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Charter 1

Chapter 1 Introduction

1.1 Titanium and titanium alloys

Titanium and its alloys areelative newcomexto the field of structural materials compared with steel
and aluminum alloysThe high strengttio-density ratio and the excellent corrosion resistance in titanium
and its alloys make them more and more attractive for a variety of applicftioriehe comparison of
strengthto-density ratio of different alloys ishown in Fig. 1.1The applications of Ti and its alloysclude
aircraft (high strength in combination with low density), aengines (high strength, low density and good
creep resistance to about 5%0), biomedical devices (high corrosion resistance and high streagth)
components in chemical processing equipmeatrdsion resistance)lhe relatively highcost of titanium
alloysinitially limits their wider use for example in automotive applicatio® minimize the inherent cost
problem, successful applications mteke advantage of the special features and characteristics of titanium
alloys that differentiate them from competing engineering materials. This requires a more complete
understanding of titaniuralloys, including the interplay between cost,qassing mthods and performance.
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Fig. 1.1 Strengtiio-density of different alloys [2].

1.1.1  Crystal structure in pure Ti

There are two types of crystal structures can be obtained in pW#h@n the temperature is higher than
882°C, it exhibits a bodyentered cubic (BCC) crystal structure, nanielyhase. When the temperature is
lower than 882C, it exhibits ahexagonal clospacked (HCP) crystal structymreamelya phasql]. In other
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words, an allotropic phase transformatiows at 882C. The crystal structuref a phaseandb phaseis
respectivelyshown in Fig. 12(a) and (b) The lattice parameters for pueeTi at room temperature is
a=0.295 nm and ¢=0.468 nm. The resulting c/a 1iatib.587 The c/a ratio is influencebly the interstitial

and substitutional elements and its value is usually smaller than the ideal c/a ratio of 1.633 for the HCP
structure. There are three types of most densely packed lattice planes: the basal (0002) plane, the three
prismatic {1@O0} plane and the six pyramidal {ifll} plane. The clos@acked direction is <ID>. The

lattice parametefior pureb Ti at 900°C is a=0.332 nmlhere are six most densely packed {110} planes, and

the close packed directions are the four <111> directions.

(b) |

0.468 nm

0.295 nm

a, a

Fig. 1.2Crystal structure of (a) HC® phase and (b) BC8& phase [1].

1.1.2  Alloying elements

The alloying additiongan alter both thea/b transformationtemperatureand different elements can
result in different mechanical propertiesf Ti alloys [1]. Depending on whether the alloying elements
increase or decrease th# transformatiortemperature, thegre usually classified inta or b stabilizers.

The substitutional element Al and theerstitial elements O, N and C are allstabilizerswhich can
increase the/b transus temperature with increasing the solute content, as shown lghémeatic phase
diagram in Fig. 1.&). Because Als the only common metavhich can rais¢he ransition temperature and
haslarge solubility in both the@ andb phasesAl is the most widely used alloying element in Ti alloys
Generally, lhe Al contentin multi-componentTi alloys is limited to about 6%, because the formatiom of
brittle TisAl (a2) phase at a higher content of Al can léac decrease in ductilitfzhe different content of
oxygenas an alloying element in Ti is used to obtain the desired strengthThisls especially true for the
different pure TiOthera stabilizers such a3, Ga, Ge and the rare earth elemgarts not used commonly,
because of theimuch lowersolubility as compared to Al and O. In order to express the effecstdbilizers

in multicomponent Ti alloys, an equivalent Al content was made by the following eq[&tion
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[Al]l, =[A]+0172r] +033S{+1q0]  (Egn. 1.1)

Other alloying elements, such as V, Mo, Nb, Hf, Ta, Mn, Cr, Cu, Ni, Fe, Co, Au, Ag, W, Pt and Pb, can
decrease tha/b transus temperature with increasing the solute content and thus are knowtabiizers.
They are usually transition metals and noble metals in the periodic table which have unfilleefibedgust
d-electron bands. Thegestabilizers can be further divided infbosomorphous elemen{g: case of V, Mo,
Nb, Hf and Ta)andb eutectoid forming elementén case of Mn, Cr, Cu, Ni, Fe, Co, Au, Ag, W, Pt and,Pb)
depending onwhether or not a solid solution / eutectoid compound exists at a sufficiently elevated
temperatureBoth types of phase diagrams are shown schematically irLB{tp) and (c). Similarly toa
stabilizers, the effect db stabilizers were also expressed in terms of Mo equivalency depending on the
amount of binary additions required to suppress the martensitic start temperature to go below room
temperature. The equlent equation is as follows]:

[Mo],, =[Mo] +0.2Ta] +0.28 Nb] + 0.4 W] +0.67V] +1.25Cr] +1.29 Ni]

+1.7[Mn] +1.7[Co] + 2.9 Fe]
In addition, there exist some elements, such as Zr, Hf and Sn, which have behave moeeatrkdls

(Egn. 1.2)

(as shown in Fig..B(d)), because they lower thagb transformation temperature slightly but again increase
it at higher concentrationsZr and Hf are isomorphous with Ti and they exhibit allotropic phase
transformation fronb to a. Because of the chemical similarity of Zr to Ti, Zr is considered s&blizer.

Sn on the other hand belongs to theutectoid forming elements but has no effect oratharansformation.

But Sn is also considered asstabilizerbecause Sn can replace Al in the hexagonal orderdd (fa.)

phase.
(a) (b) (c) (d) \
B

a+p = B
£ B
K a Q0+ p+Comp a

/ at+Comp
Ti astabilizer  Ti B stabilizer Ti B stabilizer Ti  peutral
B isomorphous B eutectoid

Fig. 1.3Effect of alloying elements on phase diagrams of Ti alloys (schematically) sfapilizers, (b

isomorphous elements, (o)eutectoid elements and (d) neutral elem§tits

1.1.3  Alloy classification

Commercial Tialloys are classified conventionally into three differeategoriestalloy, UHop and
b all oy, depending on the equilibrium -quarehedetate, a t
as shown in Fig. 1.4
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A a Alloy
o
-
‘E o+ Alloy B Alloy
8 |
g N Metastable i Stable
~ \\\ ]
\\ (I—l-B B i
Mg !
o \ i
RT ‘ ' -~

p Stabilizer Concentration

Fig. 1.4 Pseudbinary section throughtaisomorphous phase diagram (schematically), showing three types

of Ti alloys [1].

