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Preface

Titanium and its alloys are known for their incredible versatility and use in a wide
variety of applications. This is because of their high specific strength, biocompat-
ibility, superior mechanical properties, corrosion resistance, and excellent properties
at high temperatures, making them an excellent alternative to steel, copper alloys,
nickel-based superalloys, and composite materials.

This peer-reviewed edited volume is specifically aimed at materials scientists, engi-
neers, and technicians in the fields of technology development, production, design,
and research in titanium and its alloys. It aims to enhance knowledge of advances

in the development of alloys and their engineering properties. The book will serve as
a useful reference for practicing engineers and researchers interested in lightweight
materials, especially for aerospace, automobile, biomedical, pharmaceutical, power,
oil, gas, and chemical industries applications.

The chapters cover a range of topics related to titanium extraction, processing,
mechanical properties and applications. They are arranged into five sections: design,
extraction, processing, mechanical properties with microstructural considerations
and sustainable use of titanium alloys.

The first section (Design) discusses the major factors that need to be taken into
consideration when designing titanium and its alloys. The second section (Extraction)
deals with modern methods that can be used in the production of titanium and its
alloys. The third section (Processing) deals with the problem of the low-cost pro-
cessing of titanium and its alloys. In the fourth section (Mechanical Properties with
Microstructural Considerations) we present the results of mechanical responses and
microstructural evolution considerations with regard to titanium alloys, while the
final section (Sustainable Use of Titanium Alloys) discusses titanium alloys in terms
of their applications, including the possibility of sustainable use.

I would like to thank Prof. (Dr.) Karunesh Kumar Shukla, Director, NIT Jamshedpur and
Dr. Ranjit Prasad, Head of the Metallurgical and Materials Engineering Department,
NIT Jamshedpur for giving me the opportunity and time to carry out the editorial
process of the book. I would appreciate any constructive suggestions from readers for
further improvement.

Dr. Ram Krishna

Department of Metallurgical and Materials Engineering,
National Institute of Technology (NIT),

Jamshedpur, India
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Chapter1

Titanium-Based Alloys with
High-Performance: Design and
Development

Ram Krishna

Abstract

In recent years, titanium alloys with better properties have become increasingly
popular. Their composition must be precisely designed to meet these demands.
Screening alloy properties such as corrosion resistance, specific strength, properties
to service at high temperatures, and microstructural stability requires a fair amount
of effort and money to accomplish. By taking titanium-based alloys as an example,
this chapter reviews the use of high-performance alloy design and development
approach for industrial applications, in order to simplify the selection of titanium
alloy compositions. The different high-throughput alloy design methods have been
used by researchers to calculate diffusion coefficients of multiple elements using a
thermodynamic database of atomic mobility. A composition with comprehensively
optimal properties is selected by applying a rigorous screening criterion and then
evaluating it in an experimental setting in order to come up with an optimal composi-
tion. Comparing this strategy with the data-driven material design methods that
have been developed in recent times, few methods are more accurate and efficient,
mainly because the diffusion pairs, the atomic mobility databases, and the refined
physical models work together to make this strategy the most accurate and efficient.
This approach could help develop high-performance titanium alloys, to overcome
challenges of developing titanium alloys.

Keywords: titanium alloys, alloy design, high-throughput methods, microstructural
stability, high-performance alloy

1. Introduction

Titanium alloys are used extensively for the manufacture of components used in
automobile, chemical, aerospace, power generation, and biomedical applications that
are subjected to complex operating conditions. It remains a challenge, however, to
develop an alloy that has the desired combination of properties at an affordable cost.
As an engineering material, they are useful in the manufacturing of turbine engines
and aircraft components. The reason for this is that titanium alloys, among others,
exhibit excellent strength at high-temperature applications, better creep resistance
properties, good high-temperature microstructural stability, and resistance to corro-
sion and oxidation. The use of titanium alloys is not suitable for all parts of turbine
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engines due to phase equilibria and microstructural stability and these conventional
titanium alloys cannot withstand operating temperatures greater than 600°C [1].

There is a range of advanced titanium alloys, which may provide titanium alloys
with a higher temperature capability, such as TiAl, Ti3Al, and Ti2AINDb, as well as
titanium/titanium aluminides [2]. This is a vital issue in terms of ensuring that these
engineering materials maintain a high-temperature structural capability in order to be
able to meet the increasing requirements for high thrust-to-weight ratios and energy
efficiency that are currently being developed for turbine engine applications. These
materials must be able to meet the increasing needs of high thrust-to-weight ratios
and energy efficiency [3].

Titanium alloys have become more popular over the past few decades due to their
ability to alloy with a wide variety of elements, such as Mo, Al, Ta, Zr, V, Zr, Mn, Fe, Ni,
Co, Cr, Cu, and Nb [4]. There is no doubt that alloying elements play a crucial role in sta-
bilizing either the low-temperature or high-temperature phases in titanium alloys [3, 5].
Depending upon the alloying elements in varying proportions in an alloy, they often
result in the formation of low-temperature and high-temperature phases in the titanium
alloy system. These phases included in the Ti-based alloy systems are defined as o, p,
near-a, near-f, etc. Therefore, titanium alloys have been able to achieve excellent proper-
ties as a result of their chemical compositions [6]. There are three types of base titanium
alloys mainly identified as o, p, and « + p alloys according to their phase stability.

Despite this, research has shown that there is a correlation between the overall
properties of the alloy and the level of impurities it contains. Impurities adversely
affect the plasticity of the alloy. There is a plastic deformation associated with tita-
nium alloys when hydrogen, carbon, oxygen, and nitrogen combine with them [7].
As there are so many possible compositions and it is not possible to screen them in a
practical manner using a random combination of these elements, there seems to be a
compelling need for new approaches that will enable us to make efficient choices of
compositions for the manufacturing of titanium alloys, and other advanced alloys of
high performance. The interaction between the elemental composition of titanium
alloys, their manufacturing techniques of them, and their microstructure of the alloys
must be taken into account when determining the properties of titanium alloys and
when they are being designed to get the best results. It is therefore imperative that one
utilizes the correlation between the microstructure, properties, and performance of
titanium alloys in order to gain a more comprehensive understanding of them. Asa
result of this correlation, it is expected that it will provide an opportunity to develop
novel designs as a result of this correlation [8].

It has been demonstrated in this study that it will be feasible to use a new approach
that will give correlations between the evolution of microstructure and properties
of alloy systems and the interdiffusion properties of their compositional elements to
arrive at a new approach to the problem. Evidence exists that indicates that titanium
alloys obtain their strength as a result of the strengthening of the solid solution and
grain refinement.

2. High-throughput materials characterization techniques

2.1 Mapping spatial data using statistical techniques

In order to characterize an alloy, the intrinsic heterogeneity of the material
is utilized as a basis for a statistical spatial mapping technique that allows high
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throughput. There are tens of thousands of material microarrays that are being
used to obtain different compositions, structures, and properties of a material
through the cross-scale characterization of the material. It is necessary to formulate
a statistical spatial-mapping model between the two sets of parameters based on
the original material.

With the aid of high-throughput computational studies, it is possible to create
databases by screening lattice units, which determine the properties of screened
material with the help of high-throughput computations, and then creating a
database of materials once the materials have been screened, and after the materi-
als have been screened, the database can be created. There are numerous types
of materials-design optimization strategies that have been developed to guide new
materials discovery, process optimization, and material modification, as shown
in Figure 1.

