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ABSTRACT

Thermo-Mechanical Behavior of Severely Deformed Titanium

Thermo-mechanical processing of metallic materials has attracted noticeable
interest due to the fact that these processing methods can be used to improve the
mechanical properties. In this investigation, ultrafine grained commercial purity titanium
was fabricated utilizing equal channel angular extrusion as a severe plastic deformation
technique. Compression tests were performed on severely deformed titanium at various
temperatures of 600-900°C and at strain rates of 0.001-0.1s . It was observed that
severe plastic deformation via equal channel angular extrusion can considerably enhance
the flow strength of grade 2 titanium deformed at 600 and 700°C. Post-compression
microstructures showed that a fine-grained structure can be retained at a deformation
temperature of 600°C. The strain rate sensitivity during hot compression of severely
deformed Ti was shown to be strongly temperature dependent, where strain rate
sensitivity increased with the increase in deformation temperature. High temperature
workability of severely deformed grade 2 titanium was analyzed based on the flow
localization parameter. According to the flow localization parameter values, deformation
at and below 700°C is prone to flow localization. The flow response of the ultrafine
grained microstructure is modeled using the Arrhenius type, dislocation density based
and modified Johnson-Cook models. The validities of the models were demonstrated with

the reasonable agreement in comparison to the experimental stress-strain responses.

In order to investigate the influence of purity level on hot characteristics and

dynamic softening mechanisms of severely deformed titanium, compression tests were



also conducted on severely deformed grade 4 titanium at similar temperatures and strain
rates. It was seen that the effects of deformation rate and temperature are significant on
obtained flow stress curves of both grades. Higher compressive strength exhibited by
grade 2 titanium at relatively lower deformation temperatures was attributed to the grain
boundary characteristics in relation with its lower processing temperature. However,
severely deformed grade 4 titanium demonstrated higher compressive strength at
relatively higher deformation temperatures (above 800°C) due to suppressed grain
growth via oxygen segregation limiting grain boundary motion. Constitutive equations
were established to model the flow behavior, and the validity of the predictions was
demonstrated with decent agreement accompanied by average error levels less than 5%

for all the deformation conditions.

Severely deformed grade 4 titanium was less stable at the temperature range of
600-800°C. Therefore, warm deformation behavior and microstructure evolution of
severely deformed grade 4 titanium were studied at temperatures of 300-600°C and at
strain rates of 0.001-0.1s™ " in order to reveal the pertinent softening mechanisms such as
dynamic recovery and dynamic recrystallization. Results suggest that severe plastic
deformation is capable of increasing the strength of grade 4 up to 500°C. Above this
temperature the severely deformed microstructure was seen to demonstrate complete
recovery. The strain rate sensitivity within the warm tension of severely deformed
titanium was shown to be strongly temperature dependent, where strain rate sensitivity
increased with the increase in deformation temperature. With the rise of temperature,
void coalescence and growth of dimples takes place which was attributed to the higher

rate of diffusion and growth of recrystallized grains at higher deformation temperatures.



Studying monotonic behavior of severely deformed titanium is not the only aim of
this research work. Another important aspect is the fatigue behavior. Therefore, cyclic
deformation response of coarse-grained and ultrafine-grained grade 4 titanium was
probed by low cycle fatigue experiments at elevated temperatures up to 600°C and at
strain amplitudes of 0.2-0.6%. It was found that cyclic stability strongly depends on grain
size and volume fraction of high angle grain boundaries. Severely deformed titanium
showed an improvement in fatigue performance at or below 400°C. Electron backscatter
diffraction assisted microstructural findings were seen to stand in reasonable agreement
with cyclic mechanical results, where micrographs revealed the occurrence of
recrystallization and grain growth at 600°C. Cyclic characteristics of two processing
routes, defined as route-8E and 8B, were also compared. Accordingly, cyclic deformation
response of severely deformed titanium was not sensitive to changing routes in the

examined range of temperatures and strain amplitudes.

Last but not least, the impact of severe plastic deformation on the tensile and
damping properties of titanium grade 4 was also explored to complete this study more
effectively. Grain refinement via severe plastic deformation enhanced the strength at
room temperature while this effect diminished at a high temperature of 600°C. Ultrafine-
grained titanium showed an improvement in damping capacity over its coarse-grained
counterpart. High damping capacity of the former was rationalized with the contributions

of increased dislocation density and high angle grain boundary fraction.

As a summary of this research, thermo-mechanical behavior of severely deformed
titanium investigated in detail by demonstrating the thermal stability under monotonic

and cyclic loading. It was found that severely deformed grade 2 and grade 4 titanium are



monotonically stable up to the homologous temperature of 0.45 and 0.40, respectively.
Severely deformed grade 4 titanium also showed cyclic stability up to the homologous
temperature of 0.35. These findings form the base for the utilization of ultrafine-grained

titanium in high temperature applications.



OZET

Asiri Deforme Titanyumun Termo-Mekanik Davranisi

Metalik  malzemelerin  termomekanik islenmesi,  malzemelerin  mekanik
ozelliklerinin gelistirilebilmesi agisindan énemli ve dikkat cekici bir alandir. Bu ¢alismada,
asiri plastik deformasyon teknigi olarak es kanalli agisal ekstriizyon kullanilarak ultra-ince
taneli ve ticari saflikta titanyum Uretilmistir. Asiri plastik deforme edilmis ticari safliktaki
titanyum alasimi Gzerinde 600 - 900°C sicaklik araliginda ve 0,001 ile 0,1 st gerinme
hizlari arasinda basma testleri gergeklestirilmistir. EKAE yoluyla APD'nin 600 ve 700°C'de
deforme olmus 2. derece saflikta titanyumun akma dayanimini belirgin sekilde
artirabildigi gozlenmistir. Basma sonrasi olusan mikroyapilar, 600°C'lik deformasyon
sicakliginda ince taneli bir yapinin muhafaza edilebilecegini gostermistir. Asiri deforme
olmus titanyumun sicak basma islemi sirasinda gerinme hizi duyarliligi deformasyon
sicakhg artisiyla birlikte yiukselmekte olup, bu durum sicaklik baginin énemli oldugunu
gostermektedir. Asiri deforme olmus 2. derece safliktaki titanyumun yiksek sicakhiktaki
islenebilirligi akma lokalizasyon parametresine dayali olarak analiz edilmistir. Akma
lokalizasyon  parametre degerlerine  gére  700°C  ve altindaki  sicakliklarda
deformasyon lokalize olma egilimindedir. Ultra-ince taneli mikroyapinin akma tepkisi,
Arrhenius tipi, dislokasyon yogunluguna dayanan ve modifiye edilmis Johnson-Cook
modelleri kullanilarak modellenmistir. Modelleri gecerliligi, deneysel gerilme-gerinme

tepkileriile karsilastirihp gosterilmistir.

Asiri deformasyona ugramis titanyumun saflik derecesinin sicak karakteristikleri ve

dinamik yumusama mekanizmalari (zerindeki etkisini incelemek icin, asiri plastik



deformasyon sonrasi basma testleri 4. Derece saflikta titanium Uzerinde yapilmistir.
Sicaklik ve deformasyon hizinin her iki safligin alma egrisini dnemli sekilde etkiledigi
gorilmustlr. Nispeten daha distk deformasyon sicakliklarinda ikinci saflikta titanyum
numunelerin sahip oldugu yiksek basma dayanimi, diisik islem sicakliklarina bagh tane
sinir 6zellikleri ile iliskilendirilmistir. Bununla birlikte, asiri deforme olmus dérdiinci kalite
titanyumun yiiksek deformasyon sicakliklarinda (800°C’nin (izerinde) yiiksek basma
dayanimi gostermesi, oksijen ayrimi sebebiyle tane siniri hareketini sinirlamasi sonucu
bastirilmis tane blyimesinden kaynaklanir. Akma davranisinin modellenmesi igin biinye
denklemleri olusturulmustur. Ayrica tahminlerin gegerliligi ortalama hata dizeyleri %5’in

altinda gikmasiyla gosterilmistir.

Asiri deformasyona ugramis 4. Derece saflikta titanyum numunelerin kararliliklari
600-900°C sicaklik araliginda daha azdir. Bu nedenle, asiri plastic deformasyon sonrasi
cekme gerilmesine maruz birakilan 4. Kalite titanyumun 1ilik deformasyon davranisi ve
mikroyapi gelisimi dinamik toparlanma ve dinamik yeniden kristallestirmeyi gézlemlemek
icin 300-600°C sicakliklarda ve 0.001-0.1 s~ gerinme hizlarinda calisilmistir. Sonuglar asiri
plastic deformasyonun 500°C sicaklik degerine kadar titanyumun dayanimini arttirdig
yonundedir. Bu sicaklik degerinin lzerinde asiri deforme olmus mikroyapinin kapsamli
sekilde toparlandigi gézlenmistir. Asiri deforme olmus titanyumun ilik gerilme sirasindaki
gerinme hizi duyarhliginin, deformasyon sicakhigindaki artisla birlikte arttigi gorilerek
sicakhkla glglt bir iliskisi oldugu belirlenmistir. Sicakligin ylkselmesiyle, yiksek
deformasyon sicakliklarindaki daha yiksek difizyon hizina ve yeniden kristallesmis

tanelerin biylimesine dayandirilan bosluk birlesmesi ve cukurlarin bliyimesi gerceklesir.
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Asirnt deforme olan titanyumun tek yonliu ylikleme davranisi bu galismanin tek
amaci degildir. Bu nedenle, iri ve ufak taneli 4. Saflikta titanyumun gevrimsel deformasyon
tepkisi 600°C gibi yiiksek sicakliklarda ve %0.2-0.6 gerinme genliginde yapilan diisiik
cevrimli yorulma testleri ile incelenmistir. Bu incelemenin sonucunda dongiisel kararlihgin
tane boyutuna ve yilksek agili tane sinirinin hacimsel oranina baglh oldugu bulunmustur.
Asiri deforme titanyumun yorulma performansi, 400°C ve altindaki sicaklik degerlerinde
ilerleme gostermistir. 600°C’de yeniden kristallesme ve tane gelisiminin varliginin ortaya
ciktig1 elektron geri saginimi kirinimi destekli mikroyapi bulgulari dongilisel ve mekanik
sonuglarla uyum gostermektedir. 8E ve 8Bc olarak tanimlanan iki es kanalli agisal
ekstriizyon rotasinin dongusel karakterleri karsilastiriimistir.  Buna gore, asiri deforme
titanyumun tekrarli deformasyona tepkisi sicaklik ve gerinme genlik araligi i¢in ekstriizyon

rotalarina duyarl degildir.

Son olarak, calismanin verimli bir sekilde tamamlanmasi adina asiri plastik
deformasyonun 4. Derece saflikta titanyumun cekme ve sénimleme o6zellikleri Gizerindeki
etkisi incelenmistir. Asiri plastik deformasyon yoluyla tane inceltme isleminin oda
sicakliginda numunenin dayanimini arttirirken, 600°C gibi yiiksek sicakliklarda bu etkinin
kayboldugu gorilmustir. Ultra -ince taneli titanyumun sénliimleme kapasitesinde iri taneli
muadiline gore iyilesme gorilmiustir. Yiksek soniimleme kapasitesi, artan dislokasyon

yogunlugunun ve biylik acili tane siniri oraninin séniimleme katkisiyla aciklanabilir.

Bu arastirmanin en 6nemli bulgusu, monotonik ve dongisel yik altinda termal
kararhliginin elde edilmesidir. Bu arastirmada o©zeti olarak, asiri deforme titanyumun
termo-mekanik davranisi tek yonli cevrimsel yikleme altinda isil kararliligin gosterimi ile

detayli olarak incelenmistir. Asiri deformasyona ugramis 2. ve 4. Saflik derecesindeki
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titanyumun tek yonla yuk altinda sirasiyla 0.45 ve 0.40 benzesik sicakhiga kadar kararli
oldugu gozlenmistir. Asirt deformasyon sonrasi 4. Saflik derecesinde titanyum ayni
zamanda 0.35 benzesik sicakliga kadar dongusel kararlilik géstermistir. Bu bulgular, ultra-
ince taneli titanyumun vyiksek sicakliktaki uygulamalarda kullanimi icin temel

olusturmaktadir.
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1. Motivation

For many years, researchers have made solid efforts in order to increase strength
of materials by the use of various processing techniques. Among the processing methods,
severe plastic deformation (SPD) was seen to enhance strength of metallic materials with
minimum adverse effects on ductility. The SPD could bring a large number of scientific
contributions beyond the state of the art in the materials strengthening investigations.
Especially, this technique was found to be useful for commercial purity (CP) titanium since
its strength was required to be improved [1-3]. A large number of industrial sectors are
benefiting CP titanium and its alloys as they have properties such as remarkable specific
strength and excellent biocompatibility. From the design perspective, strength and
toughness of the materials can be named as the most important factors to be considered.
A material or a structure should stand both applied monotonic and cyclic stresses and
bear environmental destructive forces. Therefore, the number of applications which
benefit CP titanium can be increased by improving strength of this material [2,4,5]. Due to
its aforementioned importance, mechanical properties of severely deformed CP titanium
at room temperature were frequently studied by researchers [1-3]. It is worth noting that
by the application of SPD, the specific strength of CP titanium could also surpass some
steel and beta titanium alloys. It was seen that a significant enhancement in the strength
levels of two grades of CP titanium was achieved via equal-channel angular extrusion
(ECAE) processing because of the grain refinement and the work hardening without
alloying. Moreover, the biocompatibility of UFG titanium leads researchers to replace
some alloys with toxic alloying elements, such as Al and V with it [6]. UFG titanium was

implanted in rabbits and the removal torque was compared with that of CG CP titanium



Grade 2 and Ti6Al4V alloy Grade 5. It was found that the osseointegration of the UFG Ti
was slightly superior of that of CP Ti Grade 2 [6]. The UFG titanium also shows a higher
capacity of human osteoblast-like U20S cells to colonize and, therefore, better

osseointegration [7]

Improvement of fatigue strength was seen for UFG titanium in comparison with
the conventional CG titanium. Therefore, investigations of hot deformation behavior
along with elevated temperature fatigue tests of UFG titanium would remarkably make
an impact in this field of study and smooth the research road to meet industrial
requirements. A part from experimental achievements, scientists started to simulate
ECAE process of CP titanium by the use of finite element method in order to study this
field more effectively [8]. However, lack of discussions on elevated temperature behavior

of severely deformed titanium motivated us to perform the present investigation.

Another missing point which inspired us to conduct the present study is hot
deformation characteristics of severely deformed materials. The necessity of estimating
required forces to be applied during warm and hot rolling or forging of metals has driven
investigations on flow stress characterization and modeling under high temperature
conditions. From metal forming perspective, due to lower yield strength of materials at
high temperature regime, deformation needs lower processing forces to shape the work-
piece. Findings of elevated temperature characteristics of UFG titanium can have a
specific impact on this field of study. Study of mechanical behavior along with
microstructural evolution at elevated temperatures can play a significant role in the
adjustment of warm and hot working process parameters leading to improved

workability. It is well-known that dynamic recovery (DRV) and dynamic recrystallization



(DRX) are powerful microstructural tools for controlling the structure and properties of
metals under the deformation at elevated temperature [9,10]. When it comes to CP
titanium, some studies concentrated on the hot deformation behavior of coarse grained
(CG) structure titanium [11-14] while no one focuses on high temperature deformation of
UFG titanium.

As well as mentioned motivations, lack of investigations on modeling and
simulation of mechanical characteristics and flow stress curves of UFG titanium
stimulated us to peruse this study since this methodology is applicable for predicting flow
stress curves for deformation conditions outside the experimental window. Specifically,
some typical modeling efforts were utilized to predict CG titanium behavior in the high
temperature regime [15,16]. These approaches are mostly based on Arrhenius and
Fields—Backofen equations. Therefore, modeling of commercial pure Ti after ECAE with
UFG microstructure at elevated temperature would be a unique investigation. Various
constitutive equations as in, Avrami, Arrhenius and Johnson-Cook can be applied to
analytically model mechanical properties of severely deformed CP titanium at examined
temperatures.

Moreover, the absence of cyclic characterizations of UFG titanium persuades us to
carry out dynamic experiments. Especially, the stability of UFG structure should be
studied at the high temperature fatigue regime. To the best knowledge of the authors,
details of SPD processing influences on low cycle fatigue tests have not been
comprehensively considered for severely deformed titanium at different temperatures.
Therefore, these strong motivations which can extend the state of the art in this field led

us to perform this research.



In addition to the investigation of monotonic and cyclic behavior of severely
deformed CP Ti, damping capacity is a key property for materials used in light structures
where undesirable vibrations exist. Due to the fact that the dislocation density and the
existence of grain boundary sliding are important factors influencing the damping
capacity, SPD could have a remarkable influence on the damping behavior. Up to now, a
few studies considered the effect of grain refinement on damping properties of Mg and Al
alloys [17,18]. However, the influence of grain refinement on damping properties of CP Ti
has not been studied yet. Therefore, the current investigation aims to contribute insights

on the damping characteristics of UFG Ti.



2. Background and Literature Review

2.1. Ultrafine-grained Materials Fabrication Methods

Various techniques such as rapid solidification (RS), mechanical alloying, severe
plastic deformation (SPD), etc. have been introduced to manufacture UFG Ti [19].
Generally, these fabrication methods are being divided into 5 different groups as severe
plastic deformation [20,21], electrodeposition [22,23], consolidation via severe plastic
deformation [24,25], inert gas condensation of particulates and consolidation[26,27] and
milling compaction [28—30].

Electrodeposition is a well-known method for fabricating decorative parts [22,23].
Electrodeposited metals contain high density of defects leading to increase in strength
and strain rate hardening. However, ductility and elongation of parts manufactured via
electrodepostion are noticeably low. Inert gas condensation and compaction was also
utilized to produce nanocrystalline materials [26,27]. Existence of impurities such as
hydrogen and oxygen in the parts synthesized via this method adversely affects their
mechanical properties. Besides, ball milling was used to synthesize nanostructured
materials in 1990s [28—30]. Lack of control on particle morphology and contamination of
processed materials were main obstacles of this processing method.

Among all aforementioned manufacturing approaches, SPD was achieved to be
the most promising one for obtaining UFG microstructure and improving strength of Ti
[2,31]. One of the best ways for improving strength with moderate ductility is grain
refinement via SPD. SPD is categorized among the top-down methods for processing of
nanostructured materials. SPD causes grain refinement by fragmentation of initial grains

[2,31]. Equal channel angular extrusion/pressing (ECAE/P), high-pressure torsion (HPT),



accumulative roll bonding (ARB), cyclic extrusion compression (CEC) and surface
mechanical attrition treatment (SMAT) are outstanding SPD methods [32].

