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ABSTRACT

The Ti-6Al-4V alloy is highly regarded as the dominant Titanium alloy due to its
exceptional specific and fatigue strength, as well as its resistance to oxidation. These
qualities make it a favored material in the aerospace industry. However, its widespread
use is hindered by the significant costs involved in its wrought processing, which
typically requires mechanical working at elevated temperatures beyond its B-transus
temperatures to achieve a refined grain size. Recent research has demonstrated that
incorporating small amounts of Boron into Ti-6Al-4V alloys aids in grain size refinement,
thereby eliminating the need for extra thermo-mechanical steps in processing.
Furthermore, the mechanical properties of Boron-modified Ti-6Al-4V alloys have been
found to be nearly equivalent to those processed by conventional means. Given that these
alloys are frequently exposed to impact loadings in real-life applications, understanding
the fracture mechanisms under such high loading rates is both intriguing and essential for
designing structures with improved resistance to fracture.

To achieve our research goal, we performed Dynamic Fracture experiments on Ti-64
alloys that were modified with varying weight percentages of Boron (0, 0.04, 0.09, 0.3,
and 0.55 wt. %). These experiments involved subjecting the Boron modified Ti-64 alloy
samples to dynamic loading conditions using a specially designed fixture and a modified
Kolsky bar. The loading rates achieved during the experiments ranged from 10° to 107
MPaVms™. To capture and analyze the crack growth dynamics, we employed a
combination of strain gauge study and High-Speed camera imaging techniques.
Additionally, we aimed to quantify the Kip values for these alloys using multiple
methods, including Peak Load, CMOD (Crack-Mouth Opening Displacement), LPD
(Load-Point Displacement), and PZS (Plastic-Zone Size). Interestingly, all these methods
exhibited a consistent trend in their results. Notably, we observed that the sample with
0.04 wt. % Boron addition demonstrated the highest Kip values among all the samples
tested, followed by a gradual decline as the Boron content increased.
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Chapter 1
INTRODUCTION

This chapter offers the fundamental foundation necessary to comprehend the research that
was done and presented in this thesis. This chapter starts out by giving a quick introduction
of titanium and its alloys, as well as its significance. The metallurgy of titanium, with
special emphasis on the crystal structure, is covered in the following section. The alloying
elements and their properties, as well as some of the titanium alloys that are used
commercially, are addressed in the section after this one. When we move on to the
following section, we also address microstructures and deformation modes of titanium at
various strain rates. The earlier research on boron modification emphasising the changes in
mechanical properties is also briefly described. The apparatus utilised and the changes
made to carry out the dynamic fracture studies are covered in the last section.

1.1 Motivation

With a density that is halfway between the traditional light metal Aluminium (Al) and the
most extensively used metal on earth, Iron (Fe), Titanium (Ti) is regarded as the heaviest
light metal. Leyens C and Peters M [1] in their book discuss that 5gcm™ is the value of
density that separates the lighter metals with the heavier ones (Fig 1.1). There are many
successful applications that require high levels of reliable performance in aerospace [2]-
[4] , defence [5] chemical, medicine [6]-[9] and other major industries thanks to titanium
and its alloys' exceptional resistance to corrosive environments and high strength to weight
ratio, both of which are inherent properties of it. Titanium has replaced heavier, less
functional, and costlier materials in many technical applications.

|Cu
| Ni
| Fe
AT
|A|
—
LIGHT METALS HEAVY METALS
i
0 2 a 6 8 10
Density (g/cm°)

Fig 1.1: Comparison of densities of different metals with Titanium (Reprod. From [1])

Figure 1.2 discusses the variation of Strength (1) with Maximum Serviceable Temperature
(°C). Carbon Fibre Reinforced Polymers (CFRPSs) only outperform titanium alloys in terms
of specific strength below 300°C. Titanium alloys are particularly desirable at higher
temperatures due to their high strength in that regime. Their oxidation behaviour does,



however, set a maximum application temperature limit (= 600°C [10]). Due to the fact that
titanium aluminides somewhat solve this drawback, they are the focus of considerable alloy
development efforts. TiAl-based alloys are in direct competition with firmly rooted high
temp. steels and Ni-base super-alloys, whereas titanium alloys designed for higher
temperatures are generally employed up to temperatures slightly surpassing 500°C.

. Carbon Cast Low alloy Ti glioys Stainless
I Strength - Max service temp.| CFRP  sweels ions stecls stools
Mg aloys W alioys
!
1000
100 +
©
S
= 104 -
6_ Lead alloys
£
2 Polymers and i )
o elastomers Silicone ~< Non-technical
»n 14 e 1 elastomers - - ceramics
)g'o a:;’)’"'-" Buty! rubber ® Concrete
/ Cork
Foams
0.1 'Flenalo polymer
foams
0.01 - : ke
10 30 100 300 1000

Maximum service temperature, Tpyay (°C)

Fig 1.2: Variation of Strength (of) with Maximum Service Temperature (°C) for various
materials

Out of all the commercially available Ti alloys the Ti-6Al-4V alloy (where 6 and 4
represent the wt % of Aluminium and Vanadium added to it) is the most extensively used
one. This alloy demonstrates superior performance across a range of weight-reduction
applications in aerospace, automotive, and marine equipments. There are numerous uses
for Ti6AI-4V in the field of medicine. Ti-6Al-4V has outstanding biocompatibility,
especially when it is necessary to make direct contact with bone or tissue. Liu et al [11]
discuss the areas where Ti-64 is used in an aircraft and it includes parts like: Wing Box,
Engine, Landing Gear, Cockpit Window Frame just to name a few.

...... i Skin Panel Wing Box Q Exstaner

Hydraulic Pipe

Cockpit Window
Frame — 4

748 B

Engine

i i Landin,

Fig 1.3: Areas where Ti-6Al-4V is used in an aircraft [11]
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Such structures experience high strain rates of loading for example the panels of the aircraft
during a bird strike or the landing gear when the aircraft comes in contact with the ground
upon landing. Yan et al [12] describe the order of strain rates for the landing gear to be of
the order of 10*s to 10°s™ and thus High Strain Rate studies on such materials is necessary
in order to predict their failure behaviour at such loading rates. KT Ramesh [13] discusses
the type of experimental setups for different ranges of strain rates and the use of Miniatured
Split Hopkinson Bar comes into picture. The regular SHPB differs from the miniatured one
in the following ways:

e In comparison to a regular SHPB, a miniatured SHPB has much shorter specimen
length.

e The other modification done is the absence of the input bar in the experimental setup
(Fig 1.4). During the experiment the specimen is sandwitched between the output
bar and the striker bar and the striker bar directly impacts on the specimen rather
than striking the input bar (as in the conventional SHPB). Due to this modification
the reflected strains are difficult to measure, however [13] addresses two ways
through which the reflected strains can be measured:

o The striker bar is presumed to be rigid as in [14].
o The reflected strain can also be measured by determining the velocity on the
non-impacting end of the striker bar as in [15].

e The third modification is to scale-down the components of the experimental setup.
D Jia and KT Ramesh [16] developed a miniatured SHPB having a bar diameter of
3 mm and the length of the bars around 30 mm and were made up of either Tungsten
Carbide or Maraging Steel.

Fig 1.4: Miniatured SHPB Setup [13]

Apart from Aerospace, Biomedical and Chemical Sector Ti alloys are used very
sporadically in other sectors due to their high processing costs. Singh et al [17] discuss the
costs associated at every stage of component manufacturing involving Titanium Alloys
(Fig 1.5). It is evident from it that the energy-intensive melting and fabrication procedures
needed to create the finished products/goods from the available raw material account for
about 60% of the total cost. Therefore, enhancing the processibility of Ti alloys which helps



in lowering the cost of the finished product significantly, thereby increasing their
applicability across a variety of industrial fields.

e R

Fig 1.5: Costs associated at every step of component manufacturing involving Ti alloys
[17]

Glavicic et al [18] reports the prior-f grain size to be of the order of millimetres. Several
Thermo-Mechanical steps are required to bring down the grain size to be at the sub-
millimetres or micron level. To facilitate this, Boron Modification comes into picture and
it has recently been demonstrated that the as-cast grain size of Ti alloys is dramatically
reduced by the addition of trace amounts of B. The number of Thermo-Mechanical
processing steps might theoretically be decreased, if not entirely eliminated, which could
result in significant cost reductions for producing Ti products. The microstructural
improvements brought about by the addition of traces of B also help to enhance the
mechanical characteristics. Combined, these advantages might significantly lower the price
of titanium alloys.

1.2 Metallurgy of Titanium
1.2.1 Crystal Structure of Ti

Just like a variety of metals like Iron, Zirconium, Cobalt, and Tin many crystal forms can
be observed when titanium crystallises. Each alteration, however, can only be maintained
within a certain range of temperatures. Such a transition where the material changes its
crystal structure completely after a particular value of temperature is known as an allotropic
transformation and the temperature associated to it is known as the transus temperature.

CP Titanium (generally regarded as o Titanium) is present in a Hexagonal Closed Packed
(hcp) Structure and as the temperature increases this hcp structure transforms into a Body
Centred Cubic (bcce) structure also called as  Titanium. The transformation temperature is
around 882+2°C and is called as the -Transus Temperature. The hcp and bcc structures of
Ti are schematically represented in Fig 1.6.



(1011)

0.468 nm

(1070) —

Fig 1.6: Crystal Structure of a) a-Titanium (hcp) and b) B-Titanium (bcc) [19]

Fig 1.6 (a) represents the ¢ and a value (lattice parameter values) to be 0.468 nm and 0.295
nm respectively and the c/a ratio here comes out to be 1.5864 which is slightly less than the
classic c/a ratio of 1.63 for a hcp structure and hence the a-Titanium is said to have a
distorted hcp structure. The figure also represents the three planes which are the most
densely packed ones:

e The Basal Plane (0002)
e Asingle Prismatic Plane {1010} out of the three
e One out of the six {1011} Pyramidal Plane

a1, a2 and a basically represent the three closed pack directions denoted by <1120>.

Fig 1.6 (b) represents the crystal structure of B-Titanium (bcc). As the structure is cubic in
nature there is only one lattice parameter and the value is around 0.332 nm. The family of
the most densely packed planes (total 6 in number) is represented by {110} and a represents
the closed pack directions <111>.

1.2.2 Plastic Deformation Characteristics

Table 1.1 shows the characteristic properties of the two crystal forms that exist in titanium.
The ease of plastic deformation in a crystal lattice is basically governed by the following
parameters:

e The number of slip systems: The number of SS is basically calculated by the
product of Slip Planes and Slip Directions. The a-titanium having the hcp structure
has 3 slip systems whereas the B-titanium having the bcc structure has 12 slip
systems. Larger the number of slip systems — larger the chances of dislocation
movement and due to this reason the a-titanium has less tendency to deform than
the B-titanium.

e The Energy required for plastic deformation: The shortest slip path's length
(denoted by bmin.a) has a direct impact on the energy required for plastic
deformation. Table 1.1 clearly depicts that the minimum slip path distance for a-
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titanium is 1 whereas for the B-titanium is % (which comes around 0.87). As a

result, we can draw the conclusion that the bcc structure is simpler to deform than

the hcp.
Sllp Plane Nplanes Sllp Atomic
oy s gy e sy,
yp y (7o Direction directions P P
cell plane
{0001} 1
0, *3 = ~ Y
hcp 6 12 74 % <1170> 3 1*3=3 91 % 1
110 6
bcc 2 8 68 % {110} 6*2=12 =83% 0.87
<111> 2

Table 1.1: Typical characteristic features of different crystal structures of Ti [1]

One more explanation that clearly indicates the difficulty in the deformation of a-titanium
is the Von-Mises Criterion. It says ‘Metals need to possess a minimum of five
independent ss to undergo uniform plastic deformation’ but in the case of hcp titanium
there are a total of three ss each for the basal and prismatic planes. Out of these three only
two are independent of each other bringing the total of 4 independent slip systems in a-

titanium.
1.3 Titanium and its alloys

1.3.1 Alloying Elements

Titanium alloys are majorly classified into five main categories viz. a-alloys, Near- o
alloys, a + B alloys, Near-p alloys and B-alloys. The alloying elements added to titanium
are basically divided into three categories:

e a-stabilizers: The a-stabilizers tend to increase the B-transus temperature hence
raising the temperature range of the alpha phase field (Fig 1.7 (b)). Both interstitial
and substitutional alloying components are present in the a-stabilizers. The
substitutional alloying elements include Aluminium, Gallium and Germanium and
the interstitial ones include Oxygen, Carbon, and Nitrogen. The most widely used
a-stabilizer is Aluminium due to its high solubility in both the phases (o and ) and
it also helps in bringing down the density of the alloy formed. However, there is a
certain limit up to which Al is added and it is around 5-6 % because excess
Aluminium when added to Titanium gives rise to the formation of TizAl phase in
the alloy which makes the alloy brittle. The constancy of the a is influenced by the
Al Equivalent:

[Alleg= Al +2Sn +=Zr +10 (O + C +N)



e Neutral Stabilizers: The Neutral Stabilizers have no or very less influence on the
B-transus temperature (Fig 1.7 (a)). The elements that come under this category
include Tin, Zirconium and Hafnium. According to some reports, adding Zr and
Sn to titanium alloys can boost the stability of the B phase.

B bece B
a+f B
Lhex o
—
a) b) (9] d)

Fig 1.7: Effect of a) Neutral-Stabilizer b) a-stabilizer c) p-lIsomorphous and d) -
Eutectoid Stabilizers on the phase diagram of Titanium [1]

e [-Stabilizers: The B-Stabilizers tend to decrease the B-Transus temperature thus
stabilizing the B-Phase. B-Stabilizers are broadly classified into two categories viz.
B-Isomorphous and -Eutectoid. The B-1somorphous category is more widely used
as stabilizers due to their excellent solid solubility in Titanium (Fig 1.7 (c)). The
elements that come under B-Isomorphous are Molybdenum, Vanadium and
Tantalum. The less extensively used category the B-Eutectoid (Fig 1.7 (d)) include
elements like Iron, Manganese, Chromium, Cobalt, and Nickle. These are used in
very lower amounts due to their tendency to form inter-metallic compounds which
can be detrimental for the alloy formed. For high temperature applications, Si is
also frequently added to titanium alloys, and it can increase creep resistance. The
stability of the is determined by the expression given by:

[M0]eq = Mo + 0.67V + 0.44W + 0.28Nb + 0.22Ta + 1.6Cr + 1.25Ni +1.7Co +
2.9Fe

1.3.2 Classification of Titanium Alloys

Titanium Alloys are broadly classified into three main categories viz. the a-alloys, the o +
B alloys and the B-alloys. They are two more subdivisions: the Near- o alloys and Near- 3
alloys (Fig 1.8). This classification is basically done on the wt % of B-stabilizer added.



o-alloys Near-a alloys o + B-alloys Near-B alloys B-alloys

Fig 1.8: Classification of Titanium Alloys

a-alloys: These alloys contain only a single phase (a-phase) and are made with the
help of solid solution strengthening by the addition of a or neutral stabilizers. Alpha
alloys are stable and have good high temperature qualities, however they cannot be
heat treated to change their microstructural properties. Table 1.2 represent the
different types of a-alloys commercially used along with their compositions and 3-
Transus temperature. The principal applications for a-alloys are in the chemical
and process engineering fields, where resistance to corrosion and deformation are
of utmost importance.

Common name Alloy composition Brransus

IMI260 Ti-0.2Pd 915°C
CP-Ti (Grade 1) Ti-0.2Fe-0.180 890 °C
CP-Ti (Grade 2) Ti-0.3Fe-0.250 915°C
CP-Ti (Grade 3) Ti-0.3Fe-0.350 920 °C
CP-Ti (Grade 4) Ti-0.5Fe-0.40 950 °C

TC-21 Ti-6Al-2Sn-2Zr-3Mo-1Cr-2Nb-Si 960 °C

Table 1.2: Some commercially used a-Titanium alloys along with their Tg [19], [20]

Near-a alloys: B-Stabilizers are added to these alloys in the amounts ranging from
1 to 2 wt % in order to increase their workability and strength. These alloys, which
offer a nice middle ground between high-strength o + B alloys and the excellent
creep resistant a-alloys. These alloys are generally used in high temperature
applications (jet engines). Table 1.3 represent some commercially used Near-a
alloys along with their B-Transus temperatures.