A Ti-alloy can have slightly different compositions, structures, as well as proper-
ties at different points of its structure, and the arrangement of these small differ-
ences determines the overall quality of the alloy as a whole, which is determined by
the combination of these small differences. A wide range of rapid characterization
techniques can be used to gather data from the macroscopic to the microscopic scale
for the purpose of high-throughput statistical spatial mapping on a micron level.

In order to meet practical sample sizes, fast and reasonable turnaround times are
required. This is in order for composition, structure, and property datasets to be
gathered at each of the locations. A database can be constructed based on the data
entered into it, which contains spatial mapping lattices, based on precisely placed
positional coordinates and references to point-to-point correspondence, in order to
construct a spatial mapping map. The spatial mapping datasets are selected from

a database within the required target intervals based on requirements for material
research and development.

In order to determine a suitable design that is more likely to meet the targeted
requirements based on a statistical analysis of the data, a statistical analysis can be
performed in order to determine the appropriate design. A number of studies have

Inhomogeneity of
Matgrials

svatial mapping model based on stafisticaldats

jled characterisatjq,,

properties, COmPosition, s stiuton of omposiions, Sructures, ang
T housands of paints within e | their propertiesat originl positons

thousands of points within the
microarray

Incorporate a large number of
microsamples into the analysis

I :

pesign & deVEIOpmeht of charadﬂilat%on Uf ﬂle £1088-3cale
L____new materials | s ; tion
computatiod  patahase an and inverse reconstruct?

Figure 1.
It is a statistical spatial mapping technique based on the hetevogeneity of the materials to generate the maps [9].
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demonstrated that optimizing process parameters allows the assembly of these
genetic units at the mesoscale to be verified, and quantitative correlations have been
established between the micro-, meso-, and macroscales, as well as between practical
samples and across the spectrum composition, structure, and properties. Recent years
have seen the use of high-throughput statistical spatial mapping techniques to charac-
terize a variety of material systems, including a wide variety of titanium alloys [10].

An alloy is a material that is heterogeneous, multielementary, and complex in
structure. As a result, the structural composition, properties, and structure of an
alloy may differ slightly at different points within it, and it is the amalgamation of
these variances that determines the global functioning of the alloy. As a building
block, a unit cell arrangement is used to provide insight into the properties of a mate-
rial. The arrangement of unit cells is therefore critical for understanding the material
and determining its properties at nanoscale. It is therefore possible to establish a cor-
relation between the microscales, mesoscales, macroscales, and across-scale spans, as
well as the compositional information, the structural information, and the properties
of those spans, so as to enable the creation of novel materials and the amendment of
current materials efficiently and economically. Rapid measurement of compositional
information, structural information, and properties related to application at multi-
locations are performed in order to obtain practical sample sizes based on the avail-
able data. With the use of accurate positional coordinates, as well as point-to-point
communication, a database is created to represent spatial mappings. Spatial mapping
datasets are selected based on the target intervals as part of the design requirement of
developing new materials. Based on a variety of factors, a variety of statistical analy-
ses may be used to determine which design is best suited to meet the targeted require-
ments. Several criteria can be used to determine which design is best suited to meet
the intended requirements, such as metrics and models that can be used to determine
the frequency of occurrence within the range of parameters, the correlation ratio
between parameters, and the statistical elimination of outliers. Many researchers used
the process and used advanced microscopy and spectroscopy for data acquisition and
statistical distribution analysis [11, 12].

2.2 Diffusion-multiple approach

In order to produce sizeable, multicomponents compositional deviations in
alloy system samples through thermal interdiffusion, Zhao developed the diffusion
multiple technologies, based on diffusion couples that generate compositional varia-
tions in bulk samples through diffusion [13]. Various experimental and analytical
tools can be used to analyze diffusion multiples to extract the dependence of structure
and properties on components. The application of the novel procedure significantly
enhanced both the competence of elemental compositional design as well as the
screening of appropriate heat treatment practices in comparison with the traditional
methods that use a single alloy model to analyze the advancement rules of properties
and microstructural information.

The infusion of a variety of alloying elements into titanium alloys can be
investigated to determine how they affect their structure and properties by using
combination of different diffusional multiple elements. It is, therefore, important
and necessary to use diffusion multiple methods to study titanium alloys in order to
achieve the best results [14].

It is possible to investigate kinetics, phase diagrams, and compositional-structural-
properties relationships of alloy systems by using the diffusional multiple approaches,
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which uses the formation of compositional gradients and phase developed by long-
term annealing of the alloy [15]. In order to determine diffusion coefficients and
phase diagrams, conventional diffusion pairs and diffusion triples have been used
for more than three decades. It has previously been demonstrated that it is possible to
determine a number of composition-structure—property relationships by performing
localized microscale property measurements on single-phase compositions [16].

Many systems have demonstrated the ability of the diffusion-multiple approach
to be used as a tool for determining very complex phase diagrams, and this has been
demonstrated for many different systems. In order to compare the phase diagrams of
simple and very complex ternary systems, diffusion multiples have been used in place
of equilibrated alloys to determine the phase diagrams [17]. In light of the results
of this experiment, it can be concluded that the phase diagrams which have been
determined from diffusion multiples are of very high accuracy [18].

As aresult, a diffusion multiple analysis is a method that can be used to analyze
diffusion data and to predict the microstructure and properties of alloy composi-
tions using diffusion data for a variety of alloy compositions using the diffusion data
as an input.

2.3 Computational thermodynamics using CALPHAD

CALPHAD is a computational thermodynamics program that can be used to com-
pute and develop phase diagrams. It is commonly used for designing and developing
new alloy systems [19]. In order to achieve the desired properties and consequently
potential applications, it is important to examine the phase structure and phase
equilibrium of the alloy systems. In the strategy of novel and advanced alloy systems,
one of the advantages of using CALPHAD over entropy alone is its ability to analyze
phase formation using free energy rather than entropy alone. This allows CALPHAD
to better understand the function of system enthalpy, as well as the function of the
entropy in the design of the alloy system [20].

A phase diagram provides detailed information on microstructural phase infor-
mation as a function of its compositional information, its temperature information,
and its information related to pressure. As such, it serves as a guide when designing
and developing new Ti alloys. CALPHAD has been proven to be an effective tool for
estimating the phases present in titanium alloy systems based on extensive research
using titanium alloys. In spite of this, this method still did not yield enough screened
titanium alloys which were able to produce the phases required in the temperature
range of interest [21].

As aresult of this, the thermodynamic databases in CALPHAD continue to
grow as more and more experiments are conducted. Therefore, the accuracy of
CALPHAD is also expected to increase as the number of experimental data con-
tinues to increase. It is expected that high-throughput CALPHAD simulations will
be able to provide more accurate and reliable results for creating and optimizing
titanium alloy compositions based on desired alloy properties because of more reli-
able and accurate simulation studies.

2.4 Machine learning and statistical methodology approach

This approach applies machine learning to a variety of different approaches, such
as deep learning. This is a subset of machine learning, which is a subset of what we
refer to as artificial intelligence. This is often referred to as artificial intelligence.
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This refers to a computer system’s capability of learning from the inputs it receives.
This allows it to improve itself in order to find out how to do things better in the
future. In the field of alloy design and development, artificial intelligence, including
deep learning and machine learning algorithms, has emerged as a possible computa-
tional solution to overcome the challenges of alloy design and development, as well
as control the costs and speed of processes in alloy design and development through
artificial intelligence [14].

