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ABSTRACT

SYNTHESIS AND STRUCTURAL CHARACTERIZATION OF
MULTIFUNCTIONAL Tl ALLOY: GUM METAL

Elgin, Orkun
Master of Science, Metallurgical and Materials Engineering
Supervisor: Prof. Dr. M. Vedat Akdeniz
Co-Supervisor: Assoc. Prof. Dr. Amdulla Mekhrabov

January 2020, 82 pages

Gum metal (Ti-23Nb-0.7Ta-2Zr-1.20 at%), a newly discovered titanium alloy, is
considered as a suitable unique alloy for structural applications in aerospace, sports
equipment, industrial, and especially in biomedical areas because of their
outstanding properties such as high yield strength (up to 2000 MPa) with low elastic
modulus (50 GPa), and biocompatibility. Furthermore, in the heavily deformed state,
it still possesses an ultra-low elastic modulus, ultra-high-strength, large elasticity (up
to 2.5%), Elinvar, and Invar properties. These exclusive mechanical and physical
properties are mainly attributed to their extraordinary deformation mechanism.
However, alloy design and production of gum metal are quite difficult since it
consists of raw materials that are difficult to work with and tend to oxidize quite
easily. In addition, these raw materials are quite challenging to forge an alloy with a
homogeneous structure. Therefore, it is generally produced by powder metallurgy, a
very laborious, sensitive, and troubled production. It is important to develop a new

production process since this method is not suitable for mass production.



This thesis focuses on three main subjects: (i) to develop the candidate alloys exhibit
gum metal properties with the help of the theoretical calculations, (ii) to be able to
produce alloys successfully by using the arc melting furnace which is suitable for
mass production, easier and conventional production method rather than powder
metallurgy, and (iii) to investigate the effects of alloying elements on deformation
mechanism, structural and mechanical properties of Ti71.8+nNb25.nZr201.2 base alloy
and approval of the validity of theoretical estimations proposed for single-phase gum
metal alloy.

According to theoretical calculations, three different forms, (S1) Ti-23.8Nb-2Zr-
1.20 (at%), (S2) Ti-23Nb-0.93V-2Zr-1.20 (at%) and (S3) Ti-25Nb-0.7Ta-2Zr-2Al-
1.20 (at%), were determined and casted successfully in an atmosphere-controlled
arc melting furnace. The chemical characterization, mineralogical analyses, and
mechanical properties of these alloys were investigated by using XRD, DSC, SEM,

EDS, microhardness, and compression test instruments.

It has been observed that these three alloys were prepared composing of only a single
phase with homogeneous morphology and elemental composition. On account of the
incorporation of various elements to the base composition, from alpha to beta phase
transition temperature were reduced as much as 100 degrees C and mechanical
properties were improved significantly. Around 85% reduction in thickness with the
compression tests were obtained with no apparent crack formation. Also, no
noticeable increase in hardness emerged with this deformation. In the end, these
mechanical and structural investigations suggest that all the prepared compositions

within the scope of this work could be in the gum metal family.

Keywords: Ti Based Alloy, Gum Metal, Arc Melting, Deformation Mechanism
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COK FONKSIYONLU Ti ALASIM: SAKIZ METAL’IN SENTEZLENMESI
VE YAPISAL KARAKTERIZASYONU

Elgin, Orkun
Yiksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Yodneticisi: Prof. Dr. M. Vedat Akdeniz
Ortak Tez Yodneticisi: Prof. Dr. Amdulla Mekhrabov

Ocak 2020, 82 sayfa

Son yillarda kesfedilen bir titanyum alasim tiirii olan sakiz metal (Ti-23Nb-07Ta-
2Zr-0) sahip oldugu olaganiistii diisiik elastik modiilii (50 GPa), yiiksek akma
dayanimi (2000 MPa'ya kadar), ve biyouyumluluk gibi 6zellikleri sayesinde spor
malzemeleri, havacilik, endistriyel ve 06zellikle biyomedikal alanlarda
kullanilabilecek benzersiz bir alagim tiirQi olarak diistintilebilir. Ayrica, biitiin bu ayirt
edici o6zellikleri siddetli deformasyon halinde dahi koruyabilmesi ve Elinvar-Invar
Ozelliklerine sahip olmasi sakiz metali essiz bir malzeme haline getirmektedir. Sakiz
metalin sahip oldugu iistiin mekanik ve fiziksel 6zellikler olagandisi deformasyon
mekanizmast ile iliskilidir. Fakat, sakiz metalin ¢alisilmasi zor olan ve oldukga kolay
oksitlenme egilimi gosteren hammaddelerden olusmasi, yapinin homojen bir sekilde
iretilmesini zorlastirmaktadir. Bu nedenle, Gretimi icin oldukca hassas, zahmetli ve
sorunlu bir yontem olan toz metalurjisi yontemi kullanilmaktadir. Toz metalurjisi
seri Uretime uygun bir yontem olmadig igin yeni bir retim methodu gelistirmek

onemlidir.
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Bu tez ii¢ ana konuya odaklanmaktadir: (i) teorik hesaplamalar yardimiyla sakiz
metal 6zellikleri sergileyen farkli alasimlar1 gelistirmek, (ii) seri tiretime uygun, toz
metalurjisinden daha kolay ve geleneksel bir yontem olan ark ergitme firinin
kullanarak alagimlari basarili bir sekilde iiretmek ve (iii) alasim elementlerinin
Ti71.8+nND2521Zr2012 temel alagiminin  deformasyon mekanizmasi, yapisal ve
mekanik 6zellikleri tizerindeki etkilerini arastirmak, ve tek fazli sakiz metal alagimi

icin Onerilen teorik tahminlerin gecerliliginin onaylamak.

Teorik hesaplamalara gore, li¢ farkli yapi, (S1) Ti-23.8Nb-2Zr-1.20 (at%), (S2) Ti-
23Nb-0.93V-2Zr-1.20 (at%) ve (S3) Ti-25Nb-0.7Ta-2Zr-2Al-1.20 (at%)

belirlenmis ve atmosfer kontrollii ark eritme firinina basariyla dokiilmiistiir.

Bu alasimlarin kimyasal karakterizasyonu SEM, EDS, termal kararliligi DSC,
mineralojik analizleri XRD ve mekanik 6zellikleri ise mikro sertlik ve basma testi

metodlar1 kullanilarak arastiriimistir.

Hazirlanan {i¢ alasimin, tek fazli, homojen morfolojiye ve elementel kompozisyona
sahip oldugu gozlenmistir. Temel alasima ¢esitli elementlerin dahil edilmesi ile alfa
fazindan beta fazina gegis sicakligi 100 °C' ye kadar disiiriilmiis ve mekanik
ozelliklerin 6nemli 6lgiide iyilestirildigi gézlemlenmistir. Basma testlerinde numune
kalinlig1 %85 oraninda azaltilmasina ragmen, goriiniir bir ¢atlak olugsmamaktadir.
Ayrica, bu deformasyon sonucunda dahi sertlikte belirgin bir artis ortaya
c¢ikmamustir. Sonug olarak, elde edilen mekanik ve yapisal bulgular, bu ¢alisma
kapsaminda hazirlanan tiim bilesimlerin sakiz metal ailesinde olabilecegini

diistindiirmektedir.

Anahtar Kelimeler: Ti Alasimi, Sakiz Metal, Ark Ergitme, Deformasyon

Mekanizmasi
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CHAPTER 1

INTRODUCTION

Titanium alloys are unique materials for structural applications in automotive,
aerospace, and biomedical industrial areas because of their high yield strength, low
elastic modulus, low density, biocompatibility, and superior corrosion resistance. For
the industrial regions mentioned above, continuous efforts are ongoing for the
development of various microstructure and mechanical properties of titanium alloys
by different alloying and processing methods. As a result of these studies, especially
beta phase titanium alloys have gained popularity in recent times due to their
following properties; high vyield strength with the low elastic modulus
(superelasticity), shape memory manner, and biocompatibility. [1-8]. Nonetheless,
beta-titanium alloys produced up to recent years have not reached the satisfactory
requirements since elastic modulus and yield strength values can change with the

changing of heat and the plastic deformation as a result of dislocation activity.

Fortunately, a new beta titanium alloy called “Gum Metal” was developed by Saito
and his team in Toyota R&D in 2003. [9]. This alloy is a band of multi-component
titanium alloys with the combination of V-A and IV-A elements, which stabilize -
phase and reduce elastic modulus without changing the yield strength in titanium
alloys, and oxygen which inhibits the dislocation activity by forming a cluster with
zirconium. When the alloy is exposed to severe cold working, deformation occurs
by twinning, stress-induced martensite, and most importantly, nano disturbed slip
bands, which is called “Giant Fault” instead of dislocation aid activity [9-11].
Consequently, cold work hardening does not occur in this alloy under the presence
of nano-disturbed slip bands [10-14]. The deformation mechanism of Gum Metal is

mentioned in more detail in Chapter 2.2.2.



Gum Metal alloys can be easily distinguishable from the ordinary beta phase titanium
alloys from their Invar property (temperature-independent expansion and
contraction) and Elinvar property (temperature invariant elasticity) from -200 to
+250 °C, high yield strength (up to 2000MPa) with low elastic modulus (50GPa),
large elastic deformation (2,5%), super cold-workability (up to 99%), extra-ordinary
deformation mechanism and the accompanying defect structure [15-17].
Furthermore, it has been shown to possess many interesting properties such as
superplasticity at room temperature without extensive work hardening. In the heavily
deformed state, it still possesses an ultra-low elastic modulus, ultra-high-strength,
and large elasticity. These exclusive mechanical and physical properties are mainly
attributed to their extraordinary deformation mechanism. However, it is complicated
to determine the suitable composition of the alloy that exhibits gum metal properties
because complex and difficult theoretical calculations are required to decide the
composition. Moreover, the production of gum metal is quite difficult. Raw materials
tend to oxidize and are challenging in terms of structural and compositional
homogeneity in the alloy formation. For gum metals, it is also a challenge to form a
desired shape during the casting process due to high viscosity. Therefore, it is
generally produced by a very laborious, sensitive, and troubled production method

such as powder metallurgy.

This study aims to develop new alloy compositions which are considered as gum
metals with the help of theoretical calculations regarding the difficulties mentioned
above, ark melting furnace techniques has been adopted within the scope of this work
to produce this alloy which can be suitable for mass production in the future due to
its easier and conventional nature by comparison to powder metallurgy. Also, one
of the main objectives is to examine the effect of V, Ta, and Al on deformation
mechanism, structural, and mechanical properties of Ti71.8:nNb25.nZr201.2 base alloy.
The approval of the validity of theoretical estimations proposed for single-phase gum

metal alloy is tried to understand in detail as well.

Furthermore, a direct correlation between microstructure and melting point has been

attempted to provide in order to increase castability. In this certain point, the major



focus was directed toward which alloying element addition on the base alloy
provides the high casting ability without spoiling the gum metal properties.

