 10.4 2.32 4.29 bal. <-273 26.7
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Figure 5.18: Compressive stress-strain curves of the various new solution treatments of

Ti10551 alloy.

(a) 900 ◦C for 15 min / 650 ◦C for 120 min (b) 1100 ◦C for 60 min / 600 ◦C for 60 min

Figure 5.19: SEM showing EDS spot measurements (circled) at β phase.
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The estimated Ms temperatures of the new treated microstructures are well be-

low the room temperature, in fact even below 0 K. β is enriched with the β stabiliz-

ers and thus making it very stable precluding any transformation upon quenching or

even after loading at ambient temperature. Since for these conditions, the amount

of driving force needed to form the martensite by loading is very high as compared

to the plastic deformation. Hence the Ti10551 alloy subjected to above conditions

deform by slip rather than the martensite formation and thus do not show the PiTTi

effect.

5.6 Characterization of Ti β −21S commercial alloy

Since the Ti10551 alloy does not show a clear PiTTi existence as against the model

predictions, efforts have been made to test the consistency of the model. Another

commercial grade alloy (β − 21S) was considered for assessing its potential for

martensite formation. The as-received β − 21S composition is Ti-14.1Mo-3.5Nb-

3Al-0.14Si-0.32Fe [138, 139], whose reported β transus is 805± 5 ◦C [140]. The

newly developed Ms equation and the established Mo eq. equation have been

applied to the as-received β − 21S composition, resulting in respective values of

∼ 120 ◦C and 13 wt.%. The alloy position in the proposed Ms temperature vs.

Mo eq. plot (Fig. 5.20) show they fall well in the linear relation observed for the

existing alloys. In terms of Ms temperature, their position is in between the two

new alloys Ti1023−B (Alloy 1) - one that shows PiTTi effect, and Ti10551 (Al-

loy 2) - one that does not show PiTTi effect. But the β stability level (i.e. the Mo

eq. value) of β −21S is moderately higher than the desired levels, and that of the

new alloys, for athermal martensite transformation. Hence the alloy seems to be

within the limits of the possibility of PiTTi effect for metastable β alloys. Studies

has been performed on β −21S to observe its potential for PiTTi effect by subject-

ing it to the selected solution treatment conditions (Table 5.3) considered for other

experimental alloys in this chapter.

The as-received structure of the β − 21S alloy is shown in Figure 5.21. A

bi-modal microstructure of needle like α phase along with β has been observed.

The as-received material has been subjected to selected solution treatments in
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Figure 5.20: The prediction of martensite formation capability of β −21S alloy.

Figure 5.21: As-received microstructure of β −21S.

(a) 900 ◦C for 60 min (ST-1) (b) 900 ◦C for 15 min / 700 ◦C for

15 min (ST-3)

Figure 5.22: The solution treated microstructures of β −21S alloy.
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Figure 5.23: Compressive stress-strain curves of β −21S after various conditions.

the β , α+β and β +(α+β ) regime and quenched at high rate, similar to Ti−1023

alloys, using He gas. The solution treated microstructures show that the β was

stable enough to be retained to room temperature for both the ST-1 (Fig. 5.22a) and

ST-3 treatments, where ST-3 treatment showed a predominant β phase along with

the equilibrium α nucleating in the prior β grain boundaries due to the intermediate

α + β annealing before quenching (Fig. 5.22b). The solution treated samples

have been further compression tested in a Gleeble®1500 machine to study their

PiTTi capabilities. Similar to the previously observed PiTTi exhibiting alloys, the

stress-strain curves of the treatments involving an above β solutionizing showed

different characteristics than the other treatments, wherein here a small plateau

after the first yield point, Figure 5.23 has been observed. The signature of PiTTi

effect from our hitherto studies is a clear double-yield phenomenon, which is not

the case here though. Still the occurrence of the same could not be ruled out due

to the low first yield point and the strong slope change after that, in the stress-

strain curves. Further, the stress-strain behaviour of the below β treated sample

does not correspond to any martensite formation, and more or less show a similar

characteristics as the as-received sample.

The corresponding compressed microstructures after ST-1 and ST-3 treatments

are given in Figures 5.24a and 5.24b, respectively. Microstructural features of both
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(a) Solution treated at 900 ◦C for 60 min
(ST-1) and compressed

(b) Solution treated at 900 ◦C -

15 min/700 ◦C - 15 min (ST-3) and

compressed

Figure 5.24: Compressed microstructures of β −21S alloy.

Table 5.10: The estimated Ms and Mo eq. value for the equilibrium β concentration

values obtained from Thermo-calc for different conditions.

Temperature Fe Nb Mo Al Ti Ms(
◦C) Mo eq. (wt.%)

900 (ST-1) 0.32 3.5 14.1 3 bal. 120 13

900/700 (ST-3) 0.49 4.91 21.1 2.4 bal. <-273 21.5

the compressed samples resemble that of the martensite, though that could not be

confirmed from their respective X-ray diffractograms.

Further analysis has been made by estimating the Ms temperature for the

equilibrium conditions of ST-1 and ST-3 treatments of β −21S, (Table 5.10). The

equilibrium β concentration values at the ST-1 and ST-3 treatment temperatures

are obtained by calculations from thermodynamic software, Thermo-calc [100] us-

ing the Thermotech TTTI3 titanium database [101]. The estimated values show

the possibility of martensite for ST-1 but not for ST-3 condition. However, it is

to be pointed out that Thermo-calc gives only the equilibrium values for defined

conditions and thus the soaking time of the solution treatment temperatures is not

relevant for the calculations. Hence the estimated Ms and the Mo eq. values do

not exactly reflect the experimental conditions, where the considered soaking time
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could be far from attaining equilibrium.