Recent years have seen a rise in interest in alloy development research centered
on this approach. With the use of deep learning and machine learning algorithms, it
will be feasible to rapidly transform large quantities of experimental data into usable
feature information. With the aid of learning algorithms, it is possible to develop
computer models that quickly generate judgment results based on input data. In
addition, it is possible to addition, it is conceivable to extract information from alloy
systems based on the prior knowledge of the system controllers.

Using high-throughput experiments and algorithms based on machine learning,
Zhu et al. [14] have developed a titanium alloy using high-throughput experimental
techniques. In the field of titanium-based alloy systems, the artificial neural network
techniques, as traditional machine learning methods, have been successfully used for
a variety of functions, such as predicting properties such as flow stresses, evolutions
of microstructures, mechanical properties and parameters that affect during the
processing of titanium alloys [22-24].

It has been discovered that when one technology is combined with machine learn-
ing, the screening of alloys becomes more efficient. A machine learning algorithm can
be used to envisage the microstructure of an alloy and the anticipated results can be
equated with those of the experimental results. Zhu et al. [14] reported the findings
of a applied diffusion multiple in combination with machine learning algorithms to
formulate a new Ti-based alloy system (Ti-3A1-2Nb-1.2 V-1Zr-1Sn-4Cr-4Mo). After
the solution was heat-treated at 750°C for 6 hours and the material was aged at 550°C
for 6 hours. In the study, researchers reported that better strength and plasticity could
be obtained. The evidence suggests that the globular primary a phases elongated
during deformation, while the secondary acicular a phases resist dislocation sliding,
therefore, providing both a high degree of plasticity and strength for the alloys, that
are subjected to the deformation [14].

3. Effect of alloying elements on properties

Various alloying elements are present in titanium alloys. The role of these alloying
elements is to strengthen them either in low-temperature phase or in high-temper-
ature phase, depending on the alloying elements. The alloying elements, in varying
proportions, stabilize the close-packed hexagonal alpha (a) phase at low temperatures
and the body-centered cubic beta (b) phase at high temperatures. It is their contents
that determine the morphology and distribution of these phases. It is known that the
alpha phase is a solid solution-strengthened phase that is stabilized by aluminum.
This increases tensile and creeps strength. Tin is used in conjunction with aluminum
to provide strength without embrittlement. Up to 5% of zirconium increases strength
at low to intermediate temperatures. As the oxygen content in the titanium alloy
increases, the ductility, toughness, and high-temperature strength of the titanium
alloy decreases [25].
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The high-temperature beta phase is stabilized by molybdenum, which increases
the short-term strength at high temperatures. As well as being a beta-phase stabilizer,
Niobium is also added to improve the stability of the surface at high temperatures. At
all temperatures, silicon increases the strength as well as the creep resistance of tita-
nium alloys. The other trace elements, such as chromium, cobalt, and nickel, are not
beneficial for creep, and their contents are restricted to less than 0.01 percent [26].

Several studies have been conducted on the biocompatibility of titanium alloys
for applications such as biomedical implants containing molybdenum, tantalum, and
niobium, and on these bases, the developed alloys are Ti-Mo-Zr-Ta, Ti-12Mo-5Ta, and
Ti-Nb-Zr-Mo [27, 28].

3.1 Case study on Ti-based alloy

It is important to realize that Ti-based alloy systems possess high-temperature
mechanical properties, making them a very important group of structural materials
that can be used in a wide range of strategic applications. These two-phase alloys
are used for advanced engineering purposes, incorporating third alloying elements
to enhance the ductility and strength, and maintain the properties at elevated tem-
peratures. This is a two-phase lamellar structure consisting of alternate layers of
tetragonal (L10) and hexagonal (D019) phases that consist of titanium and alloying
elements in alternate layers. It is important to note that the optimum volume frac-
tion for lamellar structure leads to an exceptional level of ductility that is virtually
nonexistent in pure alloys. As a result of the process of plastic working, as well as the
heat treatment, the microstructure of these alloys can be significantly altered in order
to achieve a finely tuned mechanical property as well as fatigue behavior depending
on the application [29]. There are a variety of mechanical properties depending on
the morphology and the distribution of phases. As a result, the mechanical properties
of titanium alloys with two phases are strongly influenced by the morphology of each
phase. Many factors can affect the strength of an alloy with a lamellar microstructure;
however, the thickness and diameter of the lamellae have the greatest impact [30]. In
order to improve the mechanical properties of different alloys, the volume fractions,
distribution, and morphology of the different phases play a critical role. Ti, Al, Cr,
and Nb make up the elemental composition of the Ti-base alloy with nominal chemi-
cal compositions of Ti-40Al-2Cr-2Nb-0.4Y-0.2Zr, which has been used in this par-
ticular case. After one-hour heat treatment at 1350°C, the samples are furnace cooled
to room temperature.

The engineering stress and strain and true stress—strain diagrams are shown in
Figure 2. In fact, the true stress and strain values are very high because a smaller
cross-sectional area is being used, whose section decreases continuously during
elongation. True stress values indicate that, unlike engineering stress—strain values,
material becomes stronger as strain is increased, compared to engineering stress—
strain values. An alloy’s mechanical properties can be greatly affected by the size
of the colonies of crystallographically oriented lamellae within the alloy since it is a
measure of the effective length of the slip that affects the alloy’s mechanical proper-
ties. In spite of this, the transition to ‘basket weave’ microstructures will mean it will
be even more challenging to determine the size of colonies as they emerge. Therefore,
in order to illustrate the effect of microstructure refinement on mechanical proper-
ties, the thickness of lamellae was also taken into account as a quantitative parameter
to illustrate the effect [31].
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Figure 2.

A comparison of (a) engineering stress-strain curve and (b) true stress-strain curve of as-forged and solution
heat-treated Ti-based alloys.

Strain hardening is the property of materials that exhibits this property. As part of the
forming process, stain hardening (work hardening) plays an important role. Observing
the plot, it was evident that stress rises without showing a drop in yield, as indicated in the
figure. It can therefore be concluded from the shape of the true stress—strain curve thata
material is prone to fracture before it is prone to yield, based on the shape of the curve.

The optical micrographs of as-forged and solution heat-treated Ti-alloy are shown in
Figure 3. The lamellae structure of the annealed sample at 1350°C can be seen as having
arandom orientation due to the annealing process. This lamellae structure consists of
alternate layers of the alloys y- and a-phases. The solution heat-treated Ti-alloys has
shown better property than forged alloys. This is due to the fact that the load-transfer-
ring capacity of lamellae is greater than that of duplex grains and near grains. A colony

size of 80-100 pm was found to be the maximum size of the lamellae in the colony.

It can be seen in Figure 4 that Ti-alloy has an even microstructure in an as-forged
condition, which consists of equiaxed grains of y and a phases and alternate plates
of a and y phases. Depending on the sample’s history, the morphology of the grains
differs from one sample to another. In the present case, the dislocations are thermal
in origin. Several second-phase particles larger than 500 nm are usually found on the
grain/interphase boundaries. It is worth noting that there is a wide variation in the

Figure 3.
Optical micrographs of (a) as-forged, and (b) solution-treated Ti-base alloy.
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grain size in this multiphase microstructure. A few of the grains have a size of less
than a micrometer, and there are a few others that are larger.