With respect to theoretical calculation, the alloy (S1) Ti-23.8Nb-2Zr-1.20, likely to
have gum metal property, was determined as the base alloy.

During the melting of S1, the molding was not obtained presumably due to the high
viscosity. Hence, the melt was solidified as a button shape.

In order to increase the casting ability and the final mechanical properties, V has
been added to the base alloy (S1), resulting in S2 (Ti-23Nb-0.93V-2Zr-1.20)
composition. Melting of S2 revealed that molding was not possible nonetheless.
Nevertheless, mechanical properties and beta phase stability was increased as
anticipated. Also, the effect of V has been studied in terms of deformation
mechanism, which is one of the crucial parameters for the reveling of the gum metal

aspect of any alloy composition.

The last approach was taken as the addition of Al and Ta's combination resulting in
S3 composition (Ti-25Nb-0.7Ta-2Zr-2Al-1.20). Once more, shaping was not
achieved even though by suction molding technique was employed. However, the
elastic modulus was decreased with respect to increased yield strength. Beta stability
was increased due to change in the phase transition of alpha to beta and change in

the relative amount of Nb.

This thesis begins with giving the basic information about titanium alloys, gum metal
alloys, and theoretical calculation used to obtain the gum metal composition in
Chapter 2. The experimental procedure used for the production and characterization
of the candidate alloys is given in Chapter 3. In Chapter 4, the effect of alloying
elements addition on solidification characteristic and phase transition temperature of
Ti71.8+nNb25:2nZ12012 base alloy were examined. This study continues with the
investigation of the mechanical properties and deformation mechanisms of candidate
alloys. Finally, within the scope of this work, conclusion and future work have been

given in Chapter 5.






CHAPTER 2

LITERATURE REVIEW

A newly discovered beta-type titanium alloy ((Ti-23Nb-0.7Ta-2Zr-1.20 at%) is
called “Gum Metal” since the elastic deformation is quite extensive, and cold work
hardening does not occur [15-17]. Experiments and observations of microstructures
of severe cold-worked alloy support the assumption that ideal shear mechanism
under the deformation process occurs mostly by nano-disturbed slip band “Giant
Fault.” Deformation behavior is related to the primary alloying elements and
microstructure. Moreover, phase transformation during the deformation process can
also occur. To help understand the results presented in this study, this section begins
with a concise overview of the phase classifications of titanium alloys and then
continued with the general information of gum metal and its deformation

mechanism.

2.1  Classification of Titanium Alloys

In general, the crystal structure has a significant effect on the mechanical and
physicochemical properties of materials such as yield strength, ductility, corrosion
resistance, weldability, wearing resistance, creep and fatigue properties, etc. For
example, the deformation capability of the BCC structure is higher than the densely
packed HCP structure due to the higher number of active slip systems. Pure titanium
has two allotropic crystal structures: hexagonal closed packed (HCP) and body-
centered cubic (BCC) structure. Alpha-“a”-(HCP), the phase is stable up to 882+2
°C and above that temperature, it is transformed into the beta-“f”-(BCC) phase [18,
19]. The crystal structures of alpha (HCP) and beta (BCC) titanium are schematically
shown in Figure 2.1 [20]. Alloying elements addition to pure titanium could affect

the crystal structure and phase transformation temperature, as shown in Figure 2.2.
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Figure 2.1 Crystal structure of HCP and BCC phase [20].
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Figure 2.2 The effects of alloying elements on the phase diagram of titanium alloys [20].

According to this effect, elements are classified as alpha, beta, or neutral stabilizers

[20].

° Sn and Zr are one of the neutral elements. The neutral stabilizer elements
almost have no effect on the alpha-beta transition line; however, they strengthen the

alpha phase at first [21].

° The o (alpha) stabilizer elements extend the higher temperature phase area

for the alpha phase. Aluminum, nitrogen, oxygen, and carbon are essential interstitial



elements among the alpha stabilizers. Although it is useful to add low-density
aluminum to titanium, though it cannot be put in more than 8% by weight because
alloy becomes exceptionally brittle. The addition of oxygen increases the strength

and elastic modulus [21].

° The B (beta) stabilizer elements depress the alpha-beta transition temperature.
Beta stabilizer elements can be subdivided into two categories: beta-isomorphous
and beta-eutectic [21].

0 Beta-isomorphous elements (molybdenum, vanadium, tantalum, niobium)

have complete solubility in pure titanium [20].

0 Beta-eutectic elements (iron, manganese, chromium, cobalt, nickel, copper,
silicon, hydrogen) have limited solubility in titanium; thus, intermetallic compounds

can be formed by the addition of these elements [20].

In this respect, titanium alloys are usually categorized as a, o + [ and P alloys, with
further subsections, such as near a, near 3, and metastable B based on the proximity
of the composition to the a-f transition line, as shown in Figure 2.3 [21]. a (HCP)
titanium alloys comprise entirely or mostly the HCP phase, and they are alloyed with
alpha stabilizers or neutral elements. Even after the addition of  (BCC) stabilizing
elements to the alpha titanium, the alloy continues to exist in the HCP phase/crystal,
and this alloy is categorized as near a alloy. a + B alloys occur when both HCP and
BCC phase exist in the structure. The volume percentage of the beta phase ranges
from 5 to 40 percent in a. + B alloys. If the sufficient B stabilizing elements are added
to pure titanium, the B phase does not show martensitic transformation during
quenching to room temperature yet it still lies in the a+f field, this alloy is considered
as metastable B titanium. The metastable B titanium alloy remains appear to be
existing at the right of the martensitic start (Ms) line at room temperature, but it still
lies within the two-phase region. Stable (8 alloys lie in the B field region at room
temperature. Stable 3 alloys can be classified as beta-isomorphous and beta-eutectic.
Beta-isomorphous elements are entirely soluble in the titanium; on the other hand,

beta-eutectic elements have limited solubility in the titanium [20-21].
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Figure 2.3 3D phase diagram of titanium alloy [21].

Each phase of titanium alloys has specific characteristic properties which are listed

below, and they are listed in Table 2.1:

° Pure titanium and Alpha alloys o (HCP) have good weldability. However,
they are non-heat treatable in nature. Further, they possess low to medium yield
strength, good toughness, optimum ductility, and remarkable mechanical properties

at an ultra-low temperature [19].

° Beta alloys B (BCC) have medium to high yield strength up to intermediate
temperature, good toughness, and high ductility. The noticeable differences between
beta alloys p (BCC) than alpha alloys are being less weldable, more heat treatable,

and remarkable formable [20].



° Alpha + Beta alloys are metastable, and their mechanical properties are in
between alpha and beta alloys. For example, although the ductility of these alloys is
more excellent than the a phase’s; however, it is lower than the B alloys. They have
excellent hot workability, but their cold workability is limited [21].

Table 2.1 Properties of alpha, beta, and alpha-beta titanium alloys [21].

Type of Travel a S a+p
Density + - +
Strength - ++ +
Ductility -1+ +/- +
Fracture Toughness + +/- -+
Creep Strength + - +/-
Corrosion Behavior ++ +/- +
Oxidation Behavior ++ - +/-
Weldability + - +/-
Cold Formability - -+ -

Gum Metal is also considered as a metastable beta alloy since it is an utterly beta
phase at room temperature after proper heat treatment. However, gum metal is
slightly different from conventional metastable beta alloys in terms of its mechanical

properties and, more importantly, in the deformation mechanism.



2.2 General View of Gum Metal

Gum metal has a cold formable ability up to 90%, and surprisingly it does not
undergo hardening despite this rate of deformation. In addition, it has been shown to
be more potent than conventional Ti alloys due to its extraordinary mechanical
properties [22-24]. The mechanical properties of conventional Ti alloys and Gum
Metal are compared in Figure 2.4 and Table 2.2. Also, in Table 2.2, the comparison
of gum metal and Ti-6Al-4V, which is used mainly in biomedical implants, razors,
disc, airplane bodies, is listed. Gum Metal is a special titanium alloy with a body-
centered cubic structure (BCC) and expressed mainly as at 75% Ti — 25% (Ta, Nb,
V) + (Zr, Hf, O) indicating ultra-high-strength (up to 2 GPa), low Young’s modulus
(up to 50 GPa), super-elasticity (without martensitic transformation), and
exceptional cold workability ability (up to 99%). High strength and low modulus of
elasticity make the gum metal alloy to be a good candidate material for the implants
(since alloying elements of gum metal are non-toxic), aerospace industry, and special
sports equipment such as tennis rackets, golf clubs, and hockey rackets. In addition
to the superior mechanical properties mentioned above, the super-elastic (up to
2.5%) and super-plastic (up to 8.1%) behavior are other prominent features of gum

metal [24]. Some of these properties could be achieved by cold working.
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Figure 2.4 Stress-strain behavior of gum metal and steel (a) and representative comparison of

stress-strain behavior of traditional metals and gum metal (b).
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Table 2.2 Comparison of mechanical characteristics of Pure Ti (Cp-Ti gr. 2), a+f type Ti (Ti-6Al-

4V), and gum metal [23-24].

. . Young’s
Elastic UTS Elongation at Recoverable,
Alloy o Modulus )
Limit (MPa) (MPa) Rupture (%) strain (%)
(GPa)
CP-Ti (gr.2) 330 360 27 110 0,25
Gum Metal 850 900 19 65 1,2
Ti-6Al-4V 790 860 15 114 -

Cold work significantly decreases the elastic modulus, increases the yield strength,

and confirms nonlinearity in the elastic range (Figure 2.5). Thanks to the cold

working process, elastic strain reaches 2.5% [25]. Before cold working, the elastic

strain is limited (approximately 1%). When cold working ratio reaches 90%, elastic

modulus decreases to 40 GPa with the increase in elastic strain up to 2.5%; on the

other hand, hardness value does not change with the change of cold working ratio.

These properties indicate that this alloy has superplasticity at room temperature

(Figure 2.6) [9,25].

140 T T T

T 1600 T

T T T

. Ti-23Nb-0.7Ta-2.02+-1.20 (a) < (b)
o 120F 130 & 1400 | d
] 8 D«_s
< | los £ = 1200 | Elastic Limit 90% Cold Worked A
w 100 R
I Elastic Strain & by 1000 - S |
g 80 120 2 ¢ | ¥ el A fnnenied
= = @B e
ER . 2 8 soof 5
S 60 Initial Elastic Modulus {45 @ ¢ ; g
= 2 2 g00f i
'.% % ‘B 0@9
@ 40 110 £ § Ky 4
N &~ 400 /&
Average Elastic Modulus < Q'\’
201 405 s
200 ; /° J
Ti-23Nb-0.7Ta-2.0Zr-1.20
0 L 1 i i 0 O | | | |
0 20 40 60 80 100 0 1 2 3 4 5

Cold Working Ratio (%)

Tensile Strain (%)

Figure 2.5 Changes in elastic strain and elastic modulus with cold working ratio (a) and stress-strain

curve with 90% cold working (b) [25].