Thus, the β−21S does not show clear evidence of martensite formation, which

may be related mainly to the higher β stability levels of this alloy.

5.7 Discussion

The developed Ms vs. Mo eq. plot (Fig. 5.25) was used to define the compositional

window for which a PiTTi effect is to be expected. The commercial composition

of Ti−1023, and the designed alloy Ti1023−B had an Ms temperature well above

the room temperature and thus further solution treatments enriched the β stabil-

ity within the limits of metastable β concentrations in the approximate region as

highlighted in Figure 5.25, thereby inducing more SIM formation than athermal

transformations resulting in improved mechanical properties due to PiTTi effect.

In line with this, it will be interesting to make observations on PiTTi occurrence

in Ti-4Cr-2Mo alloy, which falls near to the PiTTi showing alloys (Ti−1023 and

Ti1023−B, the shaded region in Fig. 5.25). Although the other alloys (Ti-3Al-5Cr

and Ti-6.8Al-1.2Cr-0.74Fe-2.6Mo-4.3V) have an Ms temperature comparable to

the PiTTi alloys, they posses a low Mo eq. value, which reflects a less stable nature

of the β phase. It is very likely that such β phase will undergo other favourable

athermal transformations to ω and β ′ phases. On the other hand, if the β stability

i.e. Mo eq. value, is too high as comparable to the stable β alloys range then even

with a reasonably well above room temperature Ms temperature the possibility of

martensite formation or tailoring the microstructure for optimum PiTTi effect is

minimal as observed for the β − 21S alloy, which did not show an explicit PiTTi

behaviour for the experimented conditions. Hence it is critical to ensure an ap-

propriate (meta-)stability level in order to observe optimum mechanical properties

through PiTTi effect.

Furthermore, in retrospect it has been realized that a design criteria of room

temperature Ms and Mo eq. of ∼11.5 only applies to the fully austenitic state of

the new Ti10551 alloy. Any heat treatment resulting in the formation of α would

lead to the β fraction becoming too stable. The new alloy composition seems to

have slow α kinetics as compared to other systems studied in this thesis. Even after
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Figure 5.25: The Ms vs. Mo eq. plot highlighting the PiTTi showing region for metastable

β alloys.

cooling to a temperature well below β transus, α fraction was found to be lower

than the expected equilibrium value.

In case of the Ti1023−B alloy, though the designed composition had shown

the PiTTi effect, the addition of B did not improve the PiTTi properties to higher

levels than those observed for Ti− 1023 alloy. This is mainly because the forma-

tion of TiB particles did not result in prior β grain refinement by Zener pinning,

which contradicts the general observation of borides pinning the grain boundaries

for many β or α +β alloys [23, 128, 129, 130]. Moreover, it is believed that the

pinning of the TiB particles to β grains is mainly achieved in the fabrication stage

of the alloy, which was not achieved with our as-received Ti1023−B alloy and thus

resulting in their comparable PiTTi properties, if not improved ones, with nominal

Ti−1023. Hence, as any other Ti alloy, the processing or fabrication route of the

PiTTi alloy as well may play a critical role in achieving the final properties.

5.8 Conclusions

A novel alloy design approach has been proposed, wherein the key parameters

like Ms temperature and Mo eq. are optimized to desired values for designing

new alloy compositions. The designed and fabricated two new alloy compositions
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are: 1) Ti-10V-2Fe-3Al-0.1B, for observing the influence of prior β grain size

reduction on PiTTi properties; 2) Ti-10V-5Al-5Cr-1Mo, for achieving optimum

PiTTi properties.

The Ti1023−B alloy exhibit the PiTTi effect with reasonably good properties

comparable to Ti− 1023 alloy. The TiB particles in Ti1023−B did not result in

prior β grain size reduction due to the random distribution of TiB needles in as-

received sample. Redistribution and segregation of those TiB particles along grain

boundaries after homogenizing at 1500 ◦C for 2 h i.e. above the solvus of TiB has

been achieved, however the grain refinement has not been realized.

Ti10551 alloy characterization studies do not exhibit the PiTTi effect for the

considered solution treatments. The β fraction created was found to be highly sta-

ble precluding any transformation upon loading at room temperature. However,

the alloy microstructure has been altered to exhibit improved mechanical proper-

ties. As a further validation to the developed model, the commercial β −21S alloy

has been characterized for martensitic transformation. Though the stress-strain be-

haviour is different for above β involved treatments, it does not show clear evidence

of the typical double yield phenomenon corresponding to the PiTTi effect.



Chapter 6

Comparison of thermodynamic
and neural network model
predictions for Ms in Ti alloys

Notwithstanding careful experimentation the new Ti10551 alloy based on the de-

sign rules following the simple additive Ms equation did not show the intended

PiTTi effect. This may be due to the Ms equation being simple as grain size effects

and alloying element interactions were not taken into account. In this chapter, we

explore the possibility of interactions between the alloying elements by comparing

our Ms predictions ultimately based on data for binary Ti-X systems with a sta-

tistical model for Ms predictions in multicomponent alloys. As stated in Chapter
4, fundamental physical models are best validated for complete datasets with sim-

ple and pre-imposed cross correlations having minimal or no uncertainties. Hence

such an approach has been good for modelling Ms in Ti-binary alloys. However,

for more complex and sparsely populated datasets, non-linear statistical models

using non-prescribed functional relationships, such as Artificial Neural Networks

(ANNs), are more appropriate [106, 110, 141, 142, 143]. Even for a sparsely

filled database the ANNs allows a crude approximation of interaction terms [143].