Figure 5 shows a dark field TEM micrograph of an alpha grain that is disordered.
While the formation of a, from a is taking place, there are a number of finely ordered
domains that are being formed, which are more apparent at the outset.

The deformation mechanism is also identified in the Ti-alloy. There is a high
density of dislocations in the y-phase, while there are very few dislocations in the a,
phase. There is a great deal of difficulty in deforming the ordered alpha by disloca-
tion slip. It is caused by the slitting of the dislocations, which causes them to become

Figure 4.

Transmission electron microscope (TEM) micrographs of as-forged Ti-alloy in bright field mode showing equiaxed
grains of y and a phases and alternate plates of a and y phases. The morphology of the phases depends on their
history, or at least on the stage of their origin in the evolutionary process, which determines their morphology.

. |

Figure 5.

A dark field TEM micrograph showing the transformation of a - a, in disordered a grains showing the
transformation in a blown out image. Theve are a number of the finely ovdered domain during the formation of
one a to another a,, which are more evident at first.
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super-dislocations. Super dislocations, as it is well known, require a greater amount of
energy in order to move forward.

There is a deformation of the ordered a, phase by twinning. The disordered
o phases are a high-temperature phase, which when cooled to room temperature
decomposes to the ordered o, + y at room temperature. A crucial aspect that we have
collected in our research is the deformation characteristics of the constituent phases,
which has provided us with invaluable information. A comparison should be made
between the mechanical properties and microstructures of the selected alloy with a
few other alloys that have been identified, and similar tests should be performed on
those alloys that have been identified. By performing this comparative study, it will be
easier to identify which sample is the best of those that have been tested. In addition,
these alloys will also be able to provide an idea as to how to further improve the alloy
design in Ti-base alloy systems by adding alloying elements or choosing the process of
heat treatment, etc. which will result in better alloys.

4, Conclusions

It is evident from this article that the screening of alloy properties as well as micro-
structural stability is a substantial undertaking that requires a considerable amount of
time and effort. In order to simplify the selection of titanium alloy compositions, a high-
throughput-based alloy design approach is used. Different high-throughput methods
have been used to calculate diffusion coefficients for a number of different elements,
using a database of atomic mobility as a basis for calculating diffusion coefficients.

As a result of applying a rigorous screening criterion and evaluating it in an experi-
mental setting in order to come up with the optimal composition, an optimal composition
is selected that has comprehensively optimal properties. As compared to the data-driven
materials design methods that have been used in recent years, few methods are more accu-
rate and efficient, mainly because diffusion pairs, atomic mobility databases, and refined
physical models work together so as to make this strategy the most accurate and efficient.

This approach is believed to be able to enable the development of high-perfor-
mance titanium alloys regardless of the composition of the alloy, which is believed to
be beneficial in overcoming the challenges that are associated with the development
of novel titanium alloys for applications in high-temperature structural applications.
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Chapter?2

Titanium Alloys:
Thermomechanical Process Design
to Achieve Superplasticity in Bulk
Material

Bipin Kedia and Ilangovan Balasundar

Abstract

Titanium alloys subjected to suitable thermomechanical processing (TMP)
schedules can exhibit superplasticity. Most studies on superplasticity of titanium
alloys are directed to sheet materials while studies on bulk materials are rather
limited. Bulk Superplastic materials require lower load for forging aeroengine
components. It further facilitates forming using non-conventional processes such
as superplastic roll forming (SPRF). Multi axial forging (MAF), is employed here
to achieve bulk superplasticity by imparting large strain without any concomitant
change in external dimension. A comparison between uniaxial and MAF with
respect to strain, strain path, initial microstructure and heat treatment was carried
out to ascertain the microstructure refinement in Ti-6A1-4V alloy. A fine-grained
structure was obtained after 3 cycles of MAF followed by static recrystallization
at 850°C. Grain boundary sliding was observed in identified processing domain
along with strain rate sensitivity (SRS) of 0.46 and maximum elongation of 815%.
Validation of established ther-momechanical sequence on a scaled-up work piece
exhibited 640% elongation in domain (T = 820°C, € = 3 x 10*/s) which indicated
that the established TMP scheme can be used on a reliable and repeatable basis to
achieve superplasticity in bulk material.

Keywords: titanium, Ti-6Al-4V, superplasticity, multi-axial forging, severe plastic
deformation

1. Introduction

Titanium alloys are used extensively in the aerospace industry owing to their high
specific strength, good static and dynamic properties, corrosion resistance, etc. [1, 2].
As an engine stator and rotor, they are used extensively in the compressor section as
rings, discs and blades. A typical aeroengine compressor (low and high pressure) disc
varies from 15 to 100 cm in diameter. These compressor discs are generally manufac-
tured using either conventional or advanced forging techniques such as isothermal or
near isothermal forging. Near o and o+ titanium alloys that are used in the compressor
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region of aeroengine exhibit a martensitic structure with coarse grains in the as-cast and
homogenised condition [2]. By subjecting the material to thermomechanical processing
(TMP), the lamellar structure can be converted into a fine-grained equiaxed structure.
Numerous studies have been carried out to identify TMP parameters to break lamel-

lar structure, and various theories have been put forward to describe the continuous
dynamic recrystallisation (CDRX) or globularisation of o lamellae [1, 2]. It has been
suggested that the formation of o/a interface (due to sub grain or shear band formation)
in contact with f platelet gives rise to surface-driven penetration of the  phase into the
lamellae leading to the breaking of lamellae into equiaxed structure. Thin lamellae struc-
ture has been reported to show better globularisation kinetics [3] due to easy penetration
of p phase into a lamellae. It has been reported that high strain (e > 3) is necessary to
obtain a completely globularised structure [4] which could exhibit superplasticity.

Numerous studies have been carried out towards achieving superplasticity in vari-
ous titanium alloy sheets [5-7]. However, work reported on realising superplasticity
in the bulk material is very few. Multi-axial forging (MAF) was used to achieve sub-
micron grain size in titanium alloy Ti-6Al-4V by Zherebstov et al. [8]. It was reported
by Salishev et al. [4] that strain path change inherent in MAF process aids in increas-
ing the globularisation kinetics or CDRX as multiple slip systems are activated during
the strain path change. Poths et al. [9] subjected Ti-6Al-4V to monotonic and cyclic
torsion in order to understand the effect of strain path on the globularisation kinet-
ics of « lamellae. Based on the study and in contrast to the findings of Salishev et al.
[4], Poths et al. [9] reported a decrease in kinetics of a globularisation and attributed
the same to the change in strain path. Since contrasting results have been reported
in literature and a lamellae globularisation is essential to achieve superplasticity in
titanium alloys, it is imperative to carry out a systematic investigation on the influence
of various factors that affect the globularisation kinetics of o lamellae. Further, as the
objective is to achieve superplasticity in the bulk material, it is required to achieve this
without modifying the external dimension of the material that facilitates subsequent
secondary processing to produce the desired product/component.

A systematic study on the effect of strain, strain path, deformation temperature
and starting or initial microstructure of Ti-6A1-4V on the globularisation or CRDX
kinetics in a work horse titanium alloy Ti-6Al-4V is presented here. Further, a suitable
thermomechanical process scheme that can maximise globularisation in the material
on a reliable and repeatable basis is presented along with the temperature-strain rate
regime under which the globularised material exhibits superplasticity.