1.1.3.1 Commercially pure (CPA anda alloys

Alloys in this groupinclude the various grades of @Pand alloys whictcontain only small amounts of
a stabilizers such as Fe and W'he microstructure mainly consists afphase with a small amount bf
phase presented to pin the grain boundaries [1].bThbhase is helpful in controlling the recrystallizad
grain size ad improves the hydrogen tolerance of these alloys. Whila allloys offer good corrosion
resistance due to the stable oxide layer on the material, CP Ti does not meet the strength requirements for
some applications due to the lack of solid solution gtieenersa alloys usually exhibit good weldability
due to a lack of response to heat treatment and are good for cryogenic applications as they do not have a
ductileto-brittle transition.| n addi t i o n havesgoatceeeptirengthare greferred for elevated
tempeature applications up to aboud@E . The formabilityof a alloysis not good due to the hcp structure

of a phasewhich require a high stress to activiie nonbasal slip systems

1.1.3.2 a+b alloys

Thea+bal | oys consist ofea.mirntuhesoki bdand Bi phhs
stabilizz and str engwhiedn stttadi Ui glease wi 6%to alowcensiverabet o f
amounts of b pateosnetenipaturdadtequeachiagifronetd® o r phase fieldsThe
alloys with a lower content df stabilizershave high weldability while the alloys with a higher contenib of
stabilizrs have highhardenability butlow weldability The a+b two phasefield enables vaous heat
treatments to be done, such as annealing, air cooling or quenching frbrortheb phase fields. Tha+b

alloys can be further strengthened by solution treatmend aging, resulting in a varietyof
4
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alloys an attractive balance of properties, including a useful combination of strength, ductility, fatigue and

fracture propertiefl]. Thea+b alloys canprovide a weighsavings in place of the lower strengtbrospace
type steels and hawery superior corrosion resistanceAballoys and low alloy steel¥hea+b alloys are

the most widely usedi alloys for commercial applicationfnd the Ti6AI-4V alloy is the workhose of Ti

industry because it accounts for about 60% of the total Ti produdiion [

1.1.3.3 balloys

The b alloys are those alloys whichontain sufficientb stabilizers and canavoid martensitic
transformation but retain a fully structure when quenched from thehasefield. b alloys can be divided
into stableb alloys which are nothardenable and metastablalloys which are hardenable and metastable
alloys are commonly useietastablé alloysexhibit high strength, which igntrolled by the dispersion of
ap has e imairix and goodformability asrasult of the simple bodgenteredccubic (bcc) structure in
the asgquenched conditiariThe corrosion resistance is good and in some aspdtas thmna+b alloys due

to the high hydrogen tolerance of th@hase. But metastabiealloys have poor high temperature creep and

oxidation resistance except in the caseb&f1S p]. Currently these alloys are being used in aerospace

applications and are emerging in the biomedical field due to their biocompatibility and useful range of

bio-compatible mechanical properties. The usage in the aerospace will be talked later.

The properties for the three types of Ti alloys are summarized in Fig. 1.5. Fora@fa-Ti alloys,
mo d u | u-3i alloys, ithgyh
usually have high hedteatment sensitivity, highstatic strength, high fracture toughness and high

they wusually have

formability at room temperature.

high youngos

CP « and o alloys o+p alloys {3 alloys
Pure Ti Ti-6Al-4V Ti-10V-2Fe-3Al
Ti-5Al1-2.5S8n Ti-6Al-2V-25n Ti-5Al-5Mo-5V-3Cr
High [ Young’s modulus ]

High <—— [ High-temperature strength (creep) |

High

[ Heat-treatment sensitivity ]

[ Weldability ]

[ Density ]

[ Static strength ]

[ Fracture toughness ]

[ Formability ]

High
High
High
High
High

Fig. 1.5 Some properties for the three types of Ti alloys.
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1.1.4 Phasdransformatiorin metastabld-Ti alloys

Different phasegan exist inb-Ti alloys depending on varioufactors such agemperature, pressure,
cooling rate and allogg additions. Howeverthey can bebroadly classified into equilibrium and
norrequilibrium phases depending on whether enough time has been allowed to reach steady state conditions
[1, 6, 7). Equilibrium phases form only when sufficiently long time is given for phase transformation to reach
the steady state conditioasdwill have the lowest possible Gibbs free enetgyb-Ti, there are two major
equilibrium phases, namely phase antb phase Non-equilibrium phases essentially will represent either a
local minima & the Gibbs free energy orcdme a fAfr ozend unstable equili!l
kinetic constraints.Sudr nonrequilibrium phases can be®rmed in themal treatmentdaste than the
treatment conditins required to form equilibriurphasesln b-Ti alloys, w phase is one of thmetastable
phases.These higher free energy phasedl transform to lowerfree energy equilibrium phasemn

availability of sufficient time anénegy for the transformatian

1.1.4.1 btow phasdransformation

The metastablev phase can be classified inthermalw phase and isothermal phase The crystal
structure of athermalv phase and isothermal phase is essentially the sanfhe d@hermalw phaseis
formed by quenchingfrom the hightemperatured phase field The formation of athermak phaseis a
diffusionless process, by the collapse of the {111} planes of the BCC phase displacive shuffle
mechanismretairing the composition of the parebt matrix [8-10]. The isothermalw phase is usually
formed by isothermal aging &-Ti alloys below thew-transus temperatur@he formation mechanism of
isothermalw phase by the collapse of the {111} BCC planes is the same as that in ativggshzde. Buthe
formation of isothermalw phaseis a thermallyactivated process involving diffusional composition
partitioning [8, 17. Fig. 1.6shows the schematic diagram of théo w phase transformation by atomic
collapse.The atom on layer 1 and layer 2 move to the position of layer 1.5 after the plane cdltapse.
phase exhibits two slightly different structures, namely as hexagonal symmetry ideald trigonal
symmetry (rumpledv). Thew phase exhibits hexagonal syratry when the collapse dfl11} BCC planes
is completely and thes phase exhibits trigonal symmetnhen the collapse of {111} BCC planes is partially
[12, 13]

It is well known that thev phase does not grow arbitrarily from thenatrix. The orientation relation
betweenw phase and phase can be described as [0Q01](111), and <1%0>, // <011x. From this

orientation relationship, the lattice parameteidelw phase can be defined faflows:

a, = x/Eab and Cc, = (\/2_3/2)61,) (Eqn 1.3)

In addition, there are four crystallographic variants ofwhghase in thé matrix because of the four sets of
<111> directions [8]. The presencevophase in thé matrix can be seen by the electron diffraction patterns

along [113] and [16] zone axis and all the fouv variants can be found along the [113] zone drigleneral,
6



Charter 1

the formation of these fouw variants is equal except in special cases, such as ddfonmor stress

relaxation where preferential growth or reversion of cesaitariants may occurl4].

Layer No. 3

(111) (0001)

p-BCC ®-Hexagonal

Layer No. 0

Fig. 1.6 Schematic diagram of th¢o w phase transformation by atomic collapse [8].

Fig. 1.7(a) ellipsoidal morphology of isotherina phaséan Ti-15Mo (mass%) alloy, (b) cuboidal
morphology of isothermal w phase ind0V (mass%) alloy [21].