Such a test on elemental interactions could not be properly made using a physical

model with pre-assumed functions for the interaction terms. The current chapter

109
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deals with incorporating the gathered binary alloys Ms temperature vs composi-

tion database into the existing ANNs model and to make comparisons with the TD

model predictions for both binary and multicomponent systems. Additionally, the

updated ANN model has been used to identify any interactions among main solute

elements that influence the Ms temperature.

6.1 Artificial neural network model

Artificial Neural Networks (ANNs) are a powerful statistical technique that has

found wide application for property estimations within materials science [106, 109,

144, 145]. In general, ANNs follow the following steps: database collection; anal-

ysis and pre-processing of data; selection of architecture, non-linear functions, al-

gorithms and network parameter for training the neural network; testing of trained

network; application of the trained ANNs model [106, 110]. ANNs consist of

simple synchronous processing elements, inspired by nervous systems found in bi-

ology [141, 143]. The basic unit in an ANNs is the so-called neuron. Neurons are

connected to each other by links called as synapses; associated with each synapse

there is a weight factor. The number of neurons in the input and output layers are

determined by the desired number of input and output parameters. Usually neural

networks (NNs) are trained to a particular set of inputs, in order to reproduce as

closely as possible the training data. For reliable training and performance of any

ANNs an appropriate and reliable database is necessary [145, 146, 147, 148].

For this study, the well established ANNs model for Ti alloys developed by

Malinov and co-workers has been considered [109, 143]. The ANNs model has

been developed for simulation of time-temperature-transformation (TTT) curve

and Ms temperature estimation as function of composition for Ti alloys. The model

has been designed following the standard back-propagation multilayer feedforward

network and trained with reliable and extensive literature databases on transforma-

tion kinetics to perform complex functions. The general scheme of the model

considered is shown in Fig. 6.1 as presented in [109]. The main input layer of

the ANNs model is the chemical compositions of the alloys involving common el-

ements (Al, Mo, Sn, Zr, Cr, Fe, V, Cu and O). The output layer is either the TTT
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Figure 6.1: Schematic of the artificial neural network model for simulation of TTT dia-

grams and Ms temperature of Ti alloys [109].

Table 6.1: The compositional ranges of the new datasets.

Alloying

elements
Fe Cr Mo V Nb Zr Al

Concentration

range, wt.%
0-4.5 0-5.5 0-10.4 0-12.7 0-32.7 0-32.3 0-12.4

diagram or the Ms temperature.

As the ANNs model has a database predominantly derived from TTT di-

agrams, it has been decided to update and improve the existing ANNs model

with the datasets collected for developing our thermodynamic model presented

in Chapter 4. New input data consist of the composition and Ms temperatures of

various Ti−X binary systems, where the alloying element X is of Fe, Cr, Mo, V,

Nb, Zr and Al, obtained from literature (see Chapter 4) in the ranges as tabulated

in Table 6.1. The updated database has then been used to retrain the ANNs using

various transfer functions [143]. The new ANN based on binary and multicompo-

nent alloys is then used to predict Ms values and to reconstruct approximate cross

interaction relations between various elements.
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Figure 6.2: Performance of the ANNs model Ms predictions to that of Ms experimental

values for Ti-binary systems.

6.2 Application of ANN model

6.2.1 ANN predictions and validation of Ms

The trained new ANN model has been applied to the Ti-binary systems that were

obtained from the literature [97, 98, 99, 124, 125]. The binary elements considered

are Fe, Cr, Mo, Cu, V, Nb, Zr and Al. The ANN model Ms predictions for binary

alloys were compared with the literature values. Fig. 6.2 shows the ANN predic-

tions vs. the experimental values of Ms. A good agreement is obtained except for

a few results from specific author [98].

The Ms using the ANN model has been extended to the Ti-multicomponent

systems involving any of the Fe, Cr, Mo, Cu, V, Nb, Zr and Al elements. A mini-

mum amount of 0.1 wt.% oxygen and 0.15 wt.% Fe has been considered, irrespec-

tive of their presence in system constituents, for all the calculations. The predicted

Ms values of the ANN calculations are compared with the experimental Ms values

[97, 98, 99, 124, 125] in Fig. 6.3. The predictions for the multicomponent systems

are within ±50 ◦C of the reported experimental values i.e. within the scatter band

given in Fig. 6.3.

The ANN model predictions for both the binary and multicomponent systems

are quite good and hence can be considered as an appropriate benchmark for vali-
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Figure 6.3: Performance of the ANNs model Ms predictions to that of Ms experimental

values for Ti-multicomponent systems.

dating our thermodynamic based predictions.

6.3 Comparison between thermodynamic and neural net-
work model predictions

The predictions of both models, the new ANN model presented in the above section

and the Thermodynamic (TD) model presented in Chapter 4 are now compared.

Figure 6.4 shows the comparison for Ti-binary system data. The comparison shows

slight deviations mainly in the predictions of Al, and few data points of Fe and

Cr but, in general, all results fall within the limits of ±50 ◦C scatter band also

found for the comparison of both models to experimental data, Fig. 6.4. The Ti-Al

systems show larger deviations due to the use of deviating data for Ti-Al [97, 98]

in the training of the ANN model.