2. Material

Ti-6Al-4V is an o+ alloy designed to provide moderately high strength, good
fatigue strength and reasonable fracture toughness up to a temperature of 350°C. For
aeroengine applications, the alloy is produced by vacuum arc remelting followed by
thermomechanical processing in order to improve the structural integrity of the mate-
rial. For the current study, triple vacuum arc remelted (VAR) titanium alloy Ti-6Al-4V
ingot subjected to primary processing in the p and a+f field followed by mill anneal-
ing at 700°C for 1 h was procured from M/s M/s Mishra Dhatu Nigam, Hyderabad,
India. The f transus of the 15 cm cylindrical mill annealed bars was reported to be
995 + 5°C, and the same was reconfirmed through heat treatment experiments. Two
billets of 15 cm diameter and 5 cm length were cut from the as-received mill annealed
material. The billets extracted were coated with glass coating to prevent oxidation
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Figure 1.
Typical microstructure of Ti-6Al-4V subjected to heat treatment at 1015°C for 60 min followed by (a) water
quenching — martensitic structuve and (b) air cooling — lamellar structure.

during high-temperature exposure and were subjected to heat treatment above the

p transus at a temperature of 1015°C. The billets were held at this temperature for a
period of 60 minutes to achieve thermal homogeneity. One billet was then removed
from the furnace and quenched in water while the second billet was cooled in air to
obtain martensitic and lamellar microstructures respectively. Typical optical micro-
structures obtained after water quenching and air cooling are shown in Figure 1a and
b respectively. The prior p grain size was estimated to be 601 + 86 pm and 684 + 64 pm
for the water quenched and air-cooled material, respectively.

3. Effect of strain, strain path and microstructure

To evaluate effect of strain, strain path and initial microstructure on the globu-
larisation kinetics of titanium alloy Ti-6Al1-4V, both isothermal hot compression
(uniaxial monotonic) and multi-axial (non-monotonic) compression experiments
were carried out.

3.1Isothermal hot compression

Cylindrical compression test samples with a constant height-to-diameter ratio
of 1.5 were extracted from the water-quenched and air-cooled material using a
wire-cut electro discharge machine (EDM) and lathe machine. The edges of the
samples were chamfered to avoid fold formation during initial stages of deforma-
tion. The prepared samples were coated with glass (Deltaglaze 347) which acts
as an oxidation resistor and lubricant. The coated samples were then heated to
the desired test temperature and held at that temperature for 30 min in order to
achieve thermal homogeneity. The cylindrical samples were then subjected
to isothermal hot compression or uniaxial monotonic deformation (height reduc-
tion). A deformation of 25%, 40%, 58% and 78% was imparted to the samples
at a constant true strain rate of 10 /s using a computer-controlled 200kN form-
ability and workability testing machine custom built by M/s BISS, Bangalore.
The deformation imparted corresponds to an equivalent strain of 0.29, 0.58, 0.87
and 1.51, respectively. After deformation, all the samples were quenched in water
and were cut parallel to the deformation direction, hot-mounted and subjected
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to metallographic investigation following standard procedures. For stereological
measurements of « fraction globularised, automatic and semi-automatic proce-
dures were used and the a lamellae with an aspect ratio of <2.0 was considered
to be globularised as reported in various literatures [4, 9]. Standard statistical
measures such as relative accuracy (RA) and 95% confidence level [10, 11] were
used to ensure reliability of stereology measurements. The microstructure of
Ti-6A1-4V with an initial lamellar structure subjected to increasing amount of
strain through isothermal hot compression, i.e. uniaxial monotonic deformation
is shown in Figure 2a-d. Deformation of o lamellae and increased globularisa-
tion of « lamellae with increasing strain can be readily observed from Figure 2.
Maximum globularisation was observed in the sample subjected to 78% deformation
(Figure 2d) that corresponds to a strain of 1.51.

Conversion of lamellar structure of a phase into a globular morphology during
deformation is considered to be a recrystallisation process, namely CDRX as against
the discontinuous dynamic recrystallisation (DDRX) which has a distinctive nucle-
ation and growth stage [12-14]. Globularisation of « lamellae present in the colony
and at the grain boundary has been reported to take place by either sub grain or shear
band formation. It was proposed by Margolin and Cohen [15] that subgrains form
within the a lamellae during deformation followed by penetration of § phase into the
o/a boundary with a simultaneous rotation of boundaries against each other resulting
in coarsening of the recrystallised @ when compared with the lamellae thickness from

Figure 2.
Ti-6Al-4V with martensitic microstructure subjected to (a) 25 (b) 40 (c) 58 and (d) 78 percentage reduction or
deformation at 900°C with a strain rate of 107/s.
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which it originated. Weiss et al. [3] reported formation of shear bands as main reason
for CDRX of a lamellae. Irrespective of the mechanism, the formation of a/a interface
in contact with f induces surface tension driven penetration of p phase resulting in
globularisation. Balasundar [16] reported that both these mechanisms, namely sub
grain and shear band formation operate in titanium alloys depending on the orienta-
tion of « lamellae and the processing conditions.

Based on the orientation of o lamellae with respect to the compression direction,
bending and/or kinking of o lamellae can also be readily observed at different loca-
tions of the deformed sample. HCP a lamellae that have their c-axis aligned to the
deformation direction require very high load or stress to deform [17] because such
lamellae have a low Schmid factor and shear force along the slip direction. Though the
globularisation fraction of o lamellae increases with increasing deformation, isolated
regions where the o lamellae are still intact can be observed in the material even
after imparting a stain of 151%. Though globularisation of grain boundary a lamellae
could be observed after a stain of 58%), the prior f grain boundaries could be readily
observed in the deformed material.

Microstructure of Ti-6A1-4V with an initial martensitic structure subjected to
increasing amount of uniaxial monotonic deformation through isothermal hot com-
pression is shown in Figure 3a—d. The influence of strain on the material with martens-
itic starting microstructure was observed to be similar to that in lamellar microstructure
described above. However, the prior p grains were found to be destroyed completely
by deformation, and it was not possible to identify them in the material. A quantitative
discussion on the a fraction globularised is presented in Section 3.3.

Figure 3.
Ti-6Al-4V with lamellar microstructure subjected to (a) 25 (b) 40 (c) 58 and (d) 78 percentage reduction or
deformation at 900°C with a strain rate of 107/s.
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3.2 Multi-axial deformation

Conventional deformation process, such as forging, rolling, extrusion, etc., alters
the dimension of the material that is being deformed. Severe plastic deformation is
a metal working technique in which very high plastic strain can be imparted to the
material without any concomitant change in the geometry or dimension. As the work
piece material geometry is not altered, it provides an opportunity to deform the mate-
rial repeatedly till the desired amount of strain is imparted. This large plastic strain
results in the formation of ultrafine grain structure in the material. A large number of
SPD processes are in vogue, MAF is one suchtechnique which is easier to implement as
no special die or tooling is required for deforming the material. In MAF, the material
is deformed in cyclic way along all the three orthogonal directions. Each MAF cycle
consist of three deformation steps, i.e. imparting equal amount of deformation along
the three orthogonal directions (X, Y, Z) as shown in Figure 4.