Both the athermalv phase and isothermal phase are very fine. The size of athermaphase is
ranging from several nanometers to around 20 nanometers in diameter. The isothpimaak is usually
larger than the athermal phase depending on the aging temperature and aging time. In addition, the
athermalw phase can transform to isothenw phase by aging. Ehformationof isothermal phase upon
aging is accompanied by a shift of the lattice parametér mifase because of tlemrichment ofalloying
elements in thd phase [15]. The isothermal phase has either an ellipsoidal or a égdabmorphology

7
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depending on the precipitate/matrix misfit {26]. The misfit is small in TMo and TiNb alloys and the
ellipsoidal morphology ofv phase is determined by minimizing the anisotropic surface energy. In contrast,
in Ti-V, Ti-Mn, Ti-Fe and T-Cr alloys the misfit is large and cuboidal morphologywgbihase is formed by
minimizing the matrix elastic strain. The isothermgbhase with an ellipsoidal or a cuboidal morpholagy i
respectively shown in Fig. (&) and (b). Blackburmt al [16] also reported that the phase should be

ellipsoidal in nature when the misfit was below 0.5% and be cuboidal when the misfit was higher than 0.5%

1.1.4.2 btoa phase transformation

Theb to a phase transformation is a diffusional process, requiring partitioning of alloying elements
betweera phase anth phaseThe mechanical properties metastabld-Ti alloys not onlydepend ortheb
phasematrix but, more importantly, depend on theprecigtates. The volume fraction, particle size,
distribution and morphology of precipitates are important microstructural parameters which can have
pronounced effects on the mechanical progef22-24]. Because of the strong influence on the mechanical
properties of metastable Ti alloys, the nucleation and growta phase has been of great interest to
numerous studiesdowever, controlling the precipitation af phase as well as designing thermomedadteni
processes to obtain required higivel mechanical propertiesssll a widely known challenge.

During the formation of phase, an orientation relationship is usually found betvaephase andb
matrix. The orientation relationships are preferred in order to minimize the interfacial energy. The most
commonly observed orientation relationship betwaephaseb matrix is Burgers orientation relationship
which can be described 48001}, // {011}y; <11c0>, /I <1pl> [ 2 ¥ -Each of thea phase with
different orientation is called as a different variant and there are totally t@ehgiants. One of the a
variants with Burgers orientatiorelationship is shown in Fig. 1.8n addition, some other orientation

relationships have also been observed, including P8&stinader 28], Potter[29] and RongDunlop [30].
[1120],//[111]g

A\ 111]

[1210],

2/ {0001},
’_//{o11}

[1120],//[111],
Fig. 1.8Schematic presentation of Burgers orientation relationship betvpbase anth matrix [26].

8
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The a phase can be classified to three types depending on the nucleation sites, including the grain
boundarya phase, intergranular phase and intragranularphaseThe three types dad phase are indicated
in Fig. 1.9, which shows the precipitation @fphasein Ti-5AI-5Mo0-5V-3Cr (mass%) alloy after solution
treatment at 850C for 3.6 ksand aging at 60€C for 3.6 ks Grain boundary phase nucleates and grows
along theb grain boundary. It is also named as allotrimogpphase. One study on FCr alloysindicated
that the grain boundaiy phase wa postulated to be formed by kiok-edge mechanis [31]. Intergranular
a phase nucleates at thegrain boundary or grain boundamyphase, growing into the interior bfgrainand
showing a lath shap&he intergranulara phase caimave either the sanw differentorientatiors with the
grain boundara phase. The intergranularphase withthe same orientation as the grain boun@gaphase
is expected to be formed due to the instabilitythaf a/b interface (between the grain boundaayandb
matrix) formed by perturbation wavelengtBZ, 33. The intergranulan phase with different orientation as
the grain boundarg phase is expected to be formed by sympathetic nucleation mechanism. Sympathetic
nucleationis definedasthe nucleation of a precipitate crystalaatinterphase boundary of a crystal of the
same phasehen these crystals differ in composition from their matrix phase throughout the transformation
process [34]For the intragranulaa phase, the nucleation sites include the metastable phase sughase
[16, 35, 34 and defects such as vacancies and dislocati®fis The intragranulara phase can also be
divided into primarya phase and secondasy phase dpending on the thermal wignical processing
sequenceand the particle sizg8]. Usually, the primana phase forms earlighan the secondary phase
and has larger particle siZe.b-Ti alloys, thea phase can becicular shape or equiaxed shap&e acicular
a phase as a transformation product upon aging is the most commothdtrésult of the nucleation and
growth of a phase maintain a specific crystallographic orientatiéiih surroundingb matrix [27]. The
equiaxeda phase is likely to be formed in seebr deformed samples which have a high density of
dislocations 37, 3941].

\>

N\ A Y, b
’\\' AP § Q ‘
\ASSNSKANZA 5 um
Fig. 1.9 Three types @f phase precipitated in-6AI-5Mo-5V-3Cr (mass%) alloy after solution treatment at

850°C for 3.6 ksand aging at 608C for 3.6 ks
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1.1.4.3 Nucleation ofa from w phase

At low isothermal aging temperatures, the athermaphase can undergo coarsening and act as
uniformly distributed heterogeneous nucleation siteafpha® [16, 35, 36]The w-assisted heterogeneous
nucleation results in a relatively large numberagbrecipitates which distribute in thdmatrix uniformly.
Furthermore, thesa precipitates usually are of a fine particle size. The uniform distribution ofdfine
precipitates causes considerable strengthening of metastabégloys.

Recently, different mechanisms have been proposed describing the vofghage in the nucleation of
a phaseln case of the systems where thi#d interfaces have a large misfit,paecipitates nucleate on the
ledges and misfit dislocations at théb interfaces [16, 42, 43]. As mentioned above, whphase in this
system exhibits a cuboidal morpholognd loses the coherency with thematrix. However, there are
considerable controversies about thassisteducleation ofa phase ilow w/ tisfit systens where thev
phase=xhibits an ellipsoidal morphology

1. Detailed studies on 6.8Mo-4.5Fel1.5Al1 (mass%) alloy indicated thdtda phase nucleates near,

but at a certain distance from tive ibterfaceq44]. The local rejection of Al element, whichus
destabilizer but stabilizer, fromw phase during the isothermal aging aids the precipitatian of
phase in the vicinity of thev phase. Such local enrichment of Al elements in the vicinity of
isothermalw phase has been confirmed by the atom probe analysis [45].iSTl@spossible
mechanism for the nucleation @fphase in association withphase in low misfitv/ Bystems

2. anucleates in the core of phase by a displacive transformation and consumes the latter during its

growth [35]. This was suggested by higksolution transmission electron microscopy (HPTEM)
studies. However, it is should be noted that such a displacigeamism shouldhot bethe only
mechanism. Otherwis¢he propensity ofv phase to act as potential nucleation sitesafgmhase
should not be influenced by tine/ rnisfit.

Recent studyin Ti-5AI-5M0-5V-3Cr (mass%) alloyoy TEM and 3DAP indicates that a thermally
activated diffusional process leads to the initial portioning of alloying elements during the isothermal
coarsening ofw phase, resulting in the creation of favorable sites, marginally enriched in Al, for the
nudeation of a phase. Subsequently, tliephase nucleates by a primarily displacive process, with a
composition marginally enriched in Al as compared with the pdrenatrix. Then thea phase grows via a
coupled displacivaliffusional process with the difiional portioning of the alloying elements being

ratecontrolling [36].