Common name Alloy composition Biransus
Ti-5111 Ti-5Al-1Sn-1Zr-1V-0.8Mo 980 °C
IM1685 Ti-6Al-5Zr-0.5Mo0-0.25Si 1025 °C
Ti-6242 Ti-6Al-2Sn-4Zr-2Mo-0.1Si 995 °C
Ti-1100 Ti-6Al-2.7Sn-4Zr-0.4M0-0.45Si 1015 °C

Table 1.3: Some commercially used Near-o Ti alloys along with their Tp [21]-[24]



a + P alloys: The amount of B-Stabilizer added to these alloys is slightly higher (4-
6 wt %) than the Near-o alloys. Heat treatment of these metals can produce a range
of microstructures and mechanical characteristics. Due to a good balance in
properties these alloys are used in structural applications like Aircrafts, Ships and
Bridges. Table 1.4 represent some common o + [ alloys along with their
composition and B-Transus temperatures.

Common name Alloy composition Btransus
Ti-64 Ti-6Al-4V 995 °C
Ti-662 Ti-6Al-6V-2Sn 945 °C
Ti-6246 Ti-6Al-2Sn-4Zr-6Mo 940 °C
Ti-17 Ti-5Al-2Sn-2Zr-4Mo-4Cr 890 °C

Table 1.4: Some commercially used a + 3 Ti alloys along with their Tp [21]

Near-p alloys: Around 10-15 wt % of B-Stabilizers are present in these alloys.
These alloys have excellent hardenability, forging properties, high strength, and
toughness over a broad temperature range. As strengthening agents, these alloys
contain trace quantities of a -stabilizing elements. At a specific strength level,
and near- B alloys offer greater fracture toughness than o +  alloys [25]. They are
being used more frequently in structural aircraft uses. Table 1.5 represent some
commercially used Near- B alloys along with their composition and B-Transus
temperatures.

Common name Alloy composition Brransus
Ti-7333 Ti-7Mo-3Nb-3Cr-3Al 850 °C
Ti-55531 Ti-5Al-5Mo-5V-3Cr-1Zr 845 °C
Ti-55511 Ti-5Al-5Mo-5V-1Cr-1Fe 873 °C
Ti-1023 Ti-3AI-10V-2Fe 800 °C

Table 1.5: Some commercially used Near-p Ti alloys along with their Tp [26]-[29]

p-alloys: Very large amounts of B-Stabilizers are added here (= 30 wt %). In their
solution-treated state, titanium alloys typically have lower strengths. Yet, due to
the precipitation of the fine o -phase during ageing, through the process of aging,
these alloys can be conditioned to achieve exceedingly elevated levels of strength.
By choosing the proper ageing temperature and duration, these alloys can be
designed to have the ideal mix of strength and fracture toughness. With their high
density and low ductility, B-alloys behave like refractory metals and are employed
in a variety of highly specialised burn- and corrosion-resistant applications.



1.3.3 Properties of Titanium Alloys

This section basically covers the properties of different classes of Ti alloys. Based on their
Mechanical, Physical, and technological characteristics, the three alloy classes a, a + 3, and
B are distinguished from one another in Table 1.6.

Property a-alloys o + p -alloys p-alloys
Density 1 1 l
Strength ! 1 ™
Ductility A 1 1
Fracture Toughness 1 A 1/
Creep Strength 1 M1 l
Corrosion Behaviour ™" 1 11
Oxidation Behaviour ™" M l
Weldability 1 M l
Cold Formability i ! 1

Table 1.6: Property comparison of various classes of Ti alloys (Reproduced from [1])

The density of a-alloys is low as compared to its counterparts — the o + B, and  due to the
fact that the most extensively used a-stabilizer is Al (p = 2.7 g/cm®) whereas the B-
stabilizers used for the o + 3, and B alloys are Molybdenum and Vanadium having densities
of 10.28 g/cm?® and 6.1 g/cm? respectively.

a-alloys, being single-phase materials, typically only exhibit moderate strength.
Nonetheless, it is possible to harden near- B alloys and the two-phase o + B alloy to
extremely high and moderately high strength levels, respectively.

Metastable- B alloys must trade off their high strength levels for low ductility. They have
reasonably strong ductility, comparable to that of a and o + B alloys, if not age-hardened.
Also, the microstructure and ductility are closely connected.

There is no clear relationship between the various alloy classes because the fracture
toughness of Ti alloys greatly depends on the microstructure and the ageing state.
Particularly, compared to fine and equiaxed microstructures, the lamellar and coarse
microstructures have higher fracture toughness values. The ability of lamellar
microstructures to divert propagating cracks along variably orientated lamella packets helps
to explain their high toughness. As a result, the fracture front profile becomes rough,
requiring more energy to propagate the crack.

The primary factor causing a’s superior creep behaviour is the relatively constrained
capacity of atoms to disperse and crystals to get deformed in hcp lattices. Ti-alloys exhibit
worsening creep behaviour as vol. fraction of  increases. Two-phase microstructures

10



having a non-continuous B distribution exhibit high creep resistance as well. This is
primarily true for lamellar structures and to a lesser extent for bimodal structures.

The strong resistance to corrosive surroundings of Ti alloys is due to titanium's high affinity
for oxygen, which causes a very thin and significantly dense oxide layer (TiO2) to form
even in air at ambient temperature. o is a more stable alloy class than f.

Titanium alloys' maximum working temperature is mostly affected by their comparatively
poor oxidation behaviour rather than by a lack of appropriate strength. In this case, B is
more prone to oxidize than a.

One problem with titanium alloys is that they are highly reactive with Oz and Hz present in
the environment, which can weaken the alloy. This means that inert gas or a vacuum
environment must be used for titanium alloy welding. 3 alloys can be more difficult to weld
than o and o + B alloys, especially once the former has reached high strength levels via
ageing.

It follows that a and o + B alloys can be contorted at soaring temperatures because the o
phase has a more limited capacity for deformation and a stronger capacity for work
hardening. When the B volume percentage rises, the deformation temperature falls, and in
some near-p alloys, deformation is possible even at room temperature. A small, equiaxed
microstructure encased in an ongoing 3 phase is necessary for super-plastic deformation.

1.3.4 Commercially used Titanium Alloys

With a nearly 30% decrease in the cost of CP-Ti over the past five years, titanium, and
especially titanium alloys, have become more affordable. Titanium alloys play a vital role
as an essential material in a wide range of civil and military applications spanning various
fields such as energy, transportation, medical (for observing the human body using MRI
magnets), water treatment, and the transportation of corrosive liquids and gases. These
benefits comprise reduced weight, favourable mechanical characteristics, resilience to
extremely low temperatures, resistance to electro-chemical corrosion, and compatibility
with biological systems. Fig 1.9 represents the distribution of usage of Ti alloys in various
sectors in the Western market (Data is up till 2017).

Consumer & Others: 7 %

Industrial: 26 % ——_

Aerospace: 56 %

Military: 7 %

Medical: 4 %

Il Aerospace [l Medical Ml Military [l Industrial [ Consumer & Others

Fig 1.9: Applications of titanium in the West, broken down by market (Till 2017) [30]
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The major Ti alloys used in the different sectors mentioned in Fig 1.9 are briefly
explained in the subsequent sections.

1.3.4.1 Titanium in the Aerospace Industry

The following are the main defences for employing titanium in the aircraft sector:

Weight Reduction (So that it can be used as a replacement of Steel)

Space Restrictions (Can be used as a replacement for Aluminium)

Temperature of Operation (Thus can replace Aluminium and Nickle)
Resistance to Corrosion (Can act as a replacement for Aluminium and low alloy

Steels)

Compliance with Composites (Thus can act as a replacement for Aluminium

alloys)

R.R. Boyer [31] provides a great description of the many Ti alloy classes and the
applications for each in the aerospace industry:

> a-alloys

o

o

The most commonly used a-alloy (CP-Ti) after annealing is used in
environment control systems that run at temperatures up to roughly 230°C
which is excessive for alloys made of aluminium, ducting for anti-icing,
tubes or pipes in the bathroom system, clips and brackets, and floor support
structures in the galley and restroom areas.

The alloy Ti-3Al-2.5V is used as an active alternative for 21Cr-6Ni-9Mn
Stainless Steel as it helps in reducing the weight of high-pressure hydraulic
lines by about 40 %. In situations where more strength is needed than CP-
Ti can offer, it is also employed to create honeycomb cores.

In their 1978 publication Van Stone et al [32] carried out quasi-static
fracture tests on the a-alloy Ti-5Al-2.5Sn at cryo temperatures of 20K and
77K and it retained good Kic and ductility values even at those temperatures
and hence it is predominantly employed on the hydrogen-facing side of the
high-pressure fuel turbo-pump utilized in the space shulttle.

Another a-alloy Ti-8Al-1Mo-1V (when duplex annealed) is used for rip
straps and fan blades in military engines as well as fan blades in commercial
airframes.

» Near-a alloys

o

The most widely used near-o alloy Ti-6Al-2Sn-4Zr-2Mo (Ti-6242)
because it’s both lightweight and resistant to high temperatures and is used
at temperatures where the famous Ti-6Al-4V alloy becomes inoperable
(around 315 °C) for structural applications. It is also used in area involving
high pressures like Compressors.
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o Rolls-Royce (RR) manufactures engines for aircrafts and uses two newly
developed near-a alloys (IMI 829 and IMI 834). The IMI 829 (Ti-5.5A1-
3.5Sn-3Zr-1Nb-0.25M0-0.3Si) is used in areas like spacers and blades of
engines and also for the discs used in compressors where the temperatures
rise up to 550 °C [33]. The other alloy IM1 834 (Ti-5.8Al-4Sn-3.5Zr-0.7Nb-
0.5M0-0.35Si-0.06C) is used in the discs of compressors (Both the first 4
stages of the high-pressure compressor and the final 2 stages of the
intermediate pressure COmMpressors).

> o+ B alloys

o The Ti-6Al-4V alloy makes up around 60% of all titanium production, is
the pillar of this sector. It possesses excellent fatigue and fracture
characteristics (which can be optimised through heat treatment), is a
forgiving alloy to work with, and is used in all product forms, including
forgings, bars, castings, foil, sheets, and plates as well as extrusions, tubing,
and fasteners. It is typically used at a minimum tensile strength of 896 MPa.
Other applications include floor support structure, like places for galleys and
restrooms and other portions of the aircraft, including the fuselage, nacelles
(Fig 1.10 (a)), landing gear (Fig 1.10 (b)), wing, and empennage (Fig 1.10
(©).
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Fig 1.10: Applications of Ti-6Al-4V in (a) Nacelles [34] (b) Landing Gear [35] (c)
Empennage [35]

o The Ti-662 alloy (Ti-6Al-6V-2Sn) is utilised for the same purposes as Ti-
64 and would result in greater weight reductions, although the fracture
toughness is compromised to an extent. Due to its greater corrosion
resistance to low alloy steels and its ability to reduce weight in applications
like drag braces, bell cranks and torsion links, it was widely employed in
the landing gear support structure of the 747.

o Ti-6-22-22 (Ti-6Al-2Sn-2Zr-2Mo-2Cr) created by RMI in the early 70s as
a deep hardenable alloy. For the Lockheed/Boeing F-22 programme, it has
lately been revived as a moderate strength-damage tolerant alloy.
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» Near-p alloys

o Ti-B 120 VCA (Ti-13V-11Cr-3Al) was the first Ti alloy in B/Near-3 regime
to be used commercially [1]. In essence, the whole main and nose landing
gear as well as wing and body coverings, frames, ribs, bulkheads, longerons
and rivets were made of it. Titanium was utilised because it was light and
could withstand high temperatures while still meeting mission criteria. The
thermal stability of Ti-13-11-3 was one of the main factors in its choice.

o Other Near- alloys include Ti-1-8-5 (Ti-1AI-8V-5Fe) — used in fasteners,
VT 35 (Ti-15V-3Cr-1Mo-0.5Nb-3AI-3Sn-0.5Zr) serves as a high strength
alloy for the casting used in airframe structures.

> B-alloys

o Alloy C (Ti-35V-15Cr, Ti-40Mo, Ti-30Mo) is one of the B-alloy which is
used due to its strong ignition resistance, this alloy can now be used in
applications that previously required Ni-based alloys, such as the cast
compressor components and vectored exhaust structure on the FI-19 engine
that powers Boeing F-22 aircraft.

o Stall Strips of aircrafts (Fig 1.11) are primarily made up of the Ti-15-3 (Ti-
15V-3Cr-3Sn-3Al). The ability to produce strips from this alloy, cold shape
it, and heat treat it to high strengths are its benefits. Ti-15-3 may be easily
brake-formed or formed into rectangular, round, or oval shapes thanks to its
good cold forming properties.

o The 777's main landing gear is almost entirely made of Ti-10-2-3 (Ti-10V-
2Fe-3Al), which reduces the weight of each aeroplane by around 270 kg and
does away with the risk of stress corrosion cracking that comes with using
steel.

1.3.4.2 Titanium in the Biomedical Industry

Biomaterials must adhere to the following standards:

Resistance to Corrosion

Biocompatible

Osseointegratable: The scientific word for bone ingrowth into a metal implant is
osseointegration. An artificial implant is surgically anchored and incorporated into
bone, where it becomes permanently integrated. The most frequent applications of
osseointegration are in joint replacement surgery and dental implants.

Favourable mechanical characteristics, such as a Young's modulus (E) that is
comparable to bone and fatigue strength depending on the application.
Processability (welding, brazing, machinability, powder metallurgy, deformation,
casting, etc.)

Economical
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The most widely used alloying elements used with Ti for biomedical purposes are Niobium,
Molybdenum, Tantalum and Zirconium. These alloys have excellent biocompatibility in
addition to having a high percentage of 3 stabilizing elements, which causes them to have
a lower elasticity modulus than a + B alloys. Since they are more closely suited according
to the modulus of a human bone, low modulus values are favourable for usage in implants
(about 35 GPa). As Ti alloys naturally osseointegrate, they can be used to create implants
that stay in place for longer. As titanium is not magnetic, it is safe to use magnetic resonance
imaging to securely check patients with titanium implants, making it an advantageous
choice for long-term implants.

Akinwamide et al [36] mentioned some of the major biomedical titanium alloys along with
their application areas:

» Ti-12Mo-6Zr-2Fe [37]: Due to its exceptional biocompatibility and corrosion
resistance, TMZF alloy (also known as Ti-12Mo-6Zr-2Fe) has been employed as a
femoral stem in complete hip replacements since the early 2000s. Nevertheless,
producing TMZF alloy via traditional techniques like casting, forging, and
wroughting is expensive and time-consuming, and it can be difficult to machine the
resulting complex-structured biomedical implant.

» Other Ti-alloys along with their applications are mentioned below:

o Ti-35Nb-7Zr-5Ta is used for dental implant purposes [38]
o Ti-29Nb-13Ta-4.6Zr is used for artificial knee joints [39], [40]
o Ti-24Nb-4Zr-8Sn is used for Spine joints and bone plates [41]

1.3.4.3 Titanium in the Automobile Industry

Although the considerable interest the industry has shown in titanium materials in terms of
their lightweight nature, fuel efficient characteristics, and performances, the applications
of Ti alloys to the automotive industry have been restricted to racing cars and special-
purpose automobiles due to their high cost.

Fujii et al [42] discussed how Ti and its alloys are now often utilised for numerous
components of mass-produced cars:

e Asaresult of stricter requirements for lightweight components, global warming can
be prevented by lowering carbon dioxide emissions.

e The development of technologies to produce inexpensive titanium has advanced
remarkably.

e The public has grown to appreciate titanium's distinctive appearance and modernity.
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Fujii et al [42] also highlighted the advantages one could get if an automotive company
uses Ti alloys instead of their counterparts:

Considering that components such as exhaust valves are subjected to temperatures
exceeding 400 °C while in contact with exhaust gas, titanium emerges as the most
suitable material for achieving weight reduction, thanks to its superior specific
strength compared to steel, as well as its superior heat resistance when compared to
aluminium. For instance, a study showed that switching from steel to titanium can
lower the weight of a 2-wheeler by around 3 kg and a 4-wheeler vehicle by about 8
kg.

They [42] also reported that Ti exhibits half the value of Standardized Stress (the
product of o and E) as compared to Ferritic Steels and hence the former performs
better than the latter in terms of their fatigue properties.

The materials used for automotive parts must also be cold workable because they
are produced using a variety of forming processes, including cold press, or bending.
In this regard, titanium may completely meet the aforementioned standards.

In addition to performing the aforementioned tasks, titanium must also exude youth
and style, especially when used as a muffler (a component whose design is focused
on the exterior of an automobile, making it a key selling feature). Also welcomed
in the market are the unique surface appearances of titanium that cannot be found
in other metals. It also has a distinctive exhaust sound that is its unique feature and
not present in steel, which draws attention from the public in addition to the many
interference colour changes that occur on its surface when it is employed.