11



a A 100 &
Conventional B-Titanium Alloy " | .,( ) (b) 80 g
(Ti-15V-3AI-3Cr-3Sn wt%) g, . As Annealed 8
Pp— ngo —-Jl,— """ ‘[ 60 %
ardness 1 2
> O | 90% Cold Worked 40 =
- —_ 20 %
é Reduction in Area 180 &£ Ti-23Nb-0.7Ta-2.0Zr-1.20 o
@ - — 8.0 o
c { i, T g - (B) et
ko] bt s g
= 160 = = 6.0 =
T £ 8 As Annealed || .
da0 s 2 4.0 "
g 820 Jert
E
120 5 = L. -
Ti2sNb-07Ta20zr120 | & 8 U P =T 90% Cold Worked |
0 1 1 1 L 0 = _2.0 S
0 20 40 60 80 100 100 300 500 700 900 1100

Cold Working Ratio (%) Temperature / K

Figure 2.6 Effect of cold working on hardness value (a) and temperature dependence of elastic
modulus and linear expansion with 90% cold working (b) [9, 25].

Furthermore, with the help of the cold working process, elastic modulus can not be
affected by temperature variations (Figure 2.6). In conventional titanium metals as
well as as-cast gum metal (non-cold worked) elastic modulus decreases with
increasing temperature, but elastic modulus of cold-worked gum metal stays constant
between 100K and 600K. This temperature range is far away from the standard
Elinvar alloys. Moreover, the Linear expansion coefficient of common alloys and as-
cast gum metal increases linearly with increasing temperature; on the other hand, in
the cold worked gum metal, it is extremely low and remains constant from 100K to
500K. This is also a higher range than conventional Invar alloys [26-27]. Besides the
cold working, oxygen is also an effective parameter in the mechanical properties of
gum metal. Increase in the oxygen content to 1.2 mol%, elastic strain increases from
1% to 2.5% as well as the elastic modulus. Tensile strength is also linked with the
oxygen content like conventional titanium alloys, and it reaches 1.6 GPa at 2.9 mol%
oxygen content (Figure 2.7) [28]. Except for those, in the conventional titanium
alloy, increasing the amount of oxygen causes the alloy to become more brittle since
they inhibit dislocation activity; on the other hand, in the gum metal even at high

oxygen content, alloy maintains extraordinary ductility because of its dislocation-
free deformation mechanism.
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Figure 2.7 Changes in elastic strain and elastic modulus with oxygen content (a) and the effect of
oxygen content on tensile stress, elongation, and reduction area (b) [28].

2.2.1 The Parameters Required to Produce Gum Metal

As mentioned previously, the alloy is called gum because not only this alloy does
not undergo cold work hardening during the deformation process so that it can be
formed, bent, and shaped evermore, rather it can also be elastically deformable up to
2,5%. The condition required to prevent cold work hardening and to obtain gum
metal properties is that plastic deformation should occur with the dislocation-free
mechanism “Giant Fault.” For the giant fault mechanism to have occurred, the ideal
shear strength should be close to zero, and the dislocation movement should be
inhibited. In order to inhibit dislocation activity, oxygen must be present in the alloy.
Furthermore, oxygen hinders the secondary phases (a’, o, ®), which elevates the
ideal shear strength. When ideal shear strength is close to zero, a dislocation-free
nano-disturbed slip mechanism (Giant Fault) becomes stable. For the ideal shear
stress to be close to zero (Ci11-C12=0), the elastic modulus should be as low as
possible, and the main structure of titanium alloy should be in beta “p” phase.
Therefore, this alloy should be composed of 1V and V elements (V, Nb, Ta, Db, Zr,
Hf, Rf), which stabilize the beta phase and decrease the elastic modulus. Ikehata [29]
has compared the effect of IV and V elements on Young’s modulus in beta-phase

titanium alloys and showed that the lowest elastic modulus is obtained in Tg75Mo.25
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alloys (M: IV and V elements). The results of the studies are shown in Figure 2.8
and Table 2.3. In order to meet all these conditions, theoretical calculations
(Pseudopotential method with density functional theory) are used, and these
calculations are called “magic numbers.” Magic numbers are composed of 3 different
alloying parameters: valence electron number (e/a), bond order (Bo), and M-d orbital
level (Md).
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Figure 2.8 Estimated Young’s modulus of Ti-M alloys, where M is V, Nb, Ta, Mo, and W [29].
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Table 2.3 Empirical lattice constant an elastic constants Ci1, C12, and Cas, and ideal shear stress
(C11-Cy) of bee Ti-X (X=V, Nb, Ta, Mo, and W) Zr-Nb, and Zr-Mo binary alloys [29].

Composition a n C1a Cyy Cn—Cp
M_X, Structure (4) (GPa) (GPa) (GPa) (GPa)
Tig75V2s DO, 3.273 1239 1169 36.3 7.0
TigsVos B2 3.280 169.6 1223 33.6 473
TigasVo s DO0; 3.306 2130 1322 296 80.8
Tig 7sMbyg 25 DO0; 3.273 1285 1155 149 13.0
Tig sNbg s B2 3.280 1554 124.7 12.8 30.7
Tig 25sNbg 75 D03 3.306 203.5 126.8 21.3 76.8
Tig75Tag 25 DO 3.271 1299 121.6 386 8.2
TigsTags B2 3.278 1634 1328 39.0 30.6
Tiy»sTag 75 DO, 3302 207.0 1453 556 61.7
Tip 7sMog 15 DO, 3.273 160.5 125.6 34.1 348
TigsMog s B2 3.280 2240 146.6 104 775
Tig2sMog 75 D03 3.306 363.6 151.5 62.0 212.2
Tig75sWoas DO0; 3217 1692 1342 324 350
TipsWo s B2 3.184 239.9 165.9 509 739
Tig25Wo7s D03 3.179 3748 184.2 81.7 190.6
Z1g 75Nbyg 55 D03 3.508 112.8 98.3 19.8 14.5
Z1psMNby s B2 3.447 1444 108.3 183 36.1
Z1g 3sNbyg 75 D03 3.382 196.2 118.5 179 777
Zrp 75sMog 25 D03 3.451 1384 104.2 16.6 342
Zrp sMog 5 B2 3.349 208.5 1243 29.2 842
Z1p35Mop 73 DO, 3.244 3424 1345 497 207.9

Valence electron number (e/a) is related to the elastic properties of Ti alloys. Elastic
modulus and ideal shear strength (C1:-Ci12) increase as valence electron increases.
When the valence electron number is 4.24, it is found that the ideal shear strength
approached to zero since the elastic modulus is very low (Figure 2.9) [29-36].
Moreover, the work hardening ratio approaches the lowest value when the valance
electron number is 4.24. Therefore, the e/a value of candidate alloys should be 4.24

or close to that value.
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Figure 2.9 Elastic properties with cold working ratio versus the valance electron number per atom
(efa) [30].

Bond order value (Bo) is related to the covalent bond of transition metal and base
metal. An increase in the bond order value increases the chemical bond strength of
base metal and alloying elements [31]. Furthermore, the Bond order helps determine
the corrosion resistance characters. Corrosion resistance increases as bond order
value increases. In the B phase Ti alloy, the bond order value is also related to the
work hardening ratio and Young’s modulus seen from Figure 2.10 [37]. As can be
seen, when the bond value is 2.87, the elastic modulus and work hardening ratio
reach the minimum value. Hence, the bond order value of candidate alloy should be

2.87 or close to that value.
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Figure 2.10 Relationship between bond order and work hardening ratio (a) and Young’s modulus

(b) [37].
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Except for those, bond order value (Bo) with the help of valance electron number

(e/a) can determine the characteristic feature of the plastic deformation mechanism

(SIM «a”, dislocation glide, or peculiar plastic deformation) (Figure 2.11) [32].

According to the determined e/a and Bo values, possible deformation mechanism

can be identified with peculiar plastic deformation.
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Figure 2.11 Correlation of Plastic deformation mechanism with e/a and Bo values [32].

Md value is related to electronegativity and atomic radius. Md value is are directly

proportional to the atomic radius (Figure 2.12) [31] and inversely proportional to

electronegativity.
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D orbital (Md) with the bond order (Bo) determines not only the phase of the alloy
but also determines whether the plastic deformation will be a slip or twin (Figure
2.13) [33, 34]. Deformation mechanism changes from SIM a” to slip with an increase
in bond order (Bo) value or decrease in D orbital (Md) value. Since the agreed Bo
value is 2.87, it is suggested that Md value should be lower than 2.456 to inhibit SIM
o’ deformation mechanism. Furthermore, the Md value should be near to 2.45 for

the alloy to be stable in the metastable beta phase (Figure 2.14).
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Figure 2.13 Bo-Md diagram corresponding to deformation mechanisms [33].

18



2.96

r @)
294 F© Broto” ®
o o -
© B (+0 added) -
292
2.90 F B/p+w

M=R.T.
2.88
(@)
m DTi-7.5Mo @DTi-42Nb
286 ®T1-14M0 TT-10T8
@Ti-15Mo ©Ti-50Ta
@Ti-25Nb @Ti-60Ta
i-27. Ti-64T
284 _”©Tf275Nb ®!6 a
©Ti-36Nb__ _ @Ti-1ev_ |
. |@3Ti-30Nb-1Fe
Ti-50Ta-20Zr
2.82 .
(®)Ti-30Zr-10Nb-10Ta(mol %)
®Ti-35Nb-0.20
280 @) Ti-29Nb-13Ta-4.62r-0.160
’ @®Ti-35Nb-10Ta-52r-0.240
(@Ti-12Ta-9Nb-3V-6Zr-1.50(mol%)
@Ti-23Nb-0.7Ta-2Zr-1.20(mol%
2.78 ! mol%)

2.35 : : 2.50 2.55 2.60

Figure 2.14 Bo-Md diagram in which the B/B+® phase boundary is shown together with the

boundaries. Young’s modulus (GPa) is given in parentheses for typical alloys [34].

Therefore, in order to obtain the gum metal properties, it is suggested that d orbital
(Md), bond order (Bo), and valence electron (e/a) values should be close to 2.45,

2.87, and 4.24, respectively.
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These magic numbers (Md, Bo and e/a) are defined as the following equation,

1
Md = ZXI- X (Md), = 2.45
i=1

efa= ZXI- x (e/a); = 4.24
i=1

Where Xi is the atomic ratio of the alloying elements and (Md)i, (Bo)i, and (e/a)i are

the specific number of alloying elements which are listed in Table 2.4 [34].

Table 2.4 List of the Bo and Md values for different alloying elements in the § phase Titanium [34].