1.1.5 Metastabld-Ti alloys in aerospace industry
The first used-Ti alloy on the aerospace industry waslBV-11Cr3Mo alloy on the Lockheed SRL
Blackbird in the 1966 [46]. 93% of the aircraft was Ti and the majority of it waslB\V-11Cr3Mo alloy. In

the 1970s, metastabletype T+13V-11Cr3Al alloy was used as springs on commercial aircraft, but the
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volume was small [5]. MetastabteTi alloys were used in significammounts in 1980s. Over 250 parts per

ship were fabricated from M5V-3Cr-3Al-3Sn sheet. Compared with-8Al-4V alloy, Ti-15V-3Cr-3Al-3Sn

alloy had a lower cost and a better formability. In addition, it could be heated treated to obtain a high tensile
strength of 1034 Mpa or higher. This alloy was used extensively in the nacelles and to fewasrgpars

for the empennage [5].

In the early 1990s, metastaliieTi alloys were applied on Boeing 777 [5]. The most extensive usage
was the higkstrength Ti10V-2Fe-3Al (Ti-1023) forgings in the structures of landing gear waittninimum
ultimate tensile strength of 1193 MPa. This led weight savings and extended life due to the improved
corrosion resistance of theTi alloy compared with the higbtrength lowalloy steel. There were over 200
Ti-1023 part numbers on the Boeing 777. Formed5M-3Cr-3Al-3Sn sheets were used in environmental
control system ducting, clips and brackets, and floor support structure. It also was used fiypel@pkings
with a minimun ultimate tensile strength of 1034 MPa.-3HI-8V-6Cr4Mo-4Zr (b-C) alloy with a
minimum ultimate tensile strength of 1240 MPa was used for -tyodl springs.
Ti-14.7M0o-2.7Nb-3AI-0.27Si p-21S) alloy with excellent oxidation resistance, improved creepepties
and good resistance to attack by thermally decomposed hydraulic fluid was used fonipghature
applications.

So it is evident that metastalideTi alloys are increasingly used in the aerospace industry in the past
few decades. Also a lot of work is in progress to try to optimize the properties of these alloys or to design
new metastabld-Ti alloys. For example, TAI-5Mo-5V-3Cr (Ti-5553) alloy isa recently developed
metastabld-Ti alloy and will be in place of T1023 alloy in some applications of Boeing 787. This alloy is

the focus of the present work.

1.1.6  Mechanical properties in metastabldi alloys

Typically, there are twadeformation mode for theasquenched-Ti alloyswhich raain a fully b phase
structure including the{332} <113> twinningand the conventionalislocation sip [47]. The {332} <113>
twinning occurred in metastable titanium alloysis not observed in other metals aatfioys with BCC
structure in which usually {112}<111> twinning happend he presence of {332%113> twining was first
confirmed and regarded as strgsduced transformation in a-I5Mo-6Zr-4Sn (mass%) alloy by Blackburn
and Feeney48] depending on th&EM analysis.Thena series of studies was carried outHgnada and
Izumi [49] on the deformation modes ofetastablé titanium alloysanddemonstrated that the occurrence
of {332} <113> twinnhg was closely related to the stability bfphase with respect to athermaphase. For
the {332} <113> twinning system, there are 12 different varigst®k However,the deformation by {332}
<113> twining becomes more and more difficult as the alloying content increases and is practically
suppressd by the precipitation o& phase 1]. In this case, the deformation by dislocation slip occline
slip systems in metastalteTi alloys with BCC structure include {110}, {112} and {123}, all with the same

<111>direction which is a clospacked direction. And there are totally 48 slip systehfh® influence of
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different deformation modes on mechanical properties can be summarized as follows: deform{@3#} by
<113> twiningleads tdow yield strength, largeniform elongation, and higrate of work hardening; villa
deformation through dislocation sligads tahigh yield strength, and small elongation in compar|[4d].

The formation ofisothermalw phase by aging has a drastic change in the mechanical properties of
metastablé-Ti alloys. There is an increase in the yield strength and a sharp decrease in the. duwility
w-induced embrittlement has been studied by many previous i®iks3]. It is considered that the
particles get sheared due to the passage of fairly large number of dislocations through them during
deformation. The hardening byparticles can be explained in terms of the high stress required for shearing
these particles. The shring ofw particles leads to the formation of slip bands in the metadtablealloys
which contain a dense precipitationwfparticles.A set ofdislocations glide along a particular slip plane
and cut througla feww particles,creating a softened channel. These channels slip can occur without much
hindrance. Hence when slipping occurs, the plastic flow is confined within a limited number of slip bands.
The crack nucleation occsrat thepoints where the slip bands meet eitliesmiselves or a grain boundary.
Local deformation is pronounced the narrow slip bandand high stress concentration favors crack
propagatioreven at low macroscopic plastic strains.

Most metastabléh-Ti alloys used in structural applications consist wbtphase mitures ofa andb
phase. A good combination of tensile strength and ductility can be obtained in metastablalloys by
controlling the precipitation o phase As mentioned abovehe volume fraction, particle size, distrtimn
and morphology oh phaseare important microstructural paratersshould be taken into account when
modify the microstructures to improve the mechanical performanc24R2Ihe precipitation o phase in
theb matrix is not coherent arttius carimpede the motion of dislocations, leading tstr@ngthening of the
material. Therefore, from the viewpoint of precipitation/dispersion hardening mechanism, a high volume
fraction and a fine particle size af phase are required to get a high strerjgé). The growth rate o&
phase can be retarded by selecting an aging temperature as low as possible or by increasing the nucleation
sites fora phase. In addition, a homogeneous distributiom ghase is necessary to avoid strain location
during deformatia in the areas not be hardened, which can result in a premature rupture. Homogeneous
precipitation ofa phase can be enhanced by controlling a high density of dislocations which are preferential
nucleation sites foa phase or by using twstep aging treatent[55]. The morphology ofa phase has
almost no influence on the tensile strength but has a great influence on the ductility. It is repottegl that
equiaxed primaryJ phase could provide a higher ductility at a given strength [@2123, 56].
Continuous and thick grain boundasy phase must be avoided because it can act as preferential crack
nucleation site and facilitate the propagation of cracks, which subsequently lead to a loss of the ductility
[57-59]. The effetive method to reduce the contityuand thickness of grain boundaay phase is grain
refinement ofb matrix [55, 60]. Also, due to the tendency fmphase to precipitate preferentially at grain
boundaries when thie phase stability is too high, the stability should be properly adjusted to the required

characteristics [55].
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Among all these microstructural modifications, controlling a high density of dislocations is considered
to be the most effective for obtaining hogeneous dispersed fimrephase which is desirable for attaining
good combinatin of strength and ductility. An effectiveethod to introduce a high density adldcations is

severe plastic deformation.