Similarly, the Ms results of both models have been compared for multicom-

ponent alloys. The physical model for Ms is based on a simple linear additivity

rule, excluding any element interaction term, similar to the Andrews model for the

prediction of Ms in ferrous alloys [104]. Figure 6.5 shows the comparison of both

models, in which the acceptable scatter band of ±50 ◦C is highlighted. In general,

the agreement between both the models is unsatisfactory. However, when com-
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Figure 6.4: Comparison of TD and ANNs model Ms predictions for Ti-X binary systems.

Figure 6.5: Comparison of TD and ANNs model Ms predictions for Ti-multicomponent

systems.
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Figure 6.6: Comparison of TD and ANNs model Ms predictions with experimental values.

paring the Ms predictions from both models to experimental data (Figure 6.6), it

is clear that the misfit is related to the modest performance of the thermodynamic

model for Ms based on the additivity principle for individual alloying elements.

Ignoring the factors related to interactions among solute elements on the Ms pre-

dictions, specifically for multicomponent systems, could play a decisive role in the

accuracy of the TD model predictions.

6.4 Identification of solute interactions

One of the key factors that has not been considered in our TD model is the solute

interaction contributions to the overall driving force for martensitic transformation

(−ΔG at Ms), which may have a noticeable significance when dealing with multi-

component systems. Thus attempts have been made using the updated ANN model

to determine if any interactions exist among the main solute elements. Such ob-

servation may lead to clarify the discrepancies in the TD Ms model predictions for

multicomponent systems.

6.4.1 Method

The variation of Ms temperature as function of solute concentration for Ti-X bi-

nary systems involving the main solutes (X = Fe, Cr, Mo, V and Al) has been
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considered. For each binary systems, except Ti-Al, the solute concentration that

result in a Ms temperature of approximately 500 ± 50 ◦C has been chosen as the

base composition from which the interaction effects in ternary systems have been

quantified. The initial binary Ms temperature of 500 ± 50 ◦C was chosen as it is

in the middle of the validated Ms vs composition range. The Ti-Al system has not

been considered mainly because Al has the tendency to increase the Ms tempera-

ture, and its interaction with other solutes would not, in general, decrease much the

Ms as per our requirements. The calculations are performed in the updated ANN

model by varying the ternary element concentrations and recording the respective

variation in Ms temperature. For instance, in Ti-Fe system, it is assumed that 2

wt.% of Fe leads to a Ms temperature of ∼500 ◦C, then in such system the addi-

tion of, for example, Mo at varying concentrations (i.e., Ti-2Fe-XMo) would lead to

identify the nature of Fe-Mo interaction by its influence on the resulting Ms tem-

perature trend. It is made sure that the concentration variations of ternary element

are limited within the existing range (refer to Table 6.1).

Generally, the interaction effect on Ms is classified in three categories: i) posi-

tive (+), meaning the slope of the Ms trend is stronger than expected, on the basis of

simple superposition of the binary dependencies observed in TD model; ii) neutral

(0), meaning the slope of the Ms trend is as expected; and iii) negative (-), meaning

the slope of the Ms is opposite to the expected trend.

6.4.2 Results and discussion

The binary solute concentration (in wt.%) that results in a Ms temperature of ∼500

± 50 ◦C was deduced from the Fig. 4.3 of Chapter 4, which correspond to Ti-10V,

Ti-8Mo, Ti-4Cr and Ti-2Fe systems. In Figure 6.7, the Ms temperature is plotted

as a function of the alloying element concentration for the base binary system (i.e.,
to the left of the 0 wt.% point). The change of Ms with the concentration of the

ternary alloying elements (Fe, Cr, Mo, V or Al) is plotted on the right hand side

of the 0 wt.% point. Figure 6.7a shows the interaction trend for Ti-10V-Xi system,

where i = Fe, Cr, Mo and Al. Similarly the interaction trend for Ti-8Mo-Xi, Ti-4Cr-

Xi and Ti-2Fe-Xi systems are shown in Figures 6.7b, 6.7c and 6.7d, respectively.

Corresponding Tables 6.2, 6.3, 6.4 and 6.5 show the slope of the Ms variation due to
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(a) Ti-10V-Xi interaction (b) Ti-8Mo-Xi interaction

(c) Ti-4Cr-Xi interaction (d) Ti-2Fe-Xi interaction

Figure 6.7: ANNs model Ms temperature variation as function of concentration of binary

solutes in the defined system, and their interaction with varying concentrations of other

ternary solutes.

the interaction of the ternary solutes obtained using both the updated ANN model

and the linearized TD model (equation 4.10 of Chapter 4) along with the nature

of their interactions. The TD model shows the expected influence on the basis

of the simple linear superposition of the binary dependencies. By comparing the

expected slope (TD model) to the observed slope (ANNs model) the nature of the

interaction effect due to addition of that particular element is deduced.

From the Figures and Tables, it is clear that the interactions are present, and

they alter the Ms of the considered systems to a certain magnitude. The obser-

vations show (Fig. 6.7c and Table 6.4) that the Cr exhibit little or no interaction

effects, and the behaviour of the ternary Ti-4Cr-Xi systems is as predicted by the
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Table 6.2: The ternary interactions effect on Ms in the Ti-10V-Xi systems.

Ti-10V-Xi
ANN Ms

slope / %

TD Ms

slope / %

Interaction

effect

Fe 65 -50 –

Cr -55 -25 0

Mo 53 -8 –

Al -69 2 –

Table 6.3: The ternary interactions effect on Ms in the Ti-8Mo-Xi systems.