The strain path is altered when the sample is rotated by 90° during MAF. This
change in strain path is expected to assist in refining the grain size. After three
processing or deformation steps, i.e. after a cycle of MAF, the work piece reverts back
to its original dimension. Since the dimension of the work piece remains the same, it
is possible to carry out MAF cycles multiple times and thereby impart a large amount
of strain to the material as desired or till the failure of material. The amount of strain
imparted for a given percentage of reduction and the number of MAF cycles can be
calculated as per the following relation:

6, =3NIn(1-R) (1)

where R is the amount of reduction imparted per direction which is generally
assumed to be the same along all the three orthogonal directions, and N is the number
of MAF cycles.

Figure 4.
Typical multi-axial forging cycle for imparting 40% deformation along all the three divections (all dimensions in mm,).
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Two numbers of cubic specimens with dimension of 2.5 x 2.5 x 2.5 cm® were
prepared from the water-quenched and air-cooled Ti-6Al-4V material respectively
for carrying out MAF experiments at 900°C with a constant true strain rate of 107/s.
The first sample from the water-quenched and air-cooled material was subjected to
25% reduction along all the three directions while the second sample was imparted
with 40% reduction which corresponds to a cumulative strain of 87% for the sample
subjected to 25% reduction and 153% for the 40% reduction sample. While carry-
ing of MAF experiment, the sample was first deformed to the required amountina
particular direction (e.g. X direction), the furnace was opened, and then the sample
was rotated and positioned for deforming along the next direction (e.g. Y direction).
The furnace was closed and sample was reheated to the desired temperature and held
at this temperature for 30 min before imparting the desired amount of deformation
along this direction (e.g. Y direction). The procedure was repeated for deforming
along the third direction (e.g. Z direction). After completion of desired number
of MAF cycle, i.e. after imparting desired amount of reduction along all the three
directions as shown in Figure 4, the samples were water-quenched to free the micro-
structure of the material.

Microstructure of Ti-6Al1-4V with an initial lamellar structure subjected to a defor-
mation of 25% and 40% along all the three orthogonal direction using MAF process is
shown in Figure 5a and b respectively. No major microstructural change is observed
in the material subject to 25% when compared with the initial starting microstructure
expect for coarsening of « lamellae and few isolated regions of « globularisation
within the grain and at grain boundaries. Partial globularisation of a can be observed
at all the three faces of the same subjected to 40% deformation through MAF. Though
isolated globularisation of grain boundary o was observed, the prior f grains were
found to be intact and distinct.

The microstructures of Ti-6A1-4V with martensitic structure subjected to 25%
and 40% reduction using MAF process are shown in Figure 6a and b respectively.
Similar to that of the air-cooled structure, martensitic structure also shows increasing

Figures.
Microstructure of Ti-6Al-4V with lamellar microstructure subjected to (a) 25% and (b) 40% deformation along
all the three ovthogonal divections through MAF at 900°C with a strain rate of 107/5.

21



Titanium Alloys - Recent Progress in Design, Processing, Characterigation, and Applications

g

.y ‘.
St s T
o N L'?; 9?. a7 i
7 “‘A%M'."‘"r"
il .".' .‘.' y ‘.‘!"( ~

Figure 6.
Microstructure of Ti-6Al-4V with martensitic microstructure subjected to (a) 25 and (b) 40% deformation per
direction through MAF process at 900°C with a strain rate of 107/s.

globularisation with increasing amount of deformation. However, the breaking of the
prior p grain boundaries and globularisation can be observed to be more in martens-
itic structure when compared with the lamellar structure.

3.3 Globularisation fraction

The globular a volume fraction was estimated in Ti-6Al-4V with martensitic
and lamellar starting structure subjected to uniaxial (monotonic, i.e. no change
in strain path) and multi axial (non-monotonic, i.e. changing strain path as the
sample is rotated) deformation and is shown in Figure 7. It can be seen that,
irrespective of the deformation process whether it is monotonic (uniaxial) or
non-monotonic (multi-axial), the volume fraction of globularised a increases
with increasing strain. The rate of increase in globularised a volume fraction is
observed to be high for Ti-6Al-4V with martensitic structure when compared
with the material with lamellar structure. This observation here concurs with
the report of Shell et al. [18] where they have attributed the increased kinetics of
globularisation to a lamellae thickness. When the o lamellae is thin, it is relatively
easier for the p phase to penetrate the lamellae and transverse boundary when
compared with thick lamellae. It can be noted that for an equivalent strain of 0.87
which corresponds to 58% reduction through uniaxial or monotonic deformation
and 25% deformation along all the three directions through multi-axial or non-
monotonic deformation, altering the strain path through multi-axial deformation
results in reduced globularisation. However, with increasing equivalent strain
from 0.87 to 1.51, i.e. increasing the deformation from 25 to 40% per direction in
multi-axial deformation, the fraction of a phase globularised is quite comparable
to that obtained through uniaxial deformation (with 78% reduction) as shown in
Figure7.

It was reported by Banerjee et al. [19] that when Ti alloys are subjected to
thermomechanical processing in the o/p regime, an equiaxed microstructure can
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Figure7.
Effect of strain and strain path on globularisation of a lamellae in Ti-6Al-4V.

be obtained only if the amount of deformation is greater than 30%. As stated
earlier, the CRDX or globularisation of a lamellae depends on the formation of

o/ interface by shearing, subgrain, buckling and kinking, etc. and the penetra-
tion of p phase. As the formation of a/a interface is a result of two contending
processes of dislocation accumulation and annihilation, it is proposed that altering
strain path before attaining a limiting critical strain leads to large annihilation of
dislocations and a possible reduction or disappearance of the substructure. In the
material subjected to 25% deformation through MAF, the strain path is changed
before reaching the critical amount of deformation (~30%), and the fraction of
globularisation is less due to large annihilation of dislocations. With increasing
strain from 87 to 151%, adequate strain is available for accumulation of disloca-
tions and formation of stable substructure. Hence, altering the strain path does not
influence the fraction of globularisation. From Figure 7, it can be readily inferred
that 40% deformation through non-monotonic MAF does not cause significant
reduction in the globularisation kinetics when compared with uniaxial deforma-
tion. Concomitantly, no significant improvement has been observed as reported by
Salischev et al. [4].

On the basis of above study, it can be readily inferred that a martensitic structure
exhibits better globularisation kinetics in comparison to lamellar structure. Altering
the strain path through non-monotonic multi-axial deformation below a critical
limiting strain results in reduced globularisation, whereas beyond the critical strain,
the results are quite comparable. The critical deformation limit has been identified
to be >40% through the current investigation. Though required globularisation
can be achieved by uniaxial deformation, it results in altering the dimension of
the work piece, whereas multi-axial deformation process which does not cause any
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concomitant change in the external dimension [20]. Further, unlike uniaxial defor-
mation which produces a dead metal zone at the fiction hill, no such un-deformed
region is observed in multi-axial deformation; hence, multi-axial deformation
process with 40% reduction per direction is best suited to globularise the a lamellae
and refine the microstructure to obtain superplasticity.

4. Thermomechanical processing scheme to achieve ultrafine grain
structure

To obtain grain refinement and achieve superplasticity, Ti-6A1-4V with a mar-
tensitic starting microstructure was subjected to three cycles of multi-axial deforma-
tion with 40% reduction per direction by progressively decreasing the deformation
temperature at each cycle from 850, 800 and 750°C, i.e. first cycle of MAF is carried
out at 850°C, second cycle of MAF on the sample is carried out at 800°C and so
on. Microstructures of Ti-6Al-4V obtained after two and three cycles of multi-
axial deformation are shown in Figure 8a and b respectively. It can be seen that
three cycles of multi-axial deformation have resulted in complete globularisation of
o lamellae.