1.2 Severe plastic deformation
1.2.1  Definition of SPD
A formal definition of severe plastic deformation (SREjteshat SPD processing refers to any method
of metal forming under an extensive hydrostatic pressure that may be used to impose a very high strain on a
bulk solid and having the ability to produce exceptional grain refinefddht The way in which the iniél
sample shape is retained in SPD processing is by using special tool geometries which prevent the free flow
of material and thereby produce a significant hydrostatic pressure; the plastic deformation under these
conditions leads to a high density of ileet dislocations rad consequent grain refinemebifferent from the
tradtional cold working methodsSPD processing techniqueblould meet some requirements which are
listed as follows [62]:
(1) Large plastic deformation (with true staif@rger thanl0) can be provided just by changing the
fundamental parameters in the processing.
(2) Bulk ultrafinegrained (UFG)materials can bebtained. The generatyccepted definition of bulk UFG
materials: bulk materials havirfgirly homogeneous deformed microstruetwithin the whole volume
(with average grain sizes less thaneft) and with a majority of boundaries having large angles of
misorientations.
(3) The deformed sampleshould not have gnmechanical damages and cracdthough samples are

exposed to large pdtic deformation

1.2.2  Grain refinement mechanism by SPD

SPDcan refinethe grains by a combination of sevedifferent mechanisms, includinthe dislocation
glide, accumulation, interaction, annihilation, tangliand spatial rearrangement {65. In addition,
deformation twinning camlso play a significant roléor the materials with medium or low stackjrfault
energiesespecially in the nangrain size range [§5Detailed microstructural evolution may vary with the
nature ofthe materials as well athe deformation mode, strain rate and temperature. Hansen amdrkers
[63] have done extensive work on the grain refinement mechanism during vaiimgtrains less than 100%
Their general observatiorgan alsobe appied to other deformation mode$4]. In FCC materialswith
coarse grains, each grain can dieided into many subgraénduring plastic deformation [g3Large
subgrains may furthdve divided into smaller subgraingith increasing the straingnd the misorientation
between subgrains maycrease to fon low angle and high angle15) grain boundariesAlthough each
subgrain deforms under less than five slip systengroup of adjacent subgrains acts collectively to fulfill

the Taylor criterion for raintaining uniform deformation. Usiyl each subgrain can tsbdivided into
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dislocation cells Lu et al also systematically studied the formation of nanostructures under surface
mechanichattrition treatment (SMAT) [65, 66]. It iBound that the subgrainsebome elongated and their
width become more and moremaller with increasinghe plastic strainWhenthe widthof the subgrains
equalsto the dislocatiorcell size,lamellar subgrains containing a string of dislocation cflsn. The
misorientationsacross cell boundaries increase with further plastic strain, transforming dislocation cells into
subgrains. The equiaxed subgrains furtbedivided into smaller dislocation cells, which, in turn, convert
into smaller subgtins as well as nargrains wih increasing strain. Grain rotation may play a significant
role in the formation of the nargrains with highkangle boundaries. In addition, some authors relate them
in-situ recrystallization [6]{ their origin is most commonly placed in the formatianfragmentation of a

dislocation cell structure whose size scale decreases as the streasingeSED processing [68])].

1.2.3 SPD techniques

The most developed and significant SPD techniques are -Edpaginel Angular Pressing (ECAP),
High-pressure TorsioHPT), and Accumulative Rolling Bonding (ARB). Aside from the ones mentioned
above, some other SPD technigues have been proposed in the last decades, includidiebtidtial
Forging (MDF), Cyclic Extrusion and Compression (CEC), Twist Extrusion (REpetitive Corrugation
and Straightening (RCS), and others. In this section, ECAP and ARB will be introduced and discussed
briefly. As the HPT processing is the SPD technique that utilized e in the present research, it will be
discussed in a more detailedhnner later.

1.2.3.1 EqualChannel Angular Pressing (ECAP)

At present, ECAP is the estpopular SPDprocessingechnique anthas been used for grain refinement
in various metals and alloyECAP is a techniquevhich proceses a metallidillet througha simpleshear
[71]. The deformation principle of ECAP shown schematically in Fig. 1.18 billet is pressed through the
special die in which the angle of intersection of two chanisdfs The most used die angle96°. A shear
stresds introduced s thebillet passes through the point of irsection between two channetsd it can be

expressed d32]:

o N Ctﬁ 0f~ o ~N Of~ ~; g
e:ae—0é200r?ge8+ gjﬂ/ qu?g&8+a %u (Ean14
¢V3:8 ig2% ¢2% T g2+ g2y

in whichY is the angle representing the outer arc of curvature where the two parts of the channels intersect
(indicated in Fig 1.10; N is the number of pass through the dtach pass imposes an equivalent strain of
around 1 for the ie. Since the crossectional dimensions of the billet remainchangedfter ECAR the

same billet can be processegheately to imposeexceptiondly high strain consequently achieving desired

bilk nanostructured material&enerally by rotatingthe billet about its longitudinal axis between epels,
different slip system may be introduced. i this leads to several prasig routes:ithe orientation of a

billet is not changed at each pass (routetig; orientation of billet is rotated around its longitudinal axis
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through the angle 9Gafter each pasgoute B);the orientation of billet is rotated around its longitudinal

axisthroughthe angle 180after each pagsoute C).

Plunger

L

Sample

Fig. 1.10The schematic principle of ECABI].

By ECAP processing, theltrafine-grained microstructurean be obtaine{62]. The gain refinement
during ECAP is associated with some dislocatsobstructural characteristics, such as dislocation cells,
subgrains and microbandthat are established during the first one or two pasggs 14 and their
transformation to ultrafine graingith further ncreasing the straiv5, 74.

1.2.3.2 Accumulative Rolling Bonding (ARB)

Thetechnique of ARBuses conventional rolling deformation, realizirgrahigh plastic strains in sheet
materials for produaig ultrafinegrained materialdzig.1.11illustrates the deforation ginciple of the ARB
processing. Asheet is rolledy 50% reduction in thicknedsy a prerolling condition Then he rolled sheet
is cut into tvwo pieces andtackedtogetherto reform theinitial dimensionsTo achieve gooddnding, the
contact suidices ofthe sheets are typically treated tbegreasing and wire brushing. And then the stacking
pieces are rolled againh€ rolling in the ARB processings a bondingprocess, which is known as roll
bonding used for the productioof clad sheetsRoll bonding is sometimes cardeout at elevated
temperaturedelow the recrystallization temgure of the material in ordés make the bonding better and
to reduce the rolling forcdBy repeating the procedureltrahigh plastic straian be applied othe sheet
material without changing the dimensiods natural limit of this approach lies in the increase in strength
with increasing the ARB cycleand the gradually reduced surface quality of thelyotided sheetPuring

the ARB processing,ite von Miss equivalent straican be estimately the following equation [61]

e, =0.38n (Eqn. 1.5

when 50% reduction in thickness per cycle is used. Here, n is the number of repeated ARB cycles. In this

case, an equivalent strain of 4 deachieved by five ARB cycles.
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stacking degreasing and wire brushing

T

T

: e

roll bonding cutting

Fig. 1.11Schematic illustration of the deformatiorinmiple of ARB processing [61].