Ti-8Mo-Xi
ANN Ms

slope / %

TD Ms

slope / %

Interaction

effect

Fe -11 -50 0

Cr -18 -25 0

V 7 -7 0/-

Al -13 2 0/-

Table 6.4: The ternary interactions effect on Ms in the Ti-4Cr-Xi systems.

Ti-4Cr-Xi
ANN Ms

slope / %

TD Ms

slope / %

Interaction

effect

Fe -44 -50 0

Mo 1 -7 0

V -36 -7 0

Al -16 2 0/-
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Table 6.5: The ternary interactions effect on Ms in the Ti-2Fe-Xi systems.

Ti-2Fe-Xi
ANN Ms

slope / %

TD Ms

slope / %

Interaction

effect

Cr -25 -25 0

Mo 32 -7 –

V 6 -7 0/-

Al 20 2 0

additivity rule. Figures 6.7a, 6.7c, 6.7d and Tables 6.2, 6.4, 6.5 show that the ad-

dition of Mo leads to an increase in Ms rather than the predicted decrease. Clearly

there is a very strong interaction between Mo, on the one hand and V, Fe and Cr.

However, for higher Mo contents (Fig. 6.7b and Table 6.3) the interactions seemed

weaker. Figures 6.7a, 6.7d and Tables 6.2, 6.5 also point a noticeable interaction

effects for Fe-V and Al-V. The rest other interactions seemed weaker.

The above observations clearly imply that interaction terms among the solute

elements involving Fe, Mo, V and Al have to be considered for β multicomponent

Ti systems in order to estimate their Ms temperature with better precision. Not con-

sidering this aspect in the TD model design of the new multicomponent metastable

β Ti alloy, Ti-10V-5Al-5Cr-1Mo (Ti10551), involving the solute elements that in-

fluence the Ms temperature due to their interactions, might well be one of the rea-

sons for not observing the PiTTi effect in the new alloy. It can be contemplated that

such strong interactions could have decreased the alloy Ms temperature to the ob-

served well-below room temperature levels, which may have resulted in β reaching

the highly stable state that was observed for the new alloy.

6.5 Conclusions

The newly updated ANN model Ms predictions are in good agreement with the lit-

erature experimental values for both the binary and multicomponent systems. Such

ANN model have been used as an additional validation tool to the thermodynamic

based Ms model predictions. For binary Ti systems, the predictions of both models
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are quite comparable and fall within the acceptable scatter range of ±50 ◦C. How-

ever, for multicomponent systems the Ms equation predictions are quite anomalous

and were not in agreement with the ANN predictions.

Using the updated ANN model, the existence of interactions among the main

solutes Fe, Cr, Mo, V and Al has been identified. It can be concluded that strong

interaction effects exist for Mo-(Fe, V), Fe-V and V-Al that can significantly influ-

ence the Ms temperature of any related systems. Based on this study the interaction

effects for Cr with other elements seemed negligible. It should be pointed out that

the above conclusions are based on the ANN model trained with data from rel-

atively few multicomponent alloys, and should be regarded as indicative at this

moment.



Summary

Titanium alloys possess good corrosion properties, high temperature stability and

high strength-to-weight ratio. However, they fall short in providing the optimum

strength-ductility relation in the most demanding structural applications, includ-

ing the aerospace sector. Inspired by the possibility of enhancing the strength-

ductility relation in steels through the TRIP effect, this thesis elucidates at identify-

ing and quantifying the key factors that effectively control and/or promote such ef-

fect (termed here as Plasticity induced Transformation in Titanium alloys (PiTTi)),

and exploring the plausible property improvements it may lead in metastable β
titanium alloys. Controlling the key factors that effectively promote such effect

through experimentation, and a novel theoretical alloy design methodology could

lead to new grades of titanium alloys.

The current trends in improving the existing property limits of titanium alloys

are reviewed in Chapter 1. The possibility of applying the deformation induced

martensitic transformation concept to explore for the potential property improve-

ments it may lead in titanium alloys, specifically metastable β alloys, is highlighted

in reference to the successful TRIP category of ferrous alloys.

The occurrence of plasticity induced martensitic transformation and their ef-

fect on tailoring mechanical properties is demonstrated in Chapter 2. Detailed

characterization on two commercial metastable β alloys (Ti− 1023 and β −Cez)

is performed. The microstructural features of the considered β alloys has been

modified via various solution treatment conditions. Experimental investigations

distinctly show the occurrence of PiTTi in the commercial near β type Ti− 1023

alloy system. Such formation of martensite is reflected with a double yield-point

121
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like behaviour in the compressive stress-strain curves. Strength improvements up

to ∼20 % were achieved due to PiTTi in Ti−1023. The solution treatment param-

eters promoting the capability to undergo such hardening via martensite formation

upon loading have been identified and usually involve a β solutionizing. However,

the β −Cez alloy does not show a distinct presence of PiTTi effect for the various

solution treatment conditions considered. Moreover, the different microstructural

features after various solution treatments do not result in any noticeable variation

or improvement in compressive properties. The tunability of the microstructure is

necessary to understand further the controlling factors of PiTTi effect in β −Cez.

Further experimentation in Ti− 1023 lead to the understanding of the indentation

and tribological characteristics of the PiTTi promoting phases for the different so-

lution treatment conditions.

