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1. | ntroduction

1.1. Titanium

The existence of titanium was recognized in 1791 by William McGregor, a clergymamand
amatewmineralogist of British descent. However, it was until 1795 thaekment acquired

a name, thanks to a German chemist, Martin Klaproth, who had been amazed by the strength
of a material and adopted Greek mythology as an inspirfdfjpf2]. Titanium is the ninth most
abundant el ement found in the Earthodés crust
metals i.e., the ones used in industry for fabrication of metal structures/compankeetemes

the fourth, after aluminum, iron and magium. Severditanium-containingores, including

il menites (Fe Ot BinQlt Se1) O CEHeO[TiT,) de treated in the well
standardized Kroll process so as to obtametallic titanium[3]. In a nutshell, the technique,

that has been employed on a broad scale for a couple of decades, assumes that a given mineral
is carbachlorinated to remove the accommodated impurities e.g., oxygen, iron or silicon.

As a result titanium tetrachloride TiCl4) vapor is given out and gets promptly reduced

to titanium in its pure form by using molten magnesium. Afterwards, acid leaching or vacuum
distillation is undertaken in order to clear away the-bagedby-products of the reaction.

At this step of the mrcess, a purified titanium sponge is prodyceatthough it needs

to be refined and compacted, therefore melting processes are cariief [@jit

Titanium shares some characteristics typical of transition metals it belongs to. High melting
point (1670AC), satisfying hardness and touc
exhibiting profound catalytic activity (anatase, brookite) are niaddde. Contrarily, both

density and electrical conductivity of titanium stand out because of being markedly lower in
comparison tahe metals of the ¢block [2], [3]. Automotive and aerospace industries as well

as medicine, sports, chemistry gmetroleum sectors greatly benefit from the use dbased

materials. Were it not for the laborious, capitaensive manufacturing, poor wear resistance

and machinability of titanium and its alloys, that the worldwide usage of steel as well as

aluminumin different branches of economy would be seriously endangéfred

At low temperatures, pure titanium crystallizes in the hexagonal-pided (hcp) structure
(illustrated inFig. 1.1) known as the U phase, yet it wunde
N 2AC and bodpeemtesmuéd ammubi ¢ structure, or sim
to the melting poin{l]. Based on these two crystallographic formg, ¢glenerally accepted

classification of titanium alloys into U, U+



nearU as wel | as met ast d3) The main alldyihgekesentsvievsng al s o
a tendency to stabilize the U phase include
hand, noble metals e.g., gold, palladium or platinum, as well as the transition metals, such as
chromium, iron, manganese, molybdenum, niobium or vanadium encomgasstallizing

elements. To group titanium alloys by their constitution is convenient, although misleading as
aloft he known U alloys and even commercially
of an element stabilizing the higamperature pls@, primarily iron. An excelled criterion
would be to have in mind the | adk[38,45. heat tr

Figure 11. a) hexagonatlosepacked structure, b) bodyentered cubic structure

Four unalloyed titanium grades differ from each other with respect to the iref.f0vi2%)

and oxygen (0.1:8.4 wt%) total. Obviously, the higher the level of an impurity contained, the
stronger the particular titanium grade becomemagbe seen in Tiae 1[2], [6]. Ti-5Al-2.5Sn

and T#3Al-2.5Sn, showing good weldability and high creep strength, are the most popular

U alloys available, yet their i ndus6ArVal use
alloy, offering competitive propeds [3]. Overall, the alloying elements defined as
Ustabilizing cause the allotropic transfor ma
Ti-6Al-4V is a prominent example, possess abe8t® v ol . % of the b phas:
U andU naelalroy s t he -tanmperaturettitarouin phadieesnoheixogeu 5 vol.%

[7]. The U+b al |l oy s plastwityfatigue strengtic @spwtell as rfracture
toughness. They are heat treatable and can be utilized safely, should the service temperature
persist below 300AC. I nteresti n-@Al-4V,coudbect i | it
further enhanced bylecreasing the interstitial impurities content i.e., carbon, hydrogen,
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nitrogen and oxygen, yielding the -BAl-4V ELI (extralow interstitial) alloy, employed
on a daily basis in orthopediasd dentistry2], [3], [7].

Al l oying titani u-dstabiizingélements@rovakhdedcreaseimthedrdnsud
temperature. An apparent difference between
a higher -gtrakitliiomerod @ond, at t Istabilizsngeteeentsj me, |
without intermetallic phases formati [3]. -tyfpe alloys can be hardened easily by using
thermomechanical processing or heat treatment procedures. In particular, they may be heated

at solutiontreated condition followed by ageing. Such a unigbenomenon is related to the
partial transformation of the b phase to t he
In fact, properties such as plasticity, toughness, age hardenability and heat treatment capability
might be significantly improved f a portion of the b phase i s
el asti c motygpe dlloys getf dragtitaly mimimized. It is of critical importance for
advanced medi cal applications and €g3,f8.ains t
Nonet heless, some of the b alloys tend to be
at elevated temperatures due to low creep resistance they display. In contrast, such alloys

manifest mpr oved f abricability and bi ol og[B]cal re

Except for titanium alloys, intermetallics comprised of titanium and aluminum as well as
titanium matrix composites (TMCs) are notable-béised materiald1], [2]. Titanium
aluminides (TiAls) are a part of intermetallic compounds, characterized bydongg ordering,
thereby enhanced higkemperature strength. TiAlsave been perceived as franhners in
replacing Nibased superalloys utilized in different areas of industry, especially in the
production of turbine and jet engines, exhaust valves or turbocharger wheels. Sadly, they suffer
from reduced fracture toughsge and low room temperature ductility. For ye#rkiad been
claimed that the existing shortcomings outweigh the stremdgited profits. However, recent
advances in micralloying and manufacturing technologies offer a glimpse of hope for

Ti-based intametallics to blossorf].



Tablel. Mechanical properties of selectedbédsed material®], [6].

Material . s (MPQ , (MPa E(GP3 - (%)

Utype
99.98 Ti (highpurity Ti) 140 235 100-145 50
CP-Ti Grade 1 170 240 103 24
CP-Ti Grade 2 275 345 103 20
CP-Ti Grade 3 380 450 103 18
CP-Ti Grade 4 485 550 104 15
Ti-5Al-2.5Sn 827 861 109 15

U +-type

Ti-6Al-6V-2Sn 9501050 10001100 110117 1019
Ti-6Al-4V 825869 895930 110114 6-10
Ti-6Al-4V ELI 795875 860-965 101-110 1510
Ti-6Al-7Nb 880950 900-1050 114 8-15
Ti-6Al-2Sn4Zr-6Mo 10001100 11001200 114 1316
Ti-5Al-2.5Fe 895 1020 112 15
Ti-3Al-2.5V 585 690 100 15
Ti-5AI-2Sn2Zr-4Mo-4Cr (Til7) 1050 11001250 112 8-15

b-type
Ti-9Mn 1023 1048 94 19
Ti-6Mn-4Mo 1090 1105 89 15
Ti-15Mo 544 874 78 21
Ti-15Mo-5Zr-3Al 8381060 8521100 80 18-25
Ti-15Mo-2.8Nb0.2Si 945987 979999 83 16-18
Ti-12Mo-6Zr-2Fe 10001060 10601100 74-85 1822
Ti-36Nb-2Ta3Zr-0.30 6701150 8351180 32 6.512.9
Ti-35.5NB7.3Zr5.7Ta 793 827 55-66 20
Ti-24Nb-0.5N 665 665 43 13
Ti-24Nb-0.50 665 810 54 22
Ti-24Nb-4Zr-8Sn 570700 755830 46-55 1315
Ti-23Nb-0.7Ta2Zr 280 400 55 33
Ti-23Nb-0.7Ta2Zr-1.20 830 880 60 14
Ti-13Nb-13Zr 836-908 9731037 79-84 42-44
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TMCs material systems have been designed and investigated with a gunplaseas titanium
aluminides. Due to the remarkably high ultimate tensile strength and elasticiMidd@s

could be subsumed into the most structurally efficient materials deddbpe So far, their
introduction into higkperformance applications has been suppressed due to the fabrication
complexities, variability of properties and implementation costs. Following a classical path
of obtainingacomposite material, TMCs are builtttanium matrix and reinforcement, either
continuous (mainly SiC and #Dsz), or discontinuous (such as carbwmontaining twe
dimensional structures, titanium borides, carbides or nitrides). Naturally, a great deal of fibers,
particulates owhiskers have proven to show reinforcing ability, although the produced TMCs
systems often remain unstalj, [10]. As a matter of fact, clustering of reinforcement has
been the major challenge associated withbd3ed composites since it aggravates the
mechanical characteristics of a materien contrast, an impressive progress in the
manufacturing techniques of composites should be praised. Induction plasma deposition,
physical vapor deposition, tape casting oru@yapproaches, including hot isostatic pressing
and vacuum hot pressing, dypically practiced for théabrication ofcontinuouslyreinforced

TMCs. On the other side, discontinuousiynforced TMCs are produced by using powder

metallurgy processes or rapid solidification technoloffi€$ [11].
1.1.1. Titanium in medicine

Titanium and its alloys are known as the Hastlass materials designed for orthopedic
applications due to its nemagnetic properties, exceptional biocompatibility bound with
corrosion restance and relatively good formability. Artificial joints, prostheses and fixation
tools made of titanium have received worldwide popularity as they are superior to customarily
used stainless stebhsed elements in terms of piysicaland mechanical chacteristicd6].

In medicine, Tibased materials are also devoted to surgical instrumentation as well as
components of hearing aids, artificial cornea, mechanical heart valves and pacemakers.
Furthermore, a tremendous share of Ti and its alloys is dedicated to the manufacture of dental

implants, bridges and orthodontic appliandes.

Currently, it is Ti6Al-4V and Ti6AIl-7Nb alloys that constitute a group of the most commonly
applied magrials in the production of implants. They are characterized by excellent mechanical
properties, adequate for complex ldashring applications, as well as low susceptibility

to corrosion in various biological media i.e., body fluids and tissues. Hovaeseeto their high
elastic moduli, the soalled stress shielding phenomenon is often obsdi#jefll3]. It leads

to the formation of fibrous tissue at the bamgplant interface and, as a ceqggience, an uneven
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distribution of mechanical loads in the pamniplant structures, micrmotions of an embedded
material as well as loosening of the implant fixation. Lesge a | e r e gypeaallogsh o n
resulted in distinguishing a group of biocompatilmlonvanadium alloys, gum metals and
developing materials with stiffness close to that of cortical bone, hence theassessated
shortcomings no longer pose an obstdélg [8]. Neverthelessthebi o medi c all b
demonstrate unsatisfactory, high density and contain rare elements, makinglth®aterial
expensive. In addition, their costly processing, due to the extremely high melting points of some
elements€.g.,Ta, Mo, Nb) and resulting segregation, should also be medtiRaeently, low

Cc 0 stype titanium alloys, aoprisedof elemeits such as Fe, Sn or Mn, have been extensively

studied as they hold premise in eradicating the aforementioned diffiaHies

Based on a series of cell viability examinations, pure titanium could be regarded as nontoxic,
nonirritating and nonallergenic mefab]. Its biocanpatibility is even slightly superior to some
titanium alloys, specifically those with aluminum, chromium or vanadium addition.

Il nterestingly, ni obi -stabilizange&ementswhasd biocompatibéity t h e
is superior to that of titaniunT.heir use in medicine is albeit confined due to poor availability,
high-priced cost of sourcing and manufacturing as well as low strgfptiAs mentioned,
Ti-6Al-4V alloy is still the material of choice ialinical practice, however, the evidenced
toxicity of alloying elements i.e., carcinogenic effects vanadium causes and neurodegenerative
properties of aluminum, raises a major cond&in[6]. Therefore, wealth of novel pure-Ti

based materials developed and investigated over the past years have been targeted to eliminate
the use of alloys, containing harmful alloying elements, in regenerative medicine. Furthermore,
patientcustomized techniquesuch as 3Eassisted bioprinting, have come to the fore

in contemporary biomedical engineering because the materials produced demonstrate
outstanding functional properties and may be readily modified by incorporating additional

treatmens e.g., surface dpnization[7].

A considerable share of -based materials utded in medicine is taken by shape memory
materials with the most typical representant bémegmearequiatomic NiTi, despite the evident
allergic reactions nickel tends to induce. The alloy, typically referred to as nitinol, display

a series oincommon properties i.e., superelastic strain recovery, high corrosion resistance and
strength as well as notably lower elastic modulus with comparison to both commercially pure
t i tani urypeaahoys[18].-Generally, all of the shape memory materials are regarded
as smart ones. After having been qyaastically distorted at givetemperature, they are able

to recover their original form upon the presence of a particular stimulus e.g., heat, magnetic

12



field, light, humidity or pH. Such a feature is known as the shape memory effect that a host of
metallic, ceramic, composite and syetilh materials can experience. Under certain conditions,
pseudoelasticity effect (in alloys) as well as vistasticity (in polymers) are also observed.
The former is defined as a reversible, elastic response to the stress that has been exerted
on a matgal, whereas the latter refers to the tioependent behavior of exhibiting both elastic
and viscous characteristics when undergoing deformation. All theeabentioned effects

stem from the martensitic transformation, taking place while the right stsnmibpplied17].

The other, less frequently employed smartbdsed materials include TiNiAg, TiZr and
TiNbSn. In medicine, nitinol, usually coated with biodegradable ceramipalymerbased

films, is used for theonstructiorof stents, cervical replacements as welfilgers. In addition,
various coatingbased technologies are implemented so the barrier for nickel diffusion is set up

[71.

Both commercially pure titanium as well as-6/AlI-4V alloy demonstrate poor resistance

to wear, a hardlo-overpower hurdl€7]. In orthopedics and dentistry, the nature of an implanted
biomaterial surface acts as one of the most crucial factors determimengpeed and
effectiveness of the healing procesdés]. Different surface modification techniques,
including chemical, physical and mechanical treatments, are pursued at roughness shaping,
improvement of corrosion and wear resistance or formation of bioactive layers that tend to
modulatethe bone rebuildingrmpcesses. Some methods could be used to improve not a single,
specific property but a few, simultaneously. When it comes down to wear resistance, its
enhancement counteracts the loosening of an implant. It might be accomplished by a host of
physical deposion processes, such as cladding, ion implantation, physical vapor deposition
or plasmaassisted techniques, and thermochemical surface treatments, including boriding,
carburization, nitriding or oxygen diffusion harden[igy [18]. Up till now, TiN films and their
ramfications i.e., TION, TiAIN, have proven to lleemost promising as their biocompatibility,
hardness and wear properties are impeecabifortunately, depositieproduced surfaces tend

to delaminate, whilst thermochemical approaches leadgubstantial twist of a substrdti9].
Ensuring that corrosioproperties are delivered upgrades both the stability and longevity of an
implant bonding during its service in a human body.-gl technique, passivation, ion
implantation, laser surface treatment, physical vapor deposition or plasma electrolytiooxidat

are only a couple of methods utilized to improve corrosion resistance of Ti and itq20pys

Despite all the inarguably merits such processing technologies have, one ought to focus on their
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cost, repoducibility, environmental unfriendliness, lotgrm impact or volatility of the

properties earned.