3d Bo Md (eV) 4d Bo Md (eV) Sd Bo Md (eV) Other Bo Md (eV)
Ti 2.790 2.447 Ir 3.086 2934 Hf 3110 2975 Al 2426 2.200

v 2.805 1.872 Nb 3.099 2424 Ta 3144 2.531 Si 2.561 2.200
Cr 2,779 1.478 Mo 3.063 1.961 w 3125 2072 Sn 2,283 2.100
Mn 2723 1.194 Te 3.026 1.294 Re 3.061 1.490

Fe 2.651 0.969 Ru 2.704 0.859 Os 298 1.018

Co 2.529 0.807 Rh 2.736 0.561 Ir 3168 0.677

Ni 2.412 0.724 Pd 2.208 0.347 Pt 2.252 0.146

Cu 2114 0.567 Ag 2.094 0.196 Au 1.953 0.258

2.2.2 Deformation Mechanism of Gum Metal

The plastic deformation mechanism is significantly affected by the phase stability
and initial microstructure of the beta phase titanium alloys. Conventional alloys in
which martensitic transformation is unstable deforms by deformation twin or stress-
induced martensite (SIM). The means of martensitic transformation unstable alloy is

that alloys still include a non-equilibrium phase, even though the quenching process
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is done appropriately. Non-equilibrium phase in the structure prevents the slip
deformation or acts as a nucleation site for the stress-induced martensitic phase.
Therefore, these alloys deform by twinning or stress-induced martensite (SIM «”)
phase. Deformation mechanism shifts from twinning to slip as the ratio of beta
stabilizer element in alloy increases [38]. This is the case for ordinary beta titanium
alloys. However, gum metal is different from the conventional titanium alloy.
Although gum metal alloy is placed on the border of the beta phase field, it does not
include a non-equilibrium phase; in other words, it is not an unstable alloy in the
guenched state. Although oxygen acts as an alpha stabilizer element in pure titanium,
it can be said that it acts as a beta phase stabilizer element in gum metal since oxygen
inhibits secondary phases such as the stress-induced martensite (SIM a”) and ®
phase [14, 39]. This is just one of the reasons why gum metal differs from normal
beta titanium alloy. The other reason is that increased beta stability in the
conventional titanium alloy is known to reduce yield strength along with yield
modulus [40]. However, although the gum metal is considered as a metastable beta
phase alloy, the elastic modulus is relatively low with respect to high yield strength.
Another factor of the difference of gum metal is that the mechanism of plastic
deformation in metals is explained by the displacement of the atoms by dislocation
activity, while this theory could not explain the plastic deformation of gum metal.
The deformation mechanism of gum metal is unusual. Shear stress of deformed gum
metal alloy approaches to its theoretically calculated ideal value 0.11 G in <111>
direction, which is lower than the critical shear stress of the dislocation slip [41, 42].
Thus, an exceptional dislocation free mechanism is possible instead of slip
deformation. Some articles have mentioned that the reason for the critical shear stress
of the dislocation slip is higher than the ideal shear stress is nano pinning defects,
which could be caused by ZrO clusters or o phase. [10, 11]. However, recent studies
have shown that more traditional deformation mechanisms are still effective in gum
metals such as the presence of % <111> dislocation [41-48], orthorhombic a” [49-
53]. Furthermore, {11 2} <11 1> or {3 3 2}<1 1 3> twins, which have not observed

in conventional titanium alloy [54, 55], as well as secondary phases such as “stress-
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induced hexagonal @ plates” [15], have been observed. Except those, some articles
have mentioned that a reversible stress-induced martensitic transformation (SIM)
from B to o” could be responsible for superelasticity of gum metal [55]. The

deformation mechanism of the gum metal is still contradictory and unclear.

The deformation mechanism and phase stability of gum metal are determined by
using some empirical rule, which is mentioned in Chapter 2.2.1. Pseudopotential
method [56, 57] with density functional theory [58, 59] are used to estimate the
elastic constant of binary alloys comprising titanium and V-a group elements such
as Nb, Ta, and V. According to these theories, when a valance electron number (e/a)
of the gum metal is approach to 4.24, Young's modulus becomes extremely low and
elastic constant (C11 and Ci2) are almost the same for this alloy. In fact, in BCC
phase, Young’s modulus are almost zero in <100> direction, shear modulus also
approaches to zero in <111> direction, C = (C11-C12)/2 ~ 0 (Figure 2.15) [11]. This
is the typical slip deformation mechanism in beta titanium alloys, and it advised that
the ideal shear strength (elastic limit) of this alloy is exceptionally small [60]. Thus,
the hardness value of gum metal does not change even if the cold work ratio increases
in both the Vickers hardness test and tensile test. Furthermore, ideal strength is very
close to theoretical strength during the deformation process. The lack of hardening
and the idea that the gum metal deforms at ideal shear strength has introduced a novel
concept of plastic deformation mechanism where deformation occurs by two planes
shears to each other without the activity of dislocation motion seen from Figure 2.16
and Figure 2.17 and can be thought as a nanoscale planar mechanical melting
coupled with recrystallization [61]. Atomic pillars on both sides of the nanoscopic
shearing plane may not be arranged in subsequent recrystallization, and the resulting
lattice shift is not dependent on the lattice parameter. In the literature, it was defined
as “nanoscale dipoles of non-crystallographic partial dislocations with Burgers
vector” or “nanodisturbance,” [10]. Nanodisturbances, which is a planar nanoscopic
area of shear, carry plastic deformation energy on the gum metal, and it differs from
the common dislocation since slip displacement in <111> (112) which is lower than

the (111) lattice spacing. According to another concept, nanodisturbances can occur
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if only plastic deformation occurs under the ideal shear. The structure formed by the
merger of nanodisturbances is called giant faults. Giant faults are a planar
macroscopic area, as shown in Figure 2.18 [37, 62].
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Figure 2.15 Ideal Shear Strength vs C11-Ci2 graph [11].
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Figure 2.16 Plastic Deformation Mechanism of Gum Metal [61].
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Figure 2.17 Subgrain (Giant fault) formation schema [11].
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Figure 2.18 Giant Faults on the free surface (a, b) and longitudinal section (c, d) of the deformed

surface of Gum metal [62].

Another idea about the lack of hardening and high vyield strength during the
deformation process is that dislocation in gum metals may be pinned by particles at
high stress. The elements that pinned dislocation movement are considered as Zr and
O. When the alloy is subjected to a high load, Zr atoms shift to <100> direction.
<100> direction has very low interatomic bond strength. Oxygen atoms also move
along with Zr atoms to form Zr-O clusters. This cluster is nano-sized and segregated
around the Zr atoms. Since the distance between the atom and the cluster is almost 1
nm, it forms a dense cluster and strongly prevents dislocation activity. Elastic
deformation occurs due to exceptionally low shear modulus in <111> direction.

Finally, when the local stresses reach the "ideal shear stress" critical values, the shear
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deformation can proceed immediately along the maximum shear stress plane without

the activity of dislocation motion [9], so giant fault mechanism occurs.

Except for those, the effect of secondary “metastable” phases such as a’ (hcp), a”
(orthorhombic), and especially » (non-closed packed hexagonal) on the physical
properties and deformation mechanism is remarkable. Secondary phases in the gum
metal are not desirable since they increase the elastic modulus and ideal shear
strength of solution treated alloys, as presented in Figure 2.19 [63]. Thus, the
deformation mechanism may not occur with nanodisturbed slip bands (Giant Faults),
and cold work hardening could occur. However, the o phase was detected in the gum
metal [64]. Omega “®” phase can be formed by two different types: thermally or
mechanically. Thermally generated o phase (ellipsoidal or cuboidal) homogeneously
distributed on the [ matrix; mechanically generated ® phase (plate-like)
heterogeneously distributed on the B matrix. In the gum metal, the plate-like ® phase
can be formed on the <111> direction (211) plane twin boundary. [64]. In the
ordinary beta phase titanium alloy, the dislocation arrangement changes from
inhomogeneous to homogenous distribution because of the advantageous presence
of the w particles [65]. The presence of the o phase is thought to be highly effective
in the deformation mechanism. However, the exact effect of the o phase on the

deformation mechanism is still unclear and unexplained.

25



80 No phase . o ® .|
d".' transformation o ——
(0] I ) — 7
w ] |
TEMDF ofalloyB " 60| A =i
after deformation 3
3 y .
o T 777 B 0l TEM DF of Ti-12Cr
" | £ after deformation
; P
T o o o o
J g Bl G Bl G e S
MG e P o0
TEM DF of alloy A
after deformation

0
{ST: Solution treatment] B-type B-type p-type Ti-12Cr

CR: Cold rolling alloy A alloy B alloy C

Figure 2.19 The effect of secondary phases on Young’s modulus as a result of cold deformation
[63].

As a result of the researches started in 2003, the Giant fault mechanism was
described as carrying two-dimensional band-like structure local shear. It has been
suggested that this structure is associated with certain crystallographic <111>
directions. Previous studies have suggested that there is no dislocation activity in the
alloy to support the dislocation-free giant fault mechanism, but recent studies
describe that there is dislocation activity in gum metal [41-48]. Some research work
claim that plastic deformation occurs with dislocation glide in <111> direction. The
results of this contradiction raise a new question: If there is a dislocation mechanism,
then why does strain hardening not occur during the tensile test; compression test
takes the event to another dimension. Giant fault mechanism is generally seen in as-
annealed tensile alloys, while dislocation activity is observed in cold swaged or cold
compressed alloys. Nevertheless, the deformation mechanism of gum metal has not

been adequately resolved and elucidated.
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CHAPTER 3

EXPERIMENTAL PROCEDURE

In this section, characterization techniques, raw materials, and experimental

procedures are given.

3.1 Raw Materials

The ratio of elements is critical in the production of gum metal, so pure elements
were used to achieve a certain composition ratio. It is also essential in which form
the raw materials will be because they should not be in powder form as they will be
cast in the arc furnace. The purity percentage and forms of using elements obtained
from Alfa Aesar are listed in Table 3.1.

Table 3.1 Form and purity percentage of elements.

ELEMENT FORM PURITY (%)
Ti wire 99.90
Zr pieces 99.95
\ pieces 99.85
Ta wire 99.90
Nb lumps 99.85
Al shot 99.89
TiO2 pellet 99.95
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3.2 Determination of Alloying Composition

In Chapter 2.2.1, the parameters required for the alloy composition that may have
gum metal properties were mentioned. According to these parameters, (S1)
TizaNb23sZr201., likely to have gum metal properties, was selected as the base alloy.
However, during the melting of S1, the molding was not obtained presumably due
to the high viscosity. Hence, the melt was solidified as a button shape.

In order to increase the casting ability and the final mechanical properties, V was
decided to be added to the base composition (S1), resulting in (S2)
Ti7287Nb23V0.93Zr2012 composition. Melting of S2 revealed that molding was not
possible nonetheless. Also, the effect of \V addition was decided to be further studied
with details in terms of deformation mechanism, which is one of the crucial

parameters for the reveling of the gum metal aspect of any alloy composition.