250 — +— 2.5
o
E 200 2
© 2
m
nEn_-n 150 i | T 1.5 -6—
S HEE ©
& 3HE \V |, S
7 HRE \ e
& i \ g
= S HE A
EEIN )

34 CrMo 4 Ti-6Al4V Al 7075 Mg AZ 80

Fig 1.11: Comparison of Properties (Specific) [1] [YS, FS and E] of 34CrMo4 (A type of
forging steel), Ti-6Al-4V (an a + P titanium alloy), Al-7075 (a type of high strength Al

alloy), MgAZ80 (a type of high strength Mg alloy)

In terms of achieving optimal strength or fatigue resistance for structural components,
titanium alloys unequivocally outperform other metallic materials. However, given its
relatively low E, which is evident in the grey columns (Fig 1.11), titanium is less suitable
for structural components that must be built for optimal rigidity. Aluminium or Magnesium
are excellent materials to use in this situation to achieve lightweight construction. Potential
uses for titanium are mostly found in the chassis and engine because the body is built for
maximum torsional and bending stiffness.
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Following are the major Ti alloys used by different car manufactures [1]:

>

>

Mercedes-Benz uses the Grade 2 CP-Ti for the guide pins of the brakes of the S-
Class models

For all of its models Volkswagen uses Grade 1 CP Ti for their Sealing Washers.
Honda also used the same Ti alloy for the gear shifting knob of the S2000
Roadmaster ® models.

The connecting rods of the Porsche GT-3® were made of the most famous o + 3
alloy: Ti-6Al-4V. Turbocharger rotors of the diesel truck manufactured by
Mercedes-Benz were also made using Ti-6Al-4V. The engine inlets of the CMIA®
by Nissan used Ti-6Al-4V.

Toyota used PMd Ti-6Al-4V for the valves of the Altezza® models.

G Luterjing and J.C. Williams [19] also discuss the use of Ti METAL LCB (Ti-
6.8Mo-4.5Fe-1.5Al) in their book. Volkswagen LUPO’s® suspension springs were
made using this alloy.

The Gallant 1® model of the Mitsubishi Motors used Ti-22V-4Al for its engine
retainers [21]. The turbocharger’s rotor head in the LANCER® model by
Mitsubishi uses the y-TiAl inter-metallic.

Nissan in one of its models (The CIMA®) used Ti-6Al-2Sn-4Zr-2Mo-Si alloy for
its exhaust valves.
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1.4 Microstructure of the a + p alloy

By altering the thermo-mechanical processing pathways, three distinct types of
microstructures can be produced in a + B alloys, which are listed below:

e Fully Lamellar

e Fully Equi-axed

e Bi-modal microstructure (which contains equi-axed ap [primary o] in the lamellar
matrix of a + )

1.4.1 Fully-Lamellar Microstructure

With the help of annealing in the B phase field, lamellar microstructures can be produced
quite quickly during the last stages of the processing procedure (Stage Il i.e., the
Recrystallization Step). Fig 1.12 depicts the processing steps required to obtain a lamellar
microstructure.
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Fig 1.12: Lamellar Microstructure processing steps (Reproduced using [19])

Forging or rolling can be used to perform the deformation process (step II), either in the -
phase region or in the o + 3-phase region. Due to the lower flow stress in the B-phase region,
the material is typically first deformed there before being deformed in the a + B-phase
region to prevent the formation of large sized B grains. In order to maintain control over
the P grain size, step I11's recrystallization temperature is often maintained between 30 and
50 °C above the B-transus. The P grain size of completely lamellar microstructures is hence
generally 600 pm.

Step-111 (Cooling Rate) in Fig 1.12 is the most important step as it governs the size of the
a-lamellae, the size of the a-colony and also the a layer thickness at the GBs. G. Liitgering
[43] also in one of his publications support that Cooling Rate is one more defining factor
which decides the size of the a-lamellas. Fig 1.13 represents the microstructures at different
cooling rates for the Ti-6242 o + B-alloy. Fig 1.13 (a) represents the microstructure at a
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cooling rate of 1°C/min [Furnace Cooling], Fig 1.13 (b) is at 100 °C/min and Fig 1.13 (c)
is at 8000 °C/min [Water Quenching].
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Fig 1.13: Effect of Cooling Rate (a) 1°C/min (b) 100 °C/min and (c) 8000 °C/min on the
microstructure of Ti-6242 o + B-alloy [43]

All three of the aforementioned microstructural characteristics have been observed to
decline with an increase in cooling rate. But the features: size of the a-lamellae and the size
of the a-colony change differently at varying cooling rates. This is evident from the
experiments performed by G. Lutgering [43] where he observed that the size of a decreased
from 5 pum (1°C/min) to 0.5 um at a cooling rate of 100°C/min (Fig 1.14)

Fig 1.14: Effect of Cooling Rate (a) 1°C/min (b) 100 °C/min and (c) 8000 °C/min on the
a-plate width [19]

Although a further increase in cooling rate only causes the average martensite plate width
to decrease to about 0.2 um, with some noticeably thicker martensite plates still present in
the microstructure (See Fig 1.14 (c)). A cooling rate of 100°C/min causes the a colony size
to be as large as half the size of the B grain in slowly cooled material, e.g., about 300 pm,
to reduce to only slightly about 100 um. (Fig. 1.13 (b)). Hence, between 100°C/min and
8000°C/min, if we compare the width of discrete martensite plates, a significant fall in
colony size occurs.
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1.4.2 Bi-Modal Microstructure

Fig 1.15 represents the steps required to achieve a Bi-Modal (Duplex) type of
microstructure. As cooling rate is responsible for the size differences of the a-lamellae, in
order to achieve this microstructure, the cooling rate after achieving the homogenization
temperature is a critical characteristic here also.

TEMPERATURE
/ E N w
TIME
| n n v
HOMOGENIZATION DEFORMATION ~ RECRYSTALLIZATION ANNEALING

Fig 1.15: Bi-Modal Microstructure processing steps (Reproduced using [19])

G Lutjering [19] also compared two bi-modal microstructures (Fig 1.16) of the o + p-alloy
IMI834 by varying the cooling rates after achieving the homogenization temperature and
observing the changes in the a-lamellae obtained.

a) b)

Fig 1.16: Variation of the a-lamellae size with (a) at slower cooling rate (b) faster cooling
rate [19]

The lamellar structure is plastically distorted in step Il i.e., the deformation step in the o +
B region. In step III, the a and B phases must completely recrystallize, therefore the plastic
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deformation should be as high as it can be while still being high enough to retain energy
while introducing enough dislocations.

G Lutjering [19] also defines the important process parameters and their influence on the
bi-modal microstructure of the a + p-alloys. These parameters are listed below:

Cooling rate in step-I defines the size of the a-lamellae.

Deformation in the a + [ region (Step-l1lI) governs the texture intensity and
dislocation density.

The annealing temperature in step-III governs the volume fraction of primary .

1.4.3 Equi-axed Microstructure

To achieve a fully equiaxed microstructure, two options exist:

» Up to step I11, where recrystallization takes place, the first option's processing path

is the same as the path taken to generate a bi-modal microstructure (Fig 1.15). The
only difference is that of the cooling rate in step IV i.e., if the cooling rate is slow
enough so that no a-lamellae occurs in the B-grains and only the growth of ap is
possible then one can achieve a equi-axed type of microstructure.

The second option for obtaining a fully equiaxed microstructure is to recrystallize
in step 1l of the processing route (Fig 1.17) at such a low temperature that the
equilibrium volume fraction of o phase at that temperature is high enough to
generate the fully equi-axed microstructures directly from the distorted lamellar
structures during the recrystallization step.
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/ a+p
TIME

| 1] n v

HOMOGENIZATION DEFORMATION RECRYSTALLIZATION ANNEALING

Fig 1.17: Equi-axed Microstructure processing steps (Reproduced using [19])

21



1.4.4 Property variation for different microstructures of o + -alloys

The characteristics of titanium alloys are greatly influenced by the microstructure. Table
1.7 illustrates qualitatively the influence of phase size (comparison of coarse and fine types
of microstructures) and phase arrangement (comparison of lamellar and equiaxed
microstructures) on a number of significant selected mechanical parameters.

Fine Coarse Property Lamellar Equiaxed
o o Elastic Modulus o a
1 l Strength ! 1
1 l Ductility ! 1
l 1 Fracture Toughness 1 l
1 ! Fatigue Crack Propagation ! 1
l 1 Creep Strength 1 !
1 ! Super-plasticity ! 1
1 ! Oxidation Behaviour 1 !

Table 1.7: Influence of titanium alloy microstructure on specific characteristics [1]

The different microstructures significantly affect how the titanium alloys behave
mechanically. Both ductility and strength are increased by fine-scale microstructures. They
also hinder the formation of cracks and are necessary for profound plastic deformation. On
the other hand, coarse microstructures are more resilient to creep and fatigue fracture
development. Lamellar microstructures have high Kic values and exhibit superior resistance
to creep and fatigue crack propagation, but equiaxed microstructures frequently have
excellent ductility as well as fatigue strength and are favoured for profound plastic
deformation. Bimodal microstructures have a balanced property profile because they mix
the benefits of both the lamellar and equi-axed microstructures.

1.5 Deformation modes of Titanium

Different classes of Ti alloys have a predominant deformation mode according to the
characteristics they possess. For ex, because of the generation of twinning in addition to
the more typical slip caused by dislocations, the hcp-a titanium exhibits ductile behaviour,
particularly at low temperatures. In general CP-Ti and other a-alloy deform using the
twinning mode. On the other hand, twinning is almost totally suppressed in two phase o +
B-alloys due to their tiny phase dimensions, high solute percentage, and the existence of
TisAl precipitates, these alloys are very ductile at low temperatures.

When talking about B-alloys in addition to slip, the bce B phase also exhibits twinning, but
twinning in 3 alloys only occurs in the single-phase condition and becomes less common
with increasing solute load. Twining may take place in certain alloys during the forming
processes before ageing.
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1.5.1 Slip mode of deformation

The different slip planes and directions for the hcp Ti are shown in Fig 1.18. The slip
directions are of the family <1120>. The slip planes corresponding to this slip direction are
three (0002), three {1010} and six {1011} planes which brings the total at 12 slip systems.
But the independent slip systems out of the three (0002), three {1010} and six {1011} are
2, 2 and 4 respectively now bringing the total of independent slip systems to be 8. The
shape changes brought about by the combined effect of (0002) and {1010} families are
identical to those brought about by the {1011} family, hence this number is further dropped
to merely 4 independent slip systems.
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Fig 1.18: Slip planes and directions for hcp-titanium [19]

According to the criterion for homogenous plastic deformation given by Von-Mises there
has to be at least 5 independent slip systems therefore one of the non-basal Burger’s vectors
must be activated, either the ¢ type with the slip direction [0001] or the ¢ + a type with the
slip direction of <1123>. TEM observations of some of the Ti-alloys depict the presence
of the ¢ + d type of the Burger vector.

1.5.2 Deformation due to twinning

When the material exhibits very low temperature deformation, high purity, or coarse grain
size, twinning mode is preferred over slip. When a significant quantity of elastic energy is
injected into the system, above the critical value of the shear stress, twinning is
advantageous. The mobility of atoms becomes negligible because of twinning. The {1102}
is the most common plane for the twinning mode of deformation.

Depending on the circumstances, a certain deformation method may be preferred. As
temperature changes during the hcp phase, the number of twin systems grows. Moreover,
the favoured mode is influenced by strain rate. Twining is the preferred method of
deformation when strain rates are large.
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1.6 Deformation mechanism of Ti-6Al-4V at high strain rates

Alaghmandfard et al [44] carried out experiments on electron beam melted Ti64 at high
strain rates (1150s™, 1500s™, 1650s™, 1900s*, 2100s™, 2700s™) to study the deformation
characteristics of Ti64 at such strain rates. They discovered that Adiabatic Shear Bands
(ASBs) were developed at each of the strain rates mentioned above as evidenced by the
distorted microstructures of all specimens. According to Nemat-Nasser [45] around 90%
of the projectile's kinetic energy is transferred to thermal energy when the alloy is subjected
to impact loading, raising the temperature of the tested specimen. As a result, a material
that has been subjected to such impact loading encounters both the effect of strain
hardening due to plastic deformation and the thermal softening effect due to the material's
increased temperature.

Whenever material undergoes high-strain rate deformation the stress induced in the
material can either increase or decrease depending on the fact that out of the two effects
(strain hardening and thermal softening) which one is dominating. Meyers et al [46]
observed the shear band using TEM and found out that the ASB's interior lacks features,
which could be the result of softening events like dynamic recovery.

By creating voids, shear stress localisation in ASBs speeds up the failure mechanisms. The
regions of ASBs soften during the thermal softening, reducing the energy needed for void
nucleation. When any microstructural flaws are present, flow localization also quickens.
Hence, the deformation/failure mechanism in Ti-6Al-4V is summarised in the following
steps:

» Void-Nucleation: Tensile stresses when applied in the regions of ASBs during
deformation caused by high strain rate compression, results in the production of
micro-voids, which are often elliptical or circular in shape (Fig 1.19 (a)).

» Void-Growth: When these nucleated voids in the ASBs approach the border
regions, where the strength of the material being deformed is different due to the
significantly lower temperature than the temperature rise in the Adiabatic Shear
Bands, they expand and lengthen along the it in the direction of shear stress (Fig

1.19 (b)).
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Fig 1.19: Deformation mechanism steps (a) Void Nucleation (b) Void-Growth (c)
Void-Rotation and (d) Void-Coalescence for Ti-6Al-4V [44]
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» Void-Rotation and Coalescence: As vacancies reach a large enough size, rotation
happens (Fig 1.19 (c)) as a result of the continuing deformation, which causes the
voids to merge (Fig 1.19 (d)) and start a crack. Initiated cracks spread under the
impact of tensile stress at the time of unloading or shear stress during dynamic
compression loading, which finally causes fragmentation of the specimens at
greater strain rates. and the test specimens experience failure when being subjected
to such impact loads.

1.7 Boron addition to Ti-6Al-4V

1.7.1 Literature review of the studies done on boron modification

The practice of boron addition to Ti alloys has been the recipient of an abundance of
investigations going back to the 1950s, with the goal of enhancing the stiffness and
strength. According to studies done by Glavicic et al [18] the microstructure of Ti-64
consists of B-grains that have the size of the order of a few millimetres. Singh et al [17]
emphasised the need for certain thermo-mechanical processes to bring down the 3 particle
size to micron scales. Recently, it has been demonstrated that the grain size if as-cast
titanium alloys can be reduced by an order of magnitude by the addition of tiny amounts of
B (up to 0.1 wt%). The number of thermo-mechanical processing steps might theoretically
be decreased, if not entirely eliminated, which could result in significant cost reductions
when producing Ti products. The microstructural improvements brought about by boron
addition are also advantageous for enhancing mechanical characteristics.

Kamiya et al [47] investigated how the microstructure and tensile characteristics of as-cast
Ti alloys used for dental applications were affected by trace additions of B (0.57 wt%).
They also saw a notable refinement in the microstructure of Ti alloys due to B addition.
The materials studied in this study included Pure Ti, Titanium-Silicon alloy (Ti-0.5Si) and
Ti-6Al-4V. The composition of Boron added to the aforementioned materials were as
follows:

» Pure-Ti-xB (x =0, 0.008, 0.011, 0.025, 0.048, 0.086, 0.41, 1.02 wt %)
» Ti-0.5Si-xB (x =0, 0.12, 0.46 wt %)
» Ti-6Al-4V-xB (x = 0.016, 0.04, 0.12, 0.48 wt %)

After reviewing the microstructures, they reported that although the boron concentration is
relatively low, ranging from 0.011 to 0.048 wt %, some needle-shaped TiB particles are
randomly distributed throughout the titanium matrix. The majority portion of boron is
converted into TiB after interacting with Ti, indicating that titanium has a very poor
solubility of boron. As the boron level exceeds 0.086 mass%, needle-shaped TiB particles
with a length of 5 to 40 micrometres form along the boundary of earlier B grains. When the
boron content rises, so do the TiB volume fraction. The variation reported in the mechanical
properties were as follows:
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» According to the observations reported by [47], adding boron caused a significant
rise in each alloy's elongation. The peak value of Al (elongation) was attained at a
boron concentration of between 0.086 and 0.15 wt%, which is two times higher than
that of titanium and its alloys in the absence of boron. As the B wt % keeps rising,
a noticeable decrease in tensile ductility is then observed.

» They also reported that when the boron level rises, so does the titanium alloys'
hardness.

» The tensile strength of each alloy increases up to a certain boron wt % (= 0.011 wt
%) and then slowly dips. They described the TiB particles’ stiffness, grain refining
qualities and dispersion strengthening to be responsible for this behaviour.