A novel, recognized trend in surface engineering is to provide materials, having antibacterial
properties so as to curb the biofilm accumulation. The dpusdat of strategies assuming the
durability of antimicrobial surfaces and the selection of appropriate materials is decisive, since
an implanted biomaterial, constantly exposed to the presence of various bacteria strains, should
manifest an unchanged bigupatibility [21]. The employment of polymer coatings based on
e.g., polyethyleneglycol or hydrophilic poly(methyl methacrylate) hinders the bacteria
multiplication, yet their premature degradation and strongaatitesive properties require
careful working out[22]. On the other hand, innovative twlimensional materials, such

as nanotubesgraphene or molybdenum disulfide, although very promising in terms of
electrical, optical and antibacterial properties, are additionally characterized by cytotoxicity and
extrenely high cost of fabricatioj23]. Enriching the surface of materials withudkine,

silver-, zinc or coppercontaining compounds should &eknowledgedbecause such elements

are known to prevent the losigrm bacteria adherenceddiomaterial, thus reducing the risk

of biofilm formation as well as the probability of infect®and inflammation states occurrence
[21].

While improving the strength of pure titanium intended for advanced, medical purposes, fine
scaled volumetric features amesiredsince it has been found out that surfaesed
modificationsmaynot be suficient [24]. Obviously, it seems reasonable to manipulate surface
properties of a biomaterial in order for a stable and-tengy implant integration to be assured.
However, bulk properties are of vast importance as surface itself makes up only for a
microenvionment recognizable by different biomolecules and §28% The effectiveness of

any procedure conducted within the field of implantology depends, to a large extent, on the
characteristics of a material, mainly its fatigue and tensile strength, elastic modulus as well as
ductility.

1.2. Severe plastiddeformation techniques

Over the past three decades, a great deal of interest has been centered around the severe plastic
deformation(SPD) techniques, exploitedo the strength ofvarious metals get reinforced

These methods encompass a great deal ofl ieemaing processes that operate by imposing

high strains orully -densebulk specimensinder an extensive hydrostatic presq4@, [27].

Such extraordinary procedures lead to intense grain refinement, the phenomendleddrytro
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the gradual transformation of leangle grain boundaried AGBs), having high-energy
configurations, into weltleveloped higtangle grain boundaries (HAGBSs)In fact,

it is believed that the prevalence of HABGs serves as the distinguishing mind& 8PD
manufactured samplg27], [28]. Grain refinement as a method of materials strengthening,
realized in different ways, has been handled for years, yetstitlislloying that has gathered

considerably more attention owing to its conversance and practic§biljty

The SPD processesownoprreasreandr yast At bpzati on
formation of fine-grained (FG), ultrafinegrained (UFG) and nanocrystalline(NC)
microstructuresMaterialsobtainedby using the SPD methods manifest a set of outstanding
mechanical properties, relatively homogeneous microstructure in the volumenaferial

as well as crystallographic textuen importantadvantage ahe UFG or NC metals and alloys

is beingcontamination and porosityfree [27]. In addition, they display surface properties to
bediversifiedfrom those of their untreated, coagmined counterparf9]. In stark contrast,
smallscaled size and higiemperature instability aremong the greatest drawdkes the
materials produced by the SPD techniques hase matter of fact, only a few actually hit the
marketsincepotential applications the UFG and NC materials might fincdseaecg27], [30].
However, the attempts for customizing the SPD methods, so they become more industrial
oriented have never been ceasélthe ongoing search for the novel SPBbutesand the
modification of tlosealreadyexisting have been dictated by fh®mising outcomes achieved

and theneed of developing innovativéow-priced materials, aiming to be employed ég.,

medicine, aviatiorand spacéndustry or electronics.

By using the SPDRechniquesit is possibleto treata whole spectrum of materialsicluding
metals and alloysintermetallics polymers or various composite& true milestone in the
optimization of the SPDnethodswas the design of pioneering functional materials, such as
nanostructuredhermoelectriceind superconductors, irradiatioesistant retak or hydrogen
storingnanomaterialsproving that the SPD techniques are not exclusively assigned to grain
refinemen[31]. UFG and NC biomateriaésg.,biodegradablenetals and@lloysas well agpure
titanium exhibiting superior biocompatibility to it®arsegrainedform, seem to be of equal
interest32], [33].

A distinctive feature of the conventional SPD approaches is that the changerangwerse
dimension of a workpiece does not occur. It is achieved by using complex machinery, facilities
and tools, durable enough to withstaextremely heavy loads present while the material

is formed. Normally, an initial billet is processed through a serigéastic deformations, not
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by a single one. The core of the SPD techniques is the presence of hydrostatic pressure and,
in the majority, shear deformatid@6], [27]. Grain refinement during the SPD processing

is governed byhe two major factors: procesparameters, such as temperature, strain, strain
rate, deformation pathfriction forcesand the presence of lubricants, as well as material
parameters, including stacking fault energy, melting paiitial grain size and the presence

of seconephase pdicles[28].

A host oftheexperimentaSPDprocedures has been introduced anprovedfor decades, yet

it is equal channel angular pressing (ECAP), pggssure torsion (HPTaccumulative roH
bonding (ARB)as well as multdirectional forging (MDF) that have drawn the greatest
attention. As the name suggests, ECAP is performed by iimgea squared or a round sample
into a die, having two intersecting channels of equal esesson.The specimen is pushed with
the use of a plungemdexperiences massive shear straingfigectly at the place where both
channelsonnect Typically, fou, eight or twelve passes of ECAP are realized in order for the
material to be refined into the submicrocrystalline level. A plenty of variants, involving
rotations of the workpiece about the operating axipassible hencaifferentmicrostructures

and textures are obtainede Boute, assuminther ot at i ons by 90A in the
time the billet is redeformed, has become the most frequently applied veiGiemerally, the

low productivity of the ECAP technique is what pesa challenge. Therefore, alternative
modifications of thenethodsuch as ECARConform rotary-die ECAPor incremental ECAP
have been proposed address this issy27], [28].

Despite the fact th&CAP is by far the most developed arhlyzedSPD technique, it is HPT
that enables the nanostructures to be foraadily. Nowadays, the process is employed mostly
for research purposes, however it remains the onlys&i2 methogdallowing grain size to be
reduced to over a dozen of nanometeitout any additionalvorking processe7]. While
executing HPT, a coishaped sampleplaced between the two ais/i gets thinned

by simultaneous torsiah strainingand applying high pressures, exceeding the rangdef
gigapascal A particular number of rotations strongly influences the microstructure produced,
therebymechanical properties of a deformed samiRkgher surprisingly, not only a variety of
metals, but also amorphous glasses and crystalline ceramics may be easily subjected to the HPT
approachThe technique is also used foowder consolidationNeverthelgs, microstructure
inhomogeneity as well abe dimensions of manufactured specimens rsake HPT method

unable for largescale commercializatiorOnly a couple of potential applications, such as
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nanomagnetsshowing enhanced magnetic properties or smalized components of

microelectranechanical systenmight be consideref27], [34].

The ARB technique wasuggested to overcome the constraintsthef ECAP and HPT
processes Although the method quickly turned inta very promising SPDroute its
expensiveness, stemming from meticulous matraparation and energy consumption,
cannot be disregarde@ne of the greatesftenefitsof ARB is making use of a conventional
rolling facility, thus eliminating the necessity of construcspegcialized, powerfidetupq27],

[31]. The technique works by repeated stacking of the material followed by rolling. Every time
the sheet is piled up for a consecutive deformation, it is cut in kad#nits surface gets
degreasedndwire-brushed in order for the cut samples to bond tightly. Usually, the processing
is performed atlevated temperatureARB may be suitable for thelfeication of metamatrix

compositematerialsby sheathing mixed powde[&7].

MDF has beepso far, the only SPD approach that was successfully optimipsdaledand,

as a result, ifacilitatesthe formation of UFG materials having sizable dimensions. The method
assumes that numerous ffeeging operations, wolving setting and pulling in three
orthogonal directions, are realized. Owing to the fact that the MDF procéxsgntsat warm
condifons and the applied loads are relatively low, brittle mateniagbe efficiently refined

to the nanometer rang@7], [35].

In addition to the abovementioned SPD technologies, the methods such as twist extrusion (TE),
asymmetric rolling (ASR),repetitive corrugation and straightening (RC®jction stir
processing (FSRInd cyclic extrusiortompression (CEC), deserve mentionjad]. Thereis

alsoa wealth of the scalled SPRderivative processes as well as domed or hybrid SPD
techniqueghat have producedighly promising outcomeand their usefulness is yet to see the
light of day [28]. Hydrostatic extrusion (HE) along with the KoBo technique are two
representatives of the unconventional SPD approgtBEg$36]. The most recent breakthrough

in modern materials scienpertairsto thesurface severe plastic deformation (SSBRjhods
profiting from the principles ofthe classcal SPD techniquesSurface mechanical attrition
treatment (SMAT), severe shot peening (SSP) and repeening(@Benanostructurgto be

formedon themetallicsurface without affecting the bulk of a matefif].
1.2.1. Hydrostatic extrusion

HE, a direct extusion methodpatented in the late 1880bglongs to theclass of the
unconventional SPD approad) mostly due to the reduction in diameter
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of a processed billgB7]. In contrast to the conventional extrusion, fliections with the use
of a pressurized liquid mediuranclosingthe material to be deformedherefore, the process
is alsoreferred to as hydraulic direct extrusionsimply hydroextrusiofil2], [38]. Over the
decades the HE treatmenthad beeremployed mainly for shaping of metal objediat with
nanotechnologyapidly growinginto apreeminenfield of research, itvasrediscoveredt the
beginning of the XXI centur{39].

The effectiveness of HE in tHabrication of UFG or NC materials has received universal
acclaim as recentlhetechniquéehas been perfected to such a degree that it could go up against
the conventional SPimethodswith regard to the strength of processpecimeng40], [41].
Originally, HE was aimed to improve the mechanical characteristics of different polycrystalline
materials, yet it turned out that electrical conductivity, magnetic properties or corrosion
resistance could alsbe enhanced42]i[44]. The processmay be applied for plastic
deformationof structural materials (steel, Al, Cu), refractory metals (Nb, W), functional
materials (DyNi, FeGa) biomaterials ¥g, Ti, Zn, Zr) as well asvariousintermetallics and
composites[45]i [49]. By means ofthe multistageHE, long-length rods, wires or tubes,
exhibiting fiber texture anchixedmicrostructuresare manufacturegd 2]. Furthermore, hybrid
processing by combining HE witheother SPD methis e.g., HPT or ECAP, have also proven

to be advantageous in the production of ksglength polycrystalline materigis0], [51].

A typical HE device, as seen in Fig2lis constructed of an operational chamber, guaranteeing

the safety and finalization of the process, a set of dies, sealing the system, and a nonstationary
piston, starting thextrusionoperation A givenworkpiece positioned inside the chamber and
surrounded by a liquid mediymsuch as castor oil, get'eeformedas the piston is moved.

At that point, the medium is compressed, resultingsteadyincrease of hydrostatic pressure

in the chambeOverall, heentireproces®f extrusiorbeginsassoonastheal ue of mat er
yield point is exceede@ndthe frictional resistance is conquerdd.the end, a rod exits the

chamber by a die hole, udlyaof conical geometryThen, wateiquenching may be handled

in order to minimize the adiabatic heating effects and the whole deformation procedure might

be redong12], [38]
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Figure 12. HE device scheme.

In HE, the presence of pressurized medium plays an important role, thus it is imperative
to emphasize the consequencssigdeads to. First and foremost, there is no contact of a billet
with the piston and the chamber walls, therefore any arising friction forces are maximally
diminished.They are, however, present at the bliket interfacejnfluencing the surface quality

of thefinal product[12], [41]. In comparison to conventional extrusitime operating pressure,
being the active force during the HE process, is markedly reduced. As a result, lower
temperature treatment is attainable and, additionally, it may be executed with a higher reduction

ratioofab i | | e tsécson[%2}. 0 s s

The maindeformation mode in the classical SPD tegbas such as ECAP or HPT, is simple
shear, while in the case of HE it is elongation along the direction of extrusion. Deformation
taking place in tts methodincreases the plasticity of a material as well agitgmicrocracks
initiation and propagation. It is why brittle materials may be easily subjected to theoEdss

[38]. Suchphenomena are believed to be originated from the triaxial state of compressive
stresses, occurring during HEenerally, deformation by compression is assumed to be the
most beneficial for plastic working technologidhe HE methodallows for unusually lage

plastic deformations at room temperature to be brought about, what is especially relevant to the
formation of UFG and NC microstructures, since it requirestiEwperature processing and

high degree of deformatid8], [53].

Despite allof the assets the HEaethodholds, it also suffers from a few drawbacks, including
inability to accumulateemarkably highvalues of plastic strain, reachable fioe conventional
SPDapproachesespeciallynultiaxial forging (MAF),CEC and ECAP. Obviously, the reason

behind such &mitation is the change in a diameter ad@formedbillet. TheHE process ought
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to be finished in a particular number of stages, while most of the SPDotegiesenable

a material to béreatedwithout anyrestrictions[12], [54]. Up till now, maximally 20 steps

of HE, resulting in 5.47 of total strain, have been repd&éil In addition, timeconsuming

liquid mareuvering, the need for a complex, sealing system, the energy loss during the process
as well as surface quality dhe hydrostatically extruded samples are the-&#Sociated

disadvantagefd 2].
1.3. SPD-induced microstructures

By virtue of undergoing plastic deformatiorise microstructures aformally coarsgrained
materialsare significantly refined. The observed changes are striking, thergyt tobe
discussedConventionaltechniques, such as extrusion, drawing, or ¢olling, enable for

a substantial grain refinement to be accomplished, but the grain size hits the order of several
micrometers, at the utmosfThe microstructures obtained are typically celkiigre
substructureshordered by low angle misorientation boundarighilst thoseformed by the

SPD techniquesangefrom elongated, lamellato fully equiaxed The fact thatthe SPD
methods possess thkilgty to scale the microstructures down to the nanometer range i.e., the
level unattainable fothe aforementionednetatforming technologies, makes them a force

to be reckoned withnterestingly, distribution of the grain simethe SPDprocessed materials
usually follows a lognormal statistical function, though bimodal microstructures could also be
acquired[26], [56].