In Chapter 3, the various key factors that control and/or promote the stress in-

duced martensite formation have been identified for Ti−1023 alloy for the various

solution treated conditions considered in Chapter 2. The solute partitioning of the

elements among the α and β phase is quite evident and alters the Ms temperature

locally for various solution treatment conditions. It may be postulated that solution

treatments: i) involving above β transus temperatures result in a partially trans-

formed and compositionally homogenized microstructure, though the nominal V

content is not reached; ii) involving below β transus temperatures (i.e. below 795
◦C), result in diffusional formation of α , which rejects V and Fe while absorbs

Al. Given the large fraction of α formation at low temperatures, the retained small

β domains contain β stabilizers (V) and eutectoid (Fe) elements; increasing their

stability such that martensite is not formed upon quenching. The reduction of grain

size down to the range of 100 to 200 μm by selection of lower solution treatment

temperatures and shorter times at just above β transus (820 ◦C for 15 min) resulted

in a moderate improvement of alloy ductility while retaining the same strength level

as obtained through PiTTi effect. However, the smaller grain size did not affect

the two critical stress levels in SIM formation. Similarly, increasing the α phase

fraction by a solution treatment involving longer soaking time at below β phase

regime (900 ◦C for 15 min followed by 700 ◦C for 60 min) precludes the marten-

site formation and thereby the improvement in PiTTi properties. Furthermore, the

temperature dependence of the strength improvements stemming from PiTTi effect



Summary 123

is evident. However, the PiTTi formation capability, upon compression, disappears

with an increase in deformation temperature, as demonstrated from X-ray mea-

surements. The temperature at which the effect disappears is identified as 233 ◦C,

which is comparable to the predicted Ms value of 240 ◦C for Ti− 1023 using the

developed Ms prediction model.

Considering the critical role of the athermal Ms temperature on PiTTi effect,

in Chapter 4, a thermodynamic model to predict the martensite start temperature

(Ms) as function of solute concentration was developed for β Ti alloys. Following

Olson and Cohen’s theory on martensite nucleation and Ghosh-Olson’s approach, a

model representing the compositional dependence of the critical energy for marten-

site formation for Ti alloys involving BCC to HCP lattice transformation energet-

ics has been developed. The model successfully reflects the energy contribution

of each binary element towards the martensite formation. It was found that the

solute-dependent exponent is 1.5 for Ti-binary systems but the data can also be

approximated reasonably well using a linear dependence, to allow comparison to

the Mo equivalence equation. It agrees well with that of the BCC to HCP transfor-

mations. The model has been successfully applied to binary systems of Ti with Fe,

Mn, Cr, Mo, Cu, Ni, V, Nb, Zr and Al, and reproduced quite well the reported Ms

data within an accuracy of ±50 K. Extending further the binary Ms predictions to

generic multicomponent β systems, an equation is postulated assuming non-linear

dependence with solute concentrations. The equation ignores the interaction be-

tween solute elements and β grain size dependence. A linear relation has been

observed between the postulated Ms equation and the already established and fre-

quently employed Mo equivalence criterion for β Ti alloys, effectively validating

the proposed equation for Ti-multicomponent systems. The application of the de-

veloped thermodynamic based Ms model equation to the above β (900◦C - 60 min)

solution treated condition of Ti−1023 alloy show athermal martensite formation in

accord to the Ms prediction value. However, for the below β conditions the equa-

tion predicts martensite formation against observations mainly due to neglecting

the grain size effect, which is critical for smaller β domains.

In Chapter 5, a novel alloy design methodology, based on the developed Ms

equation and the established β stability requirements of Chapter 4, is proposed

wherein the respective parameters like Ms temperature and Mo eq. are optimized



Summary 124

to desired values for designing new alloy compositions. Such approach was ap-

plied to propose a new alloy grade of metastable β Ti alloy, Ti-10V-5Al-5Cr-1Mo

(Ti10551) alloy, fulfilling the desired criteria of at or around room temperature

Ms with adequate β metastability, for potential PiTTi effect. The other new alloy

composition is: Ti-10V-2Fe-3Al-0.1B (Ti1023−B), where the B is considered to

realize the prior β grain size reduction and its eventual influence on PiTTi proper-

ties. The prototype new alloy compositions were fabricated. Detailed characteri-

zation of the two new alloys for plasticity induced martensitic transformation after

various solution treatments has been performed. The Ti1023−B alloy exhibited

the PiTTi effect clearly with similar characteristics, and comparable properties as

Ti−1023 alloy except for the presence of hard TiB particles. However, the random

distribution of TiB needles did not result in the intended prior β grain size reduc-

tion in the as-received sample. Further homogenizing treatment at 1500 ◦C for 2 h
i.e. above the solvus of TiB did result in redistribution and segregation of the TiB

particles along grain boundaries. However the grain refinement was not realized.

Ti10551 alloy states studied did not exhibit the PiTTi effect for the considered

solution treatments. The achieved β seem to be highly stable precluding any trans-

formation upon loading at room temperature. However, the alloy microstructure

is altered resulting in improved mechanical properties. As a further validation to

the developed model, the commercial β − 21S alloy is characterized for marten-

site formation. Though the stress-strain curve behaviour is different for above β
involved treatments, it does not show a clear evidence of the typical double yield

phenomenon corresponding to PiTTi effect.