But some of the most ground-breaking work in the field of Boron modification in titanium
alloys is done by S. Tamirisakandala [48]-[52].

1.7.2 The Ti-B phase diagram

Fig 1.20 represents the Ti-B equilibrium phase diagram up till 50 at. % of Boron. In
Titanium’ liquid phase, B is totally soluble. But, on the other hand the solid solubility is =
0.02 wt % in the solid o or B phases. It has been reported by Feng et al [53] and Ravi
Chandran et al [54] that the amount of Boron added above the solid-solubility limit leads
to the formation of TiB, which is actually an inter-metallic compound having the
orthorhombic crystal structure (Fig 1.21). TiB manifests as truncated whiskers exhibiting a
needle-shaped morphology.
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Fig 1.20: The Ti-B phase diagram [17]

Depending on the boron concentration, the binary Ti-B alloy system can be categorised as
hypo-eutectic, eutectic, or hyper-eutectic. According to Tamirisakandala et al [55] the Ti-
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alloys are regarded as Boron-modified when the Boron content in the Ti alloy does not
exceed the eutectic limit i.e., when the concentration of Boron in the alloy is less than 1.55
wt %. The boron-modified alloys are identical to those without B in terms of
microstructure, processing feedback, and mechanical characteristics.

Fig 1.21: The orthorhombic crystal structure of TiB containing 4 Ti and 4 B atoms [56]

If the wt % of boron in the Ti alloy is greater than the eutectic limit then the volume fraction
of TiB in the alloy is very high changing the alloy to a composite called as Titanium Metal-
Matrix Composite. It has been reported by Miracle et al [57] and Morsi et al [58] that
strength, resistance to wear and stiffness increase as the volume fraction of TiB increase in
the hypo-eutectic regime. As a result, hypoeutectic alloys with low boron contents (<1
wt%) are technologically consistent for applications requiring fracture-critical materials
since the ductility and toughness losses associated with B addition in these alloys are very
less pronounced.

1.7.3 Effect of Boron Addition

Zhu et al [47] was the first to note that the presence of B significantly reduced the grain
size of Ti alloys, and he attributed this to the TiB particles serving as heterogeneous
nucleation areas. However, the TiB phase diagram indicates that TiB only develops in
hypoeutectic compositions (<1.55 wt%) at Teutectic following the B-solidification of the
alloy. Carrying this concept further Ramamurty et al [59] concluded that TiB needles are
unable to serve as B-Ti nucleation regions. Also knowing about the extremely low solid
solubility of B in Ti (<0.02 wt %), the excess B is rejected into the matrix resulting in the
phenomenon of constitutional supercooling which boosts the rate of nucleation and also
acts as a catalyst for it. In addition, the barrier created by extra B at the solid-liquid contact
slows Ti's rate of development. Hence grain size refinement (Fig 1.22) occurs due to the
combined effects of an escalation in nucleation rate and a decline in growth rate.
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Fig 1.22: Variation of Grain and Lath size with increasing B content [59]

It has been seen that there is a thermal conductivity difference between the matrix and the
TiB needles. As a result, the rate of nucleation of a-laths drastically increase during the
cooling stage. This leads to a decline in the lath size also with increasing boron
concentration (Fig 1.22).

1.7.4 Microstructural changes on Boron Addition

Ramamurty et al [60], [61] and Pederson et al [62] carried out thorough investigations on
the changes in microstructural features in Ti-64 on the addition of Boron. The concentration
of Boron traces was as follows:

» Ramamurty et al [60], [61] studied Ti-6Al-4V-xB (x =0, 0.04, 0.09, 0.3, 0.55 wt %
of B)
> Pederson et al [62] also studied Ti-6Al-4V-xB (x =0, 0.06, 0.11 wt % of B)

According to Pederson et al [62] addition of traces of boron leads to a decrease in B-grains
and a-colony sizes. The a-plates become smaller but broader and is present along the p-
grain boundaries. The Tamirisakandala et al hypothesis [52] which states that boron
contributes to grain size reduction during the process of solidification in two phases:

e Introduction of the Ti-f phase.
e Because of the boron-rich layer that has formed around the GBs, the beta nuclei's
ability to grow will be limited as they cool further.

As the temperature falls below the Tsoiiqus at the time of solidification, a eutectic reaction
occurs in which the liquid that is still present changes into the solid-p phase and TiB
develops at the B-GBs. The TiB particles then hinder the beta grains' ability to proliferate
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during the cooling process after leaving the high temperature regions. The transition from
the beta phase to the alpha phase begins when the temperature falls below the material's
Brransus. The first phase to emerge under specific cooling circumstances is known as grain
boundary a because it occurs along the B-grain boundaries. The already present TiB
particles then cohabit with this grain boundary. More grain boundary area per volume for
the material is made possible by the smaller 3 grain size present in the boron treated
materials. The number of o phase nucleation sites at the 3 grain boundaries increases due
to the expansion of the B grain boundary region. The whole process is represented in Fig.
1.23.
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Fig 1.23: Grain size reduction process and solidification pathway for B-modified Ti-
alloys specifically for the hypo-eutectic boron concentrations [17]

With the help of Optical microscopy and taking over 100 measurements for each Ti-6Al-
4V-xB (x =0, 0.04, 0.09, 0.3, 0.55 wt % of B) alloy Ramamurty et al [60] determined the
size of the prior-f grains, the a-colony size and also measured the volume fractions of a, 8
and TiB by constructing an array of around 100 SEM images over an area of 1mm? of the
specimen for each alloy composition. The values of these parameters are mentioned in
Table 1.8.

Composition d (um) C (um) 2 (um) Ve (%0) Vrig (%0)
Ti-64-0.00B 2386.2+870.9 244.4+51.1 25+0.9 88.1+21 0
Ti-64-0.04B  732.8 +278.0 22.2+6.1 6.1+2.0 92.8+0.9 a
Ti-64-0.09B 223.9+52.8 37.8+£10.7 45+13 89.6+1.6 0.49+0.1
Ti-64-0.30B 121.1+£27.6 23.7+£6.6 4713 88.5+£3.3 18+£05
Ti-64-0.55B 100.1£26.5 21.0x7.1 53+x14 85.2+3.3 2.7+£0.7

Table 1.8: Variation of different microstructural features with B content [60]
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Where,

d = Prior-f grain size (in pm)

¢ = Size of the o/p colony (in um)
A = Size of the a-laths (in um)

V. = Vol. frac of a (%)

Vrig = Vol. frac of TiB (%)

4 = Value which is too low to be measured

1.8 High-Strain rate experiments

According to standardized testing techniques, material parameters like yield and ultimate
strength that are mentioned in handbooks and design guides are often acquired under quasi-
static loading circumstances utilising common testing load frames. The mechanical
reaction of a material under such type of loading needs to be correctly defined in order to
ensure product quality and dependability under impact conditions such those present in
impact sports, automobile collision, or drop tests of electronic devices. Nevertheless, high-
rate loading situations are outside the capabilities of standard material testing equipment.

Song and Chen [63] in their 2011 book define how the strain rate is actually calculated
through an example: Suppose if a specimen’s one end (10 mm in length) is deformed at
speeds ranging from 1ms?® to 100ms™ then we can say that the body/specimen is
experiencing a strain rate in the range of 10%s™* to 10%s%. This strain-rate range is frequently
encountered in loading circumstances including collisions. Nevertheless, most testing
machines struggle to operate within this range in a precise manner. On the contrary, the
ranges of strain rates during a hammer impact correlates to dynamic events frequently
observed in engineering applications, such as bird impacts on aviation engine parts and
club impacts on golf balls and hard surfaces. The material's characteristics should therefore
be ascertained under hammer blowing circumstances.

Strain rate range Classification Experimental setup used
<10%st Creep
- : Servo hydraulic Machines
10%st - 103" Quasi-static deformation y
10%st - 1025t Intermediate Rate Drop towers
102s1 - 10%*s? High Strain Rate Conventional SHPB
10*s1-10°s? Miniatured Kolsky Bars

10551 _ 106 51 Very High Strain Rate

> 1065t Ultra-High Strain Rate

Pressure-shear plate impact

Table 1.9: Experimental setups required at varied strain rates (Reprod. using [13])
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The main experimental approaches used to measure the rate-dependent characteristics of
materials are described by KT Ramesh [13] (Table 1.9).

1.8.1 The Split-Hopkinson Pressure Bar

Kolsky [64] in 1949 developed a really clever solution to the issues with high strain rate
testing in order to acquire dynamic feedback of a material under controlled laboratory
circumstances. He used two elastic rods (made up of Silver Steel) on either side of the
specimen as a substitute for direct impact by blasting one out of the two rods with an
explosive. The schematic of such a setup is represented in Fig. 1.24. Two lengthy bars that
are intended to remain elastic at all times during the test make up the device's input and
output bars. The small specimen (often cylindrical) sandwiched between these bars is
anticipated to experience inelastic deformations. Usually, high-strength steels with very
high values of ovs (Yield Strength) and significant toughness, like maraging steel, are used
to make the bars. The gas gun along with the compressor setup helps in building up a
substantial amount of pressure, thus creating an explosion like situation. Due to this
explosion a compressive stress wave is formed pushing the striker bar to come in contact
with the incident bar. Upon arrival at the interface of I/S, a fraction of the wave undergoes
specular reflection back towards the incident bar, directed towards the impact end, while
the residual segment propagates through the specimen, penetrating towards and entering
the transmission bar.

Loading device Bar components

Striker Bar  Incident Bar Strain Gauge Specimen Strain Gauge Reflected Bar
—'—"31' ' ﬁ = 2 -
GasGun 0200 VN ermmemeedde e e e e s e m e e ————
as-Gun Pulse-Shaper |
:l % Wheatstone Bridge I I % Wheatstone Bridge | Momentum trap

Data Acquisition and Recording system

Fig 1.24: A general schematic of the SHPB setup (Reprod. using [63])
1.8.2 Miniatured Kolsky Bar

In a miniatured kolsky bar, very high strain rates (= 5 x 10* s1) can be achieved while the
lowest strain rate achievable in such setups are around 10%™. Both theoretical and
experimental results carried out by [16] show that this increased capability may be achieved
without breaching the conditions for successful high-rate testing, and in fact while
improving the correctness and accuracy of the experimental results. The bar diameter for
such setups are around 3 mm and 30 mm in length [16].
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1.8.3 Modified Kolsky Bar

For many years, the Charpy test was the most widely used testing method for categorising
materials and determining their ductile-to-brittle transition temperatures; this is primarily
due to its low cost and ease of application. The Charpy test apparatus has enabled the
assessment of the x-t history while impact testing by either mounting a strain gauge on the
tub or on the specimen. To acquire the pertinent fracture mechanics criteria, the x-t history
can be employed in conjunction with the conventional quasi-static fracture mechanics
analysis. Yet, because of inertial effects, the load received from the strain gauges oscillates
around the real load. Furthermore, the time required for the load to reach its maximum
value doesn’t correspond to the time required for the fracture to initiate. This results in
incorrect values of Kig (Dynamic Fracture Toughness) according to the Quasi-static
formula to calculate the dynamic fracture initiation toughness. Hence, the modified version
of SHPB is used (Fig 1.25).

Projectile Incident Bar Strain Gauge 3PT bend specimen

Rigid Support

| % Wheatstone Bridge |

I Amplifier EI Oscilloscope I

Fig 1.25: Schematic representation of the Modified SHPB for dynamic fracture
experiments

The Modified Kolsky Bar uses the concepts of 1-D wave propagation and can be used to
calculate the x-t history during the time of loading. The Modified SHPB has the following
advantages over the conventional Charpy impact setup:

e |ts setup is quite straightforward

e 1-D wave propagation concepts are used to accurately determine both P (Load) and
Up(t) (Load-Point Displacement), and

e Material’s Inertia repercussions are minimized to a large extent.
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Chapter 2
LITERATURE REVIEW

This chapter describes the research conducted to investigate the influence of Boron
modified as-cast Ti-6Al-4V alloys on mechanical properties. Previous research on the
influence of boron addition on the Kic (Quasi-Static Fracture Toughness) and Kip
(Dynamic Fracture Toughness) values of these alloys is also summarised. Following that,
literary works that emphasise the Dynamic Fracture analysis are discussed. Finally, the
chapter describes the research voids and the work objectives.

2.1 Mechanical Properties of Boron modified as-cast Ti-64 alloys

2.1.1 Elastic Modulus

Fig 2.1 summarizes all the obtained values of E, after reviewing numerous literary articles
for as-cast Ti-6Al-4V-xB alloys. The figure includes the wt % of Boron as low as 0.016 wt
% (less than the solubility limit of 0.02 wt %) to 2.2 wt % (hyper-eutectic composition in
the TiB phase diagram). Singh et al [17] performed experiments on 5 specimens of Ti-64-
xB (x =0, 0.04, 0.09, 0.3 and 0.55) and found out that the Elastic Modulus increased from
a value of 113 GPa to a value of 126 GPa for the 0.55 wt % sample. According to Singh et
al [17] the Elastic Modulus (E) of Ti-6Al-4V-xB depends on the following factors:

e The E values for the different phases (a, f and TiB) present in the metal-matrix

e The volume fractions of the aforementioned phases in the matrix

e Composition of the elements present at the interstitial sites (Oxygen and Nitrogen
to be specific)

I. Sen et al [61] performed nano-indentation experiments on as-cast Ti64-xB (x = 0, 0.04,
0.09, 0.3 and 0.55) to separately calculate the values of E for the o, B and TiB respectively.
They found out that the TiB segregated at the grain boundaries was nearly 4 times stiffer
than the a-phase (Etis = 384.5 £ 40.2 GPa and E, = 132.2 + 12.2 GPa) while the B had the
highest compliance. The reason given for the increase in stiffness with increase in Boron
was the arrangement of TiB characterized by a configuration reminiscent to that of a
necklace along the previous- § GBs.
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Fig 2.1: Variation of E with increase in Boron (Literature Survey Plot)

Table 2.1 provides a compilation for the different composition of Boron added to as-cast
Ti-64 alloys along with their Elastic Modulus values.

Ti-64-xB Elastic Modulus Author and Journal Ref
Composition Values (GPa)

Ti-6Al-4V-0.04B 121 Singh et al (Progress in MS) [2021] [17]
Ti-6Al-4V-0.05B 110 I. Sen et al (Acta Materialia) [2007] [59]
Ti-6Al-4V-0.09B 114 Singh et al (Progress in MS) [2021] [17]
Ti-6Al-4V-0.10B 116 I. Sen et al (Acta Materialia) [2007] [59]
Ti-6Al-4V-0.30B 120 Singh et al (Progress in MS) [2021] [17]
Ti-6Al-4V-0.40B 126 I. Sen et al (Acta Materialia) [2007] [59]
Ti-6Al-4V-0.55B 126 Singh et al (Progress in MS) [2021] [17]
Ti-6Al-4V-0.90B 127 C.J. Boehlert et al (Scripta Materialia) [2006]  [65]
Ti-6Al-4V-1.55B 138 Ivasishin et al (M & M Transactions A) [2008]  [66]
Ti-6Al-4V-1.70B 136 C.J. Boehlert et al (Scripta Materialia) [2006]  [65]
Ti-6Al-4V-2.20B 144 C.J. Boehlert et al (Scripta Materialia) [2006]  [65]

Table 2.1: Elastic Moduli values for as-cast Ti-64-xB alloys
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2.1.2 Yield and Ultimate Tensile Strength

The Yield and Ultimate Tensile Strength is observed to increase with increasing Boron
Content. The different reasons found in the literature for this to happen are as follows:

As the microstructure gets refined, the grain size reduces leading to an increase in the

According to I. Sen et al [59], the inclusion of B increases the strength mostly
owing to the refinement in the microstructure (as discussed in the introduction
chapter).
The Hall-Petch relation also supports the statement mentioned above. The Hall-
Petch relation is as follows:
k
0, = 0pg+—

Vd
Where,

g, = Yield Stress
o, = Resistance of the lattice to dislocation movement (Material Specific)
k = Strengthening Coefficient

d = Grain Diameter

oys according to the Hall-Petch relation.

Fig. 2.2 summarize the Yield Strength variation with the increasing Boron content after

Studies done by G. Lutjering [43] and Yapici et al [67] depict the role of the
decrease in a-lath size leading to the decline in the effective slip length to be the

reason for this increase in the Yield Strength.

Better load distribution between the matrix and the TiB particles was observed by
C. J. Boehlert et al [65] and they describe this load-sharing phenomenon to be the

major reason for this increase in strength.