Up till now, UFG materials, having microstructures scaledn to the submicrometer range,
have enjoyed the greatest popularity in research. It is widely known that the capability
of a singlephase material to sustain large deformation is governed by its crystal structure.
If the activation of considerable number of slip system is achievable, so is undergoing plastic
deformation[56], [57]. Facecentered cubic (fcc) structures tend to be processed more easily,
even at ambient temperatures, owing to the multiplicity of active slip systems, although the
extent of plastic deformation is greatly affectedtbg stacking faul energyof a material

On the other hand,eflormation mechanism dfody-centered cubicbcc) metals is yet to be
comprehended as their drastically different plasticity hampers a uniform conclusion to be
reachedMaterials having hcp structure possess not only fewer independent slip systems, but
also lower crystallographic symmetrhereby they r@ known as hartb-deform [28], [57].

It needs to be pointed out that irrespective of the crystal structure, melting point of a material
has a profound influence on tbatcomesf deformation. If the recrystallization temperature

is markedly low, as in the case of Al or Mg, then, instead of dramatic grain refinement, grain
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growth is bound to occuf28]. Overall, mcrostructures produced by plastic deformation
technologies are also the resultantief process conditions, freely to be adjusted. In general,
temperature drop, pressure increase and the additiaitoging elements make the effects of

grain refinement more spectaculaé].

UFG andnanostructurednaterials,manufacturedoy the SPD approaches, are filled with
a variety of defectswvhich may bedetectedexperimentallyat themicro- andnancscale[27].
Based orthe widely recognized classification of structural defectise mayclaim that point
defects e.gsubstitutional atoms oracanciesas well adinear ones, such as dislocations and
a host of planar defects in the formsthcking faultsor grain boundarieare presntin the
asprocessed microstructurgZ8]. An accumulation of defects leads tsubstantial distortion

of crystal latticemndqualitativechange in propertiesf a developed materidhdeedtheSPD
fabricated metals and &loinoy ® | & resahceahfa itreciurerad & d
and abundancef defects is an essential factoegulatinge.g., mechanicatharacteristics
electrical resistivity osusceptibility to corrosiof27]. Amidst the welldocumented defects,
grain boundaries have showndominate andietermine the material behavior to the greatest
extent. They may be categorized into LAGBs and HAGBSs, taking into account a disparity
in the misorientation betweeadjacengrains,yet the other kinds of grain boundaries such as
equilibrium and norequilibrium, as well aspecial and randontould be generatedhile
exposing a sample to heavy strainingon-equilibrium boundariesvith straindistorted
structuresprevail in the SPDprocessed material$hey are characterized by excessive Gibbs
energy,increased free volume and the existence of d@mge stresses related to the high
density of dislocations in the neboundary regins[58]. Whilst deliberating about boundaries,
grains shouldalsobe highlighted SPD-fabricated microstructures are composed of a host of
grains, dissimilar in sizeshape,orientation, internal structure and the orig@ommonly
subgrain structure is observed in large, partdéyormed grains, whereas those of intermediate
size comain a high density of lattice distortionBhe most extremely refined grains, having
dimensions in the nanometer regime, are mostly dislocatieas however, some small

inhomogeneities mighalsobe noted59].

By applying plastic deformations, it is possible to witness unusual phase transformation,
including formation or dissolution of second phases, disordamdgomplete amorphization,
providing that some structural features, such as nanotwiaapitatiors (hanosized particles),
segregations or solute clusters are shgpeé [57]. The fraction of twins i.e., defects of twin
orientation, might be augmented by either{@mperature or higktrain deformation as well
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as by decreasingtacking fault energywhich is typically pacticed with the use of alloying.
Generally, twinning is viewed to play an important role during deformation, albeit not

a dominant ong28]. A substantial fraction of grains is converted into mitwvns, when the

stress is applied normal to the basal plane. Reorientation of a portion of grains enables slip
to occur because the favorably oriented slip systemadiieated. However, twinning itself
cannot accommodate the deformation needed for a considerable grain refinement since one
interatomic distance is greater than the atomic displacenggeredby twinning. Overallthe
processassumes fragmentation of arge grains into lamellar structure with subsequent
formation of dislocation walls inside lamellae and their further subdivision into equiaxed,

nanosized blocks, exhibiting random orienta{i68].

The actuamechanismesponsible for downsizing coargeained microstructures by means of

the SPD methods is still being debated, although several models have made a successful attempt
in understanding the complexity of observed phenomena. It is generally acknowledged that,
irrespective of the crystal structure, Siduced grain refinement eventuates from a-non
uniform distribution of higkdensity dislocations, arranging themselves into -émergy
configurations so that cell structures could be formed within the originadsqi6], [28].
Another approach focuses on the weight of shear bands, deformation inhomogeneities of
intense localized straii60]. Owing to the small distance betwd@e shear bands, dislocation

cells, having dimensions in the submicrometer regime, are created. chagacteristic
positioning and subtle differences in crystallographic orientation with respect to the adjacent
regions make them subgrains, not grains, defined by a misorientation boundary of at least 15
degreed61], [62]. In hcp metals, the process of grain refinement takes place through the
nucleation of fine grains along grain boundaries or preexisting tfansing a necklacéike
arrangement. It is achievellie to stress concentrations as well as the adtivafiboth basal

and nonbasal slipThe former is facilitated by external stresses, while the latter can be realized,
providingthose elevated temperatures or/and high streseesaintained27], [28].

It is widely recognized that dislocatismotion and interactions they experience are at the core
of all thedeformation andfailure-related mechanisms in ductileetallicbased system3$hus,
dislocation activities are believed to have an enormous impasfioimg the coarseyrained
microstructuredy means of the SPD technologie$], [57]. The most common dislocation
classification is made upon a possiblevement tammobile dislocations knownas sessile
onesand mobiledislocations glissile ones,leading to glide which, apart from climb, is the

basic dislocation movemer&lide of at least a couple of dislocations results in slip, the most
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typical manifestation of plastic deformation in polycrystalline materialsere are also
statistically stored dislocations, derived from random trapping processes during deformation,
and geometrically necessary dislocations, arising when internal strain gradients accompany
plastic deformations. Overalligliocations possess the unique abilities to interact with all types
of defects and form variowstructuresarraysor configurations sich astanglescells loops or

pile-ups,beingeffective barries to further dislocation motiof27], [58].

All of the beforenamed defects are also reported in traditiematlyufactured metals and
alloys, although with a considerably lower density. Therefore, a good insight into the SPD
processed specimens could be gained from an analysis of the microstructuralaedents
features rarely, if ever, observed in bulk materials deformed by conventional methods. Grain
agglomerates, originating from grain coarsening, constitute the most common exemplification
of defects, exclusively seen the microstructures formed by usinthe SPD technologies.

If a manufacturedsample is of high purity, then the chance for grain agglomerating rises
notably.Generally, grain coarsening stands in stark contrast to grain refinement during-the low
temperature deformation of materials and atalty undesired since a grain agglomerate

as aregion of high local stress and reduced strength, hinders the performance and functionality
of a developed materialhe otheionly-SPDrelatedmicrostructuratiefects include star twins,

a group of five twms, meeting at a single junction, as well as disclinations, i.e., violations in

rotation symmetry of a crystgs8].
1.4. SPD-induced biophysical properties

In literature, biocompatibility of a materialis often wrongly coupled withits biological
properties whereas they characterizbe nature ofinteractions between surfacesand
biomolecules, celloor tissues underin vitro or in vivo conditions On the other hand,
biocompatibility, an intrinsic feature of substances and materials intended for use in medical
applications, could be defined as the capability to exisbmpleteharmony withneighboring

living matter Although the term was originally referred ttee simple ability of a synthetic
material to perform in the human body with a desirable, harmless redipesponse, it has
evolved and been redefinethroughout theyears as now itlso describesa great dealof
biological requirements a material should meet while considering its employment in medicine
and dentistry63]. The first and foremost, a materg@nbe viewed as biocompatible if it does

not elicit anycytotoxic, carcinogenicor mutageniceffects, as well aallergic reactionsand
inflammatory processg$2]. Theorigin of conflicting nomenclaturdéies withintheassessment

of biological properties and biocompatibilityothrealizedby means otell studies as well as
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animal and clinical trialdn general, all the materials aimed to be utilized for megicgboses
should befully biocompatibleas reflected in theimicrostructural, chemical ankiophysical
properties.

From the point of view ofeactionsan implanted material may triggetith the surroundings
biomaterials are classified dsoinert and bioactive. Recently, biodegradable materials,
undergoing a steady breakdoimrspecific environmest have been developed and extensively
researchedas their potential applicabilityespecially in cardiovascular medicine and
electronics is of great significancg64]. Titaniumand its alloys make up for the group of
bioinert materials that do not initiate any chemical respaniie the remodelling tissues
Hence surface modification techniques are implemerftadTi-basedimplantsin order for

a variety ofbiological andchemical processesat the biointerfaceso be encourageb].
Contrarily, bhoactive materials are those biologically actsiace they tend tstimulate the

formation d a direct, stable bonding between the surface of a maaedaldjacent tissue{21].

Ultrafine-grained and nanostructured metals represent a rather niche class of matainfs, m
due to the limitations in size, anisotropy of properasswell ascomplicatedand highcost
production, yet they tend to manifastprovedbiophysical properties as compared to their
unprocessedcoarsegrained counterpart§65]. What needs to be emphasized is that
biocompatibility of any material is a strictly surfadependent pdnomenor{66]. Ead and

every surface modificatigrnperformedso the material is to gain a specific property,e.g.
porosity,wear or corrosion resistance, might either exacerbate, increase or have no impact on
biocompatibility. Processing of wdern biomaterials isevolved around the techniques that
result in a material exhibiting complete biocompatibilityupked with other characteristics,

such as amwsseointegration abilifyantithrombogenic effeair increasedydrophilicity [67],

[68]. Currently, antimicrobial surfaces have received a great deal of attention owing to their
rapidly-lowering costs as well as ammense effectiveness in hindering the biofilm
accumulationhencedeclining the number of bactenialated side effects in patits undergoing
operative proceduresithin the field of implantology68]. In the case othe SPD-processed
titanium, it has been noted that imposing heavily strains into the volume of a material results
in significant changes of surface properties, such as topography, roughness, chemical
composition and wettabilitj69], [70].

Titanium, along with nickel, molybdenum, aluminum and chromamoompass group of
easilypassivated metal3hus, hocompatibility of Trbased materials is strongly related to the

properties of nativewell-adherent andhermodynamically stable passive oxides which are
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spontaneously formed on titanium surface as soon as it gets expodefdrent oxygen
enriched enybnment§15].Such characteristics are believe
low electrical conductivityTitanium dioxidecommonly known as titania the form of poorly
crystallized rutile and anatgsis the most frequently composed film on Ti and its alloys.
Besides, some traces of titanium(@yide, titanium(lll) oxide as well as nestoichiometric
titanium oxidesouldalso be foundt has been shown that irrespeetof experiencing a metal
treatment, the thickness of titania layer is in the range froni@mon [12]. However the SPD
techniquesnfluencedefects density, mostly oxygen vacanasswell adistribution of some
functional groups andtoichiometry of an oxide lay¢r1]. In addition, it needs to be pointed
out that the nature of titanium surface affects not onlglsicalproperties, but alsmarkedly

low corrosion susceptibility to various aggsevze mediaboth acidic and alkaliné&enerally
excellent corrosion resistance ofdased materials toiological liquids, being mostly neéo-
neutral, mild solutionss indisputable. Titaniunmanifests no traces of surface delamination
debris or pitting attackwhen exposed to simulated biological flyigshysiological saline

or phosphate buffer solutiofig2]. In fact, once a passive film is broken, it gets immediately
rebuilt and the mbable corrosion reactions are impeddtl.is worth mentioning thathe
environmentdilledwithhal i de i ons ( FI , ClsdestroyBgtle surfdcd ) ar e
of Ti and its alloyslocally. Interestingly, in the casef the SPD-produced titanium,
atremendousmount of highangle grain boundaries acts as preferential sites for titania layer
nucleation, even in the presence of fluoridend chloridecontaining compound$12].
Furthermore, titanium demonstrates low susceptibility to saeaisted kind of corrosion,
namely tribocorrosionOverall, it has been wetlocumented thabiological compatibility

of Ti-based materials is entangled with their corrosion resistanietlaare originated from

the extraordinary properties of the surfé@k [12], [73]. Nevertheless, a uniform conclusion
on how microstructural refinement affects corrosion propertiése@PDprocessed materials
has not been drawn so fore recent reports have indicated thather than the small grain
size, @ enormousshare of surface defects, equilibrium grain boundaries as well as
crystallographic texturenight be viewed aghe source othange irthecorrosion resistance of

ultrafine- and nanegrained materialf37], [44], [73].