The last approach was taken as the addition of Al and Ta's combination resulting in
(S3) composition Tisg.1NbosTag 7Zr2Al1201 2.

The alloys and proportions suitable for making gum metal were listed in Table 3.2.

For convenience, the alloys were named S1, S2, and S3.

Table 3.2 Measured chemical composition (wt.%) and electronic parameters of candidate samples.

Ti Nb Zr 0] Ta V Al ela Bo Md

S1 59.15 3743 3.09 0.32 - - - 4238 2.869 2451
S2 59.38 36.38 3.11 0.33 - 0.81 - 4239 2.867 2.446
S3 55.01 3863 3.03 032 211 - 0.90 4.277 2.868 2.446
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3.3 Preparation of Candidate Samples

331 Arc Melting

In this study, Edmund Blhler GmbH arc melting device (Figure 3.1) was used for
the casting process. Arc melting device has a water-cooled copper crucible mold with
optional suction apparatus. The vacuum is supplied by Varian rotary (10 mbar) and
diffusion (10 mbar) pumps. Generator power can reach 400 amperes.

Elements were added in pure and bulk metals form, except oxygen, introduced by
titanium oxide (TiO2) pellet form, to obtain the designed alloys. The prepared
mixtures (10 g) were placed in the arc furnace. Ark melting furnace was evacuated
to <5x10° mBar and filled with %99,995 purity argon. The melting process was
performed under 800 mbar argon pressure with 200 amperes power. The molten
samples quickly cooled down on the copper mold. For the homogeneous mixing of
these alloys, the melting process was repeated four times. The alloys were fabricated
in the button shape (Figure 3.2) with a near diameter of 16 mm and a thickness of 8

mm. The weight loss after the melting process was nearly 0.3 wt.%

Figure 3.1 Edmund Bihler GmbH arc melting device and water-cooled copper crucible mold.
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Figure 3.2 Button shaped alloy produced by arc melting furnace.

3.3.2 Wire Erosion Machine

Wire erosion is an electrothermal cutting process. This method uses the abrasive
function of the electrical discharges between the two electrodes on the material. The
workpiece immersed in an insulating liquid is processed by the wire with the tool
electrode. As-cast samples were cut by wire erosion to give cylindrical shape to bring
the alloys suitable for mechanical testing (Figure 3.3). Cylindrical specimens’
dimensions were selected as 3 mm diameter and 6 mm length according to ASTM
E9 standards (Standard Test Methods of Compression Testing of Metallic Materials

at Room Temperature).
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3 mm

6 mm

Figure 3.3 Cylindrical specimen after wire erosion.

3.4  Characterization of the Samples

34.1 X-Ray Diffractometry

Phase analysis of all prepared samples was done by Bruker D8 Advance XRD device
with a copper (Ka) sealed tube at a wavelength of 1.540562 A. Diffractograms were
collected at diffraction angles (20) from 30° to 90° with a scanning rate of
0.2°/minutes and a step size of 0.02 °. Samples to be analyzed for XRD were
performed only grinding and polishing processes except chemical etching to prevent
loss of secondary phases. Moreover, in-situ XRD analysis of these samples was
performed to examine the interaction of the phases with temperature. For in-situ
XRD analysis, temperatures have been chosen as; room temperature, 500, 600, 700,
800, and 900 °C.
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3.4.2 Scanning Electron Microscope

FEI Nova Nano 430FEG field emission scanning electron microscope (FESEM)
equipped with JOEL 2100F model energy dispersive spectroscopy (EDS) detector is
used to examine the microstructure of prepared samples. The EDS apparatus is used
to determine the phase of the structure by elemental analysis. SEM analyses were
operated under an accelerating voltage of 20 kV, and the spot size was set to 3.5. For
microstructural analysis, samples were ground until 2000 grit, polished by 20nm
colloidal silica suspension, and etched in 5% HF, 10% HNO3, and 85% H20
solution. EDX analysis was performed under an accelerating voltage of 30KV, and
spot size was set to 5. Mapping analysis alongside the EDX was performed to
observe the homogeneity of samples.

3.4.3 Differential Scanning Calorimetry

Thermal analyses were performed with a Setaram Setsys 16/18 DSC device (Figure
3.4) with yttria oxide coated alumina crucible. 20mg sample was prepared, and the
whole measurements are conducted as heated from room temperature to 1200 °C
with a constant rate of 40 °C/minute, waited at that temperature for 10 minutes, then

cooled to 300 °C with a rate of 40 °C/minute in a pure argon atmosphere.

Figure 3.4 Setaram Setsys—16/18 DSC device.
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344 Microhardness Test

Shimadzu C227-E013C. HMV-2 Series Micro Hardness Tester (Figure 3.5) with
Vickers probe under 9,8 N constant load for the 30s at room temperature is used to
measure the hardness of all samples. The hardness measurement was made by
looking at the average of the calculations taken from 9 different regions for each
sample.

Figure 3.5 Shimadzu C227-E013C. HMV-2 Series Micro Hardness Tester.

3.4.5 Compression Testing

Compression testing is one of the essential mechanical testing types. It is used to
determine material properties such as elastic limit, yield strength, compressive
strength. Instron 5582 Universal Testing machine (Figure 3.6) was used to carry out
a compression test for the mechanical characterization of the specimens. The
capacity of the compression test machine is up to 100 kN. The cold working process
of as-cast specimens was done by the hydraulic press at room temperature to reduce
the thickness of specimens. Due to an elliptical cross-section of samples in the button
form, the cold-worked ratio is not constant, so calculated thickness reduction is

approximately 30% and 60%. The compression test was carried out at a strain rate
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of 10*s?according to ASTM E9 standards. After the compression test, the average
thickness of the samples decreased to nearly 85% in thickness. Three specimens of
each alloy were conducted in the compression test. The final dimensions of the cold
compressed samples were 7-8 mm in diameter and nearly 1 mm in height (Figure

3.7). The yield stress was determined as 0.2% proof stress in uniaxial compression.

Figure 3.6 Instron 5582 Universal Testing machine.

Figure 3.7 Cylindrical specimen whose thickness reduced by around 85% after compression test.
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CHAPTER 4

RESULT AND DISCUSSION

Three different gum metal like alloys were prepared and cast to study microstructural
examination, mechanical properties, and deformation mechanism. Before casting,
the alloys compositions were determined according to the empirical rules, which
were mentioned in Chapter 3.2. In this section, microstructural analysis, X-ray
diffractometers, thermal analysis, mechanical properties, and deformation

mechanisms of prepared alloys were investigated.

4.1  Characterization of As-Casted Alloys

As can be seen from optical micrographs given in Figure 4.1, microstructure consist
of columnar and planar growth forms. Through thickness, solidification structures
of the as-cast sample have shown that planar growth morphologies were observed in
the region where samples were in contact with the copper mold and subjected to a
high solidification rate. During solidification, the solid-liquid interface undergoes
morphological instability because of the changing growth velocity; thus, there is a
structural transition from planar growth to dendritic solidification as the
solidification rate decreases moving away from the contact surface. Planar growth
areas are slightly higher due to the effect of alloying element differences. Unlike the
base alloy (S1), the second sample (S2) has a lower niobium and titanium content,
while it contains vanadium alloying element additionally. The third sample (S3) has
higher niobium content than S1 and S2. Furthermore, it contains extra tantalum and
aluminum elements. The purpose of the production of the second (S2) and third
sample (S3) is to increase mechanical properties and to reduce the viscosity in order

to increase moldability, which is useful for mass production.
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Figure 4.1 Optical micrographs of as cast (a, b) S1 (Ti-23.8Nb-2Zr-1.20), (c, d) S2 (Ti-23Nb-
0.93V-2Zr-1.20) and (e, f) S3 (Ti-25Nb-0.7Ta-2Zr-2Al-1.20) alloys.

Optical micrographs show that S3 has the highest planar growth area, while S1 has
the lowest planar growth areas. It can be said that the addition of vanadium and
aluminum-tantalum combination reduces the melting point of the alloy or increases

the time required for the formation of planar growth.
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Base alloy (S1) has very large grains (approximately 400-600 pum) with a thin
boundary can be seen barely on the dendritic structures. The grain size of the second
sample (S2) ranges from 150 to 300 microns, which are smaller than the S1.
However, grain size distribution is not homogeneous. Grain size can reach up to 600
microns according to the cooling rate. Furthermore, the second alloy (S2) has more
equiaxed grains than S1. The third alloy’s (S3) grains are larger (800-1000mm), and
grain boundaries are thinner than other S1 and S2 alloys.

As seen in the Optical micrograph results, the microstructure of all three samples
consists of a single-phase, but SEM analyzes were performed to make a more
accurate decision. If the alloy contained a second phase, there would be contrast

differences in structure, and it would look like as in Figure 4.2 [66].

RN = j foemeed lpdllara )/
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Figure 4.2 Lamella type microstructure of as-cast alloy, the white region represents o, and grey is
the B phase [66].

It is challenging to reveal grain boundaries of single beta phase titanium alloys
because of the too-thin grain boundary. As can be seen from Figure 4.1 and Figure
4.3, the structure has a dendritic form, and thin grain boundaries are seen in the

dendritic form.

There is no contrast difference in the SEM images (Figure 4.3). EDS mapping
(Figure 4.4) and line analysis, which was carried out on the surface shown in Figure
4.5, show that all three structures are in the form of a single-phase, and the alloying
elements are homogeneously distributed. The reason for the small holes in the
structure is the excess etch applied to see the very thin grain boundaries. Mapping

analysis was done under 30 kV and 800x magnification for all three samples.
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Figure 4.3 FESEM images of as-cast (a, b) S1 (Ti-23.8Nb-2Zr-1.20), (c, d) S2 (Ti-23Nb-0.93V-
27r-1.20) and (e, f) S3 (Ti-25Nb-0.7Ta-2Zr-2Al-1.20) alloys.
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Figure 4.4 EDS mapping analysis of as-cast (a) S1 (Ti-23.8Nb-2Zr-1.20), (b) S2 (Ti-23Nb-0.93V-
2Zr-1.20) and (c) S3 (Ti-25Nb-0.7Ta-2Zr-2Al-1.20) alloys.
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Figure 4.5 EDS line analysis of as-cast (a) S1 (Ti-23.8Nb-2Zr-1.20), (b) S2 (Ti-23Nb-0.93V-2Zr-
1.20) and (c) S3 (Ti-25Nb-0.7Ta-2Zr-2Al-1.20) alloys.