Among all aforementioned SPD methods, ECAE is perhaps, one of the most
promising procedures for engineering applications due to its capability of maintaining the
dimensions of the initial billet after multiple processing passes [1,12,33]. This method is

able to provide industrial sectors with large enough samples and parts.

2.2. Fundamentals of Equal Channel Angular Extrusion

The main reason of mentioning principles of ECAE is that this processing method is
one of the thermo-mechanical methods which are applied in the present research work.
There are some researches concentrating on principles of ECAE processing method [34—
38]. The schematic of ECAE processing is demonstrated in Fig. 2.1. the X, Y and Z planes
stand for the transverse plane, the flow plane and the longitudinal plane, respectively
[39]. The billet is pressed through the channels utilizing a plunger [39]. Then, the sample

is being deformed by simple shear.

plunger

Figure 2.1 Schematic of ECAE process, the X, Y and Z planes stand for the transverse
plane, the flow plane and the longitudinal plane, respectively [39].

The angle between two channels, the punch pressure and the yield stress usually

denote by 2®, P and gy, respectively. Strain can be obtained as follows [38,40]:



P 2
o= ﬁcot(b—s (1)

Since the intersection angle is 90°, a true plastic strain of 1.16 can be achieved.
Besides, the equivalent percent area reduction (AR) can be obtained following the
methodology outlined in [38,40]:

AR = (1 —RR™1) x 100% (2)

Where, RR is the reduction ratio. Therefore, the equivalent area reduction of 69%
can be obtained. Total strain for N passes can be simply calculated as:

&g =NXe¢ (3)

Various routes have been used to study effect of altering the billet orientation at

each pass [1]. Figure 2.2 represents the common routes of ECAE process.

90°

Lc:cjgw

180°

Route A, All passes  Route C’, all passes Route B,N=3.59...  Roufe C. All passes
No Rotation Route B. N=2.4.6...

N: Number of Passes

Figure 2.2 Schematic of ECAE routes [40]

It follows from the Fig. 2.2 that there is no rotation for route A. In route B, the
billet is rotated +90° after each odd pass and - 90° after each even pass. In route C, the
billet is spun 180° around its axis after every pass. Route E consists of an alternating

rotation of the billet by +180° and +90° around its long axis, between successive passes.



In route Be, the billet is rotated +90° around its long axis, between each successive pass

[40].

2.3. Principles of Rolling Process

Rolling process is being used as one of the SPD processes in order to enhance
strength of examined materials. Therefore, some fundamentals of this process are
described in this section. Roll forming is one of the oldest processes of sheet
manufacturing methods. The first rolling process for iron sheet occurred in 1670s [41].
Then, Christopher Polhem made some effort to deform iron bars via rolling mills [42].
Currently, rolling process is being utilized by industrial sectors to manufacture sheet
metals more effectively. In conventional rolling process, slab or sheet metals are
squeezed between two rolls while rotating in opposite directions [43]. Rolling mill stand is

represented in Fig 2.3.

ﬁ

4 Screw

_}— Load cell

JUdU0dddu

Housing

A
/

Work -— Chucks
rolls

[

o ]

Figure 2.3 Conventional rolling mill stand [43]

Fig. 2.4 shows the schematics of flat rolling process. Therefore, the roll force, true

strain and power in flat rolling process can be calculated as seen below [44]:



F = LwY,,, (4)

L =./R(ho — hy) (5)

&=m% (6)

2FLN
Power = = (7)
60000

Where L, w, Y4, and R are roll-strip contact length, width of the strip, average
true stress of the strip and roll radius. hy and hy are initial and final thickness of work-

piece, respectively.
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Figure 2.4 Schematics of flat rolling process [44]

2.4. Precipitation Hardening

Formation of precipitates can increase strength of materials due to the fact that
they interact with dislocations and suppress their motions [45]. Artificial precipitation
hardening generally consists of solubilization, quenching and aging treatments. In
solubilization, alloy is heated up to monophase region and it is kept for a long time to
dissolve pre-existent precipitates. Then, it will be quenched to avoid formation of
precipitates during cooling. The quenching treatment results in a supersaturated solid.
Lastly, the supersaturated solid will be held at a gradually high temperature (below
monophase region) to introduce fine precipitates [45]. According to the size of

precipitates, two types of dislocation-precipitate interaction have been explained. When
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precipitates are finer than a critical size, dislocations are able to cut through them.
However, dislocations circumnavigate around precipitates when their size is bigger than

the critical one [46]. These theories are described in the Fig. 2.5.

Matrix

Matrix
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| @ ® ®
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\ / Particular shear
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(b)

Figure 2.5 (a) dislocation shearing and bowing mechanisms (b) dislocations cutting and
bowing mechanisms where f is volume fraction of precipitates (f2>f1) [45]

Rise in yield stress can be obtained following outlined [45,46]:

For deforming particles:
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AT = CGe?*/3 \/% (8)

For non-deforming particles:

Ar = 22 (9)

- (L-27)

2.5. Commercial Purity Titanium and Titanium Alloys

2.5.1. Crystallography of Titanium
At ambient temperature, pure Ti crystal structure is hexagonal close packed (hcp),
known as alpha Ti. At elevated temperature, crystal structure of Ti changes into a body-
centered cubic (bcc) form [47]. Schematics of atomic unit cells of alpha and beta Ti are
displayed in Fig. 2.6. Ti properties such as ductility and diffusion rate are different in
various crystal structures. It is also well-documented that Ti with hcp crystal structure

shows anisotropy of mechanical properties [47].

0.468 nm

(0001) a

0.295 nm
a

2

Figure 2.6 Crystal structure of Ti allotropes [47]
The beta transus temperature of CP Ti was observed to be about 882+2°C [47].
Properties of Ti remarkably change above the corresponding allotropic transformation

temperature due to the fact that crystal structure of Ti varies at elevated temperature.

Generally, beta Ti is more ductile than that of alpha allotrope.
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2.5.2. Characteristics of Coarse Grained Titanium Alloys
As mentioned earlier, CP Ti and its alloys are being increasingly utilized in various
industries such as aerospace, transportation and marine applications. This is because of
their especial characteristics and properties. In this section, some of these significant

properties have been stated.

Alloying elements of Ti can be categorized as alpha stabilizers, beta stabilizers or
neutral. Neutral alloying elements hardly affect beta transus temperature while beta
stabilizing elements are able to decrease beta transus temperature considerably. On the
other hand, alpha stabilizers can widen alpha phase field to higher temperature [47].
The influence of alloying elements on the phase transformation diagrams of Ti alloys is

displayed in Fig. 2.7.
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Figure 2.7 Effect of different alloying elements on phase transformation diagrams of Ti
alloys [47]

One of the most significant titanium phase diagrams is the system Ti-Al as shown
in Fig. 2.8. Several intermetallic phases such as a,-TizAl, Y-TiAl, TiAl, and TiAl; can be seen

in Ti-Al phase diagram. Nowadays, a,-TisAl and Y-TiAl intermetallic components are
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widely being used in elevated temperature applications since they are more stable at

higher temperatures [47].
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Figure 2.8 Ti-Al phase diagram [47]

One of the beta phase stabilizer for Ti alloys is vanadium element. This element is
capable of reducing beta transformation temperature under equilibrium condition [47].
Fig. 2.9 demonstrates Ti-6Al-V ternary phase diagram and the corresponding
microstructures at 650-1050°C. Obviously, beta phase volume fraction drops with

reduction in temperature. It is also worth noting that beta transformation into martensite

enhances at higher cooling rates.
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Figure 2.9 Ti-6Al-4V ternary phase diagram and corresponding microstructures at various
conditions [47]

14



High specific strength of Ti motivated researchers to study this material more
effectively. CP Ti density is about 4.51 g/cm3. Tiis lighter than many industrial metals as in
Fe, Cu and Ni although it is classified as the heaviest light metal [47]. As shown in Fig.
2.10, strength of Ti alloys can compete with steel alloys [47,48]. Due to their superior

strength to weight ratio, they are remarkably preferential in the aerospace applications.
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Figure 2.10 Specific Strength versus temperature for structural materials [47]

Another important property of Ti and its alloys is their resistance to corrosion.
Outstanding corrosion resistance of Ti makes it a great candidate where biocompatibility
is needed. It could be attributed to the formation of a protective oxide film [49].
However, oxidation kinetics of Ti alloys is being considerably affected by temperature and
atmosphere. At high temperature, corrosion resistance of Ti alloys is degraded [47]. Fig.
2.11 shows the oxidation kinetics of Ti-45Al-8Nb at different temperatures and
atmospheres [50]. It can be seen that corrosion resistance of this alloy decreased with

rise in temperature.
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Figure 2.11 Oxidation behavior of Ti-45AI-8Nb at different temperatures and
atmospheres [50]

Exceptional biocompatibility of CP Ti and its alloys resulted in usage of them in
osseointegration of dental implants as shown in the Fig. 2.12. Ti was found to have the
minimum toxic effects among other metallic materials [51]. This biocompatibility is

because of high corrosion resistance of Ti in the human body.
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Figure 2.12 A dental implant made of Ti [51]
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One of the important mechanical properties of an industrial material is its fatigue
resistance. There are some studies which focus on the cyclic behavior of coarse grained Ti
and Ti alloys [52-56]. The effects of hold time and stress on fatigue strength and fatigue
life of CP Ti have been studied [53]. It was found that with rise in hold time dwell fatigue
strain alters from ratcheting strain controlled to creep strain controlled. In another study,
cyclic deformation response of Ti-6Al-4V alloy is investigated [56]. Low cycle fatigue of
this alloy was precisely predicted by a critical strain approach. As it can be seen in the Fig.
2.13, cyclic behavior of Ti-6Al-4V alloy is dependent on orientation of basal plane.
Besides, effect of heat treatment and cooling rate of Ti-35Nb on corrosion fatigue
behavior was considered [55]. High cooling rates caused higher fatigue resistance which
was imputed to formation of martensitic beta phase. The influence of Boron additions on
the elevated-temperature fatigue behavior of Ti-6Al-4V alloy was also studied [54]. Boron
addition led to the higher fatigue resistance which was due to the refinement of the as-

cast grain size.
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Figure 2.13 Experimental and predicted S-N curves of Ti-6Al-4V alloy with respect to
orientation [56]
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2.6. Grain Boundary Strengthening and Hall-Petch Relation

One of the strengthening methods is grain refinement. Grain boundaries are
strong obstacles against dislocation motion [57]. Generally, different grains have various
crystallography orientations that change from a grain to the next one. With increase in
orientation difference between the grains, order in the boundaries reduced and then
grain boundary angle rose. It is well-documented that high-angle grain boundaries are
strong barriers to dislocation motion [57]. Basically, Hall-Petch relation is used to
calculate effect of grain refinement on strength of metallic materials [58,59]. The

relationship proposed by Hall and Petch can be seen as follows:
oy =0, + kD™1/? (10)

Where, g, and o; are the friction stress and the yield stress, respectively. K is the
locking parameter and D is the grain diameter. According to Hall-Petch equation,

reduction in grain size results in higher yield stress.

2.7. Monotonic Behavior of UFG Materials at Ambient

Temperature

At ambient temperature, monotonic behavior of severely deformed materials
were studied comprehensively [1-3,60-65]. It was found that SPD is capable of enhancing
yield stress, tensile strength and microhardness of titanium [1-3,64,65]. Fig. 2.14 shows
flow stress curves of as-received, ECAE processed and ECAE processed plus rolled CP
grade 2 Ti at room temperature [3]. SPD resulted in two-fold increase in tensile strength
of titanium. It is also worth noting that post rolling process led to improvement of UFG Ti

ductility.
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Figure 2.14 Flow stress curves of the as-received, ECAE processed and ECAE processed
plus rolled CP grade 2 Ti at room temperature [3]

It was stated that grain boundaries inhibit dislocation motions through the
microstructure causing strength enhancement of CP Ti [66]. TEM micrograph of CP Ti
after 4 passes of ECAE is shown in Fig. 2.15. Formation of elongated and fine equiaxed

grains is evident.

Figure 2.15 TEM micrograph of CP Ti after 4 passes of ECAE [67]
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2.8. Cyclic Behavior of UFG Materials at Ambient Temperature

Cyclic response of UFG materials at ambient temperature was the topic of several
research works [68—78]. Among the works mentioned, cyclic response of UFG Ti was also
investigated [73—-77]. This UFG material showed an extraordinary fatigue behavior and
resistance. It was observed that ultrafine grained microstructures are highly susceptible
to the localized grain growth by cyclic plastic deformation [73,79]. Therefore, cyclic
behavior of UFG structures under low cycle fatigue (LCF) in which plastic deformation
occurred in each cycle needs to be fully investigated. Fig. 2.16a displays cyclic
deformation responses of CG and UFG Ti at ambient temperature. UFG Ti specimens
showed a stable cyclic deformation response, higher stress ranges and longer fatigue
lives. This was imputed to the resistance of high angle grain boundaries to rearrangement
when dislocations interact with them under cyclic deformations [73]. On the other hand,
Ti samples with bimodal microstructure could not surpass fatigue performance of UFG T
(Fig. 2.16b). Due to localized grain growth by cyclic plastic deformation occurrence in the

heat treated samples, bimodal structure showed an inferior fatigue performance [73].
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Figure 2.16 Fatigue response of (a) CG and UFG titanium (b) titanium with a bimodal
microstructure [73]
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Another reason for inferior fatigue performance of titanium with bimodal
microstructure was seen to be locally damage accumulation. Smaller grains acted as a
stress riser causing stress concentration and then damage accumulation [73]. EBSD map

of the bimodal titanium can be seen in the Fig. 2.17.

Figure 2.17 EBSD map of Ti with bimodal microstructure [73]

The influence of notches on fatigue strength and fatigue life time of UFG Ti was
also studied elsewhere [74]. Fig. 2.18 demonstrates stress amplitude versus number of
cycles to failure for both CG and UFG Ti. It can be seen that the fatigue performance of
titanium is considerably enhanced after SPD processing. The fatigue performance
improvement of notched UFG Ti samples was related to the significant enhancement of

strength [74].

Stress amplitude, MPa
§ § 88888 g 3

105 108 107
Number of cycles to failure, N

2

Figure 2.18 Stress amplitude versus number of cycles for smooth samples of coarse-
grained Ti (curve 1), UFG Ti after ECAE and thermal and mechanical treatment (TMT)
(curve 2), after ECAP + TMT and additional annealing at 350°C, 6 h (curve 3) [74]
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At ambient temperature, higher stress amplitude values were also reported for
UFG Cu (Fig. 2.19) [78]. During cyclic loading, the microstructure of this UFG material

remained unchanged verifying cyclic stability at examined strain amplitudes.
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Figure 2.19 (a) S—N data for ultrafine-grained Cu and cold worked Cu (b) microstructure of
UFG Cu before and after fatigue experiment [78]

2.9. Softening Mechanisms at Elevated Temperature Deformation

In this section, softening mechanisms which are active during warm and hot
deformation of materials are discussed. This section is written since elevated
temperature deformation of CP Ti has been investigated and thermo-mechanical

parameters have been studied comprehensively.

2.9.1. Dynamic Recovery
Researchers started working on hot deformation characteristics of different alloys
and materials in 1960s [80—85]. In 1970s, it has been realized that two various softening
mechanisms are existent in hot deformation of metallic materials [86—89]. Materials

whose dislocations are able to cross-slip and climb can easily rearrange into polygonal
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subgrain structures and tend to display a high degree of dynamic recovery (DRV), while
materials with low stacking fault energy (SFE) show a much lower level of dynamic
recovery [90]. The schematic flow curve of materials during DRV is shown in the Fig. 2.20
[91]. The work hardening (WH) rate overcomes the softening rate induced by DRV in the
beginning, and thus the stress considerably increases during initial deformation then

increases at a decreased rate, followed by next stage.

p=
=C

True strain ¢
Figure 2.20 Schematic flow curve by DRV [91]

2.9.2. Dynamic Recrystallization
In materials with low SFE, dynamic recrystallization (DRX) took place due to
inadequate DRV and climb of dislocations [90]. Dislocation density rises until it reaches a
critical condition, at which point new grains nucleate and grow during further straining.
The schematic flow curve of materials during DRX is displayed in the Fig. 2.21 [91]. After
initial work hardening, flow curve demonstrates an abrupt reduction in yield stress and

then reaches a plateau.
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Figure 2.21 Schematic flow curve by DRX [91]

Two main types of DRX which have been defined previously are discontinuous
dynamic recrystallization (DDRX) and continuous dynamic recrystallization (CDRX) [92,93].
In CDRX, The mechanism is composed of the formation of subgrains with low-angle
boundaries in grain interiors. The boundary misorientation rises slightly during
deformation leading to new grain formation at high strain levels [94,95]. DDRX is related
to recrystallization of new grains at existing grain boundaries which basically consists of
the grain boundary bulging and strain-induced grain boundary migration (SIBM) [96].

These mechanisms are specifically explained in the following chapters.

2.10. Monotonic Behavior of Coarse-Grained Titanium and its Alloys

at Elevated Temperature

Due to the importance of high temperature behavior of materials, several
researches have focused on the warm and hot characterization of coarse grained CP Ti
[11,15,16,97]. Zeng et al. studied behavior of CP Ti up to the deformation temperature of
700°C and at various strain rates [11]. Stress-strain curves obtained in the

aforementioned research work are shown in the Fig. 2.22. The dependency of flow stress
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to the temperature and the rate of deformation is obvious. Basically, deforming CP Ti at

higher temperature or lower rate led to drop in flow stress level.
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Figure 2.22 Stress-strain curves of coarse-grained CP Ti at different deformation
conditions [11]

Work hardening rate of CG titanium was also investigated as depicted in Fig. 2.23.
Curves were shown in three groups; (a) three-stage work hardening (b) two-stage work
hardening and (c) flow softening [11]. It was seen that higher deformation temperature
and lower strain rate resulted in flow softening which could be attributed to the

activation of softening mechanisms at elevated temperatures.