Nowadays, iseemsbvious that bydecreasinghe grain size obiomaterials having coarse
grained microstructures, down to the submicron or nanometer scale it is possiaduiate
protein adsorption ancaell-substrate interactions. However, the underlying mechanism

controllingthe observed phenomeremains poorlyunderstoodinitially, it has been claimed

25



thatthereduced grain size is responsifide theimprovedbiocompatibility ofultrafine-grained
and nanorystallinematerialg74], [75]. Grain refinement wasomehow naturally linked to the
improvament ofbiophysicalpropertiesn the SPDtreated materialsinceit was already known
that the mechanism enables a material to be exceptionally strengtAen¢gT- and ECAR
processed titanium were one of the fgsverely deformetliomaterials obtainedith the aim

to rule outthe use of T6AI-4V alloy in medicinethey havealsobeen the most extensively
researched in terms of lpbysicalproperties. Enhancednctionalizationof a variety of cell
cultures, including fibroblasts, preosteoblasts, osteoblasts, mesenchymal stem aalis
keratinocytecells, on the surface of ultrafinand nanegrainedtitaniumwas widely reported
[73], [76]i [81]. Cells havedisplayedto thrive onthe SPD-processed substrates more vividly
in comparison tdhe unprocessedamplesThe vast majority of cells grown on the severely
deformed surfaces tend to exhibit phenotypic morphology, including polygonal and flattened
shape.A great deal of cytoplasmic extensiobegins toform at the relatively early stages
of incubation indicatng accelerated cells growth and proliferatjgd@]. Moreover increased
cell viability and alkaline phosphataseactivity, the undeniable sign of superior
cytocompatibility, hae also been observg8?2]. In addition, some studies have also highlighted
the promoted absorption of proteins as well asafrettitelike crystals formatioron the SPB
produced substrates soakiedvarious simulated body fluidssuggestingbioactivity of the
inherently inert Tibased materia[83]. As a matter of fact, direct bone appositiothesurface

of ultrafinegrained titaniumhas been noticed under vivo conditions what implies good
integration of the implanted material witharvery complexbiological environmerfi65]. Apart
from the small grain sizeall of the observed changes were attributedtite presence

of nanostructured surface featur@s,the form of nangeaksor nanegrooves,increased
hydrophilicity or nanoroughnessurface free energ{SFE)and grain boundary energ24],
[84], [85]. Recently, it has been proven that the substantial share edhgja grain boundaries
on the surface as well as crystallograpbrentation of grainshould also be taken into
considerationwhile explaining the mechanism governing ihgroved biologicd response

of theunconventionally manufacturedaterialg69], [86]. At the same timehe role of grain
refinement was notably diminishe@verall, surface chemical reactivity as well as surface
topography have been reported to influence-sdistrate interactions and protein adsorption
the mostln fact, surface propges tend to mediate the amount, distribution and conformation
of proteins adsorbed on the substf&M@, [88]. As a consequence, cells functioning, inahgd
adhesion, maturation, proliferation and differentiation, is also indirectly affected by

physicochemical properties of the surfadedoubtedly theseproperties ar®ne of the most
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important factorgominatingthe interactions of ayntheticmaterial with living tissues, yget

what needs to be pointed otiteymay beeasilyadjused by either simple mecharahemical
preparation(subtractive manufacturingy alteringwith the employment of additional surface
modificationtechnologies (additive manufacturingdowever, it is worth underlining that any
coatingrelated procedures, performed so the integration with living tissues is reached, create
often unstable, artificial, chemically and physically complex fat&s. In addition, most of the
applied techniques are energyd timeconsuming, thereby not environmenrtiaéndly.

Despite a very favorable impact the severely deformed titanium exerts on biological tissues,
it also displays some hatd-overcome disdvantages, including limitations in size,
nonhomogeneous microstructures and high stifff&@&js Therefore, potential applications the
ultrafine- and nanegrained Tibased materials might find are mainly restricted to weakly

loaded implants as well asnaltsized medical equipmefR0].
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2.  Materials and experimental procedures

2.1. Material development

Commercially pire titanium Grade 2), whose chemical composition is listed in Table 2.1, was
theinvestigatednaterial It wassupplied by Wolften (Poland) in the form of a itwaling50.60
mmin diameterThe choice of this particular Grade was dictateddxglatively low interstial
content, in comparison to Grade 3 and Grade 4, as weikastractiveness fandustrial and
medical purposeg has displayed throughout the yeaffie material was subjected to the
hybrid severe plastic deformation progessried out alT he Instituteof High Pressure Physics

(Unipress) Polish Academy of Sciences, \Waawa Poland.

Table2.1. Chemical composition ifiwt.%) of the investigated material.

@) Fe C N H Ti
0.139 0.110 0.020 0.013 0.0007 Balance

Prior to theactualdeformation thebillet in its asreceived condition wasxtruded aambient
temperatureo the ra with 26.70 mm in diameter. Subsequently, it was machined to diameter
of 2480 mm andanneal ed a2 houfsOs A Qetsfhontogenizethd softened
Afterwards thematerialwas left aircooledandthenmachined agaim order to fit the extruder

die. The whole process of HE was realized in five consecutive stages and, in addition, two steps
of rotary swagingRS), a type of neshape forming operation, were completed so the final
workpiece be cleacut. Combining these two techniques makes the entire material development
hybrid. Due to the fact that neither the extrudesdi®r the processed rediereheated during
deformation, the obtained materials could be viewed aswotiled. However right after
exiting the extruder die, thepecimensvere waterquenched so as t@ducethe adiabatic
heating effectsA part of every singléydrostaticallyextrudedrod was sliced and storaghile

the ramaining piecewas subjected to HE aneW.is worth mentioning that no intermed&a
annealing was performedven though it used to be practidestausehe processnight have
beenfinalized moresmoothly Following all the HE and RS operations, the final rod Wweat
treateda t 2 00 AC .Dwenll,tl® intiab matesal having diameter of 24.80 mm was
deformedto the final rodof 5.00 mm in diameter, what corresponds to the true strain value of

3.23, according to the equation:
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R 11— a&'Y(Q

whered and0 stand for the initial and the final cresectional area of a processed sample,

while R denotes an area reduction.

Table 2.2. Diameter reductions in the applied processes and the corresponding true strain values and pressures.

Process Reduction (mm) U(-) - (-) Pressure (MPa
HE 50.60 Y 124 - 937
Machining/ 26 . 70 Y - - -

24.80 Y 090 0.90 867
15. 94 Y 064 154 1040
HE 11.58 Y 050 2.04 672

9.04 Y 040 244 630
7.41 Y 038 282 700
RS 6. 14000 041 3.23 -

The change in diameters, true strain values as well as operating pressures during the whole

deformation processare summarized in Table 2.2.

2.2. Mechanical behavior

At first, an in-depth evaluation of mechanical properties by means of statisile and
compressiontests as well as fatigue tesivas realized.Additionally, Vickers hardness

measurements over diameterobfained rodsvere conducted.

Static mechanical testing wagerformed according to thelSO 52%2:2012 Standard.

In so doing, &Zwick/Roell Z250 machinevas usedUniaxial tensile and compressi tests

were carried out at room temperatummploying a t | east-bdame eshadgeodd
cylindrical specimens, respectively. Thabtained samples wereCNC-machined (CNC;
Computerizechumerical control) from the longitudinal crossection of deformed r@dThe

overall length, width and gage length of tipeamens utilized for tensile tests were 15 mm,

4 mm and 3.3 mm, respectively, while the applied strain rate was 0008 samples used

for compression testing had 7.5 mm in height, 5 mm in diameter and the applied strain was kept
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at 5 -MPhidelegecuting the compression tests, the maximum capacity déstiag
machine was reached, therefore it was impossible &sune the ultimate compressive strength
for the analyzed materials asdonly the yield strengths in compression wialitated

Overall, due to a vast amount of data gathered, only the most representative curvastiede
and the results were averag@&ltrainswere recorded by using an automatic extensometer
equipped with a Cardan shafiwo quantities related to the strain energy i.e., modulus
of resilience as well as modulus of toughness, were calculatadgefingtheappropriate areas
underneath théensilestressstrain curvesModulus of resilience is generally defined as the
amount of energy a particular material may absorb without suffering any déveéwe

it comesbackto its original, undeformed shapé.coud be determined using the following

formula:

o 2

where' stands fothe modulus of resilience, is the yield stresswhile E denoteshe elastic

modulusof a material

On the other hand, modulus of toughnés&sng a ductilitydependenproperty, is specified as
the amount of energy required for a material to be completely fractunealy be approximated
as:

6 — - — — (3

whered is the modulus of toughness, denotes the ultimate tensile strength arslands
for the ultimate strain (total strain at failuré)is worth mentioning thani both cases the term
modulusis practiced due tdhe operativeunit i.e., 0 ¢33 or 0 3 , thus the same

asin the cas®f stress oelastic modulus.

Sampl esé6 microhardness based on the Vickers
a Zwick indenter. Only the sur f aseectiopwas al | el

tested. The impressions were made along the diameter of a sample with a load of 200g.

Finally, rotary bending tests were realizearder to find out how the hydrostatically extruded
titanium responds to alternating, higicle loads. Only the material deformed at the strain
of 3.23 was investigated. The fatigue tests were carriechbtite Institute of Advanced
Manufacturing Techology, Kr a k Poland, using a fatigue testindedicatedmachine.

Fluctuatingloads were appliedt five different strain levels until fracture was detected or the
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number of cycles reached 10 hree specimens were testied each of the strain condition.
According to the I1ISO 1143:2010 Standahdurglass ampleswere machinednd abraded
sothesinglepoint loadingmethodcould beperformed The overall lengthdiameterand gage
length of thespecimensemployed for fatigue tests were 60 mm, 3 mm and 12.2 mm,
respectively A maximum rotational speed of 2500 rpm veapted,and the entire testing
procedure was executed at room temperaturgngle rotary bendingnduced stressY was
calculated based on the bending momen énd the section modulue(), according to the

following formulas:
o - 4)
0w — (5)

where d is the diameter of a specimen.

Eventually, a Whler curvewasplotted,and the results were compared to those available in the

literature.

2.3. Surface preparation

Prior to the investigations conducted within the preséudy, a careful samples preparation
needed to be realized as titanium surface gets easily passivatednd the presence of a thick
passive film may derange the accuracy of todlected data, especially in the case of
microstructural characterizatianAll of the examined specimens were progressively ground
with a set of silicon carbide (SiGangbapers, rangin@ grit from 100 to 4000Subsequently,
they wereultrasonicallyrinsed withisopropand so as to remove amgbradingrelatedresidue,
electreetched, using an alcohkbhsed solution and dried with a stream of hotAsra result,
mirror-polished surfacesf nearlyidentical topographiesereobtainedlt should beunderlined

that aspecial attention wadevoted tahe polishingstep In so doingthe Struers LectroPol 5
electrolytic polisher was utilized and the conditions were as follows: the polishing time of 15 s
and the applied voltage of 35 V, while the electrolyte temperaturédneldd e | o wSuBhA C .
metallographic procedures weeenployed 6ér microstructural angbhysicochemicabkurface
propertiesinvestigations as well as cetiaterial interactiors and proteiamaterial response

studies.
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Due to the anisotropy the severely deformed materials tend to demonstrate, various cross

sections i.e., transver§ECS)and longitudina(LCS), were examined within the present thesis.

2.4. Microstructure examinations
2.4.1. SEM/EBSD

A comprehensive mrostructual characterizationvas executed on the grounds of orientation
imaging microscopy (OIM)In so doing, aFEl Quanta 3DScanningElectron Microscope
(SEM) equipped witha field emission gumnd the electron backscatter diffractiofEBSD)
systemwasused Thelnverse Pole Figure (IPF) maps were gatheredlifof the HE-processed
titanium rods in order ttracethe microstructure evolution during hydrostatic extrusitime
initial material was used as referen@gior to obtaining the data, a step sizenadl as the

overall map size weradjustedso at least 1.8 million diffraction points could be recorded.

Upon completing the pasuremenighe maps were cropped so the comparison betieen

particular samples be reliable. All of the points having the Confidence Index below 0.1 were
excluded from the analyses as they correspond to thesizeu structures, whose cannot be
resolved by using the EBSD method. In additithrg grain dilation cleanup procedurewas
implementedunder the assumption that a single grain is defined as an@arstitutingat least

five points, surrounded by a continudusundaryn avi ng a mi sorientati on
a value was used in order to distinguish betwe®@Bs (R250A) and HAGHEs (> 1
IPF maps, single grains wewmdlor-coded according to their crystallographic orientations

relative to the sample normal direction.

While analyzing the data obtained, grain size distribution, grain bourdrgity grain
boundaryfraction as well as misorientation angle profiles were thoughtfully studilesisize

of a single grain was specified by diameter, established by calculating the total area of a grain
having a assumedircular shapeln the case ofrain boundary density, it was worked out as

the ratio of the overall boundary length to the orientation map lsizaddition, a series of

parameters describing intragranufaisorientatiorwere revealed

A KAM (Kernel Average Misorientationwhich is determined for a given point as its
mean misorientatiom reference tdhe neighboring points.
A GAM (Grain Average Misorientation which is defined similarly as the KAM

parameter, though the neighboring points are restricted to the same grain.
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A GOS Grain Orientation Spread which expresseiemean misorientation of all points

making up for a grain.

Due to the fact that different step sizes were used for the OIM maps gathering, both the KAM
and GAM parameters were normalized to the smallessstefsuch an approach was adopted
as the parameters are known to be resoltg@nsitive.For the sake of clarity, a graphical

visualization of the EBSHlerived parameters is illustrated in Fig. 2.1.

KAM GAM GOS
Figure2.1. A graphical representation of th&M, GAM and GOS parameters.

In addition, crystallographic textures were obtained based ogatiheredEBSD mapssince
wealth ofstudies have confirmedompleteresemblance of pole figuré®Fs)derived from
OIM maps and those collected byrXy powder dfraction (XRD). In doing so, (0001) and
(1120) PFs as well as Eihd TD2IPFs were revealedassuming the convention of directions

depicted in Fig2.2.

TD2

TD1
ED

Figure2.2. The onvention of directions used to depict pole figures
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24.2. TEM

A Tecnai G2 SuperTWIN FEG equipped with the HAADF/STEM/EDAX attachments was
used for TEM examination3he microstructures of the Hrocessed titanium samples were
analyzed by setting the Bright FieldF) mode. Furthermore, Selected Area Electron
Diffraction (SAED) patterns were takao as taonfirm the crystalline nature of the obtained
materials.Indexing of the diffraction images was performed applying the CSpot software,
delivered by the CrystOrienbmpany.

In order to carry out the TEM investigations, a host of thin f@fil$00 nm in thickneswere
preparedThe swedcrosssectionswverefirstly abraded with Sithased sandpapergryingin

grit from 100 to 4000and ultrasonically cleaned in isop@mol At this stage, the specimens

were approximatelydde m t hi ck. Subsequent |lhglpof TenurRolst r o p o |
facility was conducted. In doing so, an electrolyte containing nitric @3&o) mixed with

methanol wasised and the procedureasvexecuted ahe temperature of2 0 Awhile the

applied voltagevas set a80 kV.