In Chapter 6, additional validation of thermodynamic (TD) based Ms model

predictions is performed. The TD results are compared with the most powerful

statistical based neural network model present in the literature. This ANNs model

was first updated with the gathered Ms vs. composition database of several Ti-X
binary systems resulting in a newly updated ANN model. The new ANN model

predictions are in good agreement with the literature experimental values for both

the binary and multicomponent systems. Additional validation of thermodynamic

based Ms model predictions with such newly updated ANN model predictions have

been performed. For binary Ti systems, the predictions of both models are quite

comparable and fall within the acceptable scatter range of ±50 ◦C. However, for
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multicomponent systems the Ms equation predictions are quite anomalous and were

not in agreement with the updated ANN predictions. Using the updated ANN

model, the existence of interactions among the main solutes Fe, Cr, Mo, V and

Al has been identified. It can be concluded that strong interaction effects exist for

Mo-(Fe, V), Fe-V and V-Al that can significantly influence the Ms temperature of

any related systems. Based on this study the interaction effects for Cr with other

elements seemed negligible.

In conclusion, the thesis explains the following key points: i) Identifying

the conditions and main factors for occurrence and tailoring of PiTTi effect in

metastable β alloys for strength improvements than the existing levels with clear

illustration using Ti−1023 alloy; ii) proposing a thermodynamic based model for

prediction of martensite formation (i.e., Ms temperature) in both binary and multi-

component β titanium alloys with effective validation; and iii) proposing a novel

alloy design methodology for designing new grades of titanium alloys meeting the

at or around room temperature Ms and ample β metastability requirements for po-

tential PiTTi effect.

Finally, the achieved property improvements due to PiTTi effect in Ti−1023

can be extended to generic metastable β systems given that a proper control of

the proposed factors, and a more refined model for the Ms temperature of multi-

component systems, taking into account solute interaction effects, are established.

Optimizing the microstructure while being able to manipulate the morphology of

the existing phases on the basis of integrated kinetics model will allow further fine

tuning of the conditions for β → martensite transformation. Implementing the

microstructural features into the developed Ms model can lead to simultaneous op-

timization of the alloy compositions and the heat treatment parameters. Finally,

addressing the mentioned points shall lead to development of new grades of tita-

nium alloys with tailored properties for applications in the aerospace and related

fields involving high strength and formability requirements.
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Samenvatting

Titanium legeringen hebben normaliter goede corrosie eigenschappen, een hoge

temperatuurstabiliteit en een hoge specifieke sterkte. Ze schieten echter tekort op

de combinatie van sterkte en vervormbaarheid voor een aantal veeleisende toepassin-

gen, zoals die gevonden worden in de lucht- en ruimtevaart. Geïnspireerd door de

mogelijkheid om in staal de sterkte/vervormbaarheidsverhouding te verhogen door

het zgn TRIP effect, tracht dit proefschrift de belangrijkste factoren voor het optre-

den van plastische vervorming geïnduceerde transformatie (in dit proefschrift be-

noemd als het PiTTi effect) in titanium legeringen te identificeren en daar waar mo-

gelijk te kwantificeren. Voldoende kennis van deze factoren en bijpassende nieuwe

legeringsontwerp-strategieën zou kunnen leiden tot nieuwe titaniumlegeringen met

verbeterde mechanische eigenschappen.

De huidige methodieken voor het verbeteren van bestaande titaniumlegerin-

gen is samengevat in Hoo f dstuk 1. Speciale aandacht wordt besteed aan de moge-

lijkheid om via plastische vervorming geïnduceerde transformatie de eigenschap-

pen van titanium legeringen verder te verbeteren, onder verwijzing naar de gere-

aliseerde verbeteringen in TRIP staalsoorten.

Het optreden van plastische vervorming geïnduceerde transformaties in tita-

niumlegeringen en het effect op de mechanische eigenschappen is beschreven in

Hoo f dstuk 2. Daarin wordt ook een gedetailleerde studie naar de microstructuur

en eigenschappen van 2 commerciële legeringen (Ti−1023 en β −Cez) gepresen-

teerd. De microstructuur werd bepaald via diverse oplosbehandelingen. De ex-

perimentele resultaten laten duidelijk zien dat positieve PiTTi effecten op kunnen

treden in Ti−1023 legeringen. De vorming van martensiet leidt tot een kenmerk-

127
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ende kracht-rek kromme met een dubbele vloeigrens. Toenames van 20 % in de

compressie sterkte werden via deze methode gerealiseerd. Soortgelijke effecten

werden in β −Cez legeringen niet waargenomen, niet tegenstaande een soortgeli-

jke microstructuur verandering. Aanvullende experimenten leidde tot een verbe-

terd inzicht in de indentatie- en tribologische eigenschappen van de verschillende

fasen die door de warmtebehandeling gevormd werden.

In Hoo f dstuk 3 worden de belangrijkste factoren voor het optreden van het

PiTTi effect nogmaals bestudeerd. Het optreden van locale herverdeling van le-

geringselementen tijdens de oplosgloeibehandeling bleek cruciaal omdat dit leidt

tot locale verschuivingen in de martensiet-start temperatuur, Ms. Op basis van de

experimenten wordt geconcludeerd dat i) gloeibehandelingen boven de β -transus

temperatuur leiden tot locale element-herverdelingen, waarbij het legeringsele-

ment V zijn evenwichtswaarde nog niet bereikt, ii) gloeibehandelingen onder de

β -transus temperatuur leiden verdere groei van de α-fase en verlaging van het

locale V en Fe gehalte en verhoging van het Al-gehalte. De verkleining van de

gemiddelde korrelgrootte tot circa 100 μm leidde tot een beperkte verbeteringen

van de vervormbaarheid met behoud van de compressiesterkte. De kleinere kor-

relgrootte had geen effect op de twee kritische spanningsniveaus voor de vorming

van spannings-geinduceerde martensiet (SIM). Verlenging van de gloeibehandel-

ing leidde tot een verdwijnen van de martensietvorming en een verlies van het

PiTTi effect. De temperatuursafhankelijkheid van het PiTTi effect is vastgesteld

en bleek zeer significant te zijn. Het effect verdwijnt bij hogere temperaturen, het-

geen door onafhankelijke aanvullende Röntgendiffractie metingen werd bevestigd.