Zhu et al [47] highlighted the concept of dispersion strengthening due to the
presence of TiB particles which in turn acts as obstacles for the movement of

dislocations during plastic deformation and thus imparting strength to the alloy.

reviewing numerous literary articles for as-cast Ti-6Al-4V-xB alloys.
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Fig 2.2: Variation of Yield Strength with increase in Boron (Literature Survey Plot)

A analogous pattern is discernible for the case of UTS of the as-cast Ti-6Al-4V-xB alloys.
Fig 2.3 clearly depicts this increase in UTS after reviewing various as-cast Ti-64 alloys
with different traces of Boron. The lowest Boron wt % is 0.02 (solid solubility limit of
Boron in Ti-64) and it goes as high as 2.2 wt % (hyper-eutectic composition).
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2.1.3 Hardness

The hardness is observed to increase with the increasing concentration of Boron in the Ti-
64 alloy as seen in numerous literary works. The reasons reported for this increase are listed
below:

e Anthony C. in his book Nanoindentation [68] concluded that during hardness
testing (Static Case), generally load is applied using a spherical or a pyramidal
indenter. He also mentions that it is really intriguing to study the pressure
distributed around the indenter during the application of load. It has been proven
using experiments that pm (mean effective pressure) between the specimen being
tested and the indenter used is directly proportional to the material’s Yield Strength
and is given by the Tabor’s equation as:

H, ~ Cyo,

Where, C, is called as the Constraint Factor and its value depends on the material
type, the indenter type and other criterions related to the experiment. Anthony C.
[68] also reports that the experiments show that the value of C, is nearly equal to 3
for materials having a very high ratio of Young’s Modulus (E) to the Yield Strength
(Y) i.e., E/Y ratio (Like in the case of Metals).

e |. Sen et al [59] developed empirical relations between the Vickers’s Hardness and
the size of the a-lath and the B-grains using the Hall-Petch relation:

-1
H, =302.1+883.4(dp) /2

H,=188.6 +369.2 (d,) /2
However, they also mention the presence of the TiB inter-metallics segregated at
the grain boundaries to be the reason for this enhanced hardness as the hardness
reported for TiB by K. Euh et al [69] is around 700 VHN.

2.1.4 Strain to failure (& %0)

I. Sen et al [60] tested Ti-64-xB (x = 0, 0.04, 0.09, 0.3, 0.55) and found out that the
ductility/strain to failure increased up to 0.09 wt % of Boron and then dipped. The increase
up to 0.09 wt % B was attributed to the grain refinement experienced due to B addition.
The reason for the dip after 0.09 B was due to the high-volume fractions of brittle and hard
TiB found in the 0.3 and 0.55 wt % specimens.
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2.2 Effect of Boron addition on fracture behaviour of Ti-64-xB

2.2.1 Quasi-Static Fracture

The Quasi-Static Fracture Toughness (Kic) tend to decrease as the Boron concentration
increases in the alloy. I. Sen et al [59] provides a thorough explanation about the possible
reasons that could lead to such an observation:

The decrease in Quasi-Static Fracture Toughness (Kic) is mainly due to the refined
microstructure obtained after the addition of Boron. Because as the microstructure
gets the defined the crack path becomes more and more tortuous hindering its ease
to propagate.

Scanning Electron Microscopy images showed a diminishment in the fracture
surface roughness with increase in B content. This might be the other reason for this
decrease in toughness.

They also report that the Fracture Toughness of a material is dependent on an
optimal mix of oy (Yield Strength) and COD (Crack Opening Displacement) and
both the quantities aforementioned are dependent on each other too i.e., as the Yield
Strength increases the COD dips drastically.

The local ductility (near the crack tip) plays a major role in defining a specimen’s
Fracture Toughness. The local ductility is a function of the COD and hence dips as
the COD decreases. It is worth noting that the global ductility is not a defining factor
for Kic (as seen by the & % in the previous section).

The major phenomenon responsible for an increased flow stress is strain hardening.
Absence of it near the crack tip limits its susceptibility to localization. But due to
the presence of TiB particles near the crack tip the phenomenon of localization can
be activated and as a result COD decreases. With increasing B concentration, the
volume percentage of TiB increases, resulting in decreased toughness.

Ritchie R — Knob J — Rice J (RKR) [70] developed a micro-mechanical model for
the critical stress against the fracture toughness for mild steel samples so I. Sen et
al [59] explained the possible reason for the decrease in the Quasi-Static Fracture
Toughness for Ti-64-xB using this model. According to the RKR model in materials
where a trans-granular type of cleavage fracture occurs (due to the initiation of slip)
there is an unstable propagation of cracks when the highest value of the local
principal stress (o;"**|g-¢) exceeds the critical stress value required for fracture
(o) over a microstructurally consequential distinctive length scale (l5). RKR [70]
defined the dependency of Kic as follows:

n+1
) —(n+1)
Kic= VT P gy
(0)' 7

Where, [g(n)] is basically a constant dependent on the Poisson’s Ratio of the
material and also on n (work hardening exponent). Studies done by I. Sen et al [59]
describe very less to no changes to n with varying Boron content and studies also
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show the value of n to be nearly equal to zero. So, the equation suggested by the
RKR model now reduces to:

*
Kicx [lyo,

Fractography showed typical cleavage of the a-laths so I. Sen et al [59] concluded
the micro-structural length scale to be the lath-size (A). Table 2.2 represents the
reported a-lath sizes and oy values with increasing Boron content. With increasing
Boron content, the lath size decreases drastically vis-a-vis increase in the Yield
Strength, hence the overall product mentioned in the aforementioned equation

decreases.

Ti-64-xB Lath-Size (1) Yield Strength (oy) Source
Composition [in pm] [in MPa]
Ti-64 6.8+1.8 833.9
Ti-64-0.05B 53+15 878.7 Agiasﬂ‘af;r?;’“a
T!—64—0.1B 42+1.2 900.0 (2007) [59]
Ti-64-0.4B 35+x11 913.3

Table 2.2: Defining Parameters for the RKR Model used for the calculation of K¢
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Fig 2.4: Variation of K;c with Boron Content (Reprod. using [59])
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2.2.2 Dynamic Mechanical Behaviour

The literature available on the dynamic behaviour of Boron Modified as-cast Ti-64 alloys
is very limited. Yu et al [71] compared the dynamic mechanical properties of the Ti-64
alloy with the Ti-64-0.1B sample by dynamic compression using a Split Hopkinson
Pressure Bar. They also used different heat treatment methods to obtain different
microstructures and develop a microstructure — dynamic property relationship between the

two. Fig. 2.5 represent the true stress — strain curves for Ti-64 and Ti-64-0.1B for different
microstructures.
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Fig 2.5: The dynamic otrue V/s &true CUrves comparison for Ti-64 and Ti-64-0.1B having
different microstructures: a) as-cast b) equi-axed ¢) bimodal d) Widmanstétten (Reprod.
using [71])

They also describe the dynamic deformation process viz. Firstly the samples underwent
elastic deformation followed by the plastic deformation and finally due to the localization
of adiabatic shear bands the material failed. Table 2.3 represents the values of Average
Flow Stress and the Plastic Strain observed reported by Yu et al [71] . The strain rates at
which the experiments were carried out are also represented.
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Type of Alloy Strain Rate (s Plastic Strain Avg. Dynamic

Microstructure Composition D) Flow Stress
(MPa)

As-Cast Ti-6Al-4V 3500 0.17 1255
Ti-6Al-4V-0.1B 3500 0.22 1407
Equi-axed Ti-6Al-4V 4000 0.33 1510
Ti-6Al-4V-0.1B 3500 0.24 1403
Bimodal Ti-6Al-4V 4000 0.3 1450
Ti-6Al-4V-0.1B 3100 0.27 1461
Widmanstatten Ti-6Al-4V 4000 0.26 1500
Ti-6Al-4V-0.1B 3500 0.18 1506

Table 2.3: Dynamic Properties of Ti-64 v/s Ti-64-0.1B as reported by Yu et al [71]

Yu et al [71] also mentioned the vital role of the absorbed energy during dynamic
deformation and developed a relation between the microstructure of the alloy and the
energy absorbed by it. According to Yu et al [71] the amount of energy absorbed during
dynamic deformation plays a significant metric for determining dynamic mechanical
properties. The mathematical equation they used to calculate the absorbed energy for
different microstructures was as follows:

£f
E=] o.de
Es

Where, the quantities &5 and &, denote the strains at the start and the finish of the plastic

deformation. Table 2.4 represent the maximum energy absorbed by samples having
different microstructures.

Microstructure Erisarav (MJ/m3) Ei-eal-av-0.18 (MJ/m?) Remarks
As-Cast 214 321 1 in Energy
Absorption
Equi-axed 490 340 | in Energy
Absorption
Bimodal 440 388 | in Energy
Absorption
Widmanstatten 400 269 | in Energy
Absorption

Table 2.4: Energy absorbed by specimens possessing different microstructures for Ti-64
and Ti-64-0.1B samples as reported by Yu et al [71]
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So, Yu et al [71] concluded that on the addition of Boron (0.1 wt %) to the as-cast samples
the dynamic properties improved while for the other microstructures the properties dipped
on the addition of Boron. The least decrease happened for Widmanstétten followed by
Equi-axed and finally Bimodal.

2.3 Experimental studies done on Dynamic Fracture

When a material fractures, different phenomenon occur at different time intervals near the
tip of the crack and these material fracture properties are also quantified using different
parameters viz.

e Initiation of the Crack (Quantified using Dynamic Fracture Toughness [Kip])
e Propagation of the crack (Quantified using Propagation Fracture Toughness)
e Arrest of the Crack (Quantified using the Arrest Toughness)

Out of all the three the Dynamic Fracture Toughness/Dynamic Fracture Initiation
Toughness is the most critical Fracture Mechanics criterion. It is well understood that the
fracture behaviour of materials is proportional to the loading rate. Numerous studies show
that Kip (Dynamic Fracture Toughness) differs significantly from Kic (Quasi-Static
Fracture Toughness). Fracture Toughness is an attribute of a material that varies with
loading rate. The loading rate for a particular dynamic experiment is defined in terms of a
quantity coined as the Stress Intensity Factor Rate (K;) and follows the following equation:

K
K, = S
Ly

Where, K is the Dynamic SIF and ¢ is the time required for the crack to initiate.

In comparison to dynamic loading, the experimental methodologies used to determine
quasi-static fracture toughness for both brittle and ductile materials are well known. The
Quasi-Static studies are so well known that even ASTM has published a set of procedures
and rules for determining the Quasi-Static Fracture Toughness under ASTM-E399
(LEFM). Very few standard procedures are available for dynamic fracture toughness
calculations of materials like for example: ASTM E24.03.03 suggests standard test
procedures for testing materials using the Charpy Impact Testing machines but that was
only confined to loading rates up to 10° MPavms™ and no defined SOPs are mentioned for
loading rates in the range of 10° MPavms™ to 10’ MPaVms™ which generally arise while
testing materials using the Split Hopkinson Pressure Bar.

Numerous modifications have been done to study a material’s dynamic response using the
SHPB. The modification aforementioned may be in the testing apparatus itself, or the
specimen geometry. Some of the tests are mentioned below:
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2.3.1 One Bar — One Point Bend Fracture Test (1B/1PB)

Homma et al [72] were the first ones to modify the conventional SHPB into a 1B/1PB setup
by removing the transmission bar. The setup only consisted of the Striker Bar, The Incident
Bar, and the Pre-Cracked Specimen. Both modes of Fracture (I and Il) were compatible
with this setup. Fig. 2.6 shows the schematic of such a setup.

1B/1PB Specimen 1B/1PB Specimen
Striker Bar Incident Bar Strain Gauge Striker Bar Incident Bar Strain Gauge
l LI O = | | I =
a) b) Fracture Gauge

Fig 2.6: A typical schematic of the 1B/1PB Fracture Test in a) Mode-I (Reprod. using
[73]) b) Mode-II (Reprod. using [74])

With this modification to the Hopkinson Bar Homma et al [72] performed Dynamic
Fracture experiments for SM50A Steel. Later on, he also tested the 7075-T651 [75] and
6061-T651 [76] Al alloys. Similar testing setup was used by Wada et al [77]-[79] for the
Dynamic Fracture testing of Poly-Methyl-Methacrylate (PMMA).

Another modification done to the Hopkinson Bar was to remove the incident bar and use
the Striker Bar directly as an impacting entity. Kalthoff et al [80], [81] and Rosakis et al
[82], [83] used this modification to test different material’s dynamic fracture initiation
toughness.

2.3.2 One Bar — Three Point Bend Fracture Test (1B/3PB)

The only differentiating factor in the 1B/3PB setup as opposed to the 1B/1PB setup is the
presence of 2 supports in the former which is absent in the latter. The experimental setup
of a 1B/3PB Hopkinson Bar almost resembles the simply supported beam (Fig. 2.7). Mines
and Ruiz [84] were the first ones to modify the conventional Charpy Impact Testing setup
by introducing an additional tup which remains in contact with the specimen. So, the Tup
which would have directly impacted on the specimen now impacted on this additionally
added tup.
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1B/3PB Specimen

Striker Bar Incident Bar Strain Gauge

IIIII ; >

Support

Fig 2.7: A typical schematic of the 1B/3PB Hopkinson Bar Experimental Setup (Reprod.
using Rubio et al [85])

In the same year Mines and Ruiz used the same type of modification in the SHPB setup
[86]. They used a comparatively longer striker bar (approximately 1000 mm long) in order
to generate a loading pulse which was longer in duration so that the material gets fractured
in the first loading period itself thereby averting the effect of multiple stress waves which
in turn helps in deciphering the experimental results easily. Table 2.5 and 2.6 provides an
overview of the materials tested using the 1B/3PB Hopkinson Bar setup.

Material e
ateria Specification Authors and Journal  Reference Remarks
Tested
A 1-D spring-mass
Dutton et al (1991) model of the SHPB was
EN24 [International Journal of [87] designed and the same
Fracture] was used to estimate the
Kip values.
FEM analysis was used
to calculate the time
hist f th
W.G. Guo et al (1997) story. 0 ¢
[Theoretical and propagating stress wave,
40 Cr Steel . [88] load-point displacement
Applied Fracture
. and Kp. The results
Mechanics]

STEELS showed good agreement
with the ones deciphered
experimentally.

The variation of KID
with the loading rate was
examined. A combined
.. numerical and
Z (2 .
40 Crand [ :i'tznl\i;"(u?(:g; [89] experimental approach
30CrMnSiNi2A Sinical g was used. FEA

concluded that 40Cr’s
Kip is insensitive to the
loading rate and Kp
increased with loading
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rate for 30CrMnSiNi2A.
The loading rate was
around 108MPaVms™.

Anderson et al (2003)
AISI 4340 Steel [AIP Conference [90]
Proceedings]

A rather uncomplicated
Quasi-Static model was
used for KID
calculations.

Table 2.5: Different types of Steels tested using the 1B/3PB Experimental Setup

Material

Specification  Authors and Journal Reference
Tested

Remarks

Srivastava et al (2004)
COMPOSITES C/C-SiC [Composite Science [91]
and Technology]

1B/3PB tests were
carried out to
calculate K\p for both
the Oxidized and
Non-Oxidized
Specimens of C/C-
SiC Composites. The
roughness of the
specimen’s surface,
created via oxidation
was found to
diminish the
dynamic stress
amplitude. Although
the  (Kip)oxidized 1S
always less than the
non-oxidized  one.
This  demonstrates
that the loading
technique and
material
conditioning have a
significant impact on
composite
specimens.

Table 2.6: Composites tested using the 1B/3PB Experimental Setup
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2.3.3 Two Bar — Three Point Bend Fracture Test (2B/3PB)

This is a slight modified version of the 1B/3PB Hopkinson Bar setup. The 2B/3PB test
differs from the 1B/3PB in mainly two ways viz. Instead of just the incident bar,
transmission bar is also present in the 2B/3PB test and also permanent grooves are made in
both the bars so as to support the specimen from both the sides as if forming a simply
supported beam type of setup. Fig. 2.8 represents the schematic of such a setup.

2B/3PB Specimen

Striker Bar Incident Bar Strain Gauge Strain Gauge
— ; > ch |

Transmission Bar

Fracture Gauge

Fig 2.8: A typical schematic of the 2B/3PB Hopkinson Bar Experimental Setup (Reprod.
using Vecchio et al [92])

2.3.4 Three Bar — Three Point Bend Fracture Test (3B/3PB)

A 3B/3PB Hopkinson Bar Experimental setup consists of the striker bar, the incident bar
and two transmission bars. The specimen is placed between the incident bar and both the
transmission bars. This technique was developed by 2 professors of the Osaka University
viz. T. Yokohama and K. Kishida [93]. Fig. 2.9 shows the schematic of the setup proposed
by the aforementioned professors.