25



a 1500 —=— 823K, 1/s
—O0— 773K, /s
K —A— 723K, 1/s
< —— 673K, 1/s
o 723K, 0.1/6
&l 1000 —>— 673K, 0.1/s
) — —673K,0.01/s
s
g) -—logZ=18.8
c
[0
B 500
[0}
o
f
o
=
0+ Y.
T T I'ﬁr
0 100 200 300 400
Flow stress o, MPa
b 1500 : :
S —m— 923K, 1/s
\ —O— 873K, /s
© |\ \ —h— 923K, 0.1/s
% —— 873K, 0.1/s
" 823K, 0.1/s
&]& 1000+ 773K, 0.1/s ]
o — — 773K, 0.01/s
© —O— 723K, 0.01/s
o - 773K, 0.001/s]
£ % 723K, 0.001/s
$ 5001 —@— 673K, 0.001/s)|
™ RS © Sei logz=15.8
§ 3N o s
logZ=12.7—2% o
[0 ) A 9T W, QT
T T T T
0 50 100 150 200 250
Flow stress o, MPa
C 1500
—m— 973K, 0.1/s
—O— 973K, 0.01/s
© —A— 923K, 0.01/s
o
=
8% 10001
L
ol
o
£
S
© 500
©
=
<
(o]
=
O.

20 40 60 80 100 120 140 160 180
Flow stress o, MPa

Figure 2.23 Work hardening rate of CG titanium versus flow stress (a) three-stage work
hardening (b) two-stage work hardening and (c) flow softening [11]

Figure 2.24 demonstrates optical microstructure and EBSD map of the sample
deformed at 700°C with strain rate of 0.01s™ [11]. These micrographs also confirm that

serration of grain boundaries and DRX occurred at this deformation condition.
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Figure 2.24 Microstructure of CG titanium deformed at 700°C with strain rate of 0.01s™
(a) optical microstructure (b) EBSD map [11]

As mentioned before, modeling response of coarse grain titanium at elevated
temperature was also studied. Arrhenius-type equation was utilized in order to predict
flow stress behavior of this material [15]. Modeling methodology is comprehensively
explained in the chapter 5. Fig. 2.25 shows both predicted results and experimental data.
Modeling results are in agreement with the experimental data. Therefore, modeling of
stress-strain curves based on Arrhenius-type equation was observed to be satisfactory.
The error values were also less than 8.5% for all samples except the specimen deformed

700°C with strain rate of 0.001s™.
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Figure 2.25 Predicted and experimental stress-strain curves of CG titanium for samples
deformed at (a) 0.001s™ (b) 0.01s™ (c) 0.1s™* and (d) 1s™ [15]

Fields—Backofen equation was also used to model high temperature behavior of
CG Ti at temperatures ranging from 350°C to 500°C and strain rates from 0.00083s™ to

0.05s™ [16]. Fields—Backofen equation can be seen as follows [16]:
oc=KXe*xegm (11)

Where o is the flow stress, € is the strain, ¢ is the strain rate, K is the strength
coefficient, n is the work hardening exponent and m is the strain rate sensitivity

exponent. Taking the logarithm of eqns. (11), gives:
logo = logK + nloge + mloge (12)

Different parameters can be obtained from the slope and intercept of the lines
plotted according to Eqn. (12). Therefore, flow stress can be predicted for each strain

value. Fig. 2.26 demonstrates a comparison between predicted and experiments values. It
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was stated that modeling of elevated temperature

satisfactory [16].
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Figure 2.26 Comparisons between predicted and experiment values at (a) 0.05s (b)
0.016s™ (c) 0.0025s™ and (d) 0.00083s[16]

As well as coarse-grained CP Ti, high temperature behavior of Ti alloys was also

probed in the past years [98,99]. Ko et al. investigated high temperature behavior of UFG

Ti-6Al-4V alloy at temperatures of 600°C to 700°C and different strain rates [98].

Superplasticity of UFG Ti-6Al-4V alloy was seen for the samples deformed at 600°C to

700°C (Fig. 2.27). However, deforming severely deformed Ti-6Al-4V alloy at higher

temperature led to decrease of its strength.
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Figure 2.27 (a) True stress-strain curves of UFG Ti-6Al-4V (b) specimens tested at various
conditions [98]

In a separate study, hot deformation characteristics of a coarse-grained Ti-15V-
3Cr-3Sn-3Al (Ti-15-3) alloy was studied [99]. Microstructure investigations revealed that
DRX took place at high deformation temperature as shown in Fig. 2.28. For the samples
deformed at 850°C with strain rate of 0.001s™, formation of newly recrystallized grains

happened when the amount of strain increased.
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Figure 2.28 Optical micrographs of Ti-15V-3Cr-3Sn-3Al alloy at different strain values and
at 850°C with strain rate of 0.001s™*[99]

2.11. Monotonic Behavior of UFG Materials at Elevated

Temperatures

Several research works focused on monotonic behavior and stability of UFG
materials at elevated temperatures [100-103]. It was observed that SPD processing can

increase flow stress levels in UFG materials during hot deformation up to a specific
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deformation temperature. Deforming UFG materials above that specific temperature led
to recrystallization of UFG structure. Fig. 2.29 displays true stress-strain curves for
severely deformed AlMg6 alloy at different deformation conditions. It was found that SPD
could improve strength of AIMg6 alloy up to 520°C [102].
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Figure 2.29 True stress-strain curves of severely deformed AlMg6 alloy at various
deformation conditions [102]

2.12. Cyclic Behavior of UFG Materials at Elevated Temperatures

Recently, cyclic properties of some UFG materials at elevated temperatures have
been also investigated in order to obtain thermal stability of UFG structure under cyclic
deformation [54,104-107]. Cyclic deformation response and the corresponding EBSD
maps of UFG interstitial-free (IF) steel at various temperatures are shown in Fig. 2.30 and
Fig. 2.31, respectively. Cyclic stability of UFG IF steel was reported to be up to 200°C. At

temperatures exceeding 200°C, localized grain growth resulted in inferior cyclic
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deformation response in UFG IF steel. The critical homologous temperature (T,) was

calculated as 0.26 for UFG IF steel [105].
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Figure 2.30 Cyclic deformation response of UFG IF steel at different temperatures [105]

Figure 2.31 EBSD grain maps of the UFG IF steel after cyclic loading with a strain
amplitude of 2.8x107° at (a) room temperature, (b) 200°C, and (c) 440°C [105]

Cyclic deformation response of Al-Mg alloys at elevated temperature was also
probed [106]. Fig. 2.32 shows the cyclic deformation response and the corresponding

EBSD maps of AIMg2 alloys at various temperatures. At and above 150°C, cyclic stability
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of Mg-Al alloys is degraded which was attributed to the occurrence of softening

mechanisms [106].
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Figure 2.32 The cyclic deformation response and the corresponding EBSD maps of AlMg2
[106]

High temperature fatigue behavior of boron-modified Ti-6Al-4V alloy was also
investigated [54]. The effect boron content on cyclic response of Ti—-6Al—4V alloy is shown
in Fig. 2.33. It was stated that boron additions noticeably resulted in the drop of as-cast

grain size and hence improved the fatigue performance of Ti—6Al-4V alloy [54].
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Figure 2.33 Maximum stress versus number of cycles to failure [54]
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3. Experimental Procedure

3.1.

Chemical Composition of Investigated Materials

CP grade 2 and grade 4 Ti were received in bar form with the composition listed in

Table 3.1.

Table 3.1 Chemical composition of materials used in this study

Materials (wt.%) C Fe H N (0] Al Vv Cr Mo Zr Ti
CP Grade 2 Ti 0.008 | 0.041 0.002 | 0.006 | 0.15 | - - - - - Balance
CP Grade 4 Ti 0.012 | 0.206 | 0.0028 | 0.009 | 0.30 | - - - - - Balance

3.2. Equal Channel Angular Extrusion

The bars were coated with a graphite base lubricant before extrusion and were
heated in a furnace to the deformation temperature where they were held for 1h before
extrusion. The minimum deformation temperature that allowed for processing without
shear localization and macroscopic cracking for a 90° ECAE die was determined to be
300°C for grade 2 Ti. The extrusion of grade 4 Ti was more challenging due to its higher
impurity content resulting in lower ductility. Therefore, successful extrusions of grade 4
were possible only at 450°C. Extrusion took place at a rate of 1.27 mm/s. Eight ECAE
passes were performed following route E and B¢ accumulating a total strain of 9.24 in the
as-processed material. Route E and B. were selected as the ECAE processing route
resulting in the largest fully worked region in a given billet with high volume fraction of
high-angle grain boundaries [37]. Route E consists of an alternating rotation of the billet
by +180° and +90° around its long axis, while in route B¢, the billet was rotated +90°

around its long axis, between each successive pass. Following each extrusion pass, the
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billets were water quenched to maintain the microstructure achieved during ECAE.
Lowest possible processing temperatures were crucial in preventing possible
recrystallization and partly achieved using the sliding walls concept [108]. Schematic

diagram of ECAE route E showing the directions can be seen in Fig. 3.1.

Punch LD

Angle of Pass
Rotation (a°) Number
180° 13 ..
90° 2,4,..
ao
AN

Figure 3.1 Schematic diagram of route E processing for ECAE

3.3. High Temperature Tension and Compression Tests

In exploring the hot deformation behavior of ECAE processed pure Ti, hot
compression experiments were performed. The compression specimens were electro-
discharge machined in rectangular block shape, 4mmx4mmx8mm, with compression axis
parallel to the extrusion direction. All samples were ground and polished to remove major
scratches and eliminate the influence of residual layer from electro-discharge machining
(EDM). The compression tests were conducted under isothermal conditions at three
different strain rates of 0.001, 0.01 and 0.1s and at temperatures of 600, 700, 800 and

900°C. All specimens were heated up to the deformation temperature and then the
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samples were deformed in a single loading step. The reduction in height at the end of the
compression tests was 60% (true strain: 0.9) to avoid barreling and to capture the effect
of both dynamic recovery and recrystallization on deformation behavior. In addition,
lubrication with graphite was used during hot compression tests to decrease friction
effects and minimize barreling [109]. The mechanical experiments were conducted inside
a temperature-controlled furnace mounted on an Instron mechanical testing frame with
uniformly heated samples having constant temperatures throughout the tests (Fig. 3.2).
In this research work, tension tests were also conducted. The test specimens were
electro-discharge machined with tension axis parallel to the extrusion direction and the
gauge length of 15mm. All specimens were ground and polished to remove major
scratches and eliminate the influence of residual layer of machining. The tension tests
were performed under isothermal conditions at three various strain rates of 0.001, 0.01
and 0.1s™" and at temperature ranging from 25-600°C. For elevated temperature tests, all
specimens were heated up to the deformation temperature and then the samples were
deformed in a single loading step. The specimen temperature was monitored during the

tests using K type thermocouples.

Figure 3.2 Hot tension/compression test set up (INSTRON 8872)
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3.4. Micro-Hardness Measurements

Micro-vickers hardness tests were carried out by a Future Tech micro-hardness
tester (FM-300e) on the samples with 1kg force and 10s indentation duration at ambient

temperature. Each hardness value was calculated from an average of 5 indentations.

3.5. Fatigue Experiments

Low cycle fatigue (LCF) experiments were conducted on flat dog-bone shaped
samples with a gage section of 20mmx5mmx1.5mm, which were electro-discharge
machined with axis parallel to the extrusion direction. All samples were ground and
polished to remove major scratches and eliminate the influence of residual layer from
electro-discharge machining (EDM). Cyclic tests were carried out under isothermal
conditions at three different strain amplitudes of 0.2, 0.4 and 0.6% and at temperatures
of 25, 400 and 600°C. An MTS 793 servo-hydraulic test frame controlled with an MPT
software was used to performed fatigue experiments. All LCF tests were conducted under
constant strain rate of 0.006s™ which was chosen according to the previous studies for a
better comparison [73,105]. Fatigue experiments were carried out under a fully reversed
constant total strain amplitude (R = -1). A delicate high-temperature extensometer with

ceramic rods was used to measure strain amplitudes during cyclic tests.

3.6. Metallography Examinations and Microstructure

Optical microscopy (OM) was used to monitor the changes in the microstructure.
The specimens were prepared using standard polishing techniques and then etched with
Kroll’s reagent (3 ml HF + 6 ml HNOs in 100 ml distilled water). The linear intercept
method was used to estimate the grain size. A CAMSCAN MV 2300 scanning electron
microscopy (SEM) with an accelerating voltage of 20 kV and Oxford Instrument electron
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backscatter diffraction (EBSD) were also utilized to study the microstructure and fracture
surfaces of specimens at different conditions. The Kikuchi bands are identified utilizing a
computer software to obtain the crystal orientation. EBSD results were analyzed by OIM

software.

3.7. Analysis of Damping Properties

Damping properties were examined by a TA Q800 dynamical mechanical analyzer
(DMA). The DMA specimens with dimensions of 35mmx3mmx0.7mm were electro-
discharge machined. Dual cantilever mode in which two ends of the specimen were fixed
was utilized to measure damping capacity. The dynamic modulus and elastic internal
friction were obtained as a function of time and temperature. Measurements were made

at a constant frequency of 1Hz and at strain amplitudes of 0.01 and 0.05%.
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4. Workability Characteristics and Mechanical Behavior of
Severely Deformed Commercial Purity Grade 2 Ti at High

Temperatures

4.1. Microstructural Evolution

The initial microstructure of as-received Ti is shown in Fig. 4.1a. It can be easily
observed that the structure consists of coarse grains with an average grain size of 43 um.
The microstructure of the as-received Ti subjected to eight passes of ECAE is
demonstrated in Fig. 4.1b. ECAE processing leads to a significant refinement in the
microstructure and transforms the coarse grained as-received microstructure to one with
ultrafine grains after eight passes. In addition, micrographs depicting the microstructural
evolution before and after hot compression testing are also demonstrated. The
microstructure of UFG Ti followed by 3 min annealing at 600°C and 900°C can be seen in
Fig. 4.1c and d, respectively. Annealing period is selected based on the time it takes to
achieve uniform heating of the samples at the desired compression test temperature.
After the 600°C heat treatment, the microstructure consists of both slightly coarsened
grains and regions with ultrafine grains. In contrast, the 900°C heat treatment resulted in
severe coarsening of the structure with an average grain size of 25um. The existence of
several recrystallized equiaxed grains can be observed in Fig. 4.1d. Considering the
development of microstructure during hot compression, the micrographs after
deformation at 600°C and 900°C can be seen in Fig. 4.1e and f, respectively. The sample
subjected to compression at 600°C exhibits a fine and homogeneous microstructure with

slightly larger grains in comparison with those of the pre-compression sample. After
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compression at 900°C, the microstructure contained a mixture of fine and coarse grains.
The evolution of such a microstructure could be attributed to the deformation of the
recrystallized grains that formed during the pre-test heat treatment and the formation

dynamically recrystallized during the compression test.

i

AN e 50 um'y

(e) (f)
Figure 4.1 The microstructure of pure Ti a) in as-received condition, b) after 8 passes of
ECAE processing, c) after 8 passes of ECAE processing followed by 3 minutes of annealing
at 600°C, d) after 8 passes of ECAE followed by 3 minutes of annealing at 900°C, e) after 8
passes of ECAE processing followed by compression at 600°C with a strain rate of 0.1s, f)
after 8 passes of ECAE processing followed by compression at 900°C with a strain rate of
0.1s™.
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4.2.

Fig. 4.2 shows the true stress—true strain curves for the compression tests of

Mechanical Properties of Grade 2 Ti at Elevated Temperature

severely deformed pure Ti at various temperatures for the strain rates of 0.001, 0.01 and

0.1s%. It can be observed that the flow stress of pure Ti subjected to ECAE is sensitive to

both temperature and strain rate. In the previous work on the high temperature flow

behavior of pure Ti with 40 um grain size, compressive responses were depicted up to

700°C [15]. In comparison with the present results, it can be seen that ECAE could

increase the high temperature strength of pure Ti up to as high as 700°C. The rise of flow

stress levels in UFG materials during hot deformation was also reported for an aluminum

6063 alloy at a temperature range of 300-450°C [101].
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Figure 4.2 True stress—true strain response of severely deformed Ti with different strain
rates at (a) 600°C, (b) 700°C, (c) 800°C, and (d) 900°C
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The microstructural and tensile observations can also be traced by the trend in
hardness properties before and after hot deformation. It can be seen in Table 4.1 that the
hardness of CP titanium demonstrates a dramatic rise after severe deformation via ECAE
processing. This two-fold increase cannot be sustained during annealing at elevated
temperatures. Still after 3 minutes exposure to 900°C, more than 30% increase in
hardness can be achieved. Micro-hardness values for deformed samples also showed a
tendency to drop with increasing deformation temperature, which could be attributed to
higher fraction of dynamically recrystallized grains [110]. The 600°C deformed sample
retained 50% of the hardness increase achieved in the UFG microstructure.

Table 4.1 Hardness of severely deformed CP titanium, before and after hot compression

Condition Average Micro-hardness (HV)
As-Received 167 %2
ECAE processed 3264
ECAE processed followed by 3 minutes of annealing at 600°C 2853
ECAE processed followed by 3 minutes of annealing at 700°C 251+3
ECAE processed followed by 3 minutes of annealing at 800°C 233 %2
ECAE processed followed by 3 minutes of annealing at 900°C 2193
ECAE processed followed by compression at 600°C and 0.001s™ 2502
ECAE processed followed by compression at 700°C and 0.001s™ 243 +2
ECAE processed followed by compression at 800°C and 0.001s™ 2263
ECAE processed followed by compression at 900°C and 0.001s™ 206 +3
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At all deformation temperatures, the flow stress levels slightly increase to a peak
and then decrease gradually to a steady state level. Regardless of the strain level (low,
peak or high), the flow stress levels show similar dependence to deformation
temperature and strain rate. Fig. 4.3 exhibits this behavior for the case of peak strain, i.e.
strain corresponding to peak flow stress. Such flow behavior is a typical characteristic of
hot working that is accompanied by dynamic recrystallization softening. The work
hardening at 600°C is higher than those obtained at temperatures above it. In contrast,
the flow stress levels exhibit slight transitional drops indicating thermal softening for
deformation temperatures above 600°C. The observed stress levels decrease with
increasing temperature and decreasing strain rate because lower strain rates and higher
temperatures provide longer time for energy accumulation and higher dislocation
mobility around boundary regions. This evidently results in the nucleation and growth of

dynamically recrystallized grains and dislocation annihilation.
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Figure 4.3 The variation of peak stress as a function of strain rate

Fig. 4.4 summarizes the values of peak strain as a function of deformation
temperature and strain rate. It is worth noting that the effects of temperature and strain
rate are significant on the peak strain level during hot deformation. For most materials

both in pure and alloy form, the peak strain decreases with higher temperatures or lower
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strain rates [111,112]. A similar behavior was observed for the case of Ti after SPD. As can
be seen in Fig. 4.4, the peak strain value at any given temperature increases with
increasing strain rate, though the effect is mostly pronounced at the lowest testing
temperature of 600°C. Since DRX typically initiates at a critical strain before the peak
stress [113], it is accelerated by the rise in temperature and the drop in strain rate.
Although, Ti and its alloys are generally considered as high stacking fault energy SFE
materials that are expected to be softened mainly by DRV and DRX processes have also
been found to take place depending on the deformation parameters [114-116]. In the
present study, especially at temperatures above 600°C and/or strain rates below 0.01s%,
occurrence of DRX related phenomena is favored. With increasing deformation
temperatures, the sensitivity of peak strain to strain rate diminishes. Still, both applied
strain rate and deformation temperature are important parameters that dictate the

amount of critical strain required for the onset of DRX in ECAE processed pure Ti.
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Figure 4.4 Peak strain versus (a) deformation temperature (b) strain rate

A power law relationship between steady state stress and DRX grain size has been
reported for various types of dynamically recrystallized materials [117,118].
dss = K'DpRy (1)

Where K’ and N are the material constants, ass and Dpry are steady state flow

stress and dynamically recrystallized grain size, respectively. It is worth noting that,
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increasing steady state stress leads to a reduction of DRX grain size at high strains [119].
Therefore, it can be expected that the size of dynamically recrystallized grains decreases
at 600°C due to higher steady state stress at lower deformation temperature.