De kritische temperatuur voor het PiTTi effect werd bepaald op 293 ◦C wat goed

overeenkomt met de voorspelde Ms temperatuur van 240 ◦C.

Gelet op het grote belang van het optreden van een martensitische transfor-

matie en daarmee het belang van de Ms temperatuur, wordt in Hoo f dstuk 4 een

model voor de martensiet start temperatuur als functie van de legeringssamen-

stelling gepresenteerd. Het model is gebaseerd op de Ghosh-Olson methodiek voor

het voorspellen van de martensietovergang in staal. Het resulterende model voor-

spelt de legeringselement afhankelijkheid van de Ms in binaire legeringen met zeer

goede nauwkeurigheid. Anders dan in het geval van ijzer-legeringen bleek de ver-

schuiving van de Ms te schalen met de concentratie X1.5. De Ms temperaturen
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konden binnen ±50 ◦C nauwkeurig voorspeld worden voor de legeringselementen

Fe, Mn, Cr, Mo, Cu, Ni, V, Nb, Zr en Al. De binaire elementbijdrages werden

vervolgens gesommeerd in een eenvoudig model voor Ms van meervoudige leg-

eringen, met verwaarlozing van elementinteracties en korrelgrootte effecten. Niet

tegenstaande zijn eenvoud werd een goede lineaire relatie tussen de berekende Ms

temperatuur en het zgn. Molybdeen equivalentiegetal gevonden. Toepassing van

het model op de boven de β -transus temperatuur gegloeide materialen leidde tot

een correcte voorspelling van het optreden van de martensiet transformatie.

In Hoo f dstuk 5 wordt een nieuwe legeringsoptimalsatiemethodiek op basis

van het Ms-samenstellings model van Hoo f dstuk 4 gepresenteerd. Deze method-

iek leidde tot een metastabiele legering Ti-10V-5Al-5Cr-1Mo (Ti10551) welke

voldeed aan de eis van een Ms temperatuur rond kamertemperatuur en voldoende

β -stabiliteit. Een andere nieuwe legering is de Ti-10V-2Fe-3Al-0.1B (Ti1023−B)

legering waarbij de toevoeging van Borium geacht wordt te kunnen leiden tot sub-

stantiële korrelgrootteverfijning. Deze experimentele legeringen werden vervol-

gens extern vervaardigd en in de context van dit proefschrift uitvoerig bestudeerd.

De Ti1023−B legering vertoonde soortgelijke karakteristieken als de B-vrije vari-

ant. Als gevolg van de vorming van grote B-houdende uitscheidingen werd de

beoogde korrelgrootte reductie niet gerealiseerd, ook niet na een extra oplosbehan-

deling op 1500 ◦C. De tevens geproduceerde Ti10551 legering vertoonde echter

voor geen van de warmtebehandelingen het beoogde PiTTi effect. De afwezigheid

van dit effect wordt toegeschreven aan een te hoge stabiliteit van de ingevroren

β -fase. Aanvullende metingen aan de commerciële β −21S legeringen lieten wel

een andersoortige kracht-rek kromme zien, maar niet het beoogde deformatie geïn-

duceerde transformatie gedrag.

In Hoo f dstuk 6 wordt het eerdere thermodynamica gebaseerde model voor

de Ms van binaire legeringen nader onderzocht door de voorspellingen te verge-

lijken met die van een statistisch Kunstmatig Neuraal Netwerk (ANN) model. Dit

model was eerst bijgewerkt met de resultaten van de binaire legeringen waaraan het

thermodynamische model gevalideerd was. Zowel het thermodynamische model

als het ANN model gaven een nauwkeurige voorspelling van de Ms temperatuur

van de binaire legeringen maar uit de analyse voor multicomponent legeringen

bleek dat legeringselement-interacties, met name die tussen Mo-(Fe, V), Fe-V en
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V-Al een significant effect op de Ms hebben. Daarentegen bleek Cr nauwelijks een

interactie-effect met andere leveringselementen te hebben.

Kort samengevat: dit proefschrift beschrijft de condities leidend tot vervorm-

ing geïnduceerde martensietvorming in Titanium legeringen, presenteert een ther-

modynamica gebaseerd model voor de Martensiet start temperatuur Ms in binaire

Ti-X legeringen en beschrijft een nieuwe methodiek voor het ontwerpen van ver-

beterde Titanium legeringen.

De gerealiseerde verbeteringen in de eigenschappen van Ti− 1023 legerin-

gen leidden tot een generiek model voor betere metastabiele β -legeringen. In de

toekomst dient het onderliggende model uitgebreid te worden met de effecten van

legeringselement-interacties en microstructurele effecten. Uiteindelijk kan deze

methodiek en het onderliggende model leiden tot nieuwe titanium legeringen met

aantrekkelijker eigenschappen voor toepassingen in de lucht- en ruimtevaart, waar-

bij een hoge strekte gekoppeld dient te zijn aan een hoge vervormbaarheid.
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