1.3 High-pressure torsion (HPT)

HPT refers to a processing in which a thin disk sample is subjected to torsional straining under a high
hydrostatic pressur&]]. The processing of metals by HPT has a long history dating to the classic work
by P.W.Bridgman at Harvard University in the 1930&7]. Nevertheless, it is only within the lasto
decades that HPT processimgs become a rj@ research toolThis is mainly due tdts ability to achievea
combination ofexceptional grain refinemerdnd a high density of dislocatiorn®l] 7§. Typically, the grain
sizes produced by HPT deformation are within the nanoscale range of atid@ 9.

Upper Anvil

Upper Anvil
P ﬂL&ad
-Samole D —=@D=<_
I:I

ﬂLr.}a:I

Lower Anvil

Lower Anvil

Rotation

Fig. 1.12Schematic illustration of the principle of HPT processing [79].

The schematic illustration of the principle of HPT processing is shown in Fig. 1.12. The disk sample is

usually with a diameter of 10 or 20 mm and a thickness of 0.85 m didk sample is placed between two

16



Charter 1

massive anvils, anidl is held in place within a depssion machined into the face of each anvil. During HPT
processingthe disk sample is subjected to a higbpliedcompressivegressure, Pwhich is usually up to
seveal GPa. Aud the rotation of the lower anvil can introducencurent torsional strainingThis tpe of
HPT processing shown in Fig. 1.10 is designafedsiconstrained becaaghere is some limited outward
flow of the material around the periphery of th&k during thegprocessing operation.

For HPT processing, the most potential limitation is that it uses the disk samples with relatively small
dimensionsRecently, attempts are under way to expend the application of HPT processing to eylindric
sampleswith large height [8D But the maximum practical volume of the processed parts is limited by the
incurrence of large microstructural inhomogeneities within the vesiations of these cylinders. The disk
sanples with larger diameters [8bF the ringshaped samples [82] are also tried for HPT processing. The
relatively small size of the sample limits the application of HPT processing in industry. But HPT processing
is very useful for fundamental studies in laboratories, as it can provide the chanobtdoring
ultrafine-grained materials, including the relatively brittle or higlength materials which cannot be

processed by other SPD methods.

1.3.1 Accumulated strain by HPT
The accumulated straining imposed on dsk sample by HPT processirggn be estimated by using

the mrameters indicated in Fig. 1.1r aninfinitely small rotationdg, and the displacemem, is given by

di=rdg (Eqn. 1.6

where the is the radius of the disk sampléhe incremental shear straily, is given by

dg=—=—7= (Egn. 1.3
wheret is the disk thickness.

By further assuming that the thickness of the digkpleis independent of the rotation angkg,it

follows from formal integration that, singg= 2pN, the shear strairg is given by

2'0?] @ (Egn. 1.8

where N is the numberof rotation Finally, the von Misesequivalentstrain is then calculated using the

g:

relationshipshown as follow$84-86]:

=9 _2NO
Eq \/é \/ét (Egn. 1.9
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Fig. 1.13Parameters used in estimating the total strain during HPT processing [83].

There arewo remarksare true in respect to tleguationl.8. Firstly, the initial thickness of theample
is reduced under high compression pressiueng HPT deformationso the traditional use othe initial
thickness of the samplé, underrates the calculated strain values as compared to the truSeoesdly,
calculations by this equatidmave led to the conclusion that thigear strairshould change linely from zero
in the center of thalisk sample to the maximum valum the edge. bwever, this $ not confirmed by
experiments. In addition, because HPT processhmpses a strain that is directly proportional to the radial
distance from the rotation axis, there showddatsignificant strain inhomogeneity across tis&.dn practice,
however HPT experiments demonstrated that the microstructure gradually evolves with increasing strain, so
that, ultimately, the structure becomes reasonablyolgemeous throughout the dig0]. This development
of homogeneity has been successfully modeled using strain gradient plasticity and incorporating a

microstructurerelated constitutive description of the material behavior.

1.3.2  Application of HPT on Ti and its alloys

HPT processing has been used successfully for investigating the phase transformation during the heavy
deformation as well as the evolution of microstructure and mechanical properties concerning various pure
metals and alloyssome research on Ti and it$ogk that processed by HPT are also reported. Toetah
reported that HPT processing could lead to the formation of submicpbrase in pure Tig7]. Valiev et al
reported that the application of HPT processorg CP Ti at room temperature resulted the grain
refinementwith an averaggrain size of around 120 nm, the ultimate strength of 980 MPa and elongation to
fracture of 12% 88]. Islamgalievet al observed that the ultimate strength of CRv8s up to 1600 MPa
while the ductility was around 5%s a result of hermal HPT processing at 300 [89]. The a+b type
Ti-6Al-4V alloy that processed by HPT exhibited ultrafine grains with the 280200 nm,outstanding
room temperature strengtii 1.5 GPa and superplastic elongation of up to 500G For b-type Ti alloys,
a significant grain size effect on the reversible®o w phase transformation in a-B6Nb-2.2Ta3.7Zr-0.30

alloy during HPT processing was reportéd][ The decomposition of thes phase tdb phase was also
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reported in Ti15Mo alloy [P2]. Farjami et al reported that the significant grain refinement in
Ti-30Nb-10Ta5Zr alloy and Til5Mo alloywas achieved byHPT processind93]. These HPT processed
b-type Ti alloys showed amltrafine grain size of about 50 nm aadnarked increase ithe hardnessin
addition, Xuet al reported the formation of ultrafine equiaxachase in HPT processed-Z0Mo alloy
upon isothermal agingdp]. However, there isimited analysison the precipitation behavior af phase in

HPT processeld-type Ti alloy.More detailed studies needs to be carried out.

1.4 Materials (Ti-5553 alloy)

Ti-5Al-5Mo0-5V-3Cr (Ti-5553) alloy was developed as an improved version of the Russian alloy VT22
(Ti-5.7A1-5.1V-4.8M0o-1Cr-1Fe). This alloy was initially produced fthick sectiorforgingsfor high strength
airframe components like landing gear and flagchks [5, 94. Ti-5553 alloy exhibits more favorable
combinations of strength, ductility and toughnénes the VT22

Compared with FiL023 alloy, Ti5553 alloy also exhibits some advantages. Ijr$i-5553 alloy has a
wider processing window compared lwiti-1023 alloy. The processing is simple for5653 alloy and is all
a/b worked.For Ti-1023 alloy, the primary forging is performed above ltheansus, which is followed by
about 15%a/b forging to achieve the right balance between strength, ductility and toughness. Secondly,
Ti-5553 alloy has a much better hardenability thaxlOR3 alloy. Ti5553 alloy can be heat treated in a
section size up to 152 mm accompanied with only a slightidrppoperties at the thicker section size by air
cooling, whereas T1023 alloy requires a water quenching and the section size is limited to 76hisnis
mostly due to the more sluggish precipitatioragfhase in 5553 alloy because of the additiohMo and
Cr alloying elements. Finally,i®s553 alloy can be heat treated to a higher strength, with a minimum tensile
strength of 1240 MPa as opposed to the 1192 MPa {b0d3 alloy.