2.5. Biophysical properties examinatiors

Substrates, manifesting considerable differences in microstructures and crystallographic planes
exposedtthe surface, were the subjecresearchTherefore titanium subjected tlirstages

of HE along with that after two steps of rotary swagivere selectedfor the evaluation of
biophysical properties In addition,a @mmprehensive evaluation of surface properties was
performed in order to understand eslibstrate interactiorssse\erely deformednaterialmay

elicit. With regard to bitogical behavior, potein adsorptiongytotoxicity test as well asell-

material interactionsierescrupulously investigated.
2.5.1. Wettability and surface free energy

Hydrophilicity/Hydrophobicityof thesurface wasassessedy usi ng a DO§pA 100
shape analyzesquippedvith a video capture attachmebeionized water, ethylene glycahd
diiodomethanenade up for a set ¢ifjuids used foexaminationA contact angle was recorded

in 1 second upon placing the droptbe surfaceof each characterized cressction.At least
threespecimensvere testedvioreover SFEwascalculatedbased othe OwensVendtRabel

& Kaelble (OWRK)theory, according to the following equation:
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e Q&L — T T (6)

wherel is the liquid surface tensionrsstands for the contact angle between the solid and the
liquid, while[ and[ denote dispersiveomponents of the solid and the liquid surface
energies, respectively. Analogically, and’ designatgolar componestof the solid and the

liquid surface energiesespectively.
2.5.2. Surface topography

An InnovaBruker Atomic Force Microscope (AFMyvas utilized forsurface topographical
analysesThe measurements were based on the tapping mode with the use of a SiC cantilever.
Due to the higkdensity defects typically present on the surfaces of severely deformed materials,
arelativelysmallie5e m5e m, scanni ng ar dposthedatancguisitiony e st i g
the images wersubjected to thirérder flattening.Surface roughness was computed as the
arithmetical mean deviation of the profile jjRaken from at least three measurements.
Additionally, by implementing a selinade Matlab scrip a series of surfaceelated

characteristics were revealed

A Peak densitywhich expresses the number of peaks with respect to the unit area.

A Mean spacingwhichis defined as the averaged spacing between the peaks.

A Surface defectdensitytoveragewhich represents the density of defects present on the
surface and is obtained by multiplying t@responding peakensitesi.e., the number

of peaksper unitdistancein two orthogonal directions.

It should be stressed that all of the aforementioned pararaedeesived from surface profils.

Due tothe veryhigh irregularity of the examined surfaceghile analyzing a single AFM
image, 2Qorofiles were determingd two orthogonal directions artde results were averaged.
Therefore e.g., YPeak density stands for the mean number of peaks taken from the profiles
plotted in the y direction of an image&hile xMean spacing detesthe spacing obtained from

the profiles plotted in the x direction ah image.
2.5.3. Surface chemical composition

The X-ray photoelectron spectroscopyRS) analysesvereperformed in order téind out the
surface chemical composition of the #Eocessed titanium samples. In doing so, a PHI
Ver saProbell Scanning system using monochrom

X-rays were focused fiorma 100 Om spot, wlwabe 400e Osmc &n @Ai0f
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High-energy resolution spectra for the Ti 2p, O 1s, C 1s and Ca 2p regions were obtained with
the photoelectrontakef f angl e and the pass energy set
addition, in order to maintain a constant faoe potential, irrespective of the sample
conductivity, a dual beam charge compensation With use of7 eV Ar+ ions and 1 eV
electrons was ensuredhe operating pressure in the analytical chamber kegs below

3 1 P @bar. All of the XPS spectra wethargereferenced to the unfunctionalized, saturated
carbon (CC) C1s peak at 285.0 eV, whereas the deconvolution procedure was carried out by
using the PHI MultiPak software v. 9.9.0Hinally, the relative percentages of the detected

elements were coputed.
2.5.4. Protein adsorption

Bovine fibronectin proteirflater called simply fibronectigndbovine serumalbumin(named
albumin later onwere utilized for proteinadsorptionassaysipon 16fold dilution of theas
receivedsolutions(Abcam company)The characterizé titanium substratesvere incubateat
3 7 Aot 12 hoursunder a humified atmosphere of 5% L®fterwards they were flushed in
phosphatéuffered saline (PBo the unattached protewereremoved while sodiumlauryl
sulfate (SLS) wassedin order for the absorbed proteins to detach from the suifacally,
the obtainecconcentratesvere frozen at20 A f¥ior to a quantity essay condudtevith the
application ofthe Qubit Protein Assay Kguitable fora Qubit fluorometerThe actual protein
concentration within the eluted samples wasmalized to the exposed surface afgdeast

five measurements were taken for each of the tested specimen.
2.5.5. Cytotoxicity

Despitethe fact thapure titanium is generally viewed as an acclaimed biomaterial, cytotoxicity
evaluatiorhas been performeth doing sg human umbilicavein endotheliatells(HUVECs,
CC2519, Lonzp obtained by the courtesy of the University of Groningesre adoptedPrior

to cell culturing, titaniurrbearing extracts were prepared placing culture medium on

a surface with anediumto-arearatio of 1.25 ml/crd The extracts were held for 24 hours at
37A Gand 5% of C@. HUVECs were cultured in @ EGM-2MV solution (CC3202, Lonza)
consising of EBM-2 Basal Medium (CC3156, Lonzay well asEGM-2 MV supplementsand
growth factors (CC4147, Lonzapfter reaching 90% confluence, cells wesashed with
sterile PBS and loosened with trypsin. Following a shoré incubationtheywere neutralized
with medium in order to generatesengle cell suspension. Subsequensych asolution was

centrifuged for 5 minutes at 1000 rpm. Finally, theesnptant was discarded and the remaining
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pellet resuspended with culture medium. Cells were stored imeeB@late at a density of. 2

I “c@ls/mland incubateébr 24 hours at 3% @ a humified atmosphere of 5% ¢ allow
attachmentThen, the remaining culture medium was replaced by titaigiomaining extracts

and cell culture was maintained for additional 24 hotihe MTT assay, making use tife

ability of the tetrazolium dyeMTT 3-(4,5dimethylthiazoi2-yl)-2,5diphenyltetrazolium
bromideto be reduced to insoluble formazan, was employed in order to assess cell metabolic
activity. The extracts were refreshed wittetMTT-containing culture medium (5 mg/ndnhd
incubated for 4 hours.hEcells cultured imnormalmediumwithout any additions wereeated
asthenegative controlConsequently,ichethyl sulfoxide (DMSOyas added to each well and

the plate was gently shaken for 2 minutes. The spectrophotometrical absorbance was measured
at 570 nm in a microplate readeBi¢tek Instruments and an average of at leasix

measurements was taken for each set.
2.5.6. Cell-material interactions

HUVECs and Sac® osteoblaslike cells deliveredby the courtesy ofthe University of

Groningen were employed for cellular responsest udi es . To the aut ho
biophysical properties of materials processed hyeans ofsevere plastic deformation
techniques have not beemaminedwith the use oHUVECs so far Endothelial cells were

cultured andseededin a manner similar to that used for cytotoxicity evaluatidsteoblasts,

on the other hand, were mixed wite@utionc ont ai ni ng Dul beccobés modi
(DMEM), 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Uganing on
sterilizedtitanium substratescells werekeptat 37A Gn a humified atmosphere of 5% @O

Overall, celtmaterial interactions wereetermined based on the e | rhospbology and
proliferationafter 72 hoursof incubation All of the investigated materials were fixed witbo
paraformaldehyde solutidor 10 minutes and permeabilized with 0.1% Tritor1Q0 (Sigma)

for 7 minutesAfterwards, they were washed with fresh PBS ea@fully storedat 4A Cin the

end, the cells grown on thé&anium surfaces were stain&dth the use ofFITC-phalloidin
(Sigma)and DAPI(Sigma)so cell Factin fibers of cytoskeleton and cell nuclei, respectively,

could be observable Microstructural analyses were performed by using a confocal laser
scanning mimscopy (CLSM)Stellaris 8Leica MicrosystemsThe captured images were

finally processed by employing the LAS X software.
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3. The aim ofthe research

A meticulous literature review has testified that an almost limitless potenmitiain the
processes of severe plastic deformation should be taken advantage of. With respect to pure
titanium, its insufficient strength may beasily compensated for once hsastrains are
imposed. As a consequence, apsocessedmaterial, exhibiting a series of outstanding
biophysicaland mechanicalharacteristicsould possiblyreplace the conventional alloys used

in variousbranches omedicine.

Given that the method of hydrostatic extrusion has proven itself very effective in increasing the
strength of various materials, within the present study, the technique was chosen to enhance
pure titaniumds mechani cal eapmaenlewhose graperti@s t h a

will be promising from the point of view of biomedicgbplications

The main goal of the researehas to find the clear origin of superior mechanical and
biophysical properties observed icommercially purditanium processd by means aboth
conventional andunconventional severe plastic deformation techrsqiée mechanism

mediating such properties remains incompletely understood.
Thesis:

Increased strengtbf severely deformed titaniumriginatesfrom microstructurerefinement,
whereasits bigphysicalpropertiesare governed bythe synergistic effect ofrystallographic

orientation of grainandthe presence @urfacerregularities
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4. Resultsand discussion

4.1. Microstructure

The IPF maps as well ake grain sizadistributionsand the misorientation angle profiles
determinedfor the asdeliveredbillet are depicted in Figd.1. For the sake of brevity, the
microstructure o materialin this particular statis illustratedonly to highlight theremarkable

changes in microstructure triggered by applying the HE method.
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Fig. 4.1. OIM maps and the corresponding grain size distributions combined with misorientation angle profiles taken from the

a) transverse, b) longitudinalosssection of the aseceived material.

Irrespective of the crossection examined, the microstructwfethe asreceived materialvas
distinctly coarsegrained andhon-uniform. The mean grain size @.31¢ mN 4 & .n@n8
66.17¢ mN 4 Z.nvas measured on tlECS andLCS, respectivelyCoarse grainsvere
bordered by HABGsyet containeda significantsubstructures reflected bglearly noticeable
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differences in crystallographic orientatiobetween the areas within single grais,
misorientation angle profiles arkde values o AGB fractioni.e.,0.54and0.62for the TCS
andLCS, respectivelyln addition some twinboundariesvere alsgresenin the volume of a
material However it is likely that twinsoriginated frompreparatiorof specimers used forthe
EBSD measurementsince misorientation angle profiles did not reveal any peaks

corresponding tthe characteristi¢ensile or compression twins.

The evolution of tit anisdeprciedinfhyg42A.8& She analysis ur e d
wascarried outfor the materials characterized by an accumulptastic strainrangingfrom

0.9 (regarded asery low) to 2.82 (intermediat® whereaste initial, homogenized material

was used as referendeurthermore a special attentiowasdevoted tahe final material i.e.,

deformed to the cumulative strain of 3.28erein consideredhigh). Its EBSDgathered
microstructure is shown in Bg4.10and 4.11 Overall the IPF maps with the corresponding
distributions of grain size as well #% misorientation angle profiles constitute the basis for
establishing the origin of enhanced mechanical strength obsertrezgHE-treated titanium.

4.1.1. Initial m aterial (£ )

By virtue of undergoing homogenization heat treatment, the initial matesglmade up of
well-developed, equiaxed coarse graimegardless of the investigatemosssection as

displayed in Fig4.2. The mean grain size evaluatmithe TCS andthe LC®¥as 3 3. 25 & m
12.85 em and 33.76 e&m N 14makadlysomogenegoess p e c t
microstructurelt is worth stressing out that a remarkable grain refinement was accomplished
already athis stage of processingven though it was preceded by a recrystallizatidnced

grain growth.As a matter of fagtiwo-fold drop in the mean grain size value was obseaged
comparedto the material in the aseceival condition. Moreover high share of HAGBS,
originating from the preleformation annealing, was identifieadhereasno traces of twin

boundaries were found.
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Fig. 4.2. OIM maps and the corresponding grain size distributions combined with misorientation angle profiles taltea from

a) transverse, b) longitudinal cressction of the initial material.

Microstructural homogeneity of the initial material was additionally confirmed by a thorough
investigation of the OlMlerived parameters i.e., GOS, KAM and GAM, listed in Table
Their low values are typical of ordinary, recrystallized microstructures. Overall, the only major

difference between the analyzed cresstions was the crystallographic orientation of grains.

Table4.1. Microstructural parameters computed for the initial material

Crosssection "OU0 Y VOoUDJ "00 0J
Transverse 0.44 0.07 0.05
Longitudinal 0.67 0.10 0.09
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4.1.2. Very low strains (£ 8)

The IPF mapsollectedfor the TCS Fig. 4.3), givesa clear evidence grainrefinement at the

early stage of processinghe observation is consonant wikie literature data sugges] it is

the first step of HE that is mainly responsible for downsizing of the microstructareariety

of fcc and hcp metalfs3], [55]. The mean grain sizenthe TCS and the LCS waseasured

to be2254e mN 146l e mand 45.69 em N 35indcatinghighly r es p e
anisotropic nature of the examinethterial Although the grain size distributiomas broadas

coarse grains prevail, fine-grained fraction bean to formas well Approximately1.5% of

the TCS an@®.6% of theLCS werefilled with grainshavingthe mean size smaller thde m.
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Fig. 4.3. OIM maps and the corresponding grain size distributions combined with misorientation angle profiles taken from the
a) transverse, b) longitudinalcresse ct i on of t he mat er hoandarydnags shownéndhe mitidle weree 0. 9 .
collected from the highlighted area on the OIM maps. Blue and yellow color depict LAGB and HAGB, respectively.

Rather surprisingly, grain coarsening was observed on the LCS, a phenomenon relatively rare
in the casefseverely deformed materialsmay be attributed to trmomplexity ofdeformation

as well as the high surface activity of a processed maf@8iplAt the same timgt should be

noted thaa tremedous amount of microstructural defects was generated, as indicated by the
grain boundary maps, the misorientation angle profiles and the TEM irtedlgsn the BF

mode (Fig. 4.4). The heterogeneous contrastming from theselectedgrains/subgrainsvas
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a result oftheir various crystallographic orientatiors aell asthe presence déttice defects.
DeformationinducedLAGBs were formed within grain interiors with a strong tendency to
cluster nearlreadyexistingHAGBS. It may be noticed that some of the unconnected LAGBs
were trapped inside coarse grains, whidocationsstarted to organize into incompletdiyilt
arraysof defects resemblingdislocationwalls andcells The formation ofirregularly-shaped
ultrafinegrainssubgrainscontaining higkdensity dislocations arglirrounded byuzzy, poor
lineatedooundariesneeds tde mentionedT he grain shape, in general, was hardly discernable.
In addition the exact locations of HAGBs wenéienhard to determine sindbeseboundaries
have not been completely developbthreover, the existence of parebgrely refinedyrains
ought to beunderlinedas well (Fig. 4.3b). The grains on the LCS displayed a tendency for
elongation in a particular directipaverlapping with thextrusion direction&D).

Fig. 4.4. TEM/BF images taken from the a) transverse, b) longitudinal-@osc t i on of t he matHgh-i al
magnification images, shown on the right side, were collected from thedloeed area drawn daw-magnification images,

displayed on théeft side.

Overall, it could be stated that the microstructure of thepki€essed titanium, deformed at
very low strains, is of substructutgpe as filled with a great deal of microstructural defects.
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Table3.2. Microstructural parameters computed for the mateda¢ f or med at 0O = 0. 9.