The result of the EDS analysis on the mapping line is given in Table 4.1. The amount
of oxygen in the structure could not be measured because the EDS detector could not
detect light elements such as O, C, B. Therefore, there is a slight deviation in the
ratio of elements in the structure. However, according to the results of the EDS
analysis, it is seen that the ratio of the elements is close to the desired alloy ratio, and
since the microstructure is distributed homogeneously, it can be said that alloy
preparation and casting process was realized successfully by using arc melting

furnace.
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Table 4.1 EDS analysis of as-cast S1 (Ti-23.8Nb-2Zr-1.20), S2 (Ti-23Nb-0.93V-2Zr-1.20) and S3
(Ti-25Nb-0.7Ta-2Zr-2Al-1.20) alloys.

Alloy Ti (at%) Nb (at%) Zr(at%) V (at%) Ta (at%) Al (at%)

S1 73.29 24.39 2.31 - - -
S2 73.22 23.43 2.36 0.99 - -
S3 67.97 25.69 2.98 - 0.76 2.60

Although the microstructures of three distinct as-received alloys seem to be
homogeneously distributed and contain only single-phase, XRD has been utilized for
the detection of possible phases. Prior to deformation, as-cast alloys consist of only
the beta phase, as shown in the X-ray diffraction pattern (Figure 4.6). However, it
has been reported that orthorhombic o’ martensite phase could appear in metastable
B titanium alloys due to B to o” phase transformation during quenching or
deformation [67, 68]. The formation of the a” phase in our samples could have been
suppressed by the presence of P stabilizer alloying elements “Nb, Zr” with the help

of interstitial oxygen.
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Figure 4.6 XRD patterns of as-cast S1 (Ti-23.8Nb-2Zr-1.20), S2 (Ti-23Nb-0.93V-2Zr-1.20) and
S3 (Ti-25Nb-0.7Ta-2Zr-2Al-1.20) alloys.
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It is evident from XRD peaks of the base alloy (S1) that have been shifted to a high
20 diffraction angle.

The main reason why there is a shift on peaks may be alloying elements such as
aluminum, tantalum, and vanadium makes a lattice distortion on the structure. Thus,
the change of lattice parameters may have increased the diffraction angle. To obtain
exact results, lattice parameters, crystallite size, and microstrain values of the three
samples were calculated after Rietveld refinement and listed in Table 4.2. Since
crystal structures of all samples are body-centered cubic, lattice constants (a,b, and

c) are the same as each other and were listed in the same column.

Table 4.2 XRD characteristics of as-cast S1 (Ti-23.8Nb-2Zr-1.20), S2 (Ti-23Nb-0.93V-2Zr-1.20)
and S3 (Ti-25Nb-0.7Ta-2Zr-2Al-1.20) alloys.

Lattice Crystallite MicroStrain
Alloy
Constant (A) Size (A) (%)
S1 3.312 112 0.512
S2 3.300 124 0.507
S3 3.299 154 0.408

As can be seen in the table, a slight change of lattice constants changes the diffraction
angles. Moreover, sample 3 (S3) has the lowest strain (%) value, and the highest

crystallize size due to the presence of aluminum-tantalum alloying elements.

Aluminum addition to the base alloy leads to an increase in the intensity of the third
peak from (211) plane, which may be attributed to Al atom distribution in the BCC

structure of alloys.
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Samples 1 and 2 consists of only beta stabilizer elements, while sample 3 contains
aluminum, which stabilizes the alpha phase on titanium alloy. However, according
to the XRD result, there is no alpha phase peak or aluminum related phase peak.
Aluminum can be in solid solution form with other alloying elements in BCC
titanium-niobium lattice. Since the alloying elements are added according to the
magic number rule, the structure is expected to have a single beta (BCC) phase. Thus,

empirical and experimental results are found to be consistent with each other.

DSC analysis was performed to investigate the effect of alloying elements on phase
transition temperature. Given that the main alloying element in the beta isomorphous
alloy system is the phase stabilizing Nb, the phase diagram of prepared alloys would
probably form with very similar trends. Therefore, the Ti-Nb phase diagram
represented in Figure 4.7 can be assumed as the skeleton structure of the present
alloys, and it could shed light on the understanding of the phase stability of these
alloys and its neighboring compositions. Therefore, the B-a phase transition

temperature is expected to be between 600 and 850 degrees.
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Figure 4.7 Ti-Nb binary phase diagram [69].
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All alloys are in the beta phase at room temperature. Phase transformation may not
occur during the heating curve since it will move from the beta phase to the beta
phase region again. The cooling curve can show us the phase transformation as the
transition from the beta phase to the alpha phase will take place. However, in
titanium alloys, reverse B to a transformation is known to be slower than a direct
one. Furthermore, it has been mentioned that cooling is problematic to identify phase
transition temperatures due to slow kinetics [70]. Therefore, the phase transition

temperature curve may not be seen during both heating and cooling.

When looking at the DSC curve of S1 (Figure 4.8), during heating exothermic peak
at approximately 1050 °C and endothermic peak at 1150 °C are observed. This peak
possibly is caused by lattice strain due to fast cooling. However, the cooling curve
does not give any peak. DSC may not be able to detect phase transformation.

DSC heating curve of the second alloy (S2) (Figure 4.9) shows an exothermic peak
at approximately 850 °C. It is seen that the cooling curve gives a minimal exothermic
peak at the same temperature, 850 °C. This temperature can be o to the p phase
transition region. Moreover, the DSC heating curve shows a broad endothermic peak

at 1150 °C could be related to stress relief as seen on S1.

In the third alloy (S3) DSC heating curve gives only a small peak at 1150 °C, and

another peak is not observed during the cooling and heating curve (Figure 4.10).

44



Exothermic Heat Flow (a.u.)

Exothermic Heat Flow (a.u.)

Cooling Curve

Heating Curve

200 400 6

Temperature °C

00

800

1000 1200

Figure 4.8 DSC curve of S1 (Ti-23.8Nb-2Zr-1.20) alloy.
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Figure 4.9 DSC curve of S2 (Ti-23Nb-0.93V-2Zr-1.20) alloy.
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Figure 4.10 DSC curve of S3 (Ti-25Nb-0.7Ta-2Zr-2Al-1.20) alloy.

DSC analysis could not give us exact information. Since DSC samples are very small
(20 mg), XRD analysis could not be performed. Instead, in situ XRD analysis of as-
received samples were performed to see crystalline structural changes (Figure 4.11).
Moreover, after the DSC analysis, microstructure, and mechanical properties
(hardness) of heat-treated samples have been analyzed in order to determine phase

transformation effects on these phases.
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Figure 4.11 In-situ thermal XRD analysis of 85% cold deformed S1 (Ti-23.8Nb-2Zr-1.20), S2 (Ti-

23Nb-0.93V-227r-1.20) and S3 (Ti-25Nb-0.7Ta-2Zr-2Al-1.20) alloys at different temperature.
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The formation of the a phase for S1 occurs at 900 °C; on the other, this phase for S2
and S3 occurs at 800 °C. The a peak of S3 is larger than the other samples, which is
expected due to the existence of the a phase stabilizer aluminum element. Thus,
alloying element addition (Vanadium and Aluminum with Tantalum) decreases the

a to B phase transition temperature. In Figure 4.1, it was emphasized that aluminum



and vanadium addition might have a thermal effect on the candidate alloys due to the
higher planar zone of S2 and S3. This thought was supported by in situ XRD
analysis.

Since the vanadium alloying element is a beta stabilizer, it is expected to lower the
beta transition temperature as seen in in-situ XRD analysis; however, aluminum is
an alpha stabilizer element. Sample 3 (S3) includes tantalum and aluminum other
than niobium, zirconium, and oxygen. S3 has the most niobium content alloys in
three candidate alloys. S3 has 25% niobium and 0.7% tantalum contents which are
beta stabilizer elements, while S1 has 23.8% niobium content, and S2 has 23%
niobium and 0.93% vanadium content. The presence of tantalum and a higher
amount of niobium can decrease the beta transition temperature despite the presence
of the alpha stabilizer element of aluminum. According to the in-situ XRD analysis,
it is seen that the alpha phase (HCP) is formed below 1000 °C. Therefore, the phase

transition is expected since the temperature rises to 1400 °C during the DSC analysis.

Furthermore, SEM and optical images of alloys which are heat-treated during DSC
analysis are given in Figure 4.12. According to micrographs, all three alloys contain
a needle-like o (HCP) phase on the f (BCC) matrix. Slow cooling could affect the
formation of the unwanted o phase. Furthermore, the hardness comparison of heat-
treated samples with as cast was made. While the as-cast samples have an average
of 240-260 HV hardness, the hardness value of the heat-treated samples has reached
up to 440 HV hardness (Figure 4.13). These results prove that there is a phase

transformation in the structure during DSC analysis.
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Figure 4.12 Alpha laths in a matrix of beta. The microstructure was formed by DSC analysis from
an elevated temperature below the beta transus.
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Figure 4.13 Micro Hardness comparison of as cast and heat treated S1 (Ti-23.8Nb-2Zr-1.20), S2
(Ti-23Nb-0.93V-2Zr-1.20) and S3 (Ti-25Nb-0.7Ta-2Zr-2Al-1.20) alloys.

4.2  Mechanical Properties

421 Microhardness Test

The most important feature of gum metal is the absence of strain hardening. In order
to determine whether the alloys cast homogeneously in the arc furnace had the
property of gum metal or not, the samples were subjected to cold deformation
process. Microhardness test was performed before and after deformation, and results
were compared. Thus, hardness changes due to the cold deformation were observed.
In order to have gum metal property, the hardness value before and after deformation
should not change. Microhardness test results are given in Figure 4.14. S3 has the
lowest hardness value in as-cast alloys due to aluminum-tantalum addition.

However, as deformation increases, the hardness value of S3 increases linearly. The
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hardness value of S1 and S2 alloy is almost not increased after 30% deformation.
The reason for that the first deformation process up to 30% in thickness, the
formation of twin and SIM o” or dislocation movement can be responsible for
deformation, and after dislocations are completely inhibited, deformation may be
continued with a giant fault like mechanism. Hence, the increased deformation ratio
does not cause an increase in hardness for S1 and S2, but the same situation cannot
be said for S3. In addition, in order to compare the effect of cold working on
candidate alloys and common alloys, the copper alloy was also cold worked, and
changes in the hardness value were observed. Copper alloy initially has 80 HV
hardness value. Cold working increased the hardness value of copper alloy to 150
HV, which is almost twice the initial value; on the other hand, cold working was able
to increase the hardness of candidate alloys (S1, S2, and S3) from 250 HV to 280

HV. After 60% cold worked, the hardness value of S1 and S2 were almost
282285 284286288
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Figure 4.14 Micro Hardness comparison of 0%, 30%, 60%, 85% cold worked and a phase (DSC)
S1 (Ti-23.8Nb-2Zr-1.20), S2 (Ti-23Nb-0.93V-2Zr-1.20) and S3 (Ti-25Nb-0.7Ta-2Zr-2Al-1.20)
alloys.
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4.2.2 Compression Test

Cold deformation process and physical tests were done with a compression test in
accordance with the ASTM E9 standard. Materials have been compressed under the
constant strain rate of 10 s and 100 kN load. Furthermore, friction conditions of
all samples are the same due to the identical conditions. Each sample has the same
dimensions, same surface smoothness, and no lubricant was used between the device
and samples. Compressive engineering strength vs. strain graphs for all samples are
drawn and shown in Figure 4.15. The dimensions of the samples before and after the
compression test are shown in Table 4.2. None of the samples were broken during

the compressive test, which shows that alloy has very high deformation capacity.
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Figure 4.15 The compressive engineering stress-strain behavior of S1 (Ti-23.8Nb-2Zr-1.20), S2
(Ti-23Nb-0.93V-2Zr-1.20) and S3 (Ti-25Nb-0.7Ta-2Zr-2Al-1.20) alloys at higher values of strain.
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Table 4.3 Dimensions before and after the compression test of S1, S2, and S3.