Compared with the most commonly usetb type Ti6AI-4V (Ti-64) alloy, Ti-5553 alloy can exhibit
higherstrength as summarized in Fig. 1.1 addition, Ti5553 alloy also exhibiteutstandinchigh-cycle
fatiguepropertycompared with 1F64 alloy, as shown in Fig. 151
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Fig. 1.14 Ultimate tensile strength agldngation of Ti5553 alloy compared with 184 alloy[24, 95-98].
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Fig. 1.5 High-cycle fatigue property of 553 alloy compared with 64 alloy [99].

Ti-5553 alloy is capable of achieving strength up to 1517 MPa, although it is not typically used at this
strength level. The application of-Bb53 alloy in aerospace industry can be divided into two groups,
including the higkstrength version and lostrength version. The 5553 alloy in higkstrength version has
a minimum tensile strength of 1240 MPa, a minimum elongation of 5%, and a minimum fracture toughness
of 33 MPa n¥2 This kind of Ti5553 alloy is salted as bitif-material for landing gear coropents on the
Boeing 787. The 1553 alloy in lowstrength version has a minimum tensile strength of 1100 MPa and a
minimum fracture toughness of 77 MP&3xiThis kind of Ti5553 alloy is being studied for applications in
the nacelles, fuselage and wiig.

The mechanical properties of-5553 alloy are very sensitive to the microstructure and can vary over a
wide range depending on the nastructure. As shown in Fig. 1.14 variety of ultimate tensile strength and
elongation can be obtained for-3553 alloy. Fig. 1.16 shows two typical microstructures iR5653 alloy,
which correspond to very different mechanical properfég. 1.16(a)shows the microstructure in-5b53
alloy which is solution treated at 92C for 0.42 ks then fast cooled to 54 and aged for 14.4 ks, and
finally fast cooled to room temperature. In this kind of microstructure, the volume fractamloése is
40.1% and the thickness afphase is 0.06m. And the corresponding ultimate tensile strength302 MPa,
along with an elongation of 6.6%. Fig. 1.16@hows the microstructuia Ti-5553 alloy which is solution
treated at 910C for 0.9 ks, then fast cooled to 6%G and aged fob7.6 ks, and finally fast cooled to room
temperature. In this kehof microstructure, the volume fraction afphase is 35.9% and the thicknessof
phase is 0.38m. And the corresponding ultimate tensile strength isMP2, along with an elongation of
11%.
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Fig. 1.16 The microstructure in-5553 alloy: (a)olution treated at 911 for 0.42 ks, then fast cooled to
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540°C and aged for 14.4 ks, and finalst cooled to room temperature (the red dotted lines show no grain
boundarya), and (b) solution treated at 930 for 0.9 ks, then fast cooled to 6%&and aged for 57.6 ks,

and finally fast cooled to room temperature [96].

As a newly developed alloyheé current issue fofi-5553 alloy is that the microstructungechanical

properties relationship is limited studied. Therefore, to improve the mechaniagarties, more detailed

investigations are required to develop a deep fundamental understanding of the microstructural evolution and

the corrsponding mechanical properties.

1.5 Motivation
It has been known that HPT processing on Ti and its alloys van iesitkafinegrained microstructure.

According to the grain refinement mechanism, a high density of dislocations can also be produced. In the

present resch, HPT processing was appliedbstype Ti5553 alloy:

(1) To investigate the evolution ahicrostructure and mechanical properties after HPT processing with
different strains.

(2) To investigate the precipitation behavior afphase inthe HPT processed samples upon isothermal
aging, and compared with that in the samples without HPT processing.

(3) To investigate the mechanical propert@sthe samples with different processing and heat treatments.

Confirm the microstructurenechanical properties relationship inR5553 alloy.
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Chapter 2  Microstructure and mechanical properties of Ti-5553 alloy

processed by highpressure torsion

2.1 Introduction

Metastabléh-Ti alloys have great potentials as structural materials due to their good formability at room
temperature, high strengtb-density ratio, excellent age hardenability and good corrosion resigiate
In the past two decadethe metastablb-Ti alloys are increasingly used in aerospace industry. For example,
Ti-5Al-5Mo-5V-3Cr (mass%, Ti5558alloy, which is a newly developed metastai@i alloy, is being used
for landing gear components on Boeing T4]7 The requirechigh-level mechanical properties afietastable
b-Ti alloys depend on several strengthening mechanisntduding the solid solution strengthening,
precipitation strengthening (such as precipitationvgghase and@ phasg, grain refinement strengthening
and dislocation strengthenin§].

In recent years, severe plastic deformation (SPD) by-fighsure torsion (HPTprocessinghas
attracted much attention. The advantage of HiPdcessingis that a combination oéxceptional grain
refinement (< 100 nm) anbigh density of dislocationsan be produced by the large shear strain [6]
Previous studies on the microstructure and mechanical propariesymercially pue titanium (CP Ti) and
a+b Ti alloys processed by HPT were reportedliev et al.reported thathe application of HPT processing
at room temperature resulted in the grain refinement of CP Ti with a mean grain size of around 120 nm, the
ultimate tensile strength of 980 MPa agldngation to fracture of 12% [7l|slamgalievet al. observed that
as aresult of isothermal HPPprocessing at 30T the ultimate tensile strength of CP Ti was up to 1600 MPa
while the ductility was around 5% [8[i-6AI-4V alloy processed by HP@&xhibited ultrafine grains of
100200 nm, outstanding room temperature terstilength of 1.5 GPa and superplastic elongation of up to
500 %[9]. Meanwhile, here are few reports on the microstructure and mechanical properti€s afloys
that processed by HPT.

The motivation of the present study is to investigateetftdution d the microstructure and mechanical

properties of 5553 alloyprocessed by HPT with different shear strainings.

2.2 Experimental procedures
2.2.1  Materials preparation
An ingot of TF5553 alloy was prepared by cold crucible levitation melting (CCLM) furnauoesize of
the ingot was about 70 mm in diameter afchén in length and the weight is around 1.2@GLM furnace
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is a type of induction melting furnace which is very usefulpgi@paringalloys with a uniform composition

The schematic illustration of CCLNMurnace is shown in Fig. 2.The oxygerfree andhigh-purity copper
segmentsire used to make the watmoledcrucible. There arewo coils (upper and lower coils) wrapping
around the crucible and connectisgparately to a high frequency inverter power suppigh frequency

current flows through the coils. Eddy currents are induced in the crucible and in the metals to be melted. The
metals in the crucible are levitated with electromagnetic repulsion forbeseddy currents generate joule

heat in the crucible and metals, and the metaftsbemelted. There are three advantagé€CLM furnace,

showing & follows:

(1) Metals aremelted without contamination because metaldeanigated in a crucible

(2) Metals witha high melting pointan also be melted

(3) Thestrong stirring effect by an electromagnetic foeoablesan alloy of uniform composition.

cold crucible
molten metal (water-cooled copper crucible)

) »
s “». upper coil

)
4
i

’
NS

riheating>  levitation <heatmgi;, high ffequency
= ' , : (85 electric generator

| ! L8
&4 > 5 g high frequency
0 . : electric generator

. lower coil
repulsive force  vortex current

Fig. 2.1 Schematic illustration of CCLM furnace [10].