Crosssection "OU0 'Y DOoUDJ "00 0J
Transverse 10.71 0.74 0.38
Longitudinal 18.3 1.42 0.70

The claim is fully supported by high values of the GOS, GAM and KAM parameters, listed in
Table4.2, as well as the total fraction of LAGBs, being 0.79 and 0.82 on the TCS and the LCS,

respectively.
4.1.3. Low strains (£ 8 )

Thematerialobtainedowing to an application dbw strains waglistinctly heterogeneowand

highly disorderedasrevealed by the IPF maps, shown in Hg. It may be seen that the
microstructurevascomposed of wavgrainson the TCSandlengthenedneson the LCSIn

either casgecoarsegrained fraction wadominating thoughfine grains covered approximately
5.5% of the LCS and 13.2% of the TCS, marking a considerable increase in comparison with
the material processed atery low strains. Microstructural refinementprogressed as
demonstrated by the mean grain ande30I|esumnfed ri
LCS. FurthermoreTEM/BF images, displayed in Fig.6, haveproven that within large grains,
considerable substructure was eveloped regardless of the inspected crgsstion.
Dislocationtype defect®.g.,dislocation tangleof statistically stored dislocationgended to
concentrate at boundaries surrounding coarse grains and sthedelongated, ultrafie
graingsubgrains Some of LAGBs werealreadytransformed into HAGBSs, as revealed by

a decreasinghareof the formerwith regard to the material fabricated at very low strams

0.74 and 0.80 on the TCS and the LCS, respectivedditionally, GBs began to extend
throughout the entire grain interior, indicating the grain subdivision process to take/fete.
deservesighlightingis thatlargegrainscontained cell blockghetype of defectslefined as
subgrainccomprised ofdislocation cells Simultaneously, some regions of the coansened
fraction exhibited local bending contours, a clear sign of heavily straiMogeover,the
presence ofiearlydislocationfree grains/subgrainsith nearlyddineated, straight boundaries
ought to be notedsenerally,dislocation density strongly varied since individual dislocation
segmentsas well as dense dislocation clustemild be distinguishedn adlition to high

density dislocations, other microstructural defects such as twins and triple points were also

observedas illustrated in Figd.7.
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Fig. 4.5. OIM maps and the corresponding grain size distributions combinedhigithientation angle profiles taken from the
a) transverse, b) longitudinal cresse ct i on of the materi al deformed at U = 1.5/
were collected from the highlighted area on the OIM maps. Blue and yellow color da@iBt &nd HAGB, respectively.

Fig.4.6. TEM/BF images taken from the a) transverse, b) longitudinal-sress t i on of t he nlbdKdighi al def o
magnification images, shown on the right side, were collected from thedloied area drawn daw-magnification images,
displayed on the left side.

45



Table4. 3 . Microstructural parameters computed for the

Crosssection "OU0 'Y vLboonJ "00 0J
Transverse 14.65 2.17 1.47
Longitudinal 20.17 1.66 1.08

The misorientation angle profile plotted for the L@Ad TCSshowed the preferential
mi sorientation peak ar oun ¢ ps éwmaning.iAmpe sameng t h
time, no frequency peak ar opppdwirkifgitypiaf®r not i ¢
titanium-based materials, has not taken place. The abundance of deformédtioad defects

is also substantiated by the values of GOS, KAM and GAM parameters, placed id.Bable

Figure4.7. a) triple points, b) twins observed within the microstructure of titanium processed at the strain of 1.5

4.1.4. Intermediate strains (£ 8 )

During additional extrusions, theaterialwas extensively refined as reflected by the grain size
distributions skewing towards small grainand a thorouglexaminationof the IPF maps,
illustrated in Fig4.8. The mean grain sizeeasurd on the TCS and LCS was equaled to 6.06

em N 5.67 em and 17. 7 5hiténga spectdcdlar 8ebreaseronce agains p e c t
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However, he evidently bimodal character of theprocessed microstructuneasconfirmedto
persistTaking the LCS int@onsideration, it may be seen that elongated greenealternating
with thin bands of ultrafine/nanosized grains. In addition, the boundaries betingtgrains
becameslightly shargrandddineated albeit the overall share of HAGBs have aotbalanced
that of LAGBs The fraction of the latter, determined on the TCS and LCSOvé&and0.78
respectively.Someof LAGBs were arranged ia arrays of branchedparallel boundaries.

It may bedeclaredhat he LCS have experienced a rather small drop of the LAGBuUnt in
comparison to the matersadeformedat lower strains, althoughat the same time, the
lengthenedgrains got markedly narr@v and theshareof fine grains raised significantly.
Approximately 25.9% of the TCS and 19.7% of the LCS weraprised of grains smaller than
2 em in size. TEM exper ihmexstense cdulbmiceonsiaedl dri t i o n a
nanocrystallindeaturesn themateral. As displayed in Fig4.9, a number ofjrains/subgrains
were \ariously orienteddifferently shaped andccumulatedt wavy boundariesSome of the
graingsubgrainswere almost defectsfree while the others contained high density of

dislocationtype structures.g., dislocation cells.
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Fig. 4.8. OIM maps and the corresponding grain size distributions combined with misorientation angle profiles taken from the
a) transverse, b) longitudinafosss ect i on of the materi al deformed at 0 = 2.4/

were collected from the highlighted area on the OIM maps. Blue and yellow color depict LAGB and HAGB, respectively.
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Fig.4.9. TEM/BF images taken from the@jnsverse, b) longitudinalcresse ct i on of t he matHKghi al def o
magnification images, shown on the right side, were collected from thedloieed area drawn daw-magnification images,
displayed on the left side.

The presence of tws was notdetected at the subgrain level, implicating that the twinning
deformation mode has been suppressed, yet the process might have led to the generation of
smaltsized, elongated grains surrounded by distinct boundaries. Nonetheless, a weak peak
aound 86A, s pmmminswgs obsergable on the misorientation angle profiles

It is also worth mentioning that on either of the examined esess8ons, some of the grains
retained nearly equiaxed shape.

Tabled. 4. Microstructural parameters computed for the
Crosssection "O0 ¥ bo0J 0o bJ
Transverse 13.81 259 162
Longitudinal 17.65 2.42 1.8

Generally, the HHreated titanium manufactured at intermediate strains should be viewed as
made out of a strong substructure rather than-eieloped clusters of grains. Such

a statement is backed up by the continuously high values of the KAM, GAMG@%I
parameters, listed in Tablie4. However, considering a slight GOS decline with respect to that
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of the material processed at low strain, it is fair to say that the defect storage has just reached

the saturation limit.
4.1.5. High strains (£ 8 )

Strains elicited during the last stage of the HE prdogssombined with RScaused the
microstructure to be substantially rebuihough its character remained heterogeneass
observedn the IPF mapsdllustrated withthe corresponding grain size distributions as well as
misorientation angle profiles in Fig.10. The mean grain size measured on the TCS and LCS
was 3.93 &m 18948 m8B6 cartm,a nrde The microsiructerdexamined

on the TCS, consigtieof wavy, large grains, featuring substantial orientation gradients, mixed
with refined grain agglomeratedordered mainly by HAGBsTaking the LCS into
consideration, it might be seen thelbngated coarsegrains were intensely narrowedand
aligned with the EDthuscreatingalamellar/banded microstructui@bviously, the grain shape
mirroredthe induced deformation route. Bpmparison to the materials deformed at lmw
intermediate strainshé b a n thiskdess gosubstantially diminisheds a few reachedthe
submicron rangeln addition coarse lengthenedyrainsgot separated from one another by
nangyrainal/ultrafinegrained fractionOverall, ine grains spanned over approximatély6/

of the TCS and.7.26 of the LCS Surprisingly, elongated grains were present on both of the
investigated crossectionslt may be seen thdlhe IPF maps were filled witlplenty ofblack
areascorrelatingto the Confidence Index value lower than @ridconfirmingthe presence of
the extraordinarilyhigh contentof nanasized featuresyndetectable for the EBSt@chnique

As a matter of facthe density of microstructural defects wasy high,as pointed by the grain
boundary maps and TEM/BF images, depicted in&id.. Internal grain structure was verified
since grains containing dislocation walls, dislocation tangles or dislocationcoellid be
readily noticed. Equiaxed, nearly defedtee grains of nangcaled size were also shaped
within the microstructurelt may be supposed that the most extremely refined grathaat
contain any dislocatictype defects as these chédeen absorbed into the adjacent grain
boundaries Actually, ultrafine grains and nanograins coullé observed in the vicinity of
HAGBs surrounding coarsdgss fragmented grainsln general, st of the deformation
induced defects were found close to the wleNeloped, sharp, delineated HAGBs, whose
fraction, especially whenegardingthe TCS, increasl significantly. The share of LAGBs
determined on the TCS and the LCS was 0.49 and 0.76, respectiwafyrming that the
LAGB-to-HAGB transformatiorhadstill occured Grain boundary network was diversified as

well-developed, sharp, straigkegmentsvere entangled with fuzzy, pooflineated ones.
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Fig. 4.10. OIM maps and the corresponding grain size distributions combined with misorientation angle profiles taken from
the a) transverse, b) longitudinalcrés® ct i on of t he nBa28.&rain Bolundalyeriaps shovendn tha midde =
were collected from the highlighted area on the OIM maps. Blue and yellow color depict LAGB and HAGB, respectively.

Fig. 4.11. TEM/BF images taken from the a) transverse, b) longitudinal srass t i on of t he materi al de
High-magnification images, shown on the right side, were collected from thebloeed area drawn dow-magnification

images, displayed athe left side.
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The SAED patterns confirmed the material to be polycrystalline and filled with a vast amount

of HAGBs. What should also be stressed out is that no evidence of twin boundaries was found

on either of the inspected cressctions. The values of the KAM and GAM parameters, listed

in Table4.5., prove the final microstructure to be highly disordered, while ghgevof GOS
points to not only the microstructur@&és i nhc
continuous decrease of GOS can be also explained by the fact that in smaller grainsathere is

smaller orientation scattering.

Table4.5. Microstru¢ u r a | parameters computed2X¥ or the materi al
Crosssection "O0 Y bo0J "O00J
Transverse 12.42 2.% 198
Longitudinal 16.24 271 1.96

In order to addresthe complexity of deformation during the multistage, Hiisorientation
angle gradients within typicaHAGB-enclosedgrains observed on the TCS and LCS are
provided in Fig.4.12 and Fig.4.13, respectively.Two lines were arbitrarily plotted along
different pathsi.e., L1, representing the direction parallel tioe grain elongatiorand L2,
perpendicular tahe L1 profile. Afterwards, pint-to-origin and pointto-point misorientations

were cautiouslynspectel.

With regardto the TCS, aouple ofsubstantiapoint-to-origin misorientation jumps, ranging

in magnitudefrom 2 . % A3 . ,6vére noted along the L1 liseSuch a behaviaronfirmsthe
formation ofdifferently orientedsubgrains, cell structures avell assub-boundarieswithin

a grain and isypical of materialgreated by various plastic deformation techniq@8s, [90].

In general, he inhomogeneity of the HRrocessed titanium wagsrovenonce again ashe
maximum cumulative misorientation acrosghe grains chosen for the examinatiovaried
considerablyand so did the character of the relative misorientation profiles. While the
continuous rise ahe pointto-origin misorientatiorgradientwithin agrainoriginates from the
accumulation ofLAGBs over an analyzeddistance the increase in misorientation aitd
subsequent drop confirmghat a particular grain is characterized bignificant strain
heterogeneityOn the other handhepoint-to-point misorientatiomprofilesgenerallyfluctuated
bel owetd Af ew mi sorientation | umiiadjcaestxatteee di n g
developing boundariemre formedoarallel to thealreadyexistingonesand that the difference

in lattice orientation between the neighboring subgrains is locally [atge
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Fig. 4.12. Point-to-point and pointo-origin misorientatiordistributions taken for two arbitrarily chosen grains on a transverse

o

crosssectionofthet i t ani um def or med at u = 3.23. Distributions in the

correspond to the L2 line.

Interestingly, when taking the L2 lines into consideration, it may be observed that the
cumulative misorientations measured on the lines perpendicular to the grain elomgsgion
notably smaller than those assessed on a grain major axis i.e., the LCdimgrarable findings

were observed for pure titanium processed by the ECAP technique and, in crude terms, they
evidence a significant substructure, whereas the opposite effect would substantiate the

formation of microbands within a coarse grgga].

In the case of the LCS, there were apparent similarities to the TCS nexicept forthe
distinctive plateau on the L1 profilereferring tothe presence of a walleveloped banded
region characterized by an almost constant misorientdtioaddition, the course of the L2
profiles ought to be highlighted as welaturally, the accumulation of misorientation nearby
well-defined HAGBsproves thamisorientation gradients de to a grain boundary are larger
than those inside the grains. The observation is fully consistent with the TEMedataljng
thatthe higher density of dislocationsuld be found in the areas adjacent to HAGBs. Overall,
the study oflong-range misorietation gradients confired the microstructural defectto be

encompassed within the coarse gsain
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Fig. 4.13. Point-to-point and poirto-origin misorientationdistributions taken for two arbitrarily chosen grains on a

longitudinal crosssection ofthet i t ani um def or med

on the right side correspond to the L2 line.

at

4.1.6. Low-temperature heattreatment

at U = 3.

23.

Minor alterationsin the microstructure of the final material occurred upeathreatment at

2 0 0vitlstresgelieving represeirig the most strikinghange The phenomenon wasoven
by considerablyower values of the KAM and GAM parametéi@ble4.6), with comparison

to the material processed at high strain.

Table4d6. Microstructural parameters comput-taited or
Crosssection "O0 "V VODJ "00 0J
Transverse 14.31 2.68 156
Longitudinal 15.92 1.77 144

In addition, while taking the TCS int@ccount, twefold increase of the mean grain size was
noted but, at the same timé¢he total fraction of either HAGBs or LAGBs has novaried

t

he

Distributio

mat er

Interestingly, no significant change in the mean grain size measured on the LCS was registered.

As seen in theAF maps, shown in Fig.14, a vast amount of black areas, corresponding to the

Cl below the value of 0.1, was still present, evidencing the abundance e$inaddeatures
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within the material volumel.ow- and highmagnificationTEM/BF images depicted in Fig.
4.15 and Fig. 4.16, respectively give clear proof of the unremitting microstructural
inhomogeneityDuring low-temperature heat treatment, dislocati@sed defectsadnotbeen
annealed ousincedislocationcells or tangles could still beasilyobserved. Howeveit may
be noticed thasome ofthe boundaries betwegmains/subgrainbecameslightly sharperin

addition, he SAED patterns proved the material to be nanocrystalline.
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Fig. 4.14. OIM maps and theorresponding grain size distributions combined with misorientation angle profiles taken from
the a) transverse, b) longitudinal crese ct i on of t he mat aendiheatreatedesfaim bauredary naaps 0 = 3.
shown in the middle were collected fnathe highlighted area on the OIM maps. Blue and yellow color depict LAGB and

HAGB, respectively.