The mechanism of globularisation or CDRX of a lamellae depends on forma-
tion of a/a boundaries which is followed by penetration of p phase into a lamellae
to separate the boundary [15]. Formation of stable substructure (a/a boundaries)
or low-angle grain boundaries (LAGB) depends on interaction and multiplica-
tion of dislocation in the lamellar structure. When the HCP o lamellae c-axis is
oriented parallel to the deformation direction, high shear stresses are required
for the operation of basal and prism slip which is the major source of slip in HCP
structure [17]. Such unfavourable orientated lamellae exhibit no major deforma-
tion leading to low dislocation density and less a/a boundaries which reduces the
globularisation kinetics. However, rotation of specimen by 90° during subsequent
steps of deformation during multi-axial deformation leads to activation of
prism slip system in such lamellae due to an increase in value of Schmid factor.
Activation of prism slip system initiates the process of slip, and with increasing

!\.m

Figure 8.
Microstructure of Ti-6Al-4V after (a) two cycles and (b) three cycles of MAF.
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strain and grain rotation, the basal slip system also starts operating leading to
formation of substructure, which eventually results in dynamic recrystallised
or globularised equiaxed o grain. A comparison of the microstructures shown
in Figure 6b, 8a and b reveals that with increasing the number of MAF cycle,
globularisation increases. It can also be seen that the isolated a lamellae visible
in Ti-6Al-4V specimen after two cycles of multi-axial deformation are con-
verted into equiaxed grains after three cycles. Further, prior p grain boundaries
were completely destroyed, and they are no longer distinguishable after three
MAF cycles.

To gain further insight on the microstructure evolution, the material subjected
to three cycles of multi-axial deformation was subjected to electron back scattered
diffraction (EBSD) characterisation. The low-angle (LAGB; red line) and high-
angle (HAGB; black line) boundary present in the material was estimated to be
24% and 76% respectively. The observed fraction of HAGB and LAGB is consistent
with reported literature which states the presence of around 25-30% of LAGB in
heavily deformed structures [20]. The average size of HAGB was estimated to be
1.65 + 0.6 pm. Further, the inverse pole figure (IPF map) shown in Figure 9(b)
reveals a random texture with no preferred orientation.

Superplasticity occurs by grain boundary sliding accommodated by diffusion
at grain boundaries and lattice [21, 22]. A material with high fraction of HAGB
will have higher degree of disorder. As diffusion occurs down the potential gradi-
ent, large fraction of HAGB will lead to higher gradient which increases the diffu-
sion rate. It has been reported in the literature that the presence of high fraction
of HAGB with maximum fraction lying in the range of 30-60° is necessary for
ease of grain boundary sliding [4]. Further, a fairly uniform grain structure with
grains of similar size is essential for superplastic forming. The presence of large
grains and small grains (mixed or bimodal grains) in same microstructure has a
negative effect on superplasticity. It has been reported that kinetics of diffusion
is very slow around the large grain in comparison to the kinetics around smaller
grain structure [23]. In the absence of slow diffusion around large grains, chances
of cavitation are higher around the larger grains leading to early failure without
appreciable tensile elongation. It is also well known that higher volume fraction

Figure 9.
Microstructure of Ti-6Al-4V after three cycles of MAF (a) band contrast image highlighting HAGB (black line)
¢ LAGB (red line) (b)I PF colour map obtained through EBSD.
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Figure 10.

Microstructure of Ti-6Al-4V after three cycles of MAF and heat treatment at 850°C for 2 h followed by air
cooling (a) band contrast image highlighting HAGB (black line) ¢’ LAGB (red line) (b) IPF colour map
(c) misorientation plot obtained through EBSD.

of second phase improves superplastic property due to easier a/p grain boundary
sliding [24]. Further, in titanium alloys, the diffusivity in BCC p grain is about

of two orders of magnitude higher than « alloys [1, 2, 20]. Higher diffusivity of

p phase improves superplastic property of titanium alloy. However, at the same
time, p phase grows much faster than o phase, and hence, o phase helps in pinning
the grain boundary of § and does not allow the grains to grow. Ideally, presence of
both phases is essential for easier grain sliding and achieving optimal superplastic
property [25].

As the material after three cycles of multi-axial deformation exhibits nearly
24% low-angle boundaries and predominantly « phase, it is essential to convert
this microstructure into a one that can exhibit superplasticity. To improve micro-
structure and to obtain uniform grain size distribution with increased volume
fraction of p phase and higher fraction of high-angle grain boundary, annealing
of the deformed material was carried out at 850°C for 2 h followed by air cool-
ing. A higher temperature was used for annealing to obtain the desired o« and f
proportions in the material. From the EBSD band contrast image shown in Figure
10a, the p phase present in the heat treated material was estimated to be ~15%.
The fraction of HAGB in the heat-treated material was estimated to be 95% with
an average grain size of 2.53 + 0.65 pm. The IPF map shown in Figure 10b clearly
indicates the random orientation of the grains. A random texture is important
for a structure to exhibit superplastic behaviour since cavitation may occur along
the transverse direction during deformation due to strain incompatibility [21].
The misorientation profile of the grains shows significant improvement in HAB
with a high fraction of grains boundary in the range of 30-60°. The resultant
microstructure satisfies the condition of superplasticity as a major mode of
deformation.

5. Superplastic domain identification and validation

In order to identify the temperature-strain rate domain under which the material
exhibits superplasticity, the SRS of the material subjected to three cycles of MAF
and heat treatment was evaluated by carrying out isothermal hot compression tests
over a range of temperature and constant true strain rate. Using the flow curves,
the SRS of the material was estimated using standard relations [26] and plotted
as a function of temperature and strain rate as shown in Figure 11. It can be seen
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Figure 11.

(a) Strain rate sensitivity map at € = 0.5 (b) initial tensile specimen (gage length = 6 mm, diameter = 4 mm)
(c) sample after tensile deformation at 820°C with a strain vate of 107/s strain vate and (d) sample after tensile
deformation at 820°C with a strain rate of 3x10™*/s strain rate.

that the material exhibits a maximum SRS of 0.46 between 810°C and 825°C for a
constant strain rate of 3x10*/s.

In order to validate the domain identified, cylindrical tensile samples of
0.6 cm gage length and 0.4 cm diameter (Figure 11b) were prepared from the mate-
rial subjected to three cycles of MAF and heat treatment. Tensile tests were carried
out at 820°C with a strain rate of 10~ and 3x10"*/s. A maximum elongation of 815%
was obtained in the sample tested with a strain rate of 3x10™*/s (Figure 11d). As the
strain rate is increased to 107/s, the % elongation obtained decreases from 815 to
447% as shown in Figure 11c. During tensile deformation, necking starts in the weak
part of the structure and further deformation gets concentrated at this necked region.
A tri-axial state-of-stress exists in the neck region and strain rate in this region does
not follow the strain rate of the specimen. The strain rate in the region depends on the
rate of decrease of the area which is given by [26]:

1

dA (P\m 1
& (& ) @

As the rate of decrease in area is inversely proportional to strain rate sensitivity
(m), a higher m value leads to slower strain rate in the necked region. So a higher
elongation is observed during tensile deformation.