3B/3PB Specimen_
Strain Gauge

Striker Bar Incident Bar Strain Gauge

] I

| L ; | gt | 3 Transmission Bars

Strain Gauge

Fig 2.9: A typical schematic of the 3B/3PB Hopkinson Bar Experimental Setup (Reprod.
using Yokohama and Kishida [93])

Table 2.7 gives an overall summary of the prominent research groups primarily working in
the field of Dynamic Fracture of Materials worldwide.
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Loading

Group Institute Active Research Method Method of |-<ID
Conducted Interpretation
Used
Kip Calculations Coherent Gradient
Rosakis Caltech, USA and Crack 1B/1PB Sensing (Optical
Dynamics Method)
T(')yohgshl Kip Calculations FEA and Strain
Homma University of and Fracture 1B/1PB
. Gauge Method
Technology, Japan Mechanics
Kip, Kiip
Rittel T, Israel Calculationsand  1B/1PB and FEA and Strain
' Fracture 2B/CCS Gauge Method
Mechanics
Case Western Kip Calculations Qllﬁzlc_tsutzlc
Prakash Reserve University, and Fracture 1B/3PB S
. Approximation and
USA Mechanics .
Strain Gauge
Kip Calculations,
Shukla University of Fracture 1B/3PB and CGS and Strain
Rhode Island, USA Mechanics, and 1B/1PB Gauge Method
Crack Dynamics
Kip Calculations Strain Gauge
Vecchio UCSD, USA and Fracture 2B/3PB Method and Quasi-
Mechanics Static Theory
Kyushu Universit Kip Calculations FEA and Strain
Todo y Y, and Fracture 3B/3PB
USA . Gauge Method
Mechanics
Table 2.7: Prominent Research Groups and the Active Research Conducted by them
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2.4 Research Gaps

Significant research has been conducted to investigate the dynamic behaviour of Ti-
64 alloys with various microstructures generated via various processing techniques
at various strain rate regimes. But very less efforts are made to study the Dynamic
Behaviour of Boron Modified as-cast Ti-64 alloys. The literature which is available
is only confined up to a Boron concentration of 0.1 wt % and no data is available
above this composition.

The limited research done on Boron Modified Ti-64’s Dynamic Behaviour is only
confined to strain rates ~ 10%s™,

A clear explanation of the involvement of TiB particles in the Ti-64-xB matrix is
still lacking in the literature, and the deformation process causing the dynamic
fracture behaviour remains unknown.

No literature is available on till now that focuses on evaluating the Dynamic
Fracture Toughness (Kip) of Boron Modified as-cast Ti-64 alloys.

The research done on Dynamic Fracture Mechanism and the role of microstructures
in influencing such phenomenon is still obscure.

2.5 Objectives

Modify the Conventional Hopkinson Bar setup into a One Bar/ Three-Point Bend
(1B/3PB) setup to evaluate the Dynamic Fracture Toughness (Kip) of Boron
Modified as-cast Ti-64 alloys at a loading rate ranging from 10° MPavVms™ to 10’
MPavVms™.

Employ a High-Speed Camera facility to study the crack propagation behaviour at
such high rates of loading frame-by-frame.

To scrutinize the influence of Boron on the microstructure, mechanical
characteristics, and dynamic fracture behaviour of the as-cast Ti-64-xB alloy.
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Chapter 3
METHODOLOGY

This chapter presents an exhaustive exposition, providing intricate insights and
comprehensive coverage of the material's manufacturing as well as the experimental and
microstructural characterisation methodologies used in the current work.

3.1 Material Used

The samples of Ti-6Al-4V-xB (x = 0, 0.04, 0.09, 0.3, 0.55) were procured from the Flow
Serve Corporation (at Dayton, Ohio). The as-received samples were in the form of
cylindrical ingots. The diameter and the length of the as-received cylindrical ingots were
75 mm and 180 mm respectively. The ISM (Induction Skull Melting) technique was used
to prepare the casting. Through the use of an induction coil and a vacuum or controlled
atmosphere, induction skull melting (ISM) is a technique used for melting metals in a
segmented, water-cooled copper vessel. There is no refractory lining present and a direct
contact is established between the metal to be melted and the metal with which the
refractory lining is made up of. While casting, a regulated environment was present, and
when elemental Boron was added to the melt, it completely dissolved. Finally, to make sure
the obtained casting is pore free the Hot-Isostatic Pressing treatment was employed and the
parameters were as follows:

e Duration: Approx. 2 hrs
e Temperature: 1173 K
e Pressure: 100 MPa

3.2 Experimental Characterization

3.2.1 Machining of the Specimens

3.2.1.1 For Microstructural and Scanning Electron Microscopy Analysis

Cylindrical samples having a length of 4 mm and a diameter of 2 were cut using the
Electrical Discharge Machining Technique from the as-received cylindrical ingots. Fig. 3.1
represents the schematic of the samples used for the analysis.

Fig 3.1: Schematic of the specimen used for Microstructural and SEM analysis
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3.2.1.2 For Microhardness Testing

Cuboidal samples having a Length, Width and Height of 50 mm, 5 mm and 10 mm
respectively using the Electrical Discharge Machining Technique from the as-received
cylindrical ingots. Fig. 3.2 represents the schematic of the samples used for the analysis.

10 mm

‘ ‘,Amm

50 mm

Fig 3.2: Schematic of the specimen used for Microhardness Testing

3.2.1.3 For Dynamic Fracture Experiments

A typical 3PB specimen having a Length, Width, Breadth and Crack length of 50 mm, 10
mm, 5 mm, and 4 mm respectively was used for the Dynamic Fracture experiments on the
Modified Hopkinson Bar. Fig. 3.3 represents the schematic of the samples used for the
analysis.

i "~

50 mm . 5 mm

Fig 3.3: Schematic of the specimen used for 1B/3PB Dynamic Fracture experiments

3.2.2 Polishing of the Specimens

To analyse the microstructure of the different specimens of Ti-64-xB the EDMd samples
(mentioned in 3.2.1.1) were encapsulated using a Thermosetting Resin by the name of
PhenoCure, which exhibits a phenolic nature using the Buehler’s SimpliMet 3000 Hot
Mounting Press. After finishing the mounting process, the samples were then polished on
the Bainpol VTD polishing machine (made by Chennai Metco) using a range of emery
papers (starting from a grit size of 600 and going up to a grit size of 3000). In order to attain
a mirror finish, Alumina Paste having the particle size ranging from 0.25 um to 2 um was
used to polish the samples on a velvet cloth. Lastly, the samples were cleaned using an
Ultrasonicating Machine (by PCI Analytics) in a solution of Water and Ethanol and then
air-dried.
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3.2.3 Microstructural Characterization

To observe the microstructure, the samples were etched using Kroll’s reagent. A 50 ml
solution of the Kroll’s reagent has the following constituents:

e De-lonised Water: 46 ml
e Nitric Acid (HNO3): 3 ml
e Hydrofluoric Acid (HF): 1 ml

The etching was carried out for a time of approximately 20 sec for each sample followed
by washing them using clean water and air drying using a blow dryer. Microstructural
details are made visible via etching that are otherwise invisible on the sample after
polishing. The characteristics of the existing phases, inclusions, as well as the dimension,
form, arrangement and segregation of the grains, may all be seen in a properly prepared
specimen.

ZIESS’s Axio Vertical Al Inverted Optical Microscope was used to capture the
microstructures of various Ti-64-xB samples at different magnifications, starting from 100
X and going up to 2000 X. To study the microstructural features more deeply, SEM analysis
was done using the JEOL’s Benchtop FESEM-EDS setup.

3.2.4 Microhardness Testing

A partially automatic Vicker’s Hardness machine was used to measure the hardness of the
samples. A 50 g load was used and the machine had a dwell time of 20 sec and the velocity
of the loading/unloading was around 60 um/sec.

3.2.5 Dynamic Fracture

3.2.5.1 Modifications done to the conventional SHPB

The addition of a fixture to hold the specimen in a 1B/3PB configuration transformed the
standard 12 mm Hopkinson Bar into a modified SHPB. The schematic of such a setup was
represented in Chapter 1 (Fig. 1.25). The specifications of the modified Hopkinson Bar
used to perform the Dynamic Fracture experiments are listed below:

e All the bars of the modified Hopkinson Bar were made up of an Aluminium alloy
(Al-2062-T6). The diameter of each bar is 12 mm.

e The length of the input bar was 2500 mm. The strain gauges are mounted at
diametrically opposite positions on the input bar to capture the signals during the
time of impact. Also, the strain gauges are mounted at the centre of the bar just to
avoid overlapping of the waves.

e The length of the striker/projectile bar was 650 mm and produces a loading pulse
of around 250 ps. A quick discharge of compressed air from a pressure vessel
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propels the striker, which accelerates the striker bar until it collides with the incident
bar. The striker bar was able to reach speeds of about 12 m/s during the testing.

e A High-Speed Camera (Phantom V12) having a 256*128-pixel resolution was
placed parallel to the specimen to analyse the crack opening and propagation. The
V12 had a sampling rate of 130000 frames per second and captured images after
every 7.7 us. To analyse the high-speed camera images the Cine Viewer (CV 3.7)
software, from the makers of the V12 was used.

3.2.5.2 Basis of Kip measurement

According to Rubio et al [85] in order to calculate the Kip we need to quantify two
parameters viz. the progression of the Stress Intensity Factor with time (Kiw) and the time
required to fracture the specimen (tf). Rubio et al [85] proposed 3 methods for the
quantification of the Dynamic Stress Intensity Factor and the 4™ method was proposed by
the Anderson et al [24]. All of these methods are explained briefly below:

» Peak Load Method (Rubio et al [85], Experimental Mechanics [2003])

The equation proposed by Rubio et al [85] for Kip taking the applied load P (t) into account

is as follows:

_ 3P Va
2BVW (1 +2a)(1—a) /2

f(a)

ID

With,
fl@)=(1.99 — a(1 - a)(2.15 - 3.93a + 2.7a?))

Where, P(t) is the applied load at the time of impact, a is the length of the crack, S is the
span or it can also be defined as the distance between the two supports in a 1B/3PB setup,
W is the width of the specimen, « is the ratio of the crack length to the width and g is the
ratio of the span to the width of the 3PB specimen.

» Load Point Displacement Method (Rubio et al [85], Experimental Mechanics
[2003])

Bacon et al [94] proposed the formula for the static stress intensity factor (Kic). Assuming
the relation also holds true in the dynamic regime Rubio et al [85] proposed the following
equation to quantify the Kip:

_3 B w(®
7 2pyw C(@)

kg (@)
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Where, u,(t) represents the load-point displacement, C(a) is the compliance of the
specimen under test and kg () is a non-dimensional factor which depends on the values of
a and 3. The values of both C () and kg (a) for different cases can be found in Guinea et
al [95].

Rubio et al [85] made a straightforward assumption that the value of load-point
displacement was equal to the displacement of the impacting end of the incident bar. This
is only possible if the specimen and input bar remain in constant contact.

» CMOD Method (Rubio et al [85], Experimental Mechanics [2003])

Kishimoto et al [96] proposed the formula to calculate the Kic for Quasi-Static Three Point
Bend Experiments. Assuming the relation also holds true in the dynamic regime Rubio et
al [85] proposed the following equation to quantify the Kip:

Ew,, kg(a)
Kip = —
4/aavg(a)

Where, w,, is the value of the Crack-Mouth Opening Displacement (CMOD), E is the value
of the Young’s Modulus of the specimen under testing, kg(a) and vg(a) are two non-
dimensional parameters depending on the values of « and . The values of both v («) and
kg () for different cases can be found in Guinea et al [95].

» Plastic Zone Size Method (Anderson and Rosakis, Experimental Mechanics
[2006])

The equation proposed by Anderson and Rosakis taking the Plastic Zone Size near the crack
tip into account is as follows:

_iﬁz

T =
P 21 Oys

Where, gy is the Yield Stress of the sample under test and r, is calculated at the point of
crack initiation and the point of initiation of crack is determined using the high-speed
camera images. According to Anderson and Rosakis the yield stress typically depends on
strain rate, the crucial plastic zone size also depends on the rate at which crack tips are
loaded and the pace at which they spread, with the latter influence predominating for
growing cracks.

All the aforementioned methods are taken as the basis of Kp quantification in the current
study.

53



54



Chapter 4
RESULTS

This chapter covers the microstructures of the different compositions of Ti-64-xB alloys
followed by the Micro-Hardness test results for the same. Later in the chapter, the
interpretations from the High-Speed Camera images are presented. The results of the
Dynamic Fracture tests conducted at a rate of 105 MPavms™ to 10" MPaVms™ on the
modified Hopkinson Bar setup is also discussed. Fractographic analysis of the dynamically
fractured samples is also presented. The chapter concludes with a discussion of the
calculations of the Dynamic Fracture Toughness (Kip) values via different methods (as
mentioned in Chapter 3).

4.1 Microscopy

4.1.1 Optical Microscopy

Fig. 4.1 represents the microstructures (Optical Images) of the 0, 0.04, 0.09, 0.3 and 0.55
wt % Ti-6Al-4V-xB alloys. The images indicate a typical lamellar type of microstructure
with the a-phase (hcp) and B-phase (bcc) acquiring alternate laths in the Ti-64-xB matrix.
In comparison to B laths, the a laths are larger in size and are represented by a lighter colour
in the optical images, while the former (p) is darker in contrast and also has a smaller size.
The a-hcp, which is tinted lighter is also present at the GBs. These alternate a-hcp and -
bcc laths are positioned along favoured orientations and they almost look like colonies in
the Ti-64-xB matrix. Within one prior-p grain, a number of such colonies are present at
random. As the solid solubility of Boron in Ti-64 is around 0.02 wt %, anything beyond
this wt % will result in the formation of TiB. This can be observed in samples having 0.04,
0.09, 0.3 and 0.55 wt % of Boron. This TiB formed gets oriented at the GBs and have an
approximate length of 2 to 5 um with an elongated framework which almost looks like a
cylinder. These objects have a needle like shape and are clearly observable in samples
having 0.09, 0.3 and 0.55 wt %. The characteristics observed in the optical images are
discovered to be strong accord with the research done by Sen et al [59].

4.2 Mechanical Behaviour

4.2.1 Micro-Hardness Testing

Fig. 4.2 shows how hardness varies as the amount of Boron rises in the material. Almost
50 measurements were taken for each sample. If we compare the mean hardness values, we
see that hardness increases steadily as Boron wt % increases. Fig. 4.3 represents the %
increase in hardness of the Ti-64-xB samples with respect to the 0 B sample. By just 0.04
wt % Boron addition the hardness value went up by approximately 8.2 % and close to 23.5
% as the Boron content increases to 0.55 wt %. The refining of the grains on the addition
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of Boron is what causes this increase in hardness. Because there are less TiB particles in
the matrix than in other Boron-rich samples (0.09, 0.3 and 0.55), there is a significant range
in the hardness values for the 0.04 B sample. As the reported hardness values for TiB
particles are around 700 VHN (As reported by Sen et al [59]), hardness measurements done
in areas where TiB particles are abundant will provide higher values, whereas hardness
measurements taken in areas where TiB particles are scarce will produce lower values.
Overall, the improvement in hardness is a result of both refined grain size and the presence
of TiB particles.

GB a- Phase |

a) 0B

b) 0.04B
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TiB particles
segregated at GBs

7. TiB particles
v segregated at GBs

*é

e) 0.55B

Fig 4.1: Optical Microscopy Images of Ti-64-xB alloys where x is a) 0 B b) 0.04
B ¢) 0.09 B d) 0.3 B and e) 0.55 B (All compositions are in wt %)

57



440

®  vicker's Hardness (H,)

420

400 401.4

380 E 379.1
T 1 370.23

360
® 3516

340 -

325.03
320 {

300 T T T T T
0B 0.04B 0.098 0.3B 0.55B

Boron Content (wt %)
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Fig 4.3: Percentage increase in Hardness of Ti-64-xB samples wrt. 0 B sample
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4.2.2 High-Speed Camera Interpretations
4.2.2.1 Crack Mouth Opening Displacement (CMOD)
a) Variation in CMOD with time

Using the Phantom High Speed Camera Facility available at 1IT-Hyderabad and with the
help of the CV 3.7 Software the Dynamic Fracture videos of the samples were analysed
and the CMOD values at the time of crack-initiation were measured. For the 0 B sample
the CMOD value was found out to be 0.3704 mm. For the 0.04B sample the CMOD value
were 0.4167 mm and 0.3701 mm for the impact speeds of 11.69 ms? and 10.39 ms™
respectively. The CMOD values for the 0.09B were 0.375 mm and 0.3997 mm for the
impact speeds of 10.79 ms™* and 11.55 ms™ respectively. For the 0.3B and 0.55B samples
the CMOD values were 0.3747 mm and 0.4583 mm (at 10.74ms™ and 12.07ms™) and 0.4
mm and 0.4396 mm (at 11.9ms™ and 12.37ms™?) respectively. Fig. 4.4 also shows the
Frame-by-Frame CMOD plots for the various samples.