In order to understand the effect of ECAE on CP titanium flow curves at elevated
temperatures, severely deformed CP titanium and annealed CP titanium experimental
results were compared in Table 4.2. The results show that ECAE procedure is capable of
increasing the high temperature strength of CP titanium. The average flow strength
increase was 49% and 33% at temperatures of 600°C and 700°C, respectively. It is well
known that severely deformed materials are prone to severe recovery and
recrystallization due to the high dislocation density and fraction of sub-grain and grain
boundaries. Therefore, it is probable that softening mechanisms such as DRV and DRX are
highly operative above 600°C, disturbing the thermal stability of the severely deformed
microstructure. It is worth noting that the rise of flow strength in severely deformed
titanium can also be attributed to effects of texture since mechanical properties of HCP
materials are sensitive to texture evolution [3,120]. The rise of flow stress levels in UFG
materials during hot deformation was also reported at a temperature range of 300°C to
450°C for Al6063 alloy [121]. The increase in strength of UFG Al was attributed to the
effect of the dislocation substructure and the high density of grain boundaries. Another
study showed that higher strength levels were observed up to 500°C for UFG Ti—6Al-4V
alloy in comparison with its coarse structure; the effect of UFG microstructure diminished

above 500°C [122].
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Table 4.2 Experimental flow stress levels of severely deformed CP titanium

Compression test condition The steady flow stress of UFG CP The steady flow stress of The percentage of hot
temperature / strain rate (°C /s7) titanium (MPa), Present Study annealed CP titanium (MPa) [15] | strength improvement (%)

600°C/0.1s™ 241 170 42
600°C /0.01s™ 207 130 59
600°C / 0.001s™ 117 80 46
700C/0.1s” 132 100 32
700°C/ 0.01s™ 98 70 40
700 C/0.001s™ 57 as 27

From a structural perspective, the severely deformed microstructure in CP
titanium brings an improved strength of up to 49% over its coarse grained counterpart in
the quasi-static regime and at a high temperature of 600°C. From a metal forming
perspective in the high temperature regime, deformation over 700°C could be preferred

since the flow stress levels remained below 100MPa at tested strain rates.

4.3. Workability Characteristics of Grade 2 Ti at Elevated
Temperature

Strain rate sensitivity is a significant property, which can affect workability of
materials and deserves investigation for severely deformed pure Ti. Strain rate sensitivity,
m, is related to the effect of strain rate on dislocation generation and propagation and as
such is an index of workability. The following well-known relation was employed to

calculate the strain rate sensitivity, m, for hot deformation.

_ 2In(o)
~ o)l (2)

The values of m can be obtained from the slope of the lines plotted according to

Egn. (2) at a constant strain. The variation of the strain rate sensitivity as a function of
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strain is plotted in Fig. 4.5 exhibiting strong dependence to deformation temperature.
This phenomenon can be attributed to the increased activity of diffusion related
mechanisms and dynamic recrystallization at higher temperatures that produces higher
strain rate sensitivity [123]. It is worth noting that strain rate sensitivity shows a
considerable increase above 700°C. The strain rate sensitivity values obtained at 800°C
are slightly greater than those obtained at 900°C for the whole strain interval. It is
expected that m values increase with the rise of deformation temperature due to
thermally activated mechanisms. However, constancy of m can be attributed to the onset
of DRX processes which may occur over a range of strain rates and temperatures [9,124].
In the present case, dominance of DRX around 800 to 900°C might explain the similar
strain rate values at both temperatures. Considering the strain dependence of rate
sensitivity, the m values at 600°C and 700°C remarkably increase and peak at a strain of
0.5 and 0.35, respectively. Then, the m values decrease with increasing strain and plateau
at a constant value. Similar behavior is observed at a less pronounced degree for 800°C,
where the strain rate sensitivity peaks at a strain level of 0.25 and then drops gradually
and remains almost constant for the rest of the strain range. At the highest deformation
temperature, m is fairly constant and can be considered to be independent of true strain.
It can be concluded that for severely deformed Ti, higher strain rate sensitivity levels are
observed with increasing deformation temperature as expected. However, m is not a

strong function of strain at or above 800°C.
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Figure 4.5 Strain dependence of strain rate sensitivity at various temperatures

The other crucial factor affecting the elevated temperature deformation behavior

is the strain hardening rate, ¥, which is defined as:

1 ,do
y=-( ; (3)

where, o is the flow stress, € is the strain rate and € is the true strain. The variation
of strain hardening rate values with strain at different temperatures and strain rates is
presented in Fig. 4.6. The strain hardening rates during hot deformation, as defined in Eq.
(3), exhibit sharp decrease at low strain levels (below 0.2) while it stays almost constant
at higher strains. Moreover, again at low strains levels, higher deformation temperatures
result in lower strain hardening rates, indicating the dominance of dislocation
rearrangement and recovery mechanisms. Since more recrystallization is expected at
higher temperatures and lower strain rates, increased softening and thereby reduced
flow stress levels after peak stress could be attributed to a higher volume fraction of
recrystallized grains in the microstructure [109]. Irrespective of the deformation

temperature and strain rate, constant y was observed at above true strain levels of 0.2.
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In order to estimate workability of metals and alloys under hot deformation
conditions, flow localization parameter (FLP) has been proposed [125,126]. This factor
can be represented as follows:

FLP =L )
Using eqn. (4), the average flow localization parameters for the whole strain range at
different temperatures and strain rates, are calculated and summarized in Table 4.3.

According to Table 4.3, FLP values increase with decreasing deformation
temperature and increasing strain rate. It was stated that the materials with FLP>5 are
prone to flow localization [125,126]. Therefore, it is expected that UFG Ti is not expected
to have favorable workability at temperatures below 800°C due to flow localization. The
values of FLP were highest and exceed 21 at 600°C for all strain rates. The high magnitude
of flow localization can be attributed to the lack of dynamic recrystallization, which might
eventually result in failure [127]. In contrast, the values of FLP in all strain rates remain
less than 2 at 800 and 900°C. The effect of strain rate on the FLP is less straightforward.
Despite this, highest FLP values are observed for the highest deformation rates for all
temperatures. It is clear that the ductile behavior during hot working of severely
deformed pure titanium is closely associated with deformation temperature and to a
smaller extent with deformation rate. With reduced tendency to flow localization,
deformation over 700°C could be preferred for metal forming purposes in severely

deformed Ti.
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Table 4.3 Flow-localization parameter under different temperatures and strain rates

Strain Rate 600°C 700°C 800°C 900°C
0.1s 22.45 7.35 1.91 0.29
0.01s™ 21.02 7.15 0.80 0.35
0.001s™ 22.13 7.29 1.56 0.13

4.4. Determination of the Activation Energy (Q)

Constitutive equations proposed by Zener and Hollomon have been used to model
the deformation behavior of the present material at high temperatures. In hot working
processes, several constitutive equations have been applied [101,128-130], where Z can

be determined from:

Z = €exp (%) = AF(o) (5)
Therefore:
€ = AF(G)exp(;—?) (6)

where, € is the strain rate, Q is the apparent activation energy for hot
deformation, R is the universal gas constant, T is the absolute temperature, A, and n are

material constants. F(o) is a function of flow stress which can be described as follows:

F(o) = A,0" For low stress, (7)
F(o) = A,exp(Bo) For high stress, (8)
F(o) = A;[sinh(ao)]" For all stress levels, (9)

a is a material constant. Substituting function of flow stress (F(o)) into Egn. (6) gives:
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€= Bexp(Bo)exp(;—ﬁ) For high stress, (10)

€= C(o“)exp(;—g) For low stress, (11)

Here B and C are the material constants, taking the logarithm of egns. (10) and (11), gives:

d1n(g)

(aln(cp))T =n (12)
(Gar =B (13)

Also a and B, which are related to each other through:

=] ie~]

(14)

The values of n and [3 can be obtained from the slope of the lines plotted
according to Eqn. (12) and (13), respectively. As the slopes of lines are similar, the value
of n and 3 can be calculated for different deformation temperatures using linear fitting
method. Fig. 4.7a shows In(€) versus In(o) at different temperatures and Fig. 4.7b
represents In(€) versus stress at different temperatures. Accordingly, the mean values of

n and B can be obtained as 5.9 MPa™" and 0.046 MPa™".

53



_1 _
22 -
[ | 2

_3 _
" €600 °C
- m700 °C
= L 2

5 800 °C

6 - % 900 °C

_7 _

-8 T T T

2.5 35 4.5 5.5 6.5
In o, MPa
(a)

0

_1 _

_2 _

2

_3 4
L o
& 600 °C
o 4 .
= A 700 °C

> 800 °C

6 - % 900 °C

7 4 X

8

0 50 100 150 200 250 300
cp,MPa

(b)
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stress values

Therefore, a can be computed from n and  as: a = §= 0.008 MPa™. For the given

strain rate conditions, Q can be defined as [131]:

Q = nRS (15)

where S is:
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The value of Q can be derived from the line slope of In€ versus ln[sinh(acp)] and
ln[sinh(aop)] versus 1/T plots. From the group of parallel lines in Fig. 4.8, the average

value of activation energy Q can be calculated to be about 301 kJ/mol. As can be
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observed in Table 4.4, the calculated activation energies in both this work and the
published ones are much larger than the self-diffusion of alpha Ti [48]. In addition, the
activation energy of severely deformed CP titanium is higher than that of coarse grained
CP titanium [15]. ECAE processing increased the amount of activation energy for hot
deformation. On the other hand, as compared to the Q value of Ti-10V-2Fe-3Al, Ti-15-3
and Ti 5-5-5-3, the severely deformed CP titanium in this work has a higher value [132-
134].

Table 4.4 The comparison of activation energy (Q) values for various titanium based
materials

Alloy Q (kJ/mol) References
Severely deformed CP titanium grade 2 301 Present study
CP titanium grade 2 218-240 [15]
Ti-10V-2Fe-3Al 294 [134]
Ti 5-5-5-3 183 [132]
Ti-15-3 240 [133]
Self-Diffusion in alpha titanium 169 [48]

Alloying elements and impurities can change the apparent activation energies, a
phenomenon that is manifested by the increase in the temperature dependence of the
flow stress [135]. It is worth noting that the alloying elements causing lower stacking fault
energy are responsible for increasing the activation energy for diffusion by reducing the
effective diffusion rate in the lattice [111]. In this investigation, it is found that the ECAE
procedure can enhance the value of hot deformation activation energy. The increase of

activation energy for hot deformation was also seen in other fine grained materials
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[101,136]. For instance, Al6063 showed 64% increase in activation energy over its coarse
grained counterpart [101].

The peak strain is an important parameter, since after peak strain, the work
hardening behavior of flow stress is being replaced with work softening behavior
indicating the onset of dynamic recrystallization. Fig. 4.9 shows the linear fit between the
peak strain and the Zener-Holloman parameter. The peak strain can be determined

below, indicating higher values with increasing the Z parameter.

gp = 0.002 20149 (17)

y =0.1489x - 6.2131

.
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Figure 4.9 Relation between Ingp and Zener-Holloman parameter

It is well known that dynamic recrystallization actually initiates at a critical strain before
the peak stress. It can be taken as 0.8¢p [113].
gc = 0.0016 20149 (18)

The critical strain values versus deformation strain rates at various temperatures
are displayed in Fig. 4.10. The general tendency is that the critical strain values decrease
with increase in deformation temperatures and decrease in strain rates, pointing to

accelerated dynamic recrystallization behavior due to lower critical driving force.
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5. Modeling and Prediction of Flow Stress Behavior of Severely

Deformed Titanium at Elevated Temperatures

In the present research work, modeling behavior of severely deformed titanium
which was obtained via ECAE process was investigated by different constitutive
equations. The constitutive models are phenomenological. These modeling responses are

comprehensively discussed in the present chapter.

5.1. Prediction of Flow Stress Behavior of Severely Deformed

Titanium by Avrami Formulation

This section presents the fundamental relations used to describe the flow
behavior in terms of work hardening (WH), DRV and DRX regions. It is well known that,
due to the combined effect of work hardening and thermally activated softening
mechanisms, most of the flow stress curves at elevated temperatures include four various
stages especially at relatively low strain rates [137,138]: stage | (work hardening stage),
stage Il (transition stage), stage lll (softening stage) and stage IV (steady stage). These

stages can be observed in Fig. 5.1.
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Figure 5.1 The flow stress curve can be divided into four stages: stage | (work hardening
stage), stage Il (transition stage), stage Il (softening stage), stage IV (steady stage)

The work hardening rate overcomes the softening rate induced by DRV in stage |,
and thus the stress considerably increases during initial deformation then rises at a
decreased rate, followed by stage Il. The competition between work hardening, and
softening induced by both dynamic recovery and DRX, occurs in stage Il. Usually dynamic
recrystallization occurs only after a critical strain (g¢) is exceeded [111,137]. The critical
strain (ec) of metallic materials was observed to be less than the strain corresponding to
the peak stress (ep). In stage Il, the flow stress still increases with a continuous decrease
in rate. The stress drops sharply, which is related to dominance of dynamic recovery and
dynamic recrystallization in stage Ill. Finally, the stress levels off and the plateau
formation in stage IV indicates a new balance between thermal softening and work

hardening in newly recrystallized grains.
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5.1.1. Constitutive equations for Stage |
Laasraoui and Jonas proposed the variation of dislocation density during
deformation according to work hardening and dynamic recovery with the following
equation [135]:
dp

dp . . . . . . .
where d—z is the rate of increase of dislocation density with strain, U represents the work

hardening, p is the dislocation density and Q is called the coefficient of dynamic recovery

[113,137]. Assuming U and Q are strain independent, integrating eqn. (1) gives:

- U _
p = poe %+ (g){1—e % (2)
Here p, is the initial dislocation density at € = 0. Utilizing eqn. (1) and calculating

dislocation density for the steady state condition, the following relations can be derived:

d U
d—z =0, pprx =3 (3)

Also, the flow stress (o) can be related to the dislocation density (p) as:
o = a Gbp®® (4)
where a is a material constant, b is the distance between atoms in the slip direction and G
is the shear modulus.

In addition, the variation of flow stress due to dynamic recovery during hot
deformation is as follows:
o = [opry + (05 — ophrv)e™ %] (e <ec) (5)
where o is the flow stress, ¢ is the critical strain for dynamic recrystallization, € is the
total strain, oy and opry are the yield stress and the steady state stress due to dynamic

recovery, respectively. It should be noted that the above relation is applicable up to stage
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Il. After stage Il, dynamic recrystallization mechanisms are effective as well. Stress opgry

. . . d
could be attributable to dynamic recovery alone and corresponding to d—: = 0.

5.1.2. Constitutive equations for Stage Il through Stage IV
Dynamic recrystallization typically occurs at high temperatures and low strain
rates. After the onset of nucleation, the evolution of the dislocation density depends on
the kinetics of dynamic recrystallization. The kinetics of dynamic recrystallization can be

described by Avrami’s equation [139].

Xp = 1 — exp[~K (£5)™] (e > e) (6)

€p
where K and ngq are dynamic recrystallization parameters depending on chemical
composition and hot deformation conditions [140] and ¢€p is the strain corresponding to
the peak stress. To determine the progress of dynamic recrystallization, the following
expression is employed [141,142]:

ODRV—O
Xy = —— 7
b Op—ODRX ( )

where Xp is the fraction of dynamic recrystallization. Also, oprx and op are the steady
state flow stress due to dynamic recrystallization and peak stress, respectively. From eqn.
(7), the amount of DRX can be obtained by means of the flow stress curves under

different deformation conditions. Substituting egn. (6) into eqgn. (7) gives:

6 = opry — (Op — Oprx){1 — exp [—K(S_Sc)nd]} (e = &) (8)

€p
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5.1.3. Application of the model in severely deformed CP titanium

Following the methodology outlined in [111,137], the coefficient of dynamic
recovery, Q, can be obtained as a function of the Zener-Hollomon parameter (Z) to yield
the below relation.
Q = 96.47 270042 (9)
Similarly, the dynamic recrystallization parameters K and ngq can be calculated for the
different deformation conditions and the below relation can be obtained. n4q for the
tested materials seems to approach a constant and equals to 1.6 [111,137,143].
K =1.03 x 1073 70214 (10)
The flow stress-strain response of severely deformed CP titanium at high temperatures
can be predicted by applying Q and K in Equations (5) and (8). Fig. 5.2 demonstrates that
the model employed here provides decent description of the plastic region of stress-

strain curves in the examined range of strain rates and temperatures.
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Figure 5.2 Comparison of the model predictions with experimental results at (a) 600, (b)
700, (c) 800, (d) 900°C
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In order to evaluate the accuracy of the constitutive modeling, the error values
between the predicted stress (o)) and experimental stress (o) were also obtained as:

E (%) = "MG—;"E x 100 (11)

The highest error is less than 5% in all cases except at a temperature of 600°C and a strain
rate of 0.1s™. Moreover, this methodology is expected to be applicable for predicting flow
stress curves for deformation conditions outside the experimental window as well. Since
the deformation conditions bring in the equation through the Z parameter, the flow
stress behavior can be predicted in the entire domain where the apparent activation

energy for hot working is similar.