Fig. 4.15. Low-magnification TEM/BF images taken from the a) transverse, b) longitudinalseosen of the material

defor med atheatiteated. 3. 23 and
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Fig. 4.16. High-magnification TEM/BF images taken from the a) transverse, b) longitudinalsgossn of the material
deformed at 4dreated 3.23 and heat

4.1.7. Microstructural evolution during HE

The initial, coarsegrained,recrystallized microstructure got rebuilt and markedly fragmented
whenthe multistage HE process was implemenfexidemonstratedy EBSD and TEM data
deformation of pure titanium durirdE is complex and nehomogeneous. It leads to binadd
defectsfilled microstructures, heterogeneous strains and complicated, varied misorientation
gradients inside single grainsloreover, the microstructural heterogeneity was additionally
confirmed by broad distributions of grain size as well as a gesdtof localized deformation

regions, including dislocation tangtenesand ingrain strain contours.

Generally, during the HE processing, large deformation energy is statted a deformed
material, as indicated by continually growing valuebath the KAM and GAM parameters
with an increase in strain exerted on a samfiés is a distinctive feature of any SRi2ated

specimenThe change in thaforementioneg@arameteras deformation proceeded is illustrated
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in Fig.4.17. Any sampe characteézed by a KAM/GAM value exceeding 0.5 should be viewed
as deformed, thus one may conclude thatgditcessed titanium is a highly deformed material.
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Fig. 4.17. Change in the KAM and GAM parameters with an increase in plastic straintfansyerse, b) longitudinal cress
section of the analyzed materials.

During the first stages of HE, the deformation was clearly dominated by the formation of
dislocationtype defects, including dislocation walls, dislocation tanglsesembling into zongs

and LAGBs, as manifested by a series of collected TEM/BF images and GB fraction, depicted
in Fig. 4.18. The latterdatadeserves a closer inspection since it is believed that boundaries
affect a bunch oéxtraordinaryproperties a material exhibihs soon as HE was introduced,

a vast of LAGBs was generated in the volume of a deformed sample and,oeitBexutive
increase in plastic strain, their share steagiy slowly,decreasedt is believed that a typical
SFD-treated material is characterized by a prevalence of HAGBs in its microstructure.
However, for the hydrostatically extruded titanisoch a condition has not been reachduk T
amount of LAGBs was greatdranthat of HAGBs with the exception ofraaterial deformed

at the strain 0f3.23. Strictly speaking, its TC&nd LCS werdilled with 0.51 and 0.24 of
HAGBSs, respectivelylt could be assumed thatyaadditionalprocessingnight substantially
augment the fraction of HAGB&nowing that postiefomation heat treatment did not change

the share of boundaries within a microstructure
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Fig. 4.18. Change in the fraction of HAGBs and LAGBs with an increase in plastic strain for a) transverse, b) longitudinal
crosssection of the analyzadaterials.

In general, agiganticamount of GBs is present in the volumetlod HE-processed titanium.
They differ considerably in terms of length, shape and origin. While the majority ofaigem
wavy and fragmented, sonaee alsostraight and wellineaed. What is especially interesting

is the remnants of disconnected, poacliyeated LAGBs that have been trappeside large,
coarse grainsThey could beviewedfor those materials that were deformed at lower strains
i.e, less tharl.54 and represent the mosbmmonexemplificationof the grain subdivision
phenomenonActually, this mechanism could take place easily, even at ambient temperatures,
as asimpleresult of mechanical deformation, whereas thermal contributions are prerequisite
for any dynamic recrystallizatiofpRX) processef92]. Overall, the complexity of HE as well

as local increases in both stresses @mmperatures activate multiple glidinghich resulsin

the formation of irregularhshaped, disconnected LAGBs. At the same time, due to the
abovementioned factqgrsnisorientation ofgrain boundariesends to increase as grains

of smaller sizévbegin toform [93].

The extent of either dislocation gliding or mechanical twinning in titanium is believed to depend

on several factors such as the purity of a grade, the deformation rate, the processing temperature
and the presence of crystallographic text[@8]. Of course, the stress needed to activate
twinning during deformation increases rapidly as grain size decreases, whereas gtidisg oc
even at low strains. In actual fact, twinning is suppresgezhgrain size hits the critical level

[94]. In the case of the HBrocessed titanium, only a couple of twinsén boundariesvere

detected while performing TEM examinatiothsittheir existence might be also supported by

local extremaround8 6 A on t he mi s o rindieatiny the presence gprmg}l e pl o
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twins. At the subgrain level, twins were not observed for materials deformed at strains
exceeding 2.04, although it should be borne in mind that some lengtisemaésizedgrains
surrounded by wellineated, straight GBsiight have been produced by twinning.

In addition to abundance and heterogeneity of GBs, grains themselves are alscliasadly

in the microstructure of the hydrostatically extruded titanime may have easily detected
those containing either subgrajrdislocation cells or single dislocatioksirthermore, nearly

or completely defectfee grainganalso be distinguished. They evolved from dislocation cells
or cell blocks upon absorptiai dislocationdy adjacengrain boundarief62]. The grains of
elongated morphology were prevailing on the LCSs and, irrespective of the applied plastic
strain, they were composed of a substantial substructure, bordered mainly by LAGBs. On the
other hand, a growing fraction of equiaxed grains with carisecextrusion operations is of
special significangeespecially on the TCS# is commonly known that such grains originate
from DRX-basedrocesses, operating effortlessly during deforméioaining Nevertheless,

it cannot be excluded that they midtave been created by the fragmentation of lengthened
grains as these were detected on both of the orthogonal CSs. The presence of elosteted

is notably surprising on the TCSand it substantiassghe process of grain subdivisiowith
respect tograin size, although it is seen that grain size distributions were narrowed as HE
proceeded, large, coargeained fractionprevailedduring every single ageof processing
What is more, the logormal pots, beingcharacteristic of SPireated materials, have never
beenacquired A special attention should also be devoted to grain morphatagtcularlysize

and shape EBSD and TEM data enabldarge, mediurrsized, fine, ultrafine or even
nanocrystalline grains to be visualiz&dith respect to the LCSs, grains were mostly elongated
in shape, but on the TC3s8ghly-irregular, wavy as well as lengthened grains could have been
observed. Such lzeterogeneity of grain sizendshapdndicates that grain subdivision process

might have occurred

One ofthetypical features in the SPD microstructures is the abundance of deforimatimed
defects e.g., dislocatiorspecificallyin the proximity ofgrain boundarief62]. Hydrostatically
extruded titanium is not an exception to this principle. Regardless of the strain applied,
dislocation density was always higher nexgtain boundarieghan in the interior of grains.

The observation ifully sugported bythe grain boundarymaps as well as TEM/BF images.

In generaltheHE-processed titanium is characterized by highly diversified dislocation density,
encompassing LAGBsyariousdislocations present inside grains/subgrains, any boundaries

enclosing dislocation cells as well as subgrains themsebwesall, dislocation desity in the
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hydrostatically extruded titanium varies considerably when examining different microstructure
areas. Individual dislocation cells, dislocation tangles and dense clusters of dislocations may be
seen.The distribution of dislocations was partiatlyy diversewithin large grainslt is worth

noting that dislocations were generated during every single step of defornpaeimg the

slip to be a dominant deformation mechanism during HE of pure titaiiuefact that a variety

of dislocationderived structureseregenerated already during the first stage of HE proves that
small( i . e ., limitdd strainslade required for dislocatitype defects to baccommodated

in aprocessingnaterial As the applied strain had been inaed, the density of deformation
induced defects was growing progressiygstthe formation of LAGBsdislocation wallsand
dislocation cells dictated the microstructure evolutiomt low and intermediatestrains.
Generally, aslow drop in the mean grain size estimated on the LCSs as viledl abundance

of dislocation tangle zones, cell blocks or triple poiptsve dislocationtype defects to
dominate in the microstructure of hydrostatically extruded titaninrorude termsdislocation

walls initiated the microstructure rebuilding and, with an increase in HE steps, they got
assembledhto single dislocation cells. As cumulative plastic strain had continuously increased,
these evolved into subgrainer cell blocks, bordered mainly by branched, poatbjineated
LAGBs. Finally, the latter turned into clearly visible HAGBs, while subgrains were transformed
into smaltsized nearlyequiaed grains. What is alsoworth mentioning is that theapidly
increasng density of dislocatiotype structures as well as the substructure development are
stimulated by dislocation glidin3]. However, vhile taking intermediate or high strains into
account, it was not idalready beeh sedched. & is betieves that aftarp a c i
hitting the saturation limit, dislocatielmaseddefects tend to annihilate and/or disappear into
sinks i.e., abundant sites in a matec@ahtainingultrafine graingssubgrains as well as cdiipe
featureqd62]. Interestingly, he ceexistence of dislocation cells and tangles of dislocations had
been ceased as the former were created by the reedwernipated rearrangement of
dislocationslin fact, one of a possible source of dislocation @alésdislocation tanglesnce
theyfreelyinteract with one another, rearrange or annihil@tsequentlysucheventsresult

in a reduction of dislocation density terms ofthe HE-treated titanium,His claim could be
backed up by the changes in the G@#ieswith an increasing plastic straiasshown in Fig.

4.19. The parametaeacledits maximum for a material deformed at the strait.64, though

the deformation process was continuedtil the cunulative strain of 3.23t is well-known that

even a slight decline in the volume of the GOS parameter implies the occurrence of recovery
andor recrystallization processga3]. In addition,huge misorientation gradients within grains

andthe constantly growing share of smsitted grainsexhibiting more regular morphology
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(i.e., closeto-equiaxed or simply equiaxgdare also an indicative othermally driven
mechanismsTherefore, it may be expected that any additional deformation would fibree
formation ofclearlyequiaxed grains aoarse, elongatezsheswould evolve into narrow bands

surrounded by lineated, waleveloped HAGBS.
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Figure4.19. Changes in the GOS parameter with an increase in plastic strain during the HE processing

Generally, de to the fact that titanium is characterized by hsggacking fault energy
(i.e., around 300 mJ/m), instead of conventional discontinuous dynamic recrystallization
(CDDRX), continuous dynamic recrystallization (CDRX) is assumed to be activated dsiring
deformation.The fundamental premise of DRX, either discontinuous or continuous, is the
developmenof strain/defectdree grains that are surrounded mostly by HAGB® process

is driven by the stored deformation enef§f]. CDRX is viewed as a recovegominated
process, operating by a gradual evolution of LAGBs into HAGEH. The presence of
dislocationtype defects nearbgrain boundariesfacilitates CDRX. In fact, continuous
absorption of dislocations takes place as LAGBs turn into delineated, sharp HAGHRs.
same time, misorientation between cells/subgrains increases and, eventually, fine, ultrafine or
even nanesized grains are foraa [96]. In general, it is pileup which is responsible for high
density dislocations being present closeytain boundariesince, in order to accommodate
plastic deformation, a vast amount of defects nexfrén boundariess required95]. All of

such phenomena were observed while inspectingalfegatiors in microstructure of pure
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titaniumcaused by the multistage HE procdéssaddition, CDRX is also identified by complex,
long-range misorientation gradients withéingle grains since these provide the imminent

driving force, enabling HAGBSs to be forméd/hatalsoought to be highlightedsithatin the

HE-treated titaniunspecimenslislocations remained in deformed grains, even if heat treatment

had been introducedtk clearly proves that CDRX is to operate durthg later stages diE.

If CDDRX was to happen, the majority @éformationrinduced defects would be annealed out

[95]. Annealing ofthe HEbr ocessed titanium samples in 200
on themicrostructue, yet stressrelieving should be noted as the most important change
Obviously, the resultsouldhave been expected as subjecting the E@éférmed titanium to
annealingat 3 00AC, 400AC or 500AC al sresultanmd me:

microstructure$97].

It needs to be concluded that the primary grain fragmentation mechanism occurringrat low
strains is the development of subgrains and LAGBs in a process called grain subdivision.
On the other hand, at higher strains, CDRX sdnddominate. Similar findings were reported

for pure titanium subjected tarious modifications of theECAP processi.e., continuous or

incrementa[98].
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Figure4.20. Changes in HAGB and LAGB density with the corresponding variations in grain size on the a) TCSs, b) LCSs of
hydrostatically extruded titanium

The ultimate proof of theselaims may be providedvhen analyzingvariations ingrain
boundarieslensity depicted in Fig4.20. Regardless of thexaminedCS, one may distinguish
two characteristic stages in tgein boundarylensity plots. The first one, occurring below the
strain of 1.9, is characterized byd@evelopment of substructyrexpresse@s a rapid increase
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in the LAGB densityIn addition, during the first stageithera substantial drop (in the case of
TCSs) oran increase and thendecline (for the LCSs) ithe meargrain sizetook place Even
though the grain size for the TCSs decreased significantly, coarsslightly downsized
fraction of grainsstill prevailed in the volume of a materi&h. terms of the LCSs, until the
strain of 1.8, the overall change in the mean grain size was barely noticed, yet grains
morphology was altered considerablye presence gome original/parergrainsis of special
importance as thesmly confirmthatthe grain subdivision proceBapperd The second stage

of the grain boundarydensity curves features a massive surge in the HAGB density and

a continuous reduction in the value of the mean grain sizeh#greomendaypical of CDRX.
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4.2. Crystallographic texture

The evolution of t orierdation of gr@rsluriogrhydsostatid ektroisgon a p hi ¢
was determined from EBSD orientation maps, endepicted in Fig4.21 and Fig.4.22 for
TCS and LCSrespectively(rt t x gnd ¢ pm) polefiguresare shown and, in addition, the
IPFsare also presented order foran unambiguoudeterminatiorof thepreferredorientations

to be possibleln general the analysis of crystallographic texture confirntleelnature of the
investigated materiaio be highly anisotropicThe texture of the aseceivedtitanium was
relatively weak gcea single one predominant component was not revealed iwbBpecting
the ¢t 1t ixand o ) pole figuresHowever, theED IPFfor the TCS(Fig. 4.21 akxonfirmed
that orientatiors of somegrain clustersfall towardsthe center of tis IPF. Obviously,upon
plastic deformatiomealizedby means oHE, theinitial texture was significantly alterexbthe
formation of preferred orientations took plad¢gydrostatically extruded titaniuraxhibits a
strongfiber texture, typical for extruded as well as drawn and swagsdls having the hcp
crystal structurenterestingly the fiber component had alreaftymed duringhefirst stage of
HE, yetconsecutive extrusion operations strengdugnas the final material demonstrates axial

texture.