2.0

f—e— 0.00% Boron {11.87 ms?)|
4= 0.04% Boron {11.69 ms )
1.8 4 0.04% Boron
[—e—0.09% Boron

1.6 - 0.09% Boron {10.79 ms™]

=== 10.30% Bor

*— 0.30% Boron {12.07 ms
1.4 4| ossmneren 1.9 ms?
[——0.55% Boron {12.37 ms™)

CMOD (mm)
L
(=]
1

T T T T T
50 100 150 200 250 300 350

Time (us)
Fig 4.4: Frame-By-Frame CMOD variation for different Ti-64-xB samples (Master Plot)

Table 4.1 summarises the CMOD values for different samples tested at different impact
speeds.

Boron Content (inwt %)  Impact Speeds (in ms?)  CMOD Values (mm)

0 11.87 0.37
10.39 0.37

0.04 11.69 0.42
10.79 0.38

0.09 11.55 0.40
10.74 0.37

03 12.07 0.46
11.9 0.4

055 12.37 0.44

Table 4.1: Variation in CMOD at the time of Crack-Initiation for different Ti-64-xB
samples at different impact speeds
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b) Variation in CMOD with impact velocity

Fig. 4.5 represents the variation in CMOD observed for samples tested at two different
impact speeds (samples except the 0 B one). The inferences obtained after analysis the
High-Speed Camera images are as follows:

2.0

1.8

1.6

1.4 4

CMOD (mm)

0.6

0.4 4

0.2

0.04B Sample: For both the samples of 0.04 B we observe a similar trend in CMOD
with time, the only difference is that the sample tested at a higher impact speed
exhibited higher CMOD value as compared to the one tested at a lower impact
speed. Fig. 4.5 (a) represents the aforementioned fact.

0.09B Sample: In this case also we see a similar trend for the variation of CMOD
with time. But we cannot comment on the variation of CMOD with impact speed
because the plots for both impact speeds almost coincide depicting no relation
between CMOD and impact speed. Fig. 4.5 (b) supports the following fact.

0.3 B Sample: For the 0.3 B sample we observe that the sample tested at a higher
impact speed fractured very quickly as compared to the one tested at a lower impact
speed. The former one fractured after 150 us while the latter took around 250 ps to
do so. This clearly indicated that Brittle Fracture prevailed in samples having higher
Boron content and there was an overall effect of the Sharp Brittle Fracture and
Higher Impact Speed which led to an early fracture for one of the samples. Fig. 4.5
(c) supports the following interpretation.

0.55 B Sample: We observe similar trend for CMOD for both the samples. The
sample tested at a higher impact speed showed higher CMOD value as compared to
the one tested at a lower speed. Fig. 4.5 (d) represents the aforementioned fact.
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Fig 4.5: CMOD comparison of a) 0.04 B b) 0.09 B ¢) 0.3 B and d) 0.55 B Samples with

¢) Variation in CMOD with Boron Content

variation in impact speeds

Fig. 4.6 represent the comparison of CMOD values of different Ti-64-xB samples (0.04,
0.09, 0.3 and 0.55) with the one containing no Boron at all. It has been observed that the
highest CMOD for the sample having 0B was 1.8067 mm whereas the highest value for
samples having 0.04B ranges from 0.7594 mm to 0.858 mm. this indicates as the boron
content rises to 0.04 wt. % the CMOD value reduces by about 50 %. The highest CMOD
0.09B ranges from 1.3521 mm to 1.4388 mm which is nearly 23 % lesser than 0B. The
curves are also a bit steeper for 0.09B which means the rate of increase of CMOD is higher
for 0.09B as compared to OB. The CMOD values for 0.3 B and 0.55 B are 18 % and 14 %
lesser than O B samples. So, it can be inferred from the plots that as the Boron content
increases the Crack Mouth Opening Displacement values decreases. Fig. 4.7 also
summarises the % decrease in CMOD with increasing Boron Content.
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Fig 4.7: % decrease in CMOD of various Ti-64-xB samples wrt 0 B

4.2.2.2 Crack Tip Opening Angle (CTOA)

With the help of the Phantom CV 3.7 Software the Crack-Tip Opening Angles for different
Ti-64-xB samples were measured. It was observed that the CTOA values decrease from
17.3° for the 0 B sample to 8.47° for the 0.55 B sample. Fig. 4.8 represents the measured
CTOA values from the High-Speed Camera videos and the steady decreasing trend of
CTOA with increasing Boron content is summarised in Fig. 4.9.
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Fig 4.8: CTOA values measured for various Ti-64-xB samples using High-Speed Camera
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Fig 4.9: Variation of CTOA with increasing Boron content
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4.2.2.3 Load Point Displacement (w,, (t))

The load-point displacement values were calculated according to the concepts given by
Rubio et al [85] which are already mentioned in the Methodology chapter. It was observed
that for the samples tested at two different impact speeds, the sample tested at a higher
speed exhibited a higher Load-Point Displacement value as compared to the one tested at
a lower impact speed. Fig. 4.10 represents the schematic to calculate the Load-Point
Displacement values using the High-Speed Camera videos.

Fig 4.10: Schematic representing the Load-Point Displacement in 1B/3PB test samples

It was observed that the 0.04 B samples showed the highest values for Load-Point
Displacement as compared to other Boron rich samples. The values dipped as the Boron
content increased. Although, the values for other Ti-64-xB samples were higher than the 0
B sample. The analysis done proves to be in good agreement with the studies done by Sen
et al [59] as they reported a sudden increase in ductility up to 0.05 wt % followed by a steep
dip. The values for Load-Point Displacement also exhibit the same, the 0.04 wt % Ti-64-
xB sample had the highest ductility leading to a very high value of Load-Point
Displacement then a sudden dip occurred. The calculated values for Load-Point
Displacement are summarised in Table 4.2.

Boron Content (inwt %)  Impact Speeds (in ms™) u, (t)) (mm)

0 11.87 0.31

10.39 0.40

0.04 11.69 0.48

10.79 0.33

0.09 11.55 0.33

10.74 0.30

03 12.07 0.35

11.9 0.25

0-55 12.37 0.29

Table 4.2: Load-Point Displacement values for various samples wrt. impact speeds
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4.2.2.4 Crack Propagation Speed

The crack propagation speed was also calculated using the High-Speed camera images. The
following method was used to quantify the crack propagation speed:

e Firstly, with the help of the Phantom CV 3.7 Software the crack length for each
sample was calculated

e Also, the time required for the crack to propagate was also noted

e The division of the aforementioned quantities helped in deciphering the crack
propagation speed values.

The values calculated for Crack Length, Time and the Crack Propagation Speed are
summarised in Table 4.3.

Boron Content Crack Length Time required Crack Propagation Speed
(wt %) (mm) (ns) (ms™)
0B 6.1 245.72 24.83
0.04 B 1.87 299.46 9.47
0.09B 5.68 142 39.98
03B 5.80 138.22 41.94
0.55B 6.14 99.82 63.96

Table 4.3: Crack Propagation Speed values for various Ti-64-xB samples

The 0.04 B sample showed an anomalous behaviour here also like in the case of Load-Point
Displacement. The High-Speed Camera images clearly depicted that the 0.04 B samples
did not fracture which is evident from the values for crack length. After the 0.04 B sample,
as the Boron content increased the Crack length also increased and the time required for
the crack to propagate decreased. This clearly indicated the presence of Brittle character in
the Boron rich samples pertaining to a sharp and quick crack propagation. Fig. 4.11
represents the variation of crack propagation speed with respect to the increasing Boron
content.
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Fig 4.11: Variation of Crack Propagation Speed with increasing Boron Content
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Frame-By-Frame Crack lengths were calculated where each frame represented the time
required for the crack to propagate up till that frame. The variation of crack length with
time is represented in Fig. 4.12. This calculation eventually gave the variation of crack
propagation speed with time (Fig. 4.13). The samples having the same composition showed
similar trends for crack propagation speed with time, the only difference being that: the
sample tested at a higher impact speed exhibited a higher crack propagation speed as
compared to the one tested at a lower speed. It is also observed that as the Boron content
increases the curves for crack propagation speeds and the crack length become more steeper
and steeper.
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Fig 4.12: Frame-By-Frame Crack Length variation with time
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Fig 4.13: Frame-By-Frame Crack Propagation Speed variation with time
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4.2.3 Fractography

Fractography of the Dynamically Fractured Samples was performed. It was observed that
the Ti-6Al-4V-0B sample showed Ductile Fracture features like Equi-Axed and Conical
Dimples along with Serpentine Glides. The observed features are in close agreement with
the studies done by Roy et al [97], where they studied the deformation of the Ti-64-0.1B
sample at a strain rate which falls in the Quasi-Static regime. Other features like Sheared
(also observed in Muiruri et al [98]) and Elongated Dimples (as in Alaghmandfard et al
[44]) when viewed at higher magnifications (~ 1200X) along with some micro-voids (as in
Roy et al [97]). At lower magnifications one could see lath-like features in the fractographs
which helps in concluding that the typical fracture mechanism is the Cleavage Fracture
of a-hcp Laths and this conclusion is supported by the studies done by Sen et al [59] for
Quasi-Static Fracture. Fig. 4.14 represents the Fractographic Images for the 0 B samples
highlighting the evident features along with the literary article info that support the claims
made.
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Fig 4.14: Fractographic Images of Ti-64-0B sample highlighting various fracture features
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For the 0.09 B samples due to grain size reduction the same a-lath cleavage fracture occurs,
the only difference being that the laths are now much smaller in size due to microstructural
refinement. Fig. 4.15 represent the typical Fractographs for the Ti-64-0.09B samples
highlighting the observable fracture features. One could observe typical brittle fracture
features for the 0.09B samples like River and Step patterns (as in Liu et al [99]). Cleavage
Cracks and Deep Shear Dimples (also observed in Ammar et al [100]) are also observed
when viewed at higher magnifications. Very few Equi-axed dimples are also observed at
some places.
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Fig 4.15: Fractographic Images of Ti-64-0.09B sample highlighting various fracture
features
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For the 0.3 B samples there is a further size reduction in the cleavage fractured a-laths due
to increased microstructural refinement with increasing Boron content. The River patterns
become even more pronounced here and one could observe dominating Step patterns at
higher magnifications which is in good agreement with the studies performed by Lu et al
[101]. Fig. 4.16 represent the typical Fractographs for the Ti-64-0.3B samples highlighting
the observable fracture features.

PECULIAR RIVER
PATTERNS INDICATING |
BRITTLE FRACTURE i

Fig 4.16: Fractographic Images of Ti-64-0.3B sample highlighting various fracture
features

For the 0.55 B samples there is no significant decrease in the cleavage fracture laths as
there is not much difference in the size of a-lath on further addition of Boron to Ti-64. So,
no observable difference in fractured lath size is exhibited at lower magnifications (Fig.
4.17 (a)). Similar Cleavage Cracks and Facets are observed (as in Ammar et al [100]).
Because of the drastically fine grain size, some smooth patches can also be seen which is
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in good agreement with the studies done by Yao et al [102]. River and Step patterns
indicating Trans-granular Brittle Fracture were the most prominent features for these
samples. Very few Equi-axed Dimples are also observed at higher magnifications due to
the abundance of TiB particles at grain boundaries forming a necklace like structure and
promoting brittle fracture of the a-laths. Fig. 4.17 represent the typical Fractographs for the
Ti-64-0.55B samples highlighting the observable fracture features.
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Fig 4.17: Fractographic Images of Ti-64-0.55B sample highlighting various fracture
features

It is worth noting that the Fractographic Images for the 0.04 B samples cannot be taken
because these samples did not fracture.
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4.2.4 Dynamic Fracture Toughness Calculations

After calculating all the parameters proposed by Rubio et al [85] (Peak Load, CMOD and
Load-Point Displacement) and Rosakis et al [24] (Plastic Zone Size) the values for the
Dynamic Fracture Toughness (Kip) were calculated using each method and then compared
with the Quasi-Static Fracture Toughness (Kic) values proposed by Sen et al [59].

a) Dynamic Fracture Toughness using Peak Load (P(t))

A MATLARB tool proposed by Francis et al [103] was used to calculate the peak load during
the dynamic deformation process (Fig.4.18 represents the interface of the MATLAB tool
used). Separate Incident/Reflected and Transmitted Signal Excel files were created and
then imported in the MATLAB tool and the Force vs Displacement curves were analysed
to get the peak load. Also Force vs Time curves were also studied to check whether the
peak load is achieved at the crack initiation time. The High-Speed camera footage supports
the theory that the peak load is achieved at the time of crack initiation. Fig. 4.19 represent
the Crack-Initiation Force vs Displacement Curves for different Ti-64-xB samples. Fig.
4.20 provides an idea of the load-time history for various samples proving the fact that
crack initiation occurs at the Peak Load only.
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Fig 4.18: Interface of the MATLAB Graphical analysis tool proposed by Francis et al
[103]
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It has been observed that the peak load values increase from 5819.844 N for 0.04B to
5119.848 N for 0.09B and then dips to 3856.6 N for 0.3B to even lower values of 3437.16
N for 0.55B. After putting these peak load values in different theories proposed in different
literary articles the Kp values were obtained. The three theories used are as follows:

e Acc. to Sahraoui et al [104]

Kip= > —% ra'ef(a)
ID = 2 Bwz?

Where, f(a) = [1.11 — 1.55a + 7.71a? — 13.53a3 + 14.23a*]

e Acc. to Xiaohe et al [105]
P,S
Kip = —3/f(“)
BW /2
Where, f(a) = a/2[2.9 — 4.6a + 21.8a® — 37.6a + 38.7a*]

e Acc. to Shazly et al [106]

p
Q
Ko =
P g

f(a)

3pVa

Where, f(a) = —2B%
2(1+2a)(1-a) /2

[1.99 — a(1 - a)(2.15 — 3.93a + 2.7a?)]
Fig. 4.21 represent the Kip values obtained using the aforementioned theories. It was
observed that the 0.04 B sample exhibited the highest value of Kip for all of the three
proposed theories. Theories proposed by Xiaohe et al [105] and Shazly et al [106] almost
showed identical values whereas the values calculated using Sahraoui et al [104] were a bit
on the higher side.
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Fig 4.21: Kip values calculated using Peak Load
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b) Dynamic Fracture Toughness using CMOD

Using the High-Speed Camera Images the Crack-Mouth Opening Displacement was
calculated and the quantification of Kip was done according to the concepts proposed by
Rubio et al [85] for CMOD. The CMOD values calculated are already mentioned in Table
4.1 and the proposed theory was mentioned in the Methodology Chapter (Chapter 3). Fig.
4.22 represents the Dynamic Fracture Initiation Toughness values according to the CMOD.
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Fig 4.22: Kp values calculated using CMOD

It has been observed that the 0.04 B sample exhibited the highest value for Kip because it
had the highest value for CMOD also, among all the other sample.

¢) Dynamic Fracture Toughness using LPD

Using the High-Speed Camera Images the Load-Point Displacement was calculated and the
quantification of Kip was done according to the concepts proposed by Rubio et al [85] for
LPD. The LPD values calculated are already mentioned in Table 4.2 and the proposed
theory was mentioned in the Methodology Chapter (Chapter 3). Fig. 4.23 represents the
Dynamic Fracture Initiation Toughness values according to the CMOD. Table 4.4
summarizes the KID values for different samples at different impact speeds.