5.2. Prediction of Flow Stress by Arrhenius Modeling

Constitutive equations proposed by Zener and Hollomon have been used to
describe the deformation behavior at high temperatures. In hot working processes,

several constitutive equations have commonly been applied [15,83,129,130,144,145]:

7 = £exp (R&T) = AF(0) (12)
Therefore:
= AF(G)exp(;—g) (13)

where Z is the Zener-Holloman parameter, € is the strain rate, Q is the apparent
activation energy for hot deformation, R is the universal gas constant and T is the
absolute temperature. F(o) is a function of flow stress which can be described as follows:

F(o) = A;0" For low stress, (14)

F(o) = A,exp(Bo) For high stress, (15)
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where A, o and n are material constants. Substituting the function of flow stress F(o) into

Egn. (13) gives:
€ = Bexp(BG)exp(;—(Tl) For high stress, (16)
€= C(G“)exp(;—(Tl) For low stress, (17)

Here B and C are the material constants, taking the logarithm of eqn. (16) and (17), gives:

d1In(g)

(aln(cp))T = (18)
(oD =B (19)

n and B are independent of deformation temperatures, and are related to each other by:

(20)

=™

The values of n and 8 can be obtained from the slope of the curves plotted according to

Egn. (18) and (19), respectively.
For the given strain rate conditions:

d{In[sinh(aop)]}

1) )¢ (21)

Q = Rn(

Q = nRS (22)

d{In[sinh(aop)]}

i )¢ Similarly, the value of Q can be derived from the

where S is defined as (

Iné—ln[sinh(aop)] and ln[sinh(acp)]—l/T plots. The flow stress can be written as a

function of Zener—Hollomon parameter, considering the definition of the hyperbolic law:
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1
2

+ 1] ) (23)

2/
o= LG+ |(®)"
7 = éexp (R%) = A[sinh(ao)]" (24)

The values of material constants (A, a and n) and the apparent activation energy for hot
deformation (Q) of the constitutive equations were computed for 0.05 incremental strain
levels within the range of 0.05 to 0.9. For this purpose, the least squares method was
utilized. The variations of these constants with true strain can be represented by
polynomial functions of strain. For the sake of brevity, only the plot pertaining to Q is

shown in Fig. 5.3.
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Figure 5.3 Relationships between Q and true strain by polynomial fit of UFG pure Ti

The activation energy ranges between 323 to 344 kJ/mol. Since Q represents the
energy for deformation, higher Q would indicate the requirement for higher energy to
activate relevant deformation mechanisms. The Q value for coarse grained pure Ti was
reported as 218 to 240 kJ/mol, which is considerably lower than that observed in the
present work [15]. ECAE processing increased the amount of activation energy to sustain

66



post hot deformation. At the beginning of the deformation, the activation energy sharply
decreases with increasing strain and then increase followed by a dip around 0.2 true
strain. The polynomial fitting results of n, a, Q and In(A) for the present material are
shown below and summarized in Table 5.1.

@ = By + Bye+ Bye? + B3e3 + Bye* + Bge® + Bye®

Q = Cy+ Cre+ Cre? + C363 + Cpe* + Cse® + Cge®

InA = Do+ Dy + Dye? + D3e3 + Dye* + Dge® + Dge®

n= Ey+Ee+ E,e? + E3e + Ege* + Ege® + Ege° (25)

Table 5.1 Polynomial fitting results for n, a, Qand In A

a Q In(A) N

B, =0.017 Co = 378145.520 Dy = 33.547 E, =5.428

B, =-0.001 C; =-946360.310 D, =-7.914 E; =-21.653
B, = 0.020 C, = 6168607.150 D, =20509 | E,=99.354
B; =0.025 C3 =-19347678.650 D3 = 29.633 E; =-268.380
B, =-0.147 C, =32002373.400 D, =-91.292 E, =417.190
Bs =0.153 Cs =-26650354.280 Ds = 33.085 Es =-337.330
B = -0.047 Ce = 8776537.410 Dy =21.472 | E, = 108.920

The constants, summarized in Table 5.1, are substituted into eqns. (23), (24) and
(25), to predict the flow behavior of UFG pure Ti. The stress-strain curves predicted by the
model at different temperatures and strain rates are illustrated in Fig. 5.4. The Arrhenius

model employed herein provides decent description of the flow response in the examined
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range of strain rates and temperatures except 900°C. It is worth noting that the typical
peak stress behavior induced by the interplay of dynamic recovery and recrystallization
can be successfully captured in the predicted stress-strain curves. For the experiment at
900°C, apart from a slight undershoot of the flow stress level at 0.01s™ and lack of stress
plateau at 0.1s™, the current approach can be of significant use for modeling the high

temperature flow behavior of severely deformed Ti where competition between work

hardening and softening is effective.
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Figure 5.4 Comparison among model predictions and experimental results at: (a) 600°C,
(b) 700°C, (c) 800°C, (d) 900°C

Figure 5.5 demonstrates the mean error values for the modeling approach based
on Arrhenius formulation. The mean error plot reveals that simulations exhibit a better
agreement at relatively lower temperatures. With increasing deformation temperature, a
steady increase was observed in the error level. It was seen that the highest error level is
less than 7% in all cases except at a temperature of 900°C and strain rates of 0.01 and
0.001s™. Iterations in this work revealed that polynomial fitting up to a minimum of sixth

power was required to achieve the current error levels. The major reason for higher
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discrepancy in the highest temperature can be attributed to the relatively lower stress
levels which magnifies the error levels. Moreover, this model does not account for
softening mechanisms such as recovery or recrystallization. Furthermore, performance of
the present model was compared with a similar Arrhenius type polynomial model up to
fourth power for annealed pure Ti in a separate study [15]. In line with the current
results, error levels increased with higher forming temperatures for annealed pure Ti as
well. However, the error values shown here are noticeably less and hence improve our
confidence in the proposed polynomial model for accurate flow behavior estimation of

UFG titanium in the warm to hot working regime.
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Figure 5.5 Mean error of model versus deformation conditions

5.3. Constitutive Equation for the Modified Johnson-Cook Model

In order to get a better understanding of the modeling response of severely
deformed titanium, not only Arrhenius and Avrami models but also Johnson-Cook model
was chosen to investigate modeling behavior of this material in this dissertation more
effectively. Flow stress during hot deformation is dependent on strain (g), strain rate (&),
and temperature (T), which can be described by the following function:

o=1(g¢T) (26)
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The Johnson-Cook (JC) and its modified models are utilized in different materials to
predict their flow stress behavior at elevated temperature [146]. The modified JC

equation for hot compression is as follows [147,148]:

o = (0p + B(T)e™M)[1 + C(&, T) 1n(£)] (27)

B(T) and n(T) are material constants, which are dependent on deformation temperature.
C(g,T) is the material constant that is a function of both deformation temperature and

strain. € is the reference strain rate. The lowest strain rate (0.0015_1) is selected as the

reference strain rate [147].

5.3.1. Calculation of B(T), n(T) and C(g,T)

For the strain rate (¢) of 0.001s*, Equation (27) can be written as:
o = (op + B(T)e™D) (28)
Where opis the peak stress. Taking the logarithm of Equation (28), gives:
In(op — 0) = In[—B(T)] + n(T)In(e) (29)

The values of n and B can be obtained from Equation (29), according to the slope and
intercept of the lines (Fig. 5.6), respectively. The linear relationship was seen to be better
at higher deformation temperatures in comparison with that of lower temperatures. This
could be attributed to the stability of the UFG structure at lower deformation
temperatures bringing higher discrepancy at 600 °C and 700 °C. The values of n and B are

presented in Table 5.2.
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Table 5.2 The values of B and n under different temperatures and at a strain rate of
0.001s™

Material Constants 600°C 700°C 800°C 900°C
B(T), MPa -60.099 -11.806 -1.696 -1.995
n(T) 4311 3.251 1.319 0.123

With the substitution of n(T) and B(T) into Equation (2), respective values of C(g,T) can be
calculated under various deformation conditions. The values of C(g,T) versus strain for
different deformation conditions are obtained by linear fitting (Fig. 5.7). As presented in
Table 5.3 for selected true strain levels. For the sake of brevity, figures demonstrating the

relation for the other deformation temperatures are not presented here.
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Table 5.3 The values of C at different deformation strain levels and temperatures

Strain 600°C 700°C 800°C 900°C
0.20 -0.0201 -0.013 0,0005 -0.013
0.40 0.0055 -0.0005 0.0016 -0.0005
0.60 0.015 -0.0162 -0.0019 -0.0162
0.80 -0.0029 -0.0265 -0.0035 -0.0265

5.3.2. Prediction of Flow Stress by the Modified Johnson-Cook

Modeling

The flow stress behavior of ECAE processed pure Ti can be predicted by applying

B(T), n(T) and C(g,T) to Equation (27), as demonstrated in Fig. 5.8. This model is precise in

predicting the flow stress at all deformation conditions except at a temperature of 600 °C.

At lower deformation temperatures and higher deformation rates, the severely deformed

microstructure is partly retained, and as such, the model may lose its accuracy in

determining the actual softening behavior.
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Furthermore, it is worth noting that the difference between the simulated and
experimental data is higher with increasing strain at 600 °C. Here, the modeled flow stress
curves generally reach a peak and then decrease sharply, which is a pronounced
characteristic of dynamic recrystallization. However, few experimental flow stress curves
feature a peak followed by an immediate plateau. This is a well-known behavior of

dynamic recovery and can be observed at the lowest deformation temperature.

5.3.3. Extension of the Johnson-Cook Model for Prediction of ECAE
Processed Ti with a Corrective Term

When modeling the deformation at 600 °C, there is a considerable discrepancy
between the experimental and model flow responses especially after the peak stress. The
variation of the material constants, n(T) and B(T), as a function of temperature is plotted
in Fig. 5.9 exhibiting strong dependence on the deformation temperature. It is worth
noting that n(T) increases with decrease of deformation temperature. Moreover, it was
seen that the absolute value of B(T) shows a considerable increase with decrease of
deformation temperature. However, at higher temperatures, B(T) is fairly constant and
can be considered to be independent of temperature. With the increase of deformation
temperature, a similar behavior for B(T) and n(T) was reported for modeling the high

temperature behavior of an aluminum alloy [147].
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Another important factor affecting the predictions of this model is the amount of
true strain. As can be observed in Fig.5.8a, agreement of the model with the experimental
data gets worse from peak strain up to a true strain of 0.9. Considering that the error
levels are comparably larger for deformation at 600 °C, a new term accounting for this

behavior is added to Equation (27). This corrective term can be formulated as [148]:

n(T)
Corrective Term = (n(T)+£)'(0';'g ) (30)

IB(T)I3

The corrective term depends on the degree of deformation temperature via the
inclusion of the material constants, n(T) and B(T). With the dependence of corrective
term on true strain, flow stress levels are expected to remain constant and a plateau
behavior can be obtained. The modified flow response prediction at the lowest
deformation temperature of 600 °C is shown in Fig. 5.10 demonstrating better agreement

with the experimental curve.
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5.3.4. Verification of the Model
Fig. 5.11 demonstrates the mean error values for the modeling approach based on

the modified JC equation. It can be seen that the highest error level is less than 5% in all
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cases indicating reasonable agreement. In a separate study, models based on Arrhenius
and dislocation density based formulations were employed for modeling the behavior of
ECAE processed Ti in the warm to hot working regime. It can be seen that the error levels
obtained using the current model is comparably less than those reported in section 5.1

and 5.2 of this chapter.
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Figure 5.11 Mean error of the model for various deformation conditions

Although both the modified JC and dislocation density based models exhibit
decent predictive capability at relatively higher temperatures, their accuracy depends on
how the active softening mechanisms are treated according to the deformation
temperature. Another assumption of these constitutive models is that, they typically
consider coarse grained microstructures. However, it was mentioned that the average
grain size of UFG titanium remained less than 3.5 um at 600°C [149]. This finding was also
confirmed in a different study [8-10]. On the other hand, the microstructure of ECAE
processed Ti followed by hot compression tests (above 700 °C) contained grains with
average size over 15 um (See Chapter 4). Therefore, the relatively fine grain size at lower
temperatures could lead to the higher error levels observed in the prediction of the flow

response at 600 °C.
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6. Effect of Purity Levels on the High Temperature Deformation

Characteristics of Severely Deformed Titanium

In the present chapter, high temperature compression tests were conducted at
strain rates of 0.001s-0.1s™ and at temperatures of 600°C-900°C in order to study the
hot deformation characteristics and dynamic softening mechanisms of two different

grades of commercial purity titanium after severe plastic deformation.

6.1. Microstructural Evolution

The optical micrographs for two grades of CP titanium in different processing
states are demonstrated in Fig. 6.1. The grain size measurements based on the linear
intercept method are also summarized in Table 6.1. It is worth noting that 8 passes ECAE
processing instigated a significant refinement in both grades as compared with the initial
coarse structures (Fig 6.1a and 6.1b). All micrographs of ECAE samples were recorded
from the flow planes. Optical micrographs of ECAE grade 2 and 4 followed by heat
treatment at 600°C and at 900°C are also represented in Fig. 6.1c-f. 3 minutes annealing
period is selected based on the time it takes to achieve uniform heating of the samples at
the desired compression test temperature. After the 600°C heat treatment for 3 and 30
minutes, the microstructure consists of both slightly coarsened grains and regions with
ultrafine grains (Fig. 6.1c and d). However, it can be observed that a severe grain growth
took place in both grades at 900°C (Fig. 6.1e). The 900°C heat treatment for 3 minutes
resulted in the growth of statically recrystallized grains with an average grain size of 25um
and 16um in grade 2 and 4, respectively. Although keeping specimens at 900°C for longer
time periods led to a coarser structure (Fig. 6.1f), the grain growth rate considerably
decreases. The drop of grain growth rate could be related to the depletion of driving
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energy due to saturation of the microstructure. To reveal the effect of post SPD
deformation, microstructures of UFG grade 2 and 4 Ti followed by hot deformation at
600°C-0.001s ' and 900°C-0.001s are shown in the Fig. 6.1g and h, respectively. After hot
compression test at 600°C at the lowest deformation rate, microstructure of grade 2 still
consists of some regions with ultrafine grains. In contrast, grade 4 has the structure with
moderately coarsened grains. The sample subjected to compression at 900°C exhibits
microstructure with considerably large grains in comparison with those of the
compressed at 600°C. The existence of equiaxed grains is mostly apparent for this
deformation temperature and could be distinguished as dynamically recrystallized

structures.
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Figure 6.1 The microstructure of grade 2 and 4 CP Ti in a) as-received condition, b) ECAE
processed, c) ECAE processed followed by 3 minutes of annealing at 600°C, d) ECAE
processed followed by 30 minutes of annealing at 600°C, e) ECAE processed followed by 3
minutes of annealing at 900°C, f) ECAE processed followed by 30 minutes of annealing at
900°C, g) ECAE processed followed by compression at 600°C with a strain rate of 0.001s™,
h) ECAE processed followed by compression at 900°C with a strain rate of 0.001s™
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Table 6.1 Grain size of severely deformed titanium, before and after hot compression

Condition Average Grain Size (um)
Grade 2 Ti Grade 4 Ti

As-Received 43 46

After 8 passes ECAE processing 0.3 0.3

After 8 passes of ECAE followed by 3 minutes of 1.9 2.4
annealing at 600°C

After 8 passes of ECAE followed by 30 minutes of 3.7 4.1
annealing at 600°C

After 8 passes of ECAE followed by 3 minutes of 25 16
annealing at 900°C

After 8 passes of ECAE followed by 30 minutes of 30 26
annealing at 900°C

After 8 passes of ECAE followed by compression at 8 12
600°C and 0.001s™

After 8 passes of ECAE followed by compression at 29 24

900°C and 0.001s™"

Optical micrographs of ECAE processed grade 2 and grade 4 titanium followed by

hot compression at 700°C and 800°C are presented in Fig. 6.2. Serrations of grain

boundaries are observed and it can be seen that some new grains formed in the vicinity

of former grain boundaries. Examples of such grains are highlighted by blue arrows in Fig.

6.2, for both grades.
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Figure 6.2 Microstructure of ECAE processed titanium followed by hot compression (a)

grade 2 at 700°C and 0.001s™", (b) grade 4 at 800°C and 0.001s™. The arrows indicate the
nucleation of dynamically recrystallized grains at the original grain boundaries

The microstructural observations can also be traced by SEM micrographs in Fig.
6.3 especially for the case of 600°C heat treated sample due to its fairly fine structure.
Similar to optical micrographs (Fig. 6.1b), it can be seen that 8 passes ECAE provides both
grades with a significant refinement (Fig. 6.3a). As such, the microstructures from both
grades do not reveal highly contrasting features, and contain ultrafine grains. These
observations are in line with our previous work where the grain sizes of both grades were
found to be around 300 nm. In the same study, comparative microstructural
examinations showed relatively small dislocation density and a more recrystallized
structure in grade 4 Ti. Therefore, the fraction of high angle grain boundaries (HAGB) in
severely deformed grade 2 Ti can be expected to be larger. In Fig. 6.3b, grain coarsening
which was hardly detected in Fig. 6.1c is evident after 3 minutes annealing at 600°C.
Annealing at this temperature led to an average grain size of 1.9 and 2.4 microns for

grade 2 and 4, respectively (Fig. 6.3b). It is also worth noting that at this temperature,
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grade 2 CP Ti microstructure after 8 passes of ECAE is more stable than that observed in

grade 4.

10 ym
Mag= 2.00KX SignalA=CZBSD EHT=15.00kV WD =12.1 mm |_| Mag= 200KX SignalA=CZBSD EHT =15.00 kV WD = 14.0 mm

Mag= 200KX SignalA=CZBSD EHT=1500kv  WD=11.7mm '—‘ Mag= 2.00KX SignalA=CZBSD EHT=20.00kVv. = WD=11.5mm

(b)

Figure 6.3 SEM images of grade 2 and 4 CP Ti on the flow plane after (a) 8 passes ECAE (b)
8 passes ECAE followed by heat treatment at 873K (600°C) for 3 minutes

6.2. Mechanical Behavior

Fig. 6.4 and 6.5 represent the true stress-true strain curves for the compression
tests of severely deformed CP grade 2 and 4 titanium at various temperatures for the
strain rates of 0.0015'1, 0.01s? and 0.1s™. It can be seen that the flow stress of both

grades is sensitive to both deformation rate and temperature. Flow stress levels of both
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grades sharply drop with increase of deformation temperature or decrease of strain rate.
At 600°C, grade 2 Ti demonstrated higher flow stress levels for all strain rates. However,
grade 4 Ti showed higher levels of stress at the deformation temperatures of 800°C and
900°C. Deforming metallic materials at elevated temperatures can lead to the occurrence
of softening during deformation. In a previous study, it was mentioned that DRX process
and the dynamically recrystallized grain size depends only on the strain rate and
temperature [99,150]. In essence, the Zener-Holloman (Z) parameter, utilized to describe
the effects of temperature and strain rate on deformation characteristics of metals,
affects the DRX process and the recrystallized grain size [151]. At higher deformation
temperatures, there is significant thermal energy to promote nucleation and rapid growth
of dynamically recrystallized grains [151]. In the present study, lower flow stress levels
and coarser structure for both grades were also obvious at higher deformation
temperatures. Similar tendency to rapid grain growth was reported for CG titanium

deformed in the range of 600°C-800°C [13].