Reduction in H. at

Ri(mm) Hi(mm) Re(mm) Hr(mm) 100 kN load(%)

S1 3 6 7,85 1,00 83,3
S2 3 6 7,65 1,05 82,5
S3 3 6 7,9 0,95 84,2

The relationship between the compressive strength and the tensile strength varies
according to the material. The compressive and tensile strength of materials with low
elastic modulus is close to each other, whereas the compressive strength of materials
with high elastic modulus is greater than the tensile strength (Figure 4.16) [71]. Since
the alloys produced in this thesis have a low elastic modulus, the compressive
strength is very close to the tensile strength, so it can be said that yield strength be

calculated by using the offset method.
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Figure 4.16 Normalized tensile strength and compressive strength of various metals [71].
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As the samples which were cast in the laboratory-scale arc furnace could not meet
the tensile test measurement standards, samples were subjected to the compression
testing to observe their mechanical properties. The 0.2% compressive yield strength
was calculated from the engineering stress-strain graph by using a 0.2% offset
method, which is used in tensile stress-strain graphs. The yield points, which are
determined by the offset method, are on the necking point. Moreover, to confirm the
accuracy of the results, a single beta phase titanium alloy with known yield strength
was compressed under the same conditions, and it was found that the yield strength
was close to the expected value. Thus, the calculated yield strength of candidate
samples can be considered as reasonable. The engineering stress-strain graph

obtained from the compression test of each alloy is given in Figure 4.17-4.109.
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Figure 4.17 The compressive engineering stress-strain behavior of S1 (Ti-23.8Nb-2Zr-1.20) up to

10% strain limit.

54



1200

1000

Yield Point: 914 MPa
800

600

400

200

Compressive Stress (MPa)

0 2 4 6 8 10
Compressive Strain (%)

Figure 4.18 The compressive engineering stress-strain behavior of S2 (Ti-23Nb-0.93V-2Zr-1.20)
up to 10% strain limit.
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Figure 4.19 The compressive engineering stress-strain behavior of S3 (Ti-25Nb-0.7Ta-2Zr-2Al-
1.20) up to 10% strain limit.
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Elastic deformation of most of the metals is limited up to 0.005 strain. When an
alloy is strengthened, ductility is sacrificed. Almost all reinforcement techniques are
based on restricting or preventing dislocation, making the material harder and
stronger. Alloys are stronger than pure metals because impurity atoms entering the
solid solution typically apply lattice strains to surrounding host atoms. Interference
between dislocations and these impurity atoms results in the lattice strain field, and
consequently, dislocation motion is restricted, and deformation capability is limited
[72]. However, as shown in the compression test graphs, yield strengths are higher
than 700 MPa, and plastic strain exceeds nearly 85% since alloys did not break under
100kN. These alloys have not only high yield strength but also have high
deformation capacity.

According to results, S1 has the lowest yield strength. The alloy with the highest
yield strength is S2. It is seen that the addition of alloying elements vanadium and

aluminum with tantalum increases the yield strength of the base alloy.

4.3  Characterization of Deformed Alloys

The most important feature that distinguishes gum metal from other metals is its
extraordinary deformation mechanism and superior mechanical properties. This

section will explain whether the produced alloys have gum metal properties or not.

After the as-cast alloys were subjected to cold compression up to 30%, 60%, and
85% in thickness reduction, cold-worked alloys were divided by two pieces. One-
piece was cut parallel to the deformation direction, and the other part was cut

vertically. Optical and SEM analyzes of two pieces were done and evaluated.

Briefly explaining the deformation mechanisms (gum metal, slip, twinning, kink
band, and stress-induced martensite (0’)) related to gum metal and beta phase
titanium alloy can be useful for understanding the deformed structure observed in
this thesis. As mentioned early, deformation mechanisms rather than giant faults

such as twin, slip, and stress-induced martensite could be observed in the gum metal
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[49-56]. Twin and giant fault are similar in appearance. Both of them are thick and
extend from the grain boundary. The difference is that twin glides on a single axis
while giant fault glides on two perpendicular axes. Giant fault formation is illustrated
in Figure 4.20 [11, 37]. According to Yang’s article [46] if the lines extending from
the grain boundary is thick, they are called as deformation twins (Figure 4.21 (a)), if
extending lines are thin, they are called as a slip or SIM o” (Figure 4.21 (b)). When
the lines are homogeneously distributed and parallel to each other, the deformation
mechanism is SIM o” (an orthorhombic phase which occurs after the diffusionless
deformation process), and if it is scattered and passes through each other, it is slip.
Formation of band structures induced by dislocation free deformation causes strain
softening and the formation of kink bands [46, 73]. Kink bands can be seen on
surfaces perpendicular to the deformation direction (Figure 4.21 (c)). As the
deformation rate increases, the deformation mechanism changes from kink or twins
to shear bands (Figure 4.21 (d)) [46].

Figure 4.20 Giant faults on the %40 deformed Gum Metal (a) and subgrain form (b) [11, 37].
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20um

Figure 4.21 Microstructure of cold-compressed specimen deformation twinning (a), stress induced
martensite (b), kink band (c) and shear bands (d) [46].

The XRD patterns of 85% cold-worked samples given in Figure 4.22 reveal that
cold deformation leads to an increase in the intensity of (200) BCC and (211) BCC
diffraction peaks. This result provides that there is no phase transformation during
the compression test. As the stress applied causes the atoms to be ordered in a certain
direction and plane, the intensity of the second and third peaks increases.
Furthermore, reflection peaks are observed to broaden. There may be two reasons
for the broadening of peaks. One of them is the reduction of crystallite size. As it is
known, when the alloys having dynamic recovery or recrystallization are subjected
to severe plastic deformation, the line defects (dislocations) turn into surface defects
(grain boundaries) without any failure. This transformation creates a new subgrain.
Therefore, the grain size becomes smaller and produces nano-sized grains that are
too small to be obtained by heat treatment. In other words, severe deformation
reduces the grain size to nano size in special metals [74]. Since gum metal is a special

metal which does not cold worked and does not show dislocation activity, a similar
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process except dislocation activity could have taken place. The formation of giant
faults or shear bends may have caused subgrain by disrupting grain boundaries.
Severe plastic deformation may have reduced the grain size of these produced alloys.
The other reason for broadening peak is the presence of stress-induced martensite o”
(SIM ) phase. The peaks of the a” phase shown in Figure 4.23 is very close to the
peaks of the B phase, and it is difficult to determine the a” peaks between the broad
B peaks [75]. Although only the beta phase peaks appear in the XRD pattern, there
may be stress-induced o phases due to the broadening of  phase peaks. Crystallite
size, lattice parameters, and strain (%) values of the three samples were calculated
after Rietveld refinement and listed in Table 4.4. 1t is interestingly seen that strain
values of sample 2 (S2) almost do not change after the deformation process; but,
sample 1 (S1) and sample 3 (S3) slightly increased. Furthermore, the crystallite size
seems to decrease due to the cold working process. Thus, it can be said that subgrain
formations decreased grain size. Almost no changes in strain values could indicate

that the candidate alloys exhibit gum metal properties.

Table 4.4 XRD characteristics of as-cast and deformed S1 (Ti-23.8Nb-2Zr-1.20), S2 (Ti-23Nb-
0.93V-2Zr-1.20) and S3 (Ti-25Nb-0.7Ta-2Zr-2Al-1.20) alloys

As-Cast Deformed

Alloy Lattice Crystallite Micro Lattice Crystallite Micro

Constant (A)  Size (A)  Strain (%) | Constant (A)  Size (A)  Strain (%)

S1 3.312 112 0.512 3.299 84 0.753
S2 3.300 124 0.507 3.284 83 0.592
S3 3.299 154 0.408 3.292 68 0.926
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Figure 4.22 XRD patterns of 85% cold deformed S1 (Ti-23.8Nb-2Zr-1.20), S2 (Ti-23Nb-0.93V-
2Zr-1.20) and S3 (Ti-25Nb-0.7Ta-2Zr-2Al-1.20) alloys.
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Figure 4.23 X-ray diffraction (XRD) patterns for Ti-24Nb-(0-8)Zr alloys (a) in the as-recrystallized
(AR) state and (b) after aging at 300 °C for 100 h [75].
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Sample 2 (S2) has the minimum broadening peaks; hence, the probability of having
an o phase is very low. On the other hand, sample 1 (S1) and sample 3 (S3) may
contain o’ phase. Cold deformation leads to the formation of stress-induced o and
o phases. It has been reported that diffusionless phase transformation after
deformation process, such as f— a” (bcc to orthorhombic) or f—w (bcc to
hexagonal) in metastable [ titanium alloys results in twin formation [68] Thus, the
presence of deformation twinning suggests that o and ® phases exist in the structure.

It is necessary to look at the SEM results in order to make a final decision.

The microstructure of each alloy dramatically changes after the cold working in
which deformation ‘lamella’ bands are observed mainly in the planar growth zone
(Figure 4.24-4.29). It is complicated to determine the deformation mechanisms such
as giant fault, twin, and slip by looking at the optical micrographs. In order to
determine the deformation mechanisms correctly, it is necessary to determine the
plane and direction of the deformation mechanism. In this study, deformation
mechanisms were determined by comparing the optical micrographs and SEM

images given in the literature (Figure 4.20 - 4.21).

The microstructure of the S1 at different cold worked amount is shown in Figure
4.24-4.25. When the cold working ratio (C.W.) is 30%, deformation mechanism
could be a giant fault which is seen on the perspective of perpendicular to
deformation direction, twin and SIM «”, which are visible on parallel to deformation
direction. When the deformation rate increases to 60 percent, giant faults form
subgrain seen in Figure 4.24 (c). Furthermore, twins also exist at a 60% deformation
rate. An increase in the cold working ratio increases the deformation bands. When
the cold working ratio reaches 85%, twins and SIM o” transforms to shear bands.
Shear bands are characterized by a mesoscopic orientation that does not have a
specific crystallographic direction, such as a slip and twinning system. Furthermore,
slip and twinning systems are located within the grain boundaries; however, shear
bands often penetrate multiple grains. Therefore, they are also referred to as

noncrystallographic deformation zones [76]. Kink band is also seen at 85% C.W.
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The presence of twins and SIM o reinforces the likelihood that the reason for
broadening beta peak in the XRD could be caused by o™ phase.