Fig. 2.2 shows a schematic drawing of the heat treatmérit5853 alloy. The ingot was homogenized
at 1200°C for 3.6 ks, hot forged at 120C in to a 40 mm square block and then hot rolled into a 17 mm
square bar, followed by air cooling. Then the bar was wrapped by a Mo foil and treated & 1@000.8
ks, followed by water quenching. All the heat treatments were carried out in air. After grinding the oxide
layer on the surface, the bar was cold swaged to the diameter of 10 mnth@rdremical composition of
the Ti5553 bar was measured, which is showTiaS.04Al-5.14Mo-4.91\+3.04Cr (mass%)The
barwas stution treated (ST) above thetransus temperature, which is 8%5 at 1000°C for 3.6 ks. The
solution treatment was performed in Aanatmosphere anibllowed by water quenching. The disks for HPT
processingveresliced from the bar with a thickness of 0.85 mm. HPT processing was carried out under a

compressiveressure of 5 GPa ardotation speed of 0.2 rprAnd the rotation number of HPT processing
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Sealed in Mo

Disk samples cutting:
0.85 mm in thickness

l

HPT processing:
5GPa, 0.2rpm, N=1/2to 20

1200 °C, in air 1200°C, 3 h, in air
Solution treatment

Forging 1000 °C, 1h, in Ar
o to O40mm
"E e ——
2 Caliber rolling
g to O17.0mm
-

Surface grinding
Swageto ¢ 10 mm
Fig. 2.2 Sckhmatic drawing of the heat treatment 06653 alloy.
2.2.2  Materials characterization

Planar samples were mechanically ground down to roughly the median plane and polished to mirror

surface for Xray diffraction (XRD) characterization performing on a RIGARINT-TTR3 diffractometer

withCuKU r adi ati on

(40 kV, 150

mA)

) The microstruct

microscopy (OM), scanning electroniaroscopy (SEM, JSMOO01F), transmission electron microscopy

(TEM, JEM-2100F, 200 kV)andlow-angle annular dark field scanning transmission electron microscopy
(LAADF-STEM, Tecnai G2 F30, 300 kV)OM and SEM observations (backscattered electron (BSE)
images) were carried out on the crgsstionof the sampleand samples were prepared by camtional

mechanical grinding and polishing. Samples for OM observations were etched by a mixture fHHNO

H>O = 8:2:90 in volume percent. Disk samples for TEM analysés LAADFSTEM analysisvere cut from

the median plane and polished by dotjeleelectropolishing at a temperature-db °C in the solution of the
following compositions: 6%HCI&) 30%CGH100 and 64%CEDH in volume
Vickers microhardness measurements were caaigdvith an applied load of 0.98 for 15 seconds

along the radius of the disks on the crssstion. And the hardness was measured on the position 1/4 and 1/2

of the thickness, which is about the surface region and the central region, respetheebchematic

illustration of microhadness measurements on the section is shown in Fig. 2.3.

N

<> 0.5 mm
. IS 7S * o 4 60 'S . 0&&
PP PRSP SIS S—— P— P @ t
. IS 7S ¢ o 4 00 IS . PN

1T mm:

<>

d

v

Fig. 2.3 Schematic illustration of Vickers microhardness on the-sexgion.

The miniature tensile specimens with a gauge section of 4 mm x 1 @émxm, as shown in Fig. 2.4,
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werecut byelectron discharge machine (EDM) from tfisksso that the center of the gauge section locates
at the position 1.5 mm away from tdesk center. The tensile specimens were electrochemical polished to
make sure a smooth surface. The tensile tests weliectaut at room temperature with a strain rate of 2 x

103 st and the strain was monitored by vidextensometer with Bm resolution.

Fig. 2.4 Specimen for tensitesting (the gauge size is 4 mm x 1mm x 0.6 mm).

2.3 Resultsand discussion
2.3.1  Microstructuralevolution

XRD profiles of the Ti5553 sampleafter ST andHPT processing with differenevolutions are shown
in Fig. 2.5(a) The peaks ob phase are indicated in the XRD profiles. In comparison with the ST samples,
the HPT processed sampleshibit a marked decrease in the peak intensity. The main peak corresponds to
the onefor b{110} after HPT processingFig. 2.5(b) shows the change in the {211}/{110} diffraction
intensity ratio [214/1110) with increasing the revolutions of HPT processing. Tbh#l 110 value is 1.03 for the
ST sample and shows a significant decrease after HPT processing. The relatively intensity of the main
reflection peaks in an XRD patterns indicates the presence of texture introduced by the shear strain during
HPT processing. Thiexture obtained by the shear strain during HPT processing is {110}. As reported by
Hosokawaet al [11] that the {110} texture introduced by HPT processing in the pure iron with BCC
structure is parallel to the disc plane. Indeed, several researchexsalsav reported that the shear
deformation texture is composed of {110}<112> and {110}<001> in ferritic steels with BCC crystal
structure [12, 13]In addition, peak broadening can be seen in HPT processed saagpksywn in Fig.

2.5(c),indicating signiicant grain refinement and an increase in the densitlefefcts such as dislocations.
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Fig. 2.5 (a) XRD patterns of 5553 alloy after ST and HPT processing, (b) Change in the {211}/{110}
diffraction intensity ratiolgi4/1110) with increasingHPT turns, and (c) Change in the full width at half

maximum (FWHM) with increasing HPT turns.

The OM observations on the etched cresstion of the T6553 samples after ST aftPT processing
with different revolutions are shown in F@g6. C o a r sewith & ayerlage grain size of around 220
can be seen in the sample subjected to ST. After HPT processing, the microstructure on-gexrtiooss
exhibits different structures in the middle region and near the both sides of the surface. The microstructure in
the middle region consists of a whitand structure aligned into radial direction, which is called as white

etching layer (WEL). The formation of the WELa@snsidered to bdue to their high resistance to etching.
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Chapter 2

The OM observations also indicate that the WEL starts to form on the head oédghe crossection (as
shown by the microstructure of the3%53 sample subjected to HBT1/2 revolution) and then expands to
the center region of the cressction with increasing the HPT revolutiofitsis clearly thatthe thickness of
the WEL ncreases with increasing the HPT revolutiodier HPT processing of 10 or 20 revolutions, the
WEL microstructure is the most dominant on the eEsgion, implying a very homogeneous deformation.

Fig. 2.6 Optical micrographs on the craestion of Ti5553 alloy after ST and HPT processing.

Details of the microstructures were further studied by backscatter electron SEM observation on the
crosssection of the sample subjected to HPT processing oévdlutions, as shown in Fig. 2.7. Fig. @y
showsthe SEM image contains the microstructure outside (upper region) and inside (lower region) the WEL.
The microstructure outside the WEL shows numer ous¢
bands show a bri ght ¢ o natkrcantsast. TRenmdcrodtriacire imsidg theaWBL & s h
uniform and featureless, showing a bright contrast. The enlarged views on the microstructure outside and
inside the WEL are shown in Fig. ZbJ and (c), respectively. It is clearly that the deformatiidim the

WEL is more intense and homogeneous. And it is considered that the coalescing and the accumulation of the
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