Another important effect which dramatically influences the Z parameter is the
strain rate. It is well known that DRX process might be less obvious at higher deformation
rates since samples deformed at high rates do have shorter periods to complete the onset
of DRX [14]. As a result, increased strain rate hampers the DRV and DRX mechanisms,
thereby accelerating the dislocation generation [152,153]. However, deforming at low
deformation rates can lead to rapid grain growth having an adverse effect on the possible
refinement brought about by DRX. Thus, the flow behavior is interpreted based on the

subsequent evolution of the microstructure.
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Figure 6.4 True stress-true strain response of severely deformed CP grade 2 titanium with
different strain rates at (a) 600°C, (b) 700°C, (c) 800°C, and (d) 900°C
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Figure 6.5 True stress-true strain response of severely deformed CP grade 4 titanium with
different strain rates at (a) 600°C, (b) 700°C, (c) 800°C, and (d) 900°C

Fig. 6.6 compares the flow curves of both CP Ti grades with CG and UFG
microstructures at a deformation temperature of 600°C and at a strain rate of 0.1s% It is
worth noting that flow stress level for CG grade 4 titanium is higher than that of grade 2
(Fig. 6.6a). This could be attributed to the higher content of oxygen in grade 4. It is also
worth mentioning that severely deformed samples of both grades exhibit higher flow
stress levels at 600°C (Fig. 6.6b and c). The difference between flow stress levels of
severely deformed samples with CG counterparts is considerably larger for grade 2
titanium. Higher fraction of HAGBs obtained through processing at the lower temperature
(300°C for grade 2 versus 450°C for grade 4) could be a potential reason for the current

observation as elaborated further in the following sections.
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Figure 6.6 True stress- true strain response of grade 2 and grade 4 titanium at 600°C-0.1s’
! (a) grade 2 and grade 4 CG titanium, (b) grade 2 CG and UFG titanium and (c) grade 4

CG and UFG titanium
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6.3. Strain Rate Sensitivity

Strain rate sensitivity is an important factor that influences formability of materials
and can be considered as an indication of workability. It displays the effect of strain rate
on dislocation generation and propagation and can be calculated by employing the

following well-known relation.

__0ln(o)
~ aln(9)l,

(1)

The values of m can be obtained from the slope of the lines plotted according to
Egn. (1) at a constant strain. The variation of the strain rate sensitivity of both grades as a
function of strain is plotted in Fig. 6.7 displaying strong dependence to deformation
temperature, especially for grade 2 Ti. On the other hand, the strain rate sensitivity of
grade 4 shows somewhat less dependence to temperature especially above a true strain
level of 0.4. Moreover, m values of grade 4 are considerably higher than those of grade 2
at 600°C representing the dominance of DRX for grade 4 at this deformation temperature.
Considering the strain dependence of rate sensitivity of grade 4, the m values at 600°C
and 700°C increase and reach a peak at a strain around 0.4 and stay almost constant with
increasing strain. It can be concluded that for UFG Ti, higher strain rate sensitivity levels
are observed with increasing deformation temperature as expected. However, m is not a
strong function of strain at or above 800°C. In contrast, the rate sensitivity at or above
800°C do not show strong dependence to strain. This phenomenon can be attributed to
the increased activity of diffusion related mechanisms and dynamic recrystallization at
higher temperatures resulting in higher strain rate sensitivity [154]. The behavior for

grade 2 Ti is similar albeit a noticeable gap between the 600°C and 700°C responses
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below 0.4 true strain. This could be related to the higher stability of grade 2 Ti that could

postpone dynamic recrystallization at lower deformation temperatures.
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Figure 6.7 Strain dependence of strain rate sensitivity at various temperatures (a) grade 2
titanium, (b) grade 4 titanium
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6.4. Activation Energy for Hot Deformation and Flow Behavior

Prediction at Elevated Temperatures

In the previous chapters, activation energy calculation of hot deformation and

modeling techniques were comprehensively explained. Therefore, due to the sake of

brevity, only calculated values are presented in the present chapter. The values of the

activation energy Q can be obtained as shown in Table 6.2. As compared to grade 4,

severely deformed grade 2 titanium requires more energy for hot deformation. The

highest difference in activation energy values can be observed at the lowest deformation

temperature. In contrast, the lowest difference takes place at the highest deformation

rate for all temperatures.

Table 6.2 Comparison of the activation energy (Q) values for severely deformed grade 2

and grade 4 titanium

Condition SPD Grade 2 CP Ti (kJ) SPD Grade 4 CP Ti (kJ)
873K (600°C)-0.1s™ 292.7 210.6
873K (600°C)-0.01s™ 3224 210.9
873K (600°C)-0.001s™" 292.5 198.5
973K (700°C)-0.1s™ 272.4 263.1
973K (700°C)-0.01s™ 300.1 263.6
973K (700°C)-0.001s™" 272.2 248.0
1073K (800°C)-0.1s™" 288.7 227.6
1073K (800°C)-0.01s™ 318.0 228.0
1073K (800°C)-0.001s™ 288.5 214.5
1173K (900°C)-0.1s™ 311.0 2445
1173K (900°C)-0.01s™ 342.6 245.0
1173K (900°C)-0.001s™ 310.8 230.5
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The constitutive equations utilized herein describe the flow behavior in terms of
work hardening (WH), DRV and DRX regions. As it was mentioned in the previous chapter,
due to the combined effect of work hardening and thermally activated softening
mechanisms, most of the flow stress curves at elevated temperatures include four stages
especially at relatively low strain rates: stage | (work hardening stage), stage Il (transition

stage), stage lll (softening stage) and stage IV (steady stage).
The fundamental flow stress relations used are:
0? = [opry + (0§ — opry)e ] (e < &) (2)

o = opry — (0p — Oprx){1 — exp [—K(%)nd]} (e = gc) (3)

where o is the flow stress, g is the critical strain for DRX, € is the total strain, o,
and opgy are the yield stress, and the steady state stress due to DRV, respectively. oprx
and op are the steady state flow stress due to DRX and peak stress, respectively. The
coefficient of dynamic recovery, Q, and dynamic recrystallization parameters, K and ng,
for grade 4 titanium can be determined as a function of the Zener-Holloman parameter
for different deformation conditions and the below relations can be obtained following

the methodology outlined in chapter 5:

Q = 114.76 7700957 (4)
K =1.85 x 1072 70142 (5)
The flow behavior of grade 4 titanium is modeled by applying the above formulas

to Egs. (2) and (3) as shown in Fig 6.8.
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Figure 6.8 Comparison of the model predictions with experimental results of severely
deformed grade 4 titanium at (a) 873K (600°C), (b) 973K (700°C), (c) 1073K (800°C), and
(d) 1173K (900°C)

This model is accurate in predicting the mechanical behavior at all deformation
temperatures. In order to evaluate the accuracy of the constitutive modeling, the error
values between the predicted stress (op) and experimental stress (og) were also

obtained as:
E (%) = "MG—‘E"E x 100 (6)

As calculated per the average for the whole range of strain at each deformation
condition, the highest error level is around 4.5% in all cases. It is worth noting that the
model was not able to provide reasonable predictions of the flow behavior at low strain
values below 0.1. The higher discrepancy can be attributed to the assumptions of the
present model. Similar error levels were also obtained for the case of grade 2 Ti with the

same modeling approach (See Chapter 5).
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6.5. Thermal Stability of UFG Titanium

During annealing at a temperature of 600°C, gradual grain growth took place in
the microstructure of both grades (Fig. 6.1c and Fig. 4b), as could be attributed to the
recrystallization of severely deformed grains. Similar results with the same average grain
size were reported for UFG CP titanium where a normal grain growth occurred through
the microstructure up to 600°C [149]. Since higher temperatures bring about a
remarkable driving force, deformation up to 900°C was considered in order to better
investigate the effect of temperature on the stability. As expected, grain size of both CP
grades sharply increased at 900°C in relation with the higher driving force for grain
growth. Moreover, it is known that the drop of internal energy due to decrease of grain
boundary fraction has strong influence on the nucleation and growth of new grains
[149,153,155]. Therefore, while short durations of annealing at high temperatures can
easily promote rapid grain growth, longer periods may not have apparent effects on the
grain size. This can be observed in the present case when comparing Figs. 6.1e and 2f.

In analyzing the stability of UFG microstructures, the effect of processing
temperature should be discussed as well. Severe plastic deformation temperature can
play a significant role in dictating the level of refinement and the grain boundary
character distribution (GBCD). A study on the principles of ECAE showed that the fraction
of low angle grain boundaries (LAGB) increased with increasing processing temperature
[34]. This was attributed to the faster recovery of grain boundaries at higher
temperatures leading to an increased annihilation of dislocations within the grains and a
consequent decrease in the number of dislocations absorbed into the subgrain walls. It
was also revealed that the mobility of LAGBs is higher than that of HAGBs at high
homologous temperatures [34].
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In the previous work, formation of HAGBs was favored for grade 2 UFG Ti
processed at a lower temperature than grade 4 [156]. Therefore, at an annealing
temperature of 600°C, higher thermal stability was observed for grade 2 UFG Ti since
ECAE processing temperature was 300°C and 450°C for grade 2 and grade 4, respectively
(Fig. 6.3b). The high temperature flow stress behavior of both grades can also confirm this
statement (Fig. 6.4, 6.5 and 6.6). While the flow stress level of grade 4 Ti with coarse
structure was seen to surpass that of grade 2 at 600°C-0.1s™, severely deformed grade 2
Ti exhibited higher flow stress levels than grade 4 at the deformation temperatures of
600°C and 700°C possibly due to higher fraction of grains with HAGBs [156]. Faster
recovery of grain boundaries at higher processing temperatures was reported elsewhere
for a number of UFG materials such as CP Ti, Al and Mg alloys [157-159]. In these
materials, the fraction of HAGBs increased with the drop of severe plastic deformation
temperature.

Interstitial oxygen is influential in the grain growth kinetics of titanium, since
higher oxygen content could suppress the grain growth and lead to a lower growth
exponent [160]. Due to the diffusion of oxygen along grain boundaries at elevated
temperatures, its effect on thermal stability should be considered. Therefore, at 900°C,
grain growth can be affected by not only the fraction of grains with high angle grain
boundaries but also by the diffusion of oxygen along grain boundaries. Evidently, grain
size of grade 2 Ti was observed to be similar to that of grade 4 at the higher end of the
investigated temperature range. These microstructural observations were also supported

by the similar flow stress levels of both grades over 800°C (Fig. 6.4c, 6.4d, 6.5¢c and 6.5d).
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6.6. Mechanism of Softening during Hot Deformation

Typically, two structural mechanisms are mainly responsible for the occurrence of
DRX phenomenon [93]. One of them is related to the grain boundary bulging and this type
of recrystallization is well-known as discontinuous dynamic recrystallization (dDRX). The
creation of grain boundary serrations through dDRX is called strain induced-grain-
boundary migration (SIBM) [96]. According to dDRX and SIBM theories, dynamically
recrystallized grains nucleate on the original grain boundaries via the bulging mechanism.
On the other hand, SIBM mechanism is based on the movement of boundaries caused by
the difference in energy stored at two adjacent grains [161]. Different density of
dislocations on both sides of a grain boundary exerts a driving force for bulging. Grain
boundaries move to the side with higher dislocation density in order to decrease the
internal energy [96]. Recrystallization taking place at former grain boundaries was shown
previously (Fig. 6.2). For hot deformed titanium, observance of equiaxed fine grains at
triple points and existing boundaries was interpreted with a similar mechanism based on
the formation of dynamically recrystallized grains via boundary bulging [162]. A
supporting argument was also reported for a beta titanium alloy deformed at 850°C [99].
Observation of grain boundary serrations and nucleation of dynamically recrystallized
grains in the vicinity of original grain boundaries suggest that dDRX took place during hot
deformation of severely deformed Ti. Similar microstructural features during deformation
of a nickel superalloy up to 1040°C also support the occurrence of this DRX type in the
present work [163,164].

Another possible mechanism for the formation of a recrystallized structure which
was not observed for CP titanium at the examined range of temperatures and strain rates
is continuous dynamic recrystallization (cDRX) [94]. The cDRX mechanism consists of the
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development of subgrains with low angle boundaries in grain interiors. The boundary
misorientations increase gradually during deformation leading to new grain formation at
high strain levels [95,162]. In metals with high stacking fault energy, bulging of grain
boundaries and their serrations occur at high strain levels leading to the evolution of
equiaxed subgrains/grains from pre-formed pancaked substructure. This type of
recrystallization is known as geometric DRX (gDRX) [93]. Although dDRX was the
noticeable softening mechanism in the present study, other types of DRX may also be

active over the course of high temperature compression.

6.7. Dynamic Recrystallization and the Model Predictions

A similar model was utilized in the chapter 5 to predict the high temperature flow
response of severely deformed grade 2 titanium. It can be pointed out that especially at
the lowest deformation temperature of 600°C, the deviations between the predicted
stress and experimental stress values for grade 4 Ti was lower as compared to the case
for grade 2. The flow stress relations presented herein typically display decent predictions
for cases where dynamic recrystallization is the dominant softening mechanism
[135,137]. Owing to its lower processing temperature, grade 2 titanium would possibly
contain a higher fraction of HAGBs [34,156,157]. On the other hand, higher processing
temperature brings about a noticeable LAGB fraction in grade 4 titanium. Since the
mobility of a LAGB is remarkably higher than that of a HAGB, the GBCD has a clear
influence on the recrystallization kinetics [145]. Indeed, a recent study showed that
recrystallization was favored for LAGBs at high homologous temperatures [165]. This
could indicate a higher propensity for dynamic recrystallization during post-SPD high

temperature compression of grade 4 titanium. This methodology is appropriate to a
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certain degree for predicting flow stress curves for deformation conditions outside the
experimental window as well. Since the deformation conditions are brought in the
equation through the Z parameter, the flow stress behavior can be predicted in the entire

domain where the apparent activation energy for hot working is similar.

Accelerated recrystallization of grade 4 titanium can also be traced by comparing
the m values of both grades. It is well-known that the increased activity of diffusion
related mechanisms and dynamic recrystallization at higher temperatures result in higher
strain rate sensitivity [123]. In the present study, strain rate sensitivity of grade 2 points
to a substantial increase above 700°C, while strain rate sensitivity of grade 4
demonstrates a sharp rise at 600°C indicating a sooner onset with the dominance of DRX
mechanisms. The strain rate sensitivity values obtained at 800°C are slightly greater than
those obtained at 900°C for the whole strain intervals of both grades. It is expected that
m values increase with the rise of deformation temperature due to thermally activated
mechanisms. However, constancy of m can be attributed to the onset of DRX processes
which may occur over a range of strain rates and temperatures [9,124]. Lower activation
energy values can also be ascribed to the presence of softening mechanisms such as DRX.
As depicted in section 6.4, energy required to activate post-SPD hot deformation in the
examined range was observed to be lower for severely deformed grade 4 titanium as

possibly related to its higher processing temperature.
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7. Warm Tensile Deformation and Fracture Behavior of Ultrafine-

Grained Grade 4 Titanium

By conducting hot compression tests on two grades of titanium after SPD, it was
found that severely deformed grade 4 Ti was less stable at 600°C due to the
aforementioned reasons in the previous chapter. Therefore, it was necessary to
investigate the warm characteristics of severely deformed Ti to get a better
understanding of DRV and DRX mechanisms in this UFG material. Since compression test
is a great experiment for estimating required forces to be applied during hot rolling or
forging of metals, hot compression tests were performed. In the cold to the warm regime,
obtaining the mechanical properties such as ductility, strength and toughness can play an
important role in designing parts. These mechanical properties can be calculated by

conducting tension tests. Thus, tensile tests were carried out in the warm regime.

7.1. Maechanical Response of Severely Deformed Grade 4 Ti at

Ambient and Warm Temperature

Fig. 7.1 displays the tensile stress-strain curves of severely deformed titanium at
various temperatures ranging from ambient to 600°C and strain rate of 0.001-0.1s". Flow
stress levels remarkably drop with the rise of deformation temperature. The flow stress
obtained at ambient temperature is noticeably greater than those obtained at
temperatures above it. This can be attributed to the temperature dependence of
diffusion related dynamic softening mechanisms such as DRV and DRX [16,114,166]. It is
well-established that higher deformation temperatures accelerate dislocation motion
which in turn facilitates dynamic softening mechanisms [167]. It is also worth noting that

at 600°C, ECAE processing enabled higher ductility reaching over 10%. This behavior can
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be explained by the occurrence of DRV and DRX at this deformation temperature.
Semenova et al. [168] reported that ductility of UFG titanium rods considerably increases
with the rise of temperature. Higher ductility of UFG titanium rods was achieved by

changes in grain boundary structure [168].