Boron Content (in wt %)  Impact Speeds (in ms™) K;p (MPavm)
0 11.87 70.51
10.39 98.21
0.04 11.69 117.76
10.79 77.03
0.09 11.55 77.03
0.3 10.74 74.1
12.07 84.69
11.9 63.87
055 12.37 74.58

Table 4.4: Variation of KipjLrpj With impact speed for different Ti-64-xB samples
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Fig 4.23: Kip values calculated using Load-Point Displacement

d) Dynamic Fracture Toughness using Plastic Zone Size

By changing the filter of the High-Speed Camera Images to Edge HiPass 3X3 or 5X5 in
the CV 3.7 software the Plastic Zone Size was measured. The Dynamic Fracture Initiation
Toughness values were measured according to the concepts proposed by Anderson and
Rosakis [24] (already mentioned in Chapter 3). Fig. 4.24 represents the calculated values
for Kip according to the Plastic Zone Size.
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Fig 4.24: Kip values calculated using Plastic Zone Size
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e) Dynamic Fracture Toughness Values vs Quasi-Static Fracture Toughness
Values

Sen et al [59] conducted Quasi-Static tests using Compact-Tension [C(T)] specimens for
Ti-6Al-4V-xB (x = 0, 0.05, 0.1 and 0.4 wt %) to calculate the Quasi-Static Fracture
Toughness (Kc) values for the same. Fig. 4.25, 4.26, 4.27 and 4.28 basically represents the
comparison of the Kip values calculated via different theories in the present study with the
Kic values calculated by Sen et al [59] just to compare the toughness values in such varying
strain-rate regimes.
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Fig 4.25: Kip values using Load-Point Displacement vs Kc values from Sen et al [59]

According to Sen et al [59] as the boron content increases the Kc values decreases from
126 MPavVm for 0 B samples to 40.6 MPa\m for 0.4 B sample. In our case we do not see
such a trend, we rather observe an increase in the Kip values calculated via Load-Point
Displacement method from 70.51 MPaVm for 0 B to 108 MPaVm for 0.04 B and then a dip
to 77.03 MPavVm for 0.09 B followed by a slight increase for 0.3 B and finally a dip to
69.225 MPaVm for the 0.55 B sample. The 0.04 B sample shows an anomalous behaviour
here (Fig. 4.25).

We observe a similar trend for the Kip values calculated via Crack Mouth Opening
Displacement method of the 0.04 B sample as we see a spike from 159.127 MPaVm for 0
B samples to 187.64 MPaVm for the 0.04B sample. After that we see a dip to 104.01
MPavVm for the 0.09B sample and then a slight increase up till 145.91 MPaVm for the 0.55
B sample. (Fig. 4.26).

We observe a dip in the Kip values calculated via Force analysis as we move from 0.04 B
to 0.55 B as the values change from 84.894 MPaVm to 50.14 MPaVm respectively. We see
a similar trend as we observe for the K¢ values stated by Sen et al [59].
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Fig 4.26: Kip values using CMOD vs K|c values from Sen et al [59]
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Fig 4.27: Kip values using Force Analysis vs Kc values from Sen et al [59]
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Fig. 4.28 represents the comparison between Kp values calculated according to the Plastic
Zone Size theory and the Kic values proposed by Sen et al [59]. Similar trends can be
observed here also as in the case of Load-Point Displacement and Crack-Mouth Opening
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Displacement. There is a spike in the Kip value from 0 B (40.11 MPavm) to 68.09 MPaVm
for the 0.04 B and then a slight similar dip is observed for other Boron rich samples.
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Fig 4.28: Kip values using Plastic Zone Size vs Kc values from Sen et al [59]
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Chapter 5

Discussions

This upcoming chapter will provide a detailed and in-depth critical analysis of the outcomes
that were presented in the previous chapter. The analysis will be conducted with the aim of
justifying the results that were obtained from the research. The chapter will
comprehensively explore the evidence and arguments presented in the previous chapter,
evaluating the strengths and weaknesses of each finding. Additionally, the chapter will
provide a discussion of the implications and significance of the results for the field of study.
Overall, the upcoming chapter will offer a thorough and detailed analysis that aims to
provide a more comprehensive understanding of the findings that were previously
presented.

5.1 Discussions on Mechanical Behaviour
5.1.1 Hardness

The present study discovered that as the specimens’ Boron contents rose, so did the
hardness of the Ti-64-xB samples. The following are some potential causes of this
behaviour:

e The existence of TiB particles at the GBs may be one of the factors for this increase
in hardness. The microstructures of different Ti-64-xB sample clearly show the
existence of TiB (Black in contrast) forming a garland/necklace type of orientation
along the GBs. This theory is in good agreement with the study performed by Sen
etal [59]. Also K. Euh et al [69] reported very high hardness values for TiB particles
(~ 700 VHN).

e Anthony C. in his book Nanoindentation [68] mentions the Tabor’s Equation which
relates the Vickers’s Hardness and the Yield Strength as:

H, ~C,0o,

Where, C, is called as the Constraint Factor and its value depends on the material
type, the indenter type and other criterions related to the experiment. Anthony C.
[68] also reports that the experiments show that the value of C, is nearly equal to 3
for materials having a very high ratio of Young’s Modulus (E) to the Yield Strength
(Y) i.e., E/Y ratio (Like in the case of Metals). So, as the value for C, is fixed (3)
then Vickers’s Hardness depends directly on the Yield Strength of the material. As,
the Yield Strength of the material increases due to micro-structural refinement (also
reported by Sen et al [59]) the Vickers’s Hardness values also increase.
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e Sen et al [59] also developed some empirical relations for Boron modified as-cast
Ti-64 based on the concepts of the Hall-Petch relation, relating the a-hcp and B-bcc
lath size with the Vickers’s Hardness values as follows:

-1
H, =302.1+883.4(dp) /2
H, = 188.6 + 369.2 (d,) /2

Where, dg and d, denote the a-hcp and B-bce lath sizes respectively. Boron

addition leads to grain size reduction which in turn leads to a decrease in the lath
sizes, eventually increasing the Hardness values.

5.2 Discussions on High-Speed Camera Image Findings

5.2.1 Crack-Mouth Opening Displacement (CMOD)

e Variation with Impact Speed: It was observed that samples tested at varying
impact speeds (0.04, 0.09, 0.3 and 0.55 wt. %) showed variations in the values for
CMOD as well. The ones tested at higher speeds reported higher values for CMOD
as compared to the one tested at a lower speed (Table 4.1). This is due to the fact
that, with a higher impact speed of the striker bar the wave generated in the incident
bar and eventually the 1B/3PB specimen will have a higher amplitude leading to a
much higher amount of destruction near the crack tip causing the Crack Mouth to
open a bit wider leading to higher CMOD values.

e Variation with Boron Content: In the present work it was reported that the Crack-
Mouth Opening Displacement values decrease as the Boron content rises in the Ti-
64-xB specimens. One possible reason for this to happen could be the increased
probability of the presence of big TiB particles being present near the crack-tip. Due
to this increased probability, there are chances that these TiB needles crack in a pre-
mature manner when tested at such high impact speeds, thus not giving the chance
for crack resistance, and acting as crack nucleation sites. The theory being put
forward is highly congruent with the research carried out by Morsi et al [58], Gorsse
et al [57] and Sen et al [107] where they performed experiments on Ti-TiB
Composites, Ti-64-TiB composite and hyper-eutectic compositions of Ti-64-B
alloy respectively.
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5.2.2 Crack-Tip Opening Angle (CTOA)

The Crack-Tip Opening Angle was calculated using the High-Speed Camera Images and it
was observed that the CTOA shows a decreasing trend with increase in Boron Content. The
possible reasons for such an observation are as follows:

As the Boron content increase the complexity of the crack path decreases leading
to easier and sharper crack propagations. This reason is supported by the studies
done by Sen et al [59] where they performed Quasi-Static tests on Ti-64xB (x = 0,
0.05, 0.1 and 0.04 wt %) samples.

The other reason can be the role of surface roughness. The surface roughness
decreases as the Boron content in the Ti-64xB sample rises. This theory is supported
by the Fractography images where the fractured surface appears to be less rough
with increasing Boron content leading to a decreased tendency for crack resistance
and sharper cracks. Sharper the crack, lower the CTOA.

5.2.3 Load-Point Displacement

It was observed in the present study that Load-Point Displacement increases up till 0.04 wt
% followed by a steady dip. The following observation can be directly related to the
ductility of the samples. The possible reasons for such behaviour are as follows:

The refinement of the grain size may be one of the factors that could potentially
explain the observed phenomenon. However, it is important to remember that if the
Boron concentration rises over 0.04 weight percent, the ductility may become
constrained due to a potential restriction given by the brittle TiB particles, which
frequently embellish the GBs. The conclusion that has been reached is reinforced
by Sen et al's [59] research, in which they conducted Quasi-Static tests on different
Ti-64-xB samples and observed a similar trend. The ductility of the samples
increased gradually until the Boron content reached 0.05 wt. %, after which it
dropped precipitously. Therefore, it was found that the sample containing 0.04 B in
the present study exhibited the highest ductility among all the compositions tested,
which resulted in the highest Load-Point Displacement values.

Luan et al's [108] research suggests that the refinement of grain size alone cannot
fully account for the increase in ductility observed up to 0.04 wt. % of Boron. The
segregation of Boron, which enhances the cohesive strength of the B GBs, also plays
a significant role. However, the cohesive strength becomes dominant in samples
that have a low volume fraction of TiB or that lack them entirely, as in the case of
the 0.04 B sample. Conversely, as the Boron content increases, a considerable
amount of TiB segregates at the GBs, overpowering the B cohesion-induced
strength, which ultimately leads to lower ductility values for Boron-rich samples
and consequently reduces the Load-Point Displacement values.
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5.2.4 Crack Propagation Speed

By analysing High-Speed Camera Images, it was possible to quantify the crack length and
the time required for crack propagation. By dividing the former by the latter, the Crack-
Propagation speed could be determined for each sample. It was found that the Crack-
Propagation Speed increased with increasing Boron content, except in the case of the 0.04
B sample, which did not fracture. This observation can be attributed to the following

reason:

Through analysis of the Crack Length vs Time curves presented in Figure 4.12, it
was observed that the sample with no added Boron (i.e., the 0 B sample) displayed
the highest values for crack length. According to the findings reported by Sen et al
[59], this could be attributed to the complexity of the crack path. However, it was
also noted that the duration required for the crack to propagate in this sample was
relatively high [~ 275 ps].

As the Boron content increased, it was found that the crack length decreased
nominally due to a reduction in the complexity of the crack paths and reduced
surface roughness. However, more significantly, the duration required for the crack
to propagate dropped drastically [120-175 us]. This decrease in the time required
for crack propagation ultimately led to an increase in the crack propagation speeds
for samples with higher Boron content.

5.2.5 Plastic Zone Size

By analysing the High-Speed Camera Images, it was observed that the 0.04 B sample
displayed the greatest plastic zone size. This finding can be attributed to the following
possible reason:

Upon examination of the Kip vs Time curves for all Ti-64-xB samples, it was
discovered that the 0.04 B sample exhibited the highest loading rate among the
various Ti-64-xB compositions. The loading rate is a critical factor that directly
influences the size of the Plastic Zone, which plays a significant role in fracture
behaviour. This observation is substantiated by prior research conducted by
Anderson and Rosakis [24], who put forward the theory that the Plastic Zone Size
(PZS) is dependent on the loading rate experienced at the crack-tip. Therefore, the
higher loading rate experienced by the 0.04 B sample likely contributed to its larger
Plastic Zone Size.
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5.3 Discussions on Dynamic Fracture Toughness

The Dynamic Fracture Toughness (Kip) calculations in this study were built upon the
ground-breaking research conducted by Rubio et al [85] and Anderson and Rosakis [24].
These influential works served as the basis for determining the DFT values, and upon
analysis, it was found that the 0.04 B sample consistently exhibited the highest Kip values
among all the tested Ti-64-xB samples, as previously mentioned.

To calculate the Kip, we utilized different methods: CMOD (Crack Mouth Opening
Displacement), LPD (Load-Point Displacement), Plastic Zone Size and Peak Load.
Remarkably, in each of these approaches, the 0.04 B sample consistently demonstrated the
highest Kip values. Whether evaluated through CMOD, LPD, or Plastic Zone Size, the 0.04
B sample consistently displayed superior performance.

The reasons underlying the exceptional behaviour of the 0.04 B sample for each of the case
have been elaborated on in earlier sections of this study. The insights provided in these
preceding sections shed light on the mechanisms and factors that contribute to the
heightened Kp values observed in the 0.04 B sample.
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Chapter 6

Conclusions and Future Scope

6.1 Conclusions

In the present study, a comprehensive analysis was conducted to investigate the dynamic
fracture response of Ti-64-xB samples. To facilitate this investigation, a customized
approach was employed, involving the modification and conversion of a conventional
SHPB into a 1B/3PB setup. This modified configuration allowed for the precise
examination of the dynamic behaviour of the samples under investigation.

To capture and analyse the dynamic response, two complementary techniques were
employed. Firstly, the strain gauge method was utilized to measure and quantify the
mechanical properties and behaviour of the samples subjected to dynamic loading. This
technique enabled the collection of valuable data on stress, strain, and related parameters,
providing insights into the fracture response of the Ti-64-xB specimens.

Additionally, High-speed camera imaging played a pivotal role in capturing detailed visual
information during the dynamic loading experiments. This technique allowed for the direct
observation of crack initiation, propagation, and other fracture-related phenomena,
providing a visual context to complement the quantitative data obtained through strain
gauge measurements. Through the combined use of these techniques, the study yielded
significant findings and valuable observations. The prime outcomes of this investigation
can be summarized as follows:

e An interesting observation made during the study was the notable increase in
hardness observed in the Ti-64-xB samples as the Boron content increased. This
correlation between Boron content and hardness can be attributed to two primary
factors. Firstly, the addition of Boron induced microstructural refinement within the
samples, leading to enhanced hardness. Secondly, the presence of TiB particles
forming a distinctive necklace-like structure along the grain boundaries also
contributed to the overall increase in hardness.

e The relationship between impact speed, Boron content, and Crack-Mouth Opening
Displacement (CMOD) was investigated using High-Speed camera imaging,
revealing significant insights. It was observed that as the impact speed increased,
the CMOD values exhibited an upward trend. This observation was linked to the
generation of larger amplitude waves at higher impact speeds, resulting in more
severe damage near the crack tip and consequently leading to higher CMOD values.
Conversely, an inverse relationship was observed between CMOD values and
increasing Boron content. This phenomenon was attributed to the higher likelihood
of the presence of TiB particles near the crack tip. These particles, when subjected
to such high impact speeds, experienced premature cracking, acting as crack
nucleation sites and ultimately leading to their fracture. Consequently, this
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premature failure of TiB particles contributed to a decrease in CMOD values as
Boron content increased.

The relationship between Boron content and the Crack-Tip Opening angle was
examined, revealing a consistent decrease as Boron content increased. This
phenomenon was attributed to two key factors. Firstly, the fractographic images
provided evidence of reduced surface roughness on the fractured surfaces.
Secondly, the grain size refinement played a significant role in reducing the
complexity of the crack path.

The examination of Load-Point Displacement revealed an initial increase until
reaching a Boron content of 0.04 wt. %. Subsequently, a consistent decline was
observed. This behaviour can be attributed to the enhanced ductility of the Ti-64-
xB sample up to the mentioned composition, followed by a sharp decrease beyond
that point.

Through the utilization of High-Speed Camera Imaging, it was noted that an
increase in Boron content resulted in a minor reduction in crack length. However,
in contrast, there was a significant decrease in the time required for the samples to
fracture. As a consequence, the crack propagation speed accelerated with higher
levels of Boron.

By adjusting the filters within the analysis software of the High-Speed Camera, the
Plastic Zone Size was determined. The investigation revealed that the 0.04 B sample
displayed the largest PZS amongst the tested Ti-64-xB samples. This notable
finding can be attributed to the higher loading rate experienced specifically by the
0.04 B sample, in comparison to the other Ti-64-xB samples. The determination of
loading rates was accomplished by analysing the Kip(t) vs Time curves. These
findings align with existing literature that supports the aforementioned hypothesis.
In all the methods outlined earlier, the 0.04B sample consistently demonstrated the
highest values for Kip Remarkably, these samples exhibited superior crack growth
resistance as they remained intact and did not fracture completely even after
undergoing post-dynamic impact conditions.

By combining the methodologies of Strain Gauge Study and High-Speed Camera
Imaging, an insightful revelation emerged from the investigation: the attainment of
the Maximum Force occurs precisely at the critical juncture of crack initiation. This
finding underscores the importance of the synchronized analysis of strain
measurements and visual observation, as it provides a comprehensive
understanding of the mechanical behaviour and fracture mechanics at play during
the initial stages of crack formation. This knowledge contributes to the broader
understanding of the dynamic processes governing crack initiation and propagation,
shedding light on the intricate interplay between applied forces, material properties,
and structural integrity.
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6.2 Future Scope

To gain a comprehensive understanding of the influence of Boron incorporation on the
dynamic mechanical properties of Ti-64-xB alloys, it is beneficial to integrate texture
analysis. This approach can provide valuable insights into the underlying factors
contributing to the anomaly observed in the trend, particularly in the case of the 0.04 B
alloy. By combining the investigation of dynamic mechanical properties with texture
analysis, a deeper understanding can be attained, unravelling the complex interplay
between Boron content, material texture, and the resulting mechanical behaviour.
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