The examination of the Pketermined on TCS (Fig. 4.2&habésto confirm that grainsire
aligned such thatg< pre> directiors are parallel to the E[@r equivalently, p prt planes are
perpendicular to ED)On the other handhe PFs determined oM CS and.CS (Figs. 4.21 and
4.22)show thafgrainsare oriented such that <000th#rections forming a radial distribution
areperpendicular to EPwhich confirns the fibercharactenf texture.This alsomeans that
{0001} planes are parallel to EBinally, inspecting IPFs from Fig. 4.2t can be summarized
that the texture of thénal material is comprised between two fiber components with respect

to the ED:the main component p prt  and the weaker one: p @1t

Generally, the evolution of texture in titanium processed by various SPD proceskbslso

be correctly modelled an examplecomprehensive study using the vigdastic deformation
model ispresented if99]. In particular, it carbe noted thaa successful prediction of the HE
texture of titanium wa®btaired using a crystallographic elagitastic defomation model
[100], [101]in which slip and twinning systems characteristic for titanium were taken into
account The basic equatiorof the model a well asthe comparison of predicted and

experimental pole figures are presented in the Appendix.
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Fig. 4.21. (m t xand p pm) PFs as well as IPRs ED collected from the transverse crasxtions of the a) agceived
material, b) initial material, d) i t ani um deformed at U = 0.9, d) U = 1.54, e)
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Fig.4.22. (m it ixand p pm) PFs as well as IPkg TD2 wllected from the longitudinal crosections of the a) agceived
material, b) initial materi al), U )= tli.t5a4ni vem dle f=o r2metdd ,atf )U U=
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4.3. Mechanical behavior
4.3.1. Static mechanical properties

Themostrepresentative engineering strasiain curves plotted for the Hifocessedamples
are illustrated in Fig4.23a. It may be seen that after reachirg tultimate tensile strength
(UTS), the initial materialunderwent gradual flow softeninggsulting inthe elongation to
failure of nearly25%, typical for unprocessed, coaggained titaniumOn the other hand, all
of the HEfabricated specimens exhibited flow softening quickly without demonstrdiang
apparentstrain hardening mechanisrin general severely deformed titanium samples are
characterized blow ductility (less than 10% manifestedduring the experimental testirxy
plastic instability in the form of early necking shear bandénterestingly, éongation at break
did not diminish considerably with subsequenincrease in cumulative plastic strain as it

persisedin the order of 78%.
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Fig. 4.23. a) typical stresstrain curves plotted for the whole deformation range, b) change in YS, UTS and elongation with an

increase in plastic strain.

The evolution of mechanicplopertiesduring HE is presented in Fig.23b. As expected, yield
stress (YS) and UTSosecontinuouslywhenadditional extrusionsvere introduced. For the
final sample both of these parametevgere more thantwo times greater than those of the
material inits initial condition.Additionally, as plastic strain increased, the difference between
UTS andYS beamemarkedlysmallere.g, 150 MPa for the initial specimens vs. 25 MPa for
the final oneslt has to be stressed out that exceptionalzalue of UTS i.e., 1110 MRavas

achievedor the final materiglconfirming the multistage HEechniqueo be one of the most
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efficient methodin reinforcing the strength of pure titanium without asypplenentary
operationsHowever for plastically deformed materials, the tendency of strength and ductility
to be mutuallyexclusiveproperties ia commonphenomenonThe strengtkductility paradox
wasconfirmed to occur in hydrostatically extrudig&dniumas the final HEprocessed samples
encountered a thrdeld decrease in ductility with comparison to the initial matei&lch

a behaviooriginates from the fact that the sites for continuous dadion gliding adislocation

accumulations no longer pssiblewhen grain size is drastically reduda@z2).
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Fig. 4.24. Changes in modulus of toughness and modulus of resilience with an increase in plastostgiHE

The changes in modulus of toughness and modulus of resilience with an increase in cumulative
strainareshown in Fig4.24. The former decreasetbtablyas the actual HE was introduced,
what implies a reduced propensity of a material to withstand dynaadoig.Surprisingly the

final material exhibited a slightiisein the modulus of toughness, indicating thahight be
possible to regain the plastic stability after reaching a certain level of straimrlge contrary,
modulus of resilience grew sigily with the plastic strain increasing and for the final-HE
processed titanium it was six timgseaterthan for the initial materiallt confirms that in
comparison to unprocessed samplegjrostatically extruded specimens are able to absorb

significantly greater amount of energy without suffering any form of damage.
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Fig. 4.25. a) change in Vickers hardness with an increase in plastic strain during HE, b) measurements of hardness distribution

over diameter for the analyzsgecimens.

The change in Vickers hardness with an increase in cumulative plastidstiapicted in Fig.
4.25a. Theobtainedresults showed that the consecutive extrustausecardnesso slowly,
almost linearlyrise and that the finaaterial wasapproximately40% harder than that the
initial state.Although the increase in hardnegasnot that spectacular as in the case of YS o
UTS, what is worth highlighting isow hardnesss distributedover a diameter of a samgleig
4.25b). It may be seen thahe HE processprovokedhardness to be more homogeneous.
To bettervisualize theoccurringchanges, hardneskstributionwas illustrated in a form of
radar plos, displayed in Fig4.26. Generally, the more blurred tigeaph the moreconsistent
the hardnessEven though there were a few violent fluctuations seeran HE-processed
sample the general tendency of a matet@becomanore uniform in terms of hardneafer

having been plastically deformeduld be without a douhtnoticed.
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Fig. 4.26. Radar plots and the corresponding distribution of hardness over a diameterc(laredline) plotted for the a)

initial materialb ) material deformed at U = 3.23.

In addition to tensile properties, representing the most typical way of revealing how a material
behaves under a mechanical stimulus, compressive strength wasvaktigated However,

due to the fact that the maximum capacity of the testing matlidebeerreachedandthe
materialswere notdestroyed, only YS in compressi@discussed. The change in YS with an
increase in plastic straiis illustrated in Fig.4.27. For conparison, YS in tensiowas also

added
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Fig.4.27. Change in YS during HE

Tensioncompression asymmetry, frequently reported for titarnased materials, could be
clearly seen. Interestingly, as deformation progressed, the difference between YS in tension and
that in compression became greater e.g., 188 MPa and 305 MPadantpies obtained at the

strain of 0.9 and 2.44, respectively. Nonetheless, a noteworthy value of YS in compression

i.e., 753 MPa, was achieved for the final material.

4.3.2. Fatigue mechanical properties

Lastly, fatigue properties of the Htteated titanium, deformed at the strain of 3.23, were
evaluated in order to inspect on the usefulness of a mafemalthe point of view ofoad
bearingbiomedicalapplicationsA  W° Hhliageam also known as the-8 curwe, plotting the
applied stress against the number of cycles to failure is displayed in Figinda2fglition, two

SN curvesof the ECARproduced titanium are also includied comparisorj103], [104]
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Fig. 4.28. Wehler diagrams plotted for theydrostatically extruded titanium as welltag ECAP-produced titanium

It may be seen that either of the SRiated titanium is able to endureore than a million

of loading cycles what makes it a fatigue resistant matétighe same timeni comparison

to the ECAPprocessed titanium, that obtained fagans ofHE is characterized by superior
resistance to stregpvernfatigue In fact, dter reachingten million cycles, the loading has
been pausea@ds the materiatlid not fracture.Overall, in terms of itsfatigue mechanical
properties, hydrostatically extruded titanium has proven to be an attractive candidate-for high

load bearing applications.

4.3.3. Microstructure -strength relationship

Originally, it was thought that superior mechanical properties of thetBfed materials are

solely derived from grain refinement. Nevertheless, it is now-kvedlvn that superposition of
various strengthening mechanisms occurs while a sample is subjecany deformation
procedure. In general, mechanical behavior of a severely deformed material is dependent on
a variety of factors, including mean grain size, grain refinement ratio, versatility of GBs, texture
development, substructure existence d@dgresence of internal elastic stresses. As praven,

pure titaniumall of these parameters were significantly altered by employing the multistage

71



HE, therefore they all contribute it reinforced mechanical properties. It is reasonable to state
thatto explicitly point a single source of strength in hydrostatically extruded titanium seems
impossible.However, wen it comes down to its low ductility, it should be attributed to
extremely high density of dislocations and a substantial share of LAGBs) ast effective
barriers for dislocation glid@8]. Normally, while being deformed, a pure metal is strengthened
at the expense of its ductilifhe secalled strengtiductility paradox) Contrarily, it has been
found out that once a metallic sample gitormed beyond a certain level of plastic strain, its
plasticity could be slightly raised when additional straining is to be introd62¢drhe reason
behind such phenomenon coble slightly increased boundary migration as well as, naturally,
the reduced density of dislocations, whose saturaéipables equiaxed, small grains to be

formed.

As mentioned, superior strength of any Ste&ated sample stems from different strengthening
mechanisms. Owing to their additive nature and by assuming that they fundependently
the overall contributions of strengthening mechanisms into yieldgstreri a material can be

expressed as follows:

N )

where:,, ,, and, denotethethreshold stress (solisblution strengthening), substructure
strengthening and grain boundary strengtheniegpectively Nonetheless, it needs to be
stressed out that both nanotwins and segregations could alsorhampa&t on mechanical
properties, though their input is generally omifitethe calculations of microstructustérength

relationships
4.3.3.1.Solid-solution strengthening

The threshold stress is typically assessed as the stime foiction stress, known as Peierls
Nabarro stress,( ), and the increment of strength stemming from ssebtltion

strengthening, ):

" . (8)

Since the former is known to be negligibly low (approximately 0.5 MPa), the threshold stress
is governed only by the sohsblution strengthening. In terms of commercially pure titanium,
the phenomenon is controlled by the totahgburities/interstitial solutes i.e., nitrogen, oxygen

and carbon
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WhereG stands for the shear modulus (40 GPa for pure titanium, grade 2)cughitee oxygen

equivalent, converted from the conteot oxygen, nitrogen and carbon:
® 0 ¢i TG (10)

The value of the oxygen equivalent for the-pi®cessed titanium is equal to 0.18, thwighin
the present studyhe threshold stress, or simply se$idlution strengthening contribution was
estimated to be 339 MPa.

4.3.3.2.Substructure strengthening

The substructure strengthening in pure titanium is the resultant of the presence of both
dislocations and LAGBSs, encompasgdthin coarse, HAGBenclosed graindt is commonly

evaluated based on the following formula:

b (11)

Where, describe the strengthening contributions due to free, mobile dislogatibites,, is

the strengtheningwing toLAGBS.

In order to characterize the dislocation strengthening, the original Taylor formula is employed:
, 0] 0@ (12

WhereM, | , band” representhe Taylor factor, a constant (ranging in value from 0.1 to 0.5),
the Burgers vector and dislocation density, respectivigty.as to calculate the dislocation
strengthening, a variety of assumptioas ko be made. Within the presémsis M was taken

as 2.5, which is consonant with the literature data stating slip to be-¢oisnmated.

In addition, as the already published reports suggestould be assessed as 0.15, whebeas
as 0.295 nm, which indicates thmain impact of <a>type dislocations during plastic
deformation.In terms of dislocation density, the data was assumed to Bé mi,the value
typically obtained in XRDBbased dislodeon density calculationdor the SPDBtreated
specimensTherefore, ithe HE-processeditanium, the strengthening due to dislocations was
140 MPa.

The contribution of LAGB strengthening in yield strength of a material is usually expressed as

follows:
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sy 0] O—— (13

Where—is the mean misorientation angle of LAGBs (expressed in radfatands for HAGB

fraction andd denotes the mean subgrain sihile performinganycalculations othe LAGB
strengthening, EBSD and TEM dapaove themselves necessabowever, since EBSD
facilities are not able to detect misorient:
usually overestimate®egardless of the data accuracy, the mean misorientation of LAGBs was

taken as8A (4 ih.radlians), the HAGB fractiowas calculated as 0.51, whereas the mean

subgrain size was evaluated as 130 fihus, the LAGB strengthening wag4 MPa.
4.3.3.3.Grain boundary strengthening

Typically, the strength increment resulting from GBs is described by using the standard Hall
Petch (HP)law, whereas in the case of the Spi@cessed materials, due to their complex,
bi modal mi crostructures, a sy mmaawell asultrafmé coar

grai nsd ¢,0 n)ismordegitimate:n

S Q — — (14)

Where’Q denotestheHaPet ch constant (°%, &k ésrnhe tastiorDof 3 MP a
ultrafine grains in the microstructure (0.3b@sed on the EBSD data available), wkile and

‘Q  stand for the mean thickness of coagsained and ultrafingrained fraction of grains,
respectively. The former was assessedlasn, wher e as®.5¢¢mh.e Coamhkierri ng a

data, the estimated grain boundary strengthening aleslated to be 237 MPa.
4.3.3.4.Total strengthening

Based on the abovementioned calculations, the contributions of all the considered strengthening
mechanisms in the YS of the Hifocessed titanium are listed in Ta#lé.

Table4.7. Calculated estimates of the strengthening mechanisms.

Substructure
] Grain boundary _
Threshold strengtheningMPa) Predicted | Measured

(HAGB)
stress(MPa) Dislocation LAGBs strengtheninQMPa) YS (Mpa) YS (MPa)
strengthening strengthening
[MPa] [MPa]
339 140 324 237 1040 1085
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The predicted value of the YS is barely 4.2% smaller than that of the measured one, despite
a great deal of assumptions and uncertainty in assessing some of the parameters, including
densityof dislocations It needs to be concluded that substructure strengthening i.e., due to
dislocations and LAGBs, had the greatest influence on mechanical properties of -the HE
processed titaniuninterestingly, strengthening due to HAGBSs is notably lower than thheof
LAGBs. The claim is, howevecpmpletelysupported byhe grain boundaryraction plot and
thegrain boundargensitycurvesas well as a series of TEM/BF imagedlected The retention

of original/undeformed or onl§lightly deformedtoarse grains in the microstructure could also
back up the very high value of the LAGB strengthen@dg.the contrary, a clearljiminished
efficiency of the HAGB strengtheningmay be substargted by distinct crystallographic
orientation of grains and twinning suppression during the later stages of the HE processing.
What is also worth highlighting is that there might be some additional strengthening phenomena
occurring during HE, such asakeengaging thalready mentionedanotwins or segregations

as well as th8asinski effect.
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