Another important observation in Fig. 7.1 is the influence of deformation rate on
stress-strain curves of severely deformed titanium. It can be seen that flow stress levels
are more sensitive to the rate of deformation when the deformation temperature
reaches at or above 400°C. Particularly, reduction in the rate of deformation results in
decrease of flow stress levels. It is well-known that lower strain rates weaken the
tendency for defect interactions and provide longer time for recovery and
recrystallization of deformed structure [168,169]. The variation of the elongation with the
rate of deformation at different temperatures also needs to be taken into account. At all
deformation temperatures except 600°C, ductility of severely deformed titanium is
improved with the decrease of strain rate. At 600°C, although stress levels are very
sensitive to the rate of deformation, elongation values are almost similar at different
strain rates.
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Figure 7.1 True stress—true strain response of severely deformed Ti with different strain
rates at (a) 25°C, (b) 300°C, (c) 400°C, (d) 500°C, and (e) 600°C

In order to investigate the impacts of ECAE processing on warm characteristics of
CP grade 4 titanium, warm temperature tensile tests were performed on both as-received
and severely deformed CP titanium at a strain rate of 0.01s™ and at temperatures of 300-
600°C (Fig. 7.2). It follows from Fig. 7.2 that ECAE could enhance the strength of CP grade
4 Ti at or below 500°C. The rise of flow strength is related to the effect of the dislocation
substructure and the high density of grain boundaries [110, 111]. A report on Ti-6Al-4V
alloy stated that higher strength levels were seen up to 500°C for UFG material in
comparison with its coarse structure; the effect of UFG microstructure diminished above
500°C due to recrystallization and growth [122]. The enhancement in strength of UFG
materials during warm deformation was also reported at a temperature range of 300-
450°C for AI6063 alloy [121]. At 600°C, strength of severely deformed sample was
observed to be similar to that of the coarse grained one. This behavior can be rationalized
in terms of the manifestation of dynamic recrystallization at such a high deformation
temperature as reported in the chapter 6. It is well-documented that at elevated
temperature UFG materials are prone to severe recovery and recrystallization due to their
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high dislocation density and high fraction of sub-grain and grain boundaries [170]. In
addition, SPD was found to have detrimental effects on the ductility of CP titanium at
temperatures less than 600°C. At the highest deformation temperature (600°C), severely
deformed samples showed a more ductile behavior than the CG one. This could be
attributed to the activation of grain boundary mediated mechanisms in addition to
improved dislocation glide with multiple slip systems [111, 160, 161]. Grain boundary
diffusion mechanisms such as grain boundary sliding (GBS) need to be considered at high
temperatures. Especially, GBS might be the controlling deformation mechanism for UFG
materials due to the fact that these materials contain relatively higher density of
boundaries and shorter path ways of diffusion [172,173]. On the other hand, Low ductility
of as-received sample can be connected with the hot embrittlement at elevated
temperature [174]. It was reported that dynamic recrystallization took place in UFG
structure in a higher degree, which inhibits nucleation and propagation of microvoids and

cracks.
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Figure 7.2 True stress- true strain response of CG and UFG titanium at (a) 300°C with
strain rate of 0.01s* (b) 400°C with strain rate of 0.01s™® (c) 500°C with strain rate of
0.01s™ and (d) 600°C with strain rate of 0.01s™
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The variation of peak stress as a function of temperature at different strain rates is
represented in Fig. 7.3a. Peak stress values considerably decrease with increasing
deformation temperature at all strain rates. This observation can be attributed to
reduced dislocation interactions leading to lower work hardening rate [114]. Fig. 7.3b
demonstrates the variation of elongation to fracture versus deformation temperature. At
all deformation rates, samples deformed at 600°C exhibited the highest elongation to
fracture which can be explained by the activation of GBS mechanism at this temperature.

As it was mentioned earlier, ductility can be enhanced by the occurrence of GBS.
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Strain rate sensitivity is an important property to study workability and formability
of materials at various temperatures. Strain rate sensitivity, m, is related to the influence
of strain rate on dislocation generation and propagation and as such is an index of
workability. m values are evaluated from the slope of the Ino-Iné curve at constant
temperature and strain. Fig. 7.4 shows the variation of strain rate sensitivity as a function
of strain. It follows from Fig. 7.4 that strain rate sensitivity remarkably increases with rise
of temperature due to thermally activated mechanisms. It is well-known that the
increased activity of diffusion related mechanisms and DRX at higher temperatures

resulting in higher strain rate sensitivity [9,124].
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Figure 7.4 Effect of deformation strain on the strain rate sensitivity coefficient (m) of the
severely deformed titanium

7.2. Microstructure Evolution of Severely Deformed Grade 4 Ti

during Warm Deformation

To investigate the effects of ECAE processing on microstructure evolution of CP

grade 4 Ti, SEM studies were carried out. The SEM micrographs of the CG and severely
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deformed CP titanium followed by tensile tests at various temperatures are shown in Fig.
7.5. Evidently, deforming coarse-grained titanium at higher deformation temperature
(600°C) led to a slight grain growth (comparing Fig. 7.5a and b). Fig.7.5c-g display the
impacts of test temperature on the microstructural evolution of severely deformed
titanium. It can be seen that a gradual grain growth took place at temperatures below
600°C, while a noticeable grain growth occurred at the highest deformation temperature.
The presence of equiaxed grains is mostly detectable for this deformation temperature
and could be identified as dynamically recrystallized structures. The growth of
dynamically recrystallized grains with rise of deformation temperature up to 600°C was
also reported for UFG titanium elsewhere [175]. These SEM observations were also
supported by the similar flow responses of severely deformed titanium at 600°C (Fig.

7.1e).
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(g)

Figure 7.5 SEM micrographs of the following conditions; as-received titanium tested at
300°C with the strain rate of 0.01s™, (b) as-received titanium tested at 600°C with the
strain rate of 0.01s™, (c) severely deformed titanium tested at 25°C with the strain rate of
0.1s % (d) severely deformed titanium tested at 300°C with the strain rate of 0.1s % (e)
severely deformed titanium tested at 400°C with the strain rate of 0.1s, (f) severely
deformed titanium tested at 500°C with the strain rate of 0.1s™, (g) severely deformed
titanium tested at 600°C with the strain rate of 0.1s™
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The influences of deformation rate on the microstructure evolution of severely
deformed titanium are also studied as shown in Fig. 7.6. The rate of deformation is not
highly influential at lower temperatures, while deforming samples at 600 °C for longer
periods caused a coarser structure since dynamically recrystallized grains had enough
time to grow after nucleation (Fig. 7.6a-d). Higher temperatures provide the
microstructure with a remarkable driving force for DRX [176]. Therefore, exposure to high
temperature (600°C) for longer times led to such a coarse structure with the average

grain size of 9um.

(a) (b)

(c) (d)

Figure 7.6 SEM micrographs of the following conditions; (a) severely deformed titanium
tested at 300°C with the strain rate of 0.1s (low and high magnification), (b) severely
deformed titanium tested at 300°C with the strain rate of 0.001s” (low and high
magnification), (c) severely deformed titanium tested at 600°C with the strain rate of 0.1s"
! (d) severely deformed titanium tested at 600°C with the strain rate of 0.001s™

108



7.3. Fracture Surface Analysis of Severely Deformed Grade 4 Ti

during Warm Deformation

In order to reveal the fracture behavior of UFG titanium during warm tensile tests,
SEM investigations have been conducted on deformed samples. Fig. 7.7 demonstrates the
effects of deformation temperature on fracture surfaces of severely deformed titanium.
All micrographs are captured at the same magnification to make the comparisons more
meaningful. Accordingly, the fracture surfaces of all samples show a noticeable amount of
equiaxed dimples and micro-voids confirming the occurrence of ductile fracture. At
ambient temperature, dimpled rupture on fracture surfaces is apparent which suggests
the existence of localized deformation in UFG titanium. Fracture behavior of severely
deformed titanium followed by tensile tests at ambient temperature was previously
studied elsewhere reporting similar findings on fracture morphology of this material
[177]. It is noteworthy that the size of dimples and micro-voids sharply increases with the
rise of deformation temperature. A denser dimple structure at the fracture surface was
observed for the sample deformed at room temperature. With increased temperature,
void coalescence occurs as a fracture mechanism [171]. This can be attributed to the
enhancement of diffusion rate at higher deformation temperatures [66,138]. It is also
well-established that coalescence of voids is an internal necking mechanism which takes
place repeatedly at low to moderate stress levels within elevated temperature

deformation [178,179].

109



% T 2 ’ oA P - -
58 mm 1200kV  434pA 100K X 5.14e-005 mbar 10 pm 6.0 mm 1200kV  434pA 100K X 234e-005 mbar 10 pm
X 1000 SE003 6 Signal A = SE2 — Signal A = SE2 —

(a) (b)

68mm  1200KkV 434pA  100KX

7.08e-005 45mm  1200kV 434pA  1.00KX 1876-005 mbar 10 um
X 1000 SE003 f Signal A = SE2

X 1000 SE003 if Signal A = SE2

(c) (d)

S55mm  1200KkV 434pA  100KX 219e-005 mbar 10 pm
X 1000 SE003 4if Signal A = SE2 | —

(g)

Figure 7.7 Fracture surface of the specimens; (a) severely deformed Ti tested at 25°C with
the strain rate of 0.001s?, (b) severely deformed Ti tested at 300°C with the strain rate of
0.001s™, (c) severely deformed Ti tested at 400°C with the strain rate of 0.001s™, (d)
severely deformed Ti tested at 500°C with the strain rate of 0.001s%, (g) severely
deformed Ti tested at 600°C with the strain rate of 0.001s™

The effect of strain rate on fracture surfaces of severely deformed titanium was
also studied as presented in Fig. 7.8. Similar to the case of grain size (Fig. 7.6), deforming

titanium at various strain rates and at a temperature of 300°C did not show a different
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fracture behavior (Fig. 7.8a and 7.8b). On the other hand, at 600°C size of dimples and
micro-voids varied with strain rate displaying mainly larger voids and dimples at lower
deformation rate. It is worth noting that growth of dimples and voids takes place with the
decrease in strain rate since lower rate of deformation provides sufficient time for
coalescence and growth [171]. Besides, higher deformation temperature (600°C)
facilitates internal necking ability that leads to higher resistance of structure to cavity
formation and hence higher ductility [167]. Therefore, microstructural features on the

fracture surfaces support the higher elongation observed at 600°C.
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Figure 7.8 Fracture surface of the specimens; (a) severely deformed titanium tested at
300°C with the strain rate of 0.1s™, (b) severely deformed titanium tested at 300°C with
the strain rate of 0.001s™, (c) severely deformed titanium tested at 600°C with the strain
rate of 0.1s?, (d) severely deformed titanium tested at 600°C with the strain rate of
0.001s™
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A very important finding on monotonic behavior of severely deformed titanium in
the previous and the current chapters is that UFG grade 2 and grade 4 titanium showed a
stable monotonic deformation response up to homologous temperatures of T,=0.45 and
T,=0.40, respectively. As can be observed in Table 7.1, UFG materials display recovery and
recrystallization at various homologous deformation temperatures. It is well-known that
SPD processing at lower processing deformation led to the rise of the homologous
temperature for occurrence of softening mechanisms [158]. Therefore, higher ECAE
processing temperature for fabrication of UFG grade 4 resulted in the lower homologous

temperature in this material compared to that of grade 2.

Table 7.1 The comparison of homologous temperatures for various UFG materials in
monotonic loading

Alloy Th
UFG Grade 4 Ti 0.40, Present Study
UFG Grade 2 Ti 0.45, Present Study
UFG Ta 0.21 [180]
UFG Au 0.35[181]
UFG Cu 0.42 [182]
UFG Mg-3Al-Zn 0.52 [103]

7.4. Tension—Compression Asymmetry of Severely Deformed Grade
4 Ti at 600°C

Tensile and compressive flow stresses and their corresponding microstructural

features of severely deformed grade 4 titanium are shown in Fig 7.9. It is obvious that
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there is a significant tension-compression asymmetry for the samples deformed at 600°C

with a strain rate of 0.1s™. However, the asymmetry is not considerable in the samples

deformed at lower deformation rates. It is well-documented that softening mechanisms

reduce the level of asymmetry [183,184]. Defo

rming severely deformed titanium at lower

rate of deformation provides longer time for energy accumulation and higher dislocation

mobility around boundary regions. Micrographs also revealed the occurrence of

recrystallization and grain growth at lower
compression asymmetry at lower strain rate c

and DRX.
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Figure 7.9 Tensile and compressive flow stresses with their corresponding microstructural
features of severely deformed grade 4 titanium at 600°C and at strain rate of (a) 0.1s™ (b)

0.01s™ and (c) 0.001s™
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8. Cyclic Deformation Response of Ultrafine-grained Ti at

Elevated Temperatures

Monotonic deformation response of UFG Ti has been the subject of previous
chapters. The necessity of investigating the fatigue properties of UFG Ti to demonstrate
its performance under cyclic loads has drawn our attention towards the cyclic
deformation response (CDR) of this material. Therefore, the aim of this chapter is to
investigate the cyclic stability of ECAE processed titanium with varying routes by
underlining the similar and contrasting features. In this quest, CDR and microstructural
evolution of severely deformed grade 4 titanium at different temperatures (up to 600°C)
and various strain amplitudes are presented. Until now, low cycle fatigue (LCF) behavior
at elevated temperature has not been not been considered for severely deformed
titanium. This effort was made in order to complement the understanding on the thermo-

mechanical behavior of CP Ti.

8.1. Cyclic Response of CP Ti at Room Temperature

Fig. 8.1 represents the evolution of cyclic stress versus the number of cycles at
various strain amplitudes and mid-life hysteresis loops for CG and route-8E processed
UFG Ti at ambient temperature. Generally, fatigue life and cyclic stability of both UFG and
CG Ti are degraded with the increase of strain amplitude. It is well-known that fatigue
crack propagation can be accelerated with rising strain amplitude [185]. Similar cyclic
deformation behavior was also reported for Ti alloy IMI 834 [186]. At the same strain
amplitude, UFG Ti shows higher fatigue life and stress rage values than those of CG
material. By considering mid-life hysteresis loops of probed specimens as depicted in Fig.
8.1b, fatigue behavior of this material can be studied in more detail. The area of a
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hysteresis loop presents energy dissipation and hence fatigue performance of a material.
It is well-known that a higher energy dissipation per cycle leads to a more intense
dislocation activity which makes microstructure prone to crack nucleation [187].
Therefore, half-life hysteresis loops of UFG and CG Ti also confirm that a better fatigue
performance can be expected in severely deformed Ti. Previously, a stable CDR was also

reported for UFG Ti at room temperature [73].
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8.2. Cyclic Response of CP Ti at Elevated Temperature

The stress range-fatigue life curves of both UFG and CG Ti at 400 and 600°C are
displayed in Fig. 8.2. It is evident that the cyclic stabilities of both UFG and CG Ti are
sensitive to both temperature and strain amplitude. It can be seen that at all examined
strain amplitudes, UFG Ti exhibits higher stress range values than those of CG Ti at 400°C.
In contrast, CG Ti surpassed UFG Ti at the higher temperature of 600°C (Fig. 8.2b). Higher
stress range levels of UFG materials during LCF can be imputed to their higher volume
fraction of HAGBs which hinder movement of dislocations [73]. However, high
temperature can facilitate the occurrence of recrystallization and grain growth which
leads to lower strength levels [151]. A study on UFG interstitial free (IF) steel also showed
that UFG structure remains thermally stable up to 500°C and stress range levels
considerably decreased at higher temperatures [188]. Another parameter which needs to
be investigated is the fatigue life. Fatigue lives of both UFG and CG Ti drop with the rise of
temperature which could be rationalized in terms of homologous temperature (Th=T/Tn).
It is well-documented that fatigue lives of UFG materials can be influenced by being
exposed to temperatures above a critical T, value [106,107,188,189]. This value was
reported as 0.20, 0.26, 0.32 and 0.40 for UFG copper, UFG IF steel, NbZr and UFG AlMg
alloy, respectively. Temperatures above 400°C exceed T, of 0.35 and hence adversely
affect fatigue life of CP Ti. Therefore, UFG Ti is still stable at or below 400°C, whereas,
cyclic and thermal instability was observed at 600°C, corresponding to 0.46 T. In Chapter
6, thermal stability of severely deformed grade 4 titanium under monotonic loading was
seen to be up to 500°C (T,=0.40). Lower homologous temperature under cyclic loading

can be attributed to the higher exposure time for the fatigued samples.
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To study the impact of strain amplitude on CDR, three amplitudes of 0.2, 0.4 and
0.6% were selected. Results imply that both stress range and fatigue life show a strong
dependence to strain amplitude (Fig. 8.2). Accordingly, UFG and CG Ti could tolerate
higher cycle numbers at lower strain amplitudes. This was previously rationalized in terms
of grain boundary stabilization by the impurities in the microstructure which was
mentioned for UFG Ti and other materials [73,188,190-193]. At 400°C for a strain
amplitude of 0.2%, fatigue life of UFG Ti was seen to reach over 85000 cycles, while CG
structure withstood less than 16000 cycles. Noteworthily, LCF experiments on UFG Ti at
400°C with strain amplitudes of 0.4 and 0.6% resulted in cyclic hardening which is
replaced by a subsequent softening and cyclic instability. This could be attributed to the

occurrence of two significant damaging mechanisms as elaborated in the next section.
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Figure 8.2 CDR of CG and UFG Ti at (a) 400°C and (b) 600°C

8.3. Cyclic Response of CP Ti at Various Temperatures

In order to observe the effect of testing temperature on fatigue behavior of CG
and UFG Ti, cyclic deformation responses at various temperatures are depicted in Fig. 8.3.
Irrespective to the grain size, stress range values and fatigue lives noticeably decrease
with increasing testing temperature. As it was mentioned earlier, UFG Ti shows cyclic
stability up to 600°C. For the sake of brevity, aforementioned reasons for cyclic behavior

of CG and UFG Ti are not repeated in the present section.
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Fig. 8.4 represents the mid-life hysteresis loops of CG and UFG Ti at elevated
temperatures. It can be seen that the loops of both CG and UFG structure are
symmetrical. Regardless of the grain size, stress range values noticeably increase with the
rise of strain amplitude. Similar symmetrical mid-life hysteresis loops were also reported
for Ti alloys where the fatigue experiments were conducted at room temperature
[194,195]. It is also noteworthy that at 400°C, the area of UFG Ti hysteresis loops is
significantly less than that attained for CG Ti samples. On the other hand, at 600°C UFG Ti
hysteresis loops show similar area as compared to CG loops. This would mean that
inferior fatigue performance is expected at the highest testing temperature. Therefore,
these findings support superior fatigue performance and high stress range levels of UFG

Ti at or below 400°C.
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8.4. Miicrostructural Evolution

Optical micrographs of UFG Ti subjected to cyclic loading at 400°C and 600°C with
strain amplitude of 0.2% are presented in Fig. 8.5. Images were captured in the vicinity of
fatigue cracks. It is clear that microstructure of UFG Ti sample fatigued at 400°C still
consists of regions with ultrafine grains. In contrast, recrystallization and grain growth
happened in severely deformed Ti sample under cyclic loading at 600°C. It is documented
that the movement of grain boundaries, which is known as the main mechanism of grain

growth, is facile at such a high temperature [154,196].

In order to study the influence of ECAE processing on the fracture behavior of UFG
titanium within cyclic loading, SEM studies were carried out. The SEM micrographs of the
severely deformed CP titanium followed by LCF experiments at various temperatures are
shown in Fig. 8.5c and 8.5d. The micrographs were captured in the vicinity of the crack
initiation sites and along the crack propagation zone of the fatigued samples. A typical
fracture surface including striations and beach mark patterns were seen at both examined

temperatures. Generally, crack propagation zone is distinguished by the aforementioned
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striations that are perpendicular to the crack growth direction [197]. It can also be
noticed that cyclic loading at higher temperatures resulted in coarser fatigue striations.

Kitahara et al. also reported a similar striation pattern for fatigue crack growth tests of

UFG titanium processed via ARB [76].