The deformation mechanism of sample 2 (S2) does not show SIM a,” as seen in XRD
analysis and optical micrographs. Niobium is known to inhibit the formation of SIM
a”’; on the other hand, although the amount of niobium content is less than the sample
1 (S1), SIM a” does not observe in S2. It is said that the presence of vanadium with
the help of niobium prevents the formation of SIM a”. When the C.W. ratio is 30%,
giant faults become visible. Furthermore, from Figure 4.26 (b), deformation bands
nucleated at the grain boundary and propagated into the grain interior. These bands
could be giant faults or twins. Bands are likely to be twins since they have a certain
deformation direction and planes. Shear bands are formed as the deformation rate
increases as in sample 1 (S1). Furthermore, the increase in the C.W. ratio increases

the complexity and band's number.

Aluminum-tantalum addition seems to increase the number and complexity of
deformation bands. From Figure 4.28 (a) and (b), deformation bands are similar to
each other. For Figure 4.28 (a), deformation bands are not entirely parallel to each
other, and it looks like they do not have a specific direction. Thus, it could be
considered as giant faults. However, from Figure 4.28 (b), deformation bands seem
to have a precise orientation or direction, so they were evaluated as a twin. When the

C.W. ratio reaches 60%, the cluster of SIM o makes subgrain.

As mentioned earlier, it is quite challenging to determine slip deformation by using
optical micrographs. If segregation occurs as a result of slip deformation, the etching
effect becomes more visible, and the surface may appear darker under the optical
micrographs. When we look at the third sample (S3), dark regions can be considered
as a slip so dislocation activity could exist in sample 3. Oxygen and zirconium
increase the critical shear stress required for the slip. Although oxygen and zirconium
contents are the same for all three alloys, the addition of aluminum may have reduced
the critical shear stress. The presence of the SIM a” on the micrograph proves that
the peak of the XRD belongs to SIM a”.
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Figure 4.24 Optical micrographs of 30% (a, b), 60% (c, d), and 85% (e, f) cold deformed S1 (Ti-
23.8Nb-27r-1.20) alloy. (Micrographs of (a), (c), and (e) are perpendicular to the compression

direction; (b), (d), and (f) are parallel to the compression direction).
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Figure 4.25 SEM images of 30% (a, b), 60% (c, d), and 85% (e, f) cold deformed S1 (Ti-23.8Nb-
27r-1.20) alloy. (Micrographs of (a), (c), and () are perpendicular to the compression direction;

(b), (d), and (f) are parallel to the compression direction).
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Figure 4.26 Optical micrographs of 30% (a, b), 60% (c, d), and 85% (e, f) cold deformed S2 (Ti-
23Nb-0.93V-227r-1.20) alloy. (Micrographs of (a), (c), and () are perpendicular to the compression

direction; (b), (d), and (f) are parallel to the compression direction).
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Figure 4.27 SEM images of 30% (a, b), 60% (c, d), and 85% (e, f) cold deformed S2 (Ti-23Nb-
0.93V-2Zr-1.20) alloy. (Micrographs of (a), (c), and (e) are perpendicular to the compression
direction; (b), (d), and (f) are parallel to the compression direction).
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Figure 4.28 Optical micrographs of 30% (a, b), 60% (c, d), and 85% (e, f) cold deformed S3 (Ti-
25Nb-0.7Ta-22r-2AI-1.20) alloy. (Micrographs of (a), (c), and (e) are perpendicular to the

compression direction; (b), (d), and (f) are parallel to the compression direction).
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Figure 4.29 SEM images of 30% (a, b), 60% (c, d), and 85% (e, f) cold deformed S3 (Ti-25Nb-
0.7Ta-2Zr-2Al-1.20) alloy. (Micrographs of (a), (c), and () are perpendicular to the compression

direction; (b), (d), and (f) are parallel to the compression direction).
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CHAPTER 5

CONCLUSIONS AND FUTURE SUGGESTIONS

51 Conclusions

Within the scope of this work, three unique compositions were selected to adhering
magic numbers differing from the original gum metal composition. The selected
compositions are (S1) Ti-23.8Nb-2Zr-1.20 (at %), (S2) Ti-23Nb-0.93V-2Zr-1.20,
and (S3) Ti-25Nb-0.7Ta-2Zr-2Al-1.20 (at %). These alloys were produced
successfully in the arc remelting method rather than the inconvenient powder

metallurgy method.

The following conclusions are drawn from the thorough microstructural
characterization, phase analysis, thermal analysis, and mechanical tests of as-cast
state and deformed state. The crucial points of the as-cast state can be summarized

as follows:

e Three as-cast alloys consist of only the beta phase due to the presence of
stabilizer alloying elements “Nb, Zr” and with the help of interstitial oxygen.
It is seen that the addition of alloying elements of vanadium, aluminum, and
tantalum affects the lattice, thus increasing the diffraction angle due to the
change in the lattice parameters. Furthermore, aluminum addition to the base
alloy leads to an increase in the intensity of the third peak from (211) plane,
which may be attributed to Al atom distribution in the BCC structure of

alloys.
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Differential scanning calorimetry (DSC) analysis was performed to
determine the thermal behavior of the alloys. However, the exact phase
transition temperature curve could not be observed during both heating and
cooling due to incredibly slow kinetics.

In-situ thermal XRD analysis was performed for thermal analysis of
deformed alloys due to insufficient information from DSC analysis. Phase
transition a to f is seen at 900 °C for S1, 800 °C for S2, and S3. Vanadium
and Tantalum with aluminum addition decrease the  transition region, which
means increase the beta stability of titanium alloy.

During solidification, the solid-liquid interface undergoes morphological
instability because of the changing growth velocity; thus, there is a structural
transition from planar growth to dendritic solidification as the solidification
rate decreases moving away from the contact surface. Planar growth areas of
S2 and S3 are higher than the base alloy (S1) due to the effect of alloying
element differences. The presence of vanadium could have decreased the
melting point or beta transition temperature. Furthermore, it decreases the
grain size, and grain becomes more equiaxed owing to vanadium addition.
Aluminum and tantalum addition to alloy may have decreased the viscosity,
melting point, or beta phase transition temperature. All three candidate alloys
are homogeneously distributed. In micrographs, alloys were observed only

in the beta phase.

The crucial points of the deformed state can be summarized as follows:

After severe deformation (200)bcc and (211)bcc reflection peak intensity of
three alloys increased. Furthermore, reflection peaks are observed to
broaden. One of the reasons for broadening peaks is that the presence of SIM
a” due to cold deformation. Another reason is that crystallite size decreases
due to severe deformation. S1 and S3 contain SIM o” phase; on the other
hand, S2 includes only the B (BCC) phase. Vanadium addition could have
inhibited the formation of SIM a”.
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Deformation changes the microstructure dramatically. Lamella bands are
observed for three alloys. It is seen that giant fault formation is seen on the
only perpendicular to deformation direction, Twin, SIM «o” and kink bands
are seen on parallel to deformation direction. Giant faults are observed at S1
and S2, while slip bands are seen at S3. Aluminum addition distortion the
giant fault mechanism to SIM a” and slip bands. On the other hand, vanadium
increases the beta stability due to inhibition of SIM o” and twin deformation.
When the deformation ratio increases, twins transform to shear bands.

The hardness value of S1 and S2 almost do not change with the deformation
process after a 30% reduction in thickness. However, the hardness value of
S3 and copper alloy increases linearly with the deformation ratio. Moreover,
an increase in the hardness ratio of all candidate alloy is below 15%, while
increasing hardness ratio copper alloy is almost 100%. There are almost no
noticeable changes in the hardness values for all of the candidate alloys. S1
and S2 behave like gum metal properties, but S3 does not. Except for those,
the hardness value can be twofold of the BCC phase when it changes to the
alpha phase.

Original as-cast gum metal alloys, produced by the powder metallurgy
method, generally have 750-950 MPa yield strength values [25, 78]. In this
study, as-cast candidate alloys which were produced by arc melting method
have almost the same yield strength value as original gum metal. Alloying
elements increases the yield strength of the alloys. S1 has only 712 MPa,
while S2 has the most yield value of 914 MPa, and S3 has 813 MPa.
Furthermore, all candidate alloy have enormous plastic strain values (>80%).
The yield strength value and plastic strain level of the three alloys are close

to the original gum metal.
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5.2 Future Suggestions

After the cold working operation, optical examination and XRD analysis were
performed. However, it is better if in-situ tensile XRD and optical examination were
done during the tensile test, it can give better information about the deformation

mechanism.

In order to determine the deformation structures, it is necessary to know the direction
and planes of the deformation bands. Therefore, TEM analysis is essential for
deformation mechanism determination. TEM analysis should be used for the

examination of the microstructure and deformation mechanism.

Within the scope of this work, a compression test was performed to observe the
mechanical properties. The compression test does not give an accurate result about
elastic strain and modulus. The tensile testing method could be better instead of the

compression test.

Using a dilatometer instead of DSC analysis may be more useful in seeing phase

transformation.

The effect of zircon and oxygen on the deformation mechanism is known. However,
this is explained by the cluster mechanism in the literature. Zircon and oxygen may
have a different effect on the deformation mechanism other than the clustering
mechanism. The tetragonal phase zirconia undergoes a higher volume monoclinic
phase under force. This mechanism is used to stop the crack propagation in ceramics
and is described as a fracture transformation toughening mechanism [77]. The gum
metal contains zircon and oxygen. During melting, zircon atoms can combine with
the oxygen in the structure to form the zirconia and remain in the tetragonal phase at
room temperature via rapid cooling. During cold work, zirconia, whose crystal
structure changes by 4% in volume, can create lattice strain to help prevent
dislocating activity. Therefore, whether zircon and oxygen have this mechanism

should be examined in later studies.
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In this thesis, the thickness of the sample becomes very thin as the cold working
process was made by the compression method. Consequently, the cold-worked
alloys had no possibility of mechanical testing other than hardness test. In the
literature, cold deformation is performed by the cold swaging method [6]. The
suggestion of this thesis is that a cold working process should be applied by equal
channel angular pressing method using in severe plastic deformation method, which
will not change the total shape for cold deformed alloys. With this method, the shape

integrity of the alloy will not be disturbed, and it will allow mechanical tests.

It is noteworthy that no crack formation has not been observed on candidate alloys
after the compression test, and their hardness values almost remained the same. It
was also supported by optical micrographs where giant faults formed subgrain. The
severe plastic deformation technique, used to produce nano-size grain alloys to
improve their mechanical properties, can be applied to this material. Different

deformation mechanisms or mechanical properties may occur.
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