(a) (b)

457 /£ <
S9mm 1200k 4MpA 500X 6.148-006 mbar

S9mm 1200k 4MpA 500X 6070008 mbar  10pm
8 X 500 SEO1340 Signal A = SE2 —

8 X 500 SE017 8f Signel A = SE2 —

(c) (d)
Figure 8.5 Optical micrographs of UFG Ti following cyclic loading (a) at 400°C with strain
amplitude of 0.2% (low and high magnifications), (b) at 600°C with strain amplitude of

0.2% (Images were captured in the vicinity of cracks), fracture surfaces of sample fatigued
(c) at 400°C with strain amplitude of 0.4% and (d) at 600°C with strain amplitude of 0.4%

EBSD images and corresponding misorientation distribution histograms of severely
deformed Ti after cyclic tests at elevated temperatures are provided in Fig. 8.6. It follows
from Fig. 8.6 that after cyclic deformation at 400°C and for the lowest strain amplitude,
microstructure of severely deformed Ti still consists of some regions with ultrafine grains

which was also observed under optical microscope (Fig. 8.5a and 8.6a). However, the
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sample subjected to LCF at 600°C shows microstructure with remarkably large grains in
comparison with those of the fatigued sample at 400°C (Fig. 8.5b and 8.6b). Grain growth
occurs after completion of softening mechanisms such as static and dynamic
recrystallization in order to reduce the internal energy of structure [198]. EBSD

observations align well with cyclic response of UFG Ti, as mentioned in section 8.2.

Influence of strain amplitude is also studied. Interestingly, higher strain amplitude
at 400°C led to the formation of a bimodal microstructure which is a mixture of CG and
UFG regions (Fig. 8.6c). It is well-known that high strain amplitude and moderate
temperatures may result in localized grain growth in UFG microstructures [105]. These
large grains cause localized damages and adversely affect cyclic stability. This argument
supports the observed inferior CDR of UFG Ti at 400°C with the strain amplitudes above
0.2% (Fig. 8.2a). At 600°C with strain amplitude of 0.6%, grain growth took place still, due
to the higher amount of strain, dynamically recrystallized grains are relatively finer than
those observed at the strain amplitude of 0.2%. It was found that increasing stress levels

leads to a reduction of DRX grain size at high strains [117,118].

Number fractions of each misorientation angle are also plotted versus measured
misorientation angle. The grain boundaries with misorientation angle less than 15° are
determined as LAGB:s. It is apparent that number fraction of LAGBs rises with the increase
in temperature. This can be attributed to the recovery of severely deformed
microstructure while they are exposed to higher temperatures [105,154]. Previously, it
was confirmed that HAGBs can play a significant role in the cyclic stability of UFG
materials [191]. This stability stems from the fact that HAGBs are hardly rearranged via

interactions with dislocations under cyclic deformations. According to these observations,
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cyclic stability due to higher volume fraction of HAGBs and UFG microstructure can be

expected to be achieved in UFG Ti under cyclic loading at 400°C with strain amplitude of

0.2%. Detailed microstructural findings verify the mechanical test results that show the

CDR of UFG Ti (Fig. 8.2, 8.4 and 8.6).
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Figure 8.6 EBSD images of UFG Ti following cyclic loading at (a) 400°C with strain
amplitude of 0.2% (b) 600°C with strain amplitude of 0.2% (c) 400°C with strain amplitude
of 0.6% and (d) 600°C with strain amplitude of 0.6%. The corresponding misorientation
distribution histograms and inverse pole figure are also shown

8.5. Effects of ECAE Route on Cyclic Behavior of CP Ti

This section focuses on the effects of two ECAE routes (E and B.) on the CDR of CP
Ti by conducting hardness and LCF experiments at various temperatures. Prior to
mechanical loading, thermal stability of route-8E UFG, route-8B, UFG and CG Ti was
determined by micro-hardness measurements after annealing of specimens for 1 hour
and at various temperatures (Fig. 8.7). In detail, hardness values are found to be
independent of examined ECAE routes. A sharp decrease in the hardness of UFG Ti was
obtained at 600°C, attesting the occurrence of recovery and recrystallization of the UFG
structure at such a high temperature. Therefore, 500°C has been recognized as a limit for

thermal stability of UFG CP grade 4 Ti.
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Room temperature cyclic behavior of route-8E UFG, route-8B. UFG and CG Ti are
displayed in Fig. 8.8. It can be seen that the fatigue performance of UFG Ti processed via
route-8E and route-8B. surpassed that of CG Ti. A slight difference in cyclic stability of
route-8E and route-8B. UFG Ti can also be concluded from Fig. 8.8. Particularly, route-8B.
shows higher fatigue life and stress range values. This can be ascribed to the formation of

higher fraction of equiaxed fine grains in materials processed via this route (route-B.) [1].
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Figure 8.8 CDR of CG Ti, route-8E and route-8B¢ UFG Ti at room temperature with strain
amplitude of (a) 0.4% and (b) 0.6%

Shown in Fig. 8.9 are the CDR plots of route-8E UFG, route-8B. UFG and CG Ti
samples at 400°C. Fig. 8.9 demonstrates that cyclic responses of both route-8E and route-
8Bc UFG Ti are similar and they exhibit stable fatigue behavior at this temperature in spite
of the fact that a slight improvement in both fatigue life and stress range values was
observed in route-8B. UFG Ti at the lowest strain amplitude. During monotonic tests of
UFG Ti at room temperature, route B, also displayed a gradual increase in strength values
over route E although route E was found to provide the best combination of ductility and
strength [69]. At room temperature, IF steel processed via route E and B. showed a
noticeable cyclic stability despite the inferior response of materials processed via route A
and C [192]. This was be attributed to the formation of equiaxed fine grains and the larger
volume fraction of HAGBs in materials processed via these efficient routes (route E and
Bc) [1,192]. As discussed earlier, HAGBs enhance cyclic stability leading to better fatigue

performance.
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Figure 8.9 CDR of CG Ti, route-8E and route-8B¢ UFG Ti at 400°C with strain amplitude of
(a) 0.2% (b) 0.4% and (c) 0.6%
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Route-8E and route-8B. UFG Ti did not show better CDRs over CG Ti at 600°C (Fig.
8.10). Owing to the occurrence of softening mechanisms at such a high temperature,
fatigue performance is degraded. Regardless of the strain amplitude, stress range levels
of CG Ti are equal or slightly higher than those of route-8B. and route-8E UFG Ti. In case
of fatigue life, UFG Ti processed in both ECAE routes could not also surpass CG Ti. This
confirms that the impacts of severe plastic deformation and processing routes on cyclic

behavior of Ti are not significant at 600°C.
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Figure 8.10 CDR of CG Ti, route-8E and route-8B¢ UFG Ti at 600°C with strain amplitude of
(a) 0.2% (b) 0.4% and (c) 0.6%
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9. Effect of Severe Plastic Deformation on the Damping

Properties of CP Titanium

To further investigate thermo-mechanical behavior of UFG Ti, damping capacity
was also examined. Since the dislocation density and the existence of GBS are significant
factors affecting the damping capacity, the influence of SPD on the damping behavior

might be remarkable.

9.1. Flow stress Response

Fig. 9.1 shows the tensile stress-strain curves of CG and UFG Ti at ambient
temperature and at an elevated temperature of 600°C and strain rate of 0.01s™. SPD
enables the improvement of the strength of CP titanium at ambient temperature in spite
of a substantial loss in hardening capability. Thus, although a two-fold increase in yield
strength is recorded, ultimate tensile strength rose about 30%. The increase in flow
strength after SPD is attributed to the influence of the dislocation substructure and the
high density of grain boundaries [121,122]. At 600°C, the microstructures exhibited
similar strength levels. In contrast, severely deformed Ti demonstrated a more ductile
behavior than the as-received condition. This behavior could be imputed to the
activation of grain boundary mediated mechanisms in addition to enhanced dislocation
glide with multiple slip systems [122,172]. Grain boundary diffusion mechanisms such as
GBS become operational when deformation occurs at elevated temperatures [122]. Since
UFG materials possess a high fraction of boundaries and shorter path ways of diffusion,
GBS may be the controlling deformation mechanism [172]. As such, in severely deformed
Ti GBS is favored leading to improved ductility at 600°C. In case of ductility, CG Ti showed
lower elongation at 600°C which can be connected with the hot embrittlement of coarse

131



grained structure at elevated temperature [174]. It was found that dynamic
recrystallization took place in UFG structure in a higher degree, which inhibits nucleation

and propagation of microvoids and cracks.
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Figure 9.1 True stress—true strain response of CG and UFG Ti with strain rates of 0.01s™ at
25°C and at 600°C

9.2. Temperature Sweep

Variation of tan (¢) with temperature is an indication of the damping capacity as
demonstrated in Fig. 9.2a. At ambient conditions, damping properties of both CG and
UFG Ti are almost the same and vary little with increasing temperature up to 300°C.
Damping capacities of both CG and UFG titanium increase drastically at elevated
temperatures above 300°C. It is well documented that the thermal activation leads to a
rise in the concentration of both point and line defects enhancing the interaction
between dislocations and pinning obstacles [18]. Therefore, internal friction increases at
higher temperatures resulting in to elevated damping capacity. It is worth mentioning
that the onset of tan (¢) rise is observed at a comparably lower temperature for UFG Ti.
Improvement in damping capacity with the drop of grain size in A356 alloy was reported
by Zhang et al. [18]. This is rationalized in terms of the effects of grain boundaries and

dislocations on the dissipation of elastic strain energy. A crucial outcome of SPD is the
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formation of substructures with high density of dislocations and grain boundaries both of
which can influence damping response as features of microstructural resistance.
Moreover, damping capacity can be affected by grain boundary sliding [17]. Viscous
behavior of grain boundaries during GBS and diffusion convert mechanical energy into
thermal energy causing higher internal friction and consequently higher damping
capacity. Therefore, grain boundary sliding can be recognized as the dominant
deformation mechanism in UFG titanium at elevated temperatures [199]. These
observations are also supported by the similar flow stress responses of severely deformed
and CG titanium at 600°C (Fig. 9.1) in contrast to the higher ductility obtained for the

former.

Dynamic modulus of CG and UFG Ti as a function of temperature are displayed in
Fig. 9.2b Regardless of the grain size, modulus level decreases with increasing
temperature. Decrease of stiffness with the rise of temperature was previously reported
for titanium and other metallic materials elsewhere [17,200,201]. This reduction in
modulus is attributed to the mechanical relaxation affiliated with the atomic motion at
elevated temperatures [202]. Another parameter, which requires to be studied, is the
effect of grain size on the modulus. It can be seen that the stiffness of UFG Ti is slightly
lower than that of CG Ti as can be explained by the fact that higher level of structural
relaxation takes place in severely deformed materials [201]. It is well-established that
relaxation time is proportional to the grain sizes due to the fact that grain boundary

diffusion is enhanced in UFG structures [203].
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Figure 9.2 The variation in (a) damping capacity and (b) dynamic modulus of CG and UFG
titanium as a function of temperature at frequency of 1 Hz with strain of 0.01%

9.3. Time Sweep

For an extensive investigation on the effects of ECAE processing on damping
characteristics, DMA experiments were also conducted as a function of time at ambient
temperature and at 600°C in Fig. 9.3 and Fig. 9.4, respectively. The damping capacity as
indicated by tan (¢) decreases with time and levels off to a steady value. It can be seen
that the damping capacity of UFG Ti is slightly higher than that of CG Ti at a strain
amplitude of 0.01%. Since high dislocation density is a common feature for severely
deformed materials, higher internal friction would be expected [1]. The damping capacity
of both CG and UFG Ti rose at the higher strain amplitude as linked to increased
dislocation density [200]. The trend is similar at 0.05%, with a larger gap between the two
microstructural states. This can be due to the higher dislocation density and high angle
grain boundary fraction in severely deformed materials as compared to coarse

microstructures.
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Enhancement of damping capacity after SPD is also clear for 600°C as displayed in

Fig. 9.4. As opposed to observations at ambient temperature (Fig. 9.3), damping capacity

of both CG and UFG Ti are almost time independent. Time independency of damping

capacity can be related to

(600°C) [201,204].
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10. Summary and Conclusions

In the current investigation, it was seen that SPD processing could enhance the
mechanical properties of titanium at elevated temperatures. The deformation and
workability characteristics, high temperature mechanical behavior, flow response
modeling, effect of purity levels on the high-temperature deformation characteristics and
damping capacity of severely deformed pure Ti were studied at various deformation

conditions in the warm to hot working regime. The following conclusions can be drawn.

Before and during elevated temperature testing, grain growth occurred in the UFG
microstructure obtained after ECAE. The mechanical properties of ECAE processed CP
titanium at elevated temperatures depend on both deformation temperature and strain
rate. Higher flow stress levels are demonstrated with the increase in strain rate and the
decrease in deformation temperature. Comparison of severely deformed and annealed
grade 2 Ti samples demonstrated that ECAE could enhance the hot strength of CP
titanium with close to 50% increase in steady flow stress levels at temperatures as high as
600°C. Moreover, the severely deformed microstructure is altered with the post-ECAE
deformation temperature leading to significant grain coarsening, especially at or above
700°C. The high temperature strain rate sensitivity of severely deformed pure Ti was
seen to be strongly temperature dependent. The tendency for localized flow was probed
by determining the flow localization parameter for all testing conditions. Accordingly, the
workability at elevated temperatures is satisfactory at 800°C and above. From a metal
forming perspective in the high temperature regime, deformation over 700°C could be

preferred due to comparably lower amount of flow localization.
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Three modeling approaches used in the current research work demonstrated
stress-strain curves with reasonable agreement in the examined strain rate and
temperature range. In this range, the error levels on stress predictions remained less than
10%. For temperatures above 600°C, the dislocation density based model should be
preferred; whereas below 600°C, the model based on the Arrhenius formulation revealed
a better agreement. The modified Johnson Cook model was also utilized to predict the
flow behavior of ECAE processed pure Ti. For this model, the highest error level to remain
less than 5%, pointing to the probable use of the presented model in predicting the

compressive response of ECAE processed Ti at elevated temperatures.

High-temperature flow characteristics of ECAE processed titanium with varying
purity levels by underlining the similar and contrasting features was investigated. While
higher flow stress levels were obtained for grade 2 at the lower end of the deformation
temperature range; grade 4 exhibited higher strength at higher temperatures. These
tendencies were supported by microstructural observations since grain growth rate was
seen to be higher in grade 4 titanium at lower deformation temperatures below 700°C.
Before and during elevated temperature testing, grain growth occurred in the severely
deformed UFG microstructures of both grades. While grade 2 was more stable at lower
deformation temperatures up to 700°C, grade 4 showed higher stability at higher
deformation temperatures over 700°C. Grain boundary bulging was asserted as a possible
mechanism for dDRX during hot deformation. After SPD, flow stress levels of both CP
grades in the UFG state were higher than those of CG counterparts at 600°C strained at a
rate of 0.1s™". The difference between the flow stress levels of severely deformed samples
and their CG counterparts was seen to be higher for grade 2 which could be attributed to

its lower processing temperature.
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By performing hot compression tests on grade 2 and grade 4 Ti after SPD, it was
uncovered that severely deformed grade 4 Ti was less stable at examined temperatures.
Thus, the warm deformation behavior and microstructure evolution of severely deformed
grade 4 titanium were studied at temperatures of 300-600°C and at strain rates of 0.001-
0.1s” *. Mechanical properties and microstructural observations showed high thermal
stability against coarsening up to 500°C (T,=0.40). In contrast, grain growth stemmed
from grain boundary migration occurs at or above 500°C. At the highest deformation
temperature (600°C), thermal stability of severely deformed titanium was also sensitive
to the rate of deformation. Studies on fracture surfaces revealed that ductile fracture
took place at the examined strain rate and temperature range. Higher deformation

temperature and lower strain rate led to high tendency of void growth and coalescence.

CDRs and cyclic stability of severely deformed pure Ti were studied at room and
elevated temperatures (up to 600°C) and at various strain amplitudes. Influences of
route-8E and route-8Bc on the fatigue behavior of CP Ti were explored. LCF responses
imply that ECAE processing is capable of improving the fatigue performance of CP Ti up to
400°C (Tx=0.35). For temperatures above 400°C, cyclic stability of severely deformed Ti is
replaced with shorter fatigue lives and lower stress range levels. This behavior is
associated with annihilation and grain growth of the UFG microstructure. Symmetric
hysteresis loops were achieved for LCF experiments of UFG and CG Ti. The amount of
energy dissipation of UFG Ti was lower than that of CG Ti at or below 400°C, attesting
better fatigue performance of UFG materials at these temperatures. Volume fraction of
LAGBs was seen to increase with the rise of temperature. LAGBs are prone to
rearrangement when dislocations interact with them under cyclic deformations, which

adversely affect the cyclic stability. Fatigue behavior of route-8E and route-8Bc UFG Ti
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appeared to be similar although materials processed via route B. showed higher fatigue

life and stress range values at 400°C with a strain amplitude of 0.2%.

Regarding the damping behavior, damping capacity of titanium rose noticeably at
elevated temperatures up to 600°C irrespective to the grain size. This could be attributed
to the increase in concentration of both point and line defects. Damping capacity of UFG
titanium was seen to be greater than its CG counterpart. Grain boundary damping was
asserted as the main reason for this difference. Damping properties of UFG Ti as a
function of time also surpassed its CG counterpart. Damping capacity of both CG and UFG
Ti tended to decrease with increase of time at room temperature while it remained

constant with time at 600°C.
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11. Recommendations for Future Work

Although some efforts were made to study thermo-mechanical processing of CP Ti
in the present work, these methods are not limited to the performed experiments and
achieved findings. Therefore, there are few suggestions for upcoming research projects.

Severely deformed CP Ti was investigated by the use of monotonic and cyclic
experiments at various temperatures. LCF tests were utilized to monitor cyclic behavior of
this material. However, high cycle fatigue (HCF) experiments were not conducted on this
material. Previously, researchers probed HCF response of both CG and UFG Ti at ambient
temperature. Lack of discussion on HCF response of severely deformed Ti at elevated
temperature may motivate researchers to consider this topic of interest.

Other SPD techniques such as ARB, HPT can also be applied on CP Ti. There are
some studies reporting microstructure evolution and changes in the mechanical
properties of CP Ti at room temperature. Among those research efforts, there is no report
on the elevated temperature behavior of severely deformed Ti fabricated by
aforementioned SPD techniques.

Another investigation may focus on the changes in the mechanical properties of
titanium alloys after ECAE process. Elevated temperature characteristics of severely

deformed Ti alloys can be another topic of interest to complete this field of study.
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