In order to further substantiate the findings, EBSD characterisation of the
material subjected to compression test (after three cycles of multi-axial deforma-
tion and heat treatment) at 800°C with a strain rate of 3x10~*/s was carried out
to evaluate the grain size, boundary fractions, etc. From the band contrast image
shown in Figure 12, the fraction of HAB and the average grain size were esti-
mated to be 83% and 2.64 + 0.89 pm respectively. Comparing the microstructure
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Figure 12.
Band contrast image of fine grained Ti-6Al-4V after hot compression at 800°C and strain vate of 0.0003 S~
highlighted with HAGBs (black), LAGBs (red).

obtained in the material after deformation in the superplasticity domain and that
obtained after three cycles of multi-axial deformation and heat treatment (Figure 10a)
clearly indicates no major change in grain size. Therefore, from the observa-

tions on % elongation and microstructural features, it can be confirmed that the
heat-treated material after subjecting to three cycles of multi-axial deformation
exhibits fuperplasticity between 800 and 840°C when deformed with a strain rate
of 3x107"/s

6. Scaling-up

In order to ensure viability of the identified thermomechanical scheme for indus-
trial scale processing, a large-size billet of 15 cm x 12 cm x 9 cm was prepared and
subjected to MAF using 2000MT hydraulic forge press. Figure 13 compares the size
of scaled up Ti-6Al-4V billet with that of smaller-size specimen. The microstructure
evolution in the large billet after each cycle of MAF is shown in Figure 14. It can
be clearly seen that the globularisation fraction increases with increasing cycle and
a completely globularised structure is achieved after three cycles of MAF. Post-
deformation heat treatment for the material was carried out at 850 and 900°C for2 h
followed by air cooling, and the resulting microstructures are shown in Figure 15.
Heat treatment led to increase in the volume fraction of beta phase with slight coars-
ening in the grain size.

In order to validate super plasticity, standard cylindrical tensile samples of
2.0 cm gage length and 0.4 cm diameter were prepared and subjected to tensile test-
ing. Tensile tests were carried out at 820°C with a Strain rate of 3x10™* and 107/s.
Tensile test was carried out for as deformed (three cycles of MAF) specimen also. It
can be seen from Figure 16 that a maximum elongation of 640% has been obtained
for the material.

The result is comparable with the one achieved during tensile test of smaller-size
MATF processed specimen. The obtained results have been also compared with avail-
able literature as shown in Table 1. It can be seen that obtained m values and elonga-
tion values are comparable with the data available in literature. Elongation obtained
during tensile test of specimen extracted from smaller-size MAF specimen and
large-size MAF billets clearly indicates superplastic behaviour of three cycles of MAF

28



Titanium Alloys: Thermomechanical Process Design to Achieve Superplasticity in Bulk Material
DOI: http://dx.doi.org/10.5772/intechopen.108463

el U e

i

SRR e e
Sl :

Figure 13.
Typical microstructure of lavge size Ti-6Al-4V after (a,d) first MAF cycle (b,e) second MAF cycle (c, f) third
MAF cycle.

Ti-6Al-4V alloy. Hence, it can be concluded that the TMP scheme established using
smaller sample is repeatable and is validated by repeating the process using 2000 T
hydraulic Forge press.

29



Titanium Alloys - Recent Progress in Design, Processing, Characterigation, and Applications

Figure 14.
Microstructure of Ti-6Al-4V obtained after third MAF cycle followed by heat treatment at (a) 850°C/2 h/ac and

(b) 900°C/2 h/ac.

Figure 15.
Comparison of scaled-up Ti-6Al-4V billet and small size specimen.

@ C—

3MAF+ HT @ 850/2hr/AC + Tensile @820°C,0.0003/sec, %E| = 640%
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3MAF+ HT @ 850/2hr/AC + Tensile @ 820°C, 0.001/sec, %El = 525%
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Figure 16.

Tensile elongation of Ti-6Al-4V subjected to three cycles of MAF followed by heat treatment at 850°C/2 h/ac
and (a) tested at € = 0.0003/s, T = 820°C (b) tested at € = 0.001/5, T = 820°C (c) Tensile elongation of Ti-6Al-4V

subjected to three cycles of MAF tested at ¢ = 0.001/s, T = 820°C.
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Processing Grain size Temp (°C) Strain rate (s™) Elongation (%) m Ref
condition (pum)
Rolled sheet 0.3 775 1x10™* 800 0.45 [27]
775 1x1073 600 0.45
875 1x107* 720 0.41
875 1x1073 380 0.41
3 775 1x107* 200 0.32
875 1x10* 420 0.33
875 1x1073 390 0.33
SPD 0.2 600 5x107* 500 0.34 [28]
processed 5 800 5x10™* 600 0.4
bulk
samples
Hot Rolled 3 700 1x107* 583 0.66 [29]
SPD 0.2 650 1x107* 568 0.36 [30]
processed 750 1x1072 504 046
(HPT)
DMRL 2.53 820 3x107 640 0.46
3cycle 820 1x1073 525 0.38
MATF + Heat
treated
Table 1.

Comparison of achieved superplastic property with available literature.

7. Conclusions

From the study it can be concluded that three cycles of MAF with 40% reduction
per direction (cumulative effective strain of ~4.6) leads to complete globularisation of
martensitic structure with an average « grain size of 1.65 + 0.6 pm. Annealing of the
deformed material at 850°C increases HAB fraction and p phase volume fraction but with
amarginal increase in grain size (2.53 + 0.65 pm). The MAF + annealed material exhibits
a maximum SRS of 0.46 when deformed between 810°C and 825°C with constant strain
rate of 3 x 10"*/s. A maximum tensile elongation of 815% was obtained with strain rate of
3x107*/s at 820°C. TMP designed was implemented on a large-size work piece under near
isothermal condition, and the process was found to be reliable and repeatable to obtain
superplasticity in bulk Ti-6Al-4V in large-size specimen for aeroengine applications.
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Chapter 3

Titanium Extraction Metallurgy
Developments and Control of
Impurity Elements

Chaganti R.V.S. Nagesh

Abstract

Titanium extraction metallurgy poses numerous challenges owing to a combina-
tion of various characteristics such as high chemical reactivity, high melting point,
strong affinity towards oxygen and nitrogen, pyrophoricity of nascent sponge. Kroll
process of magnesium reduction of has become the widely employed titanium sponge
production technology. Sodium reduction of TiCl, known as Hunter’s process has also
been employed for the industrial production of titanium sponges for about two
decades. Subsequently quoting techno-economic reasons, the Hunter sponge plants
across the world have been closed. There have been several efforts over the years to
evolve an alternative to the Kroll process mainly to achieve a simple and cost and
energy-effective titanium extraction process. Control of impurity elements in the
titanium metal during the metal extraction process assumes greater importance as
thermodynamics does not favour any purification method to be employed for the
metal. This chapter brings out historical developments in titanium extraction metal-
lurgy and highlights recent developments as well to produce high-purity titanium
sponges required for titanium alloys for the end applications across various sectors.

Keywords: titanium, metal extraction, purity, quality control

1. Introduction

Titanium is an element with atomic number 22 and placed in the Group IV B of the
periodic table. Discovered by an English chemist, William Gregor in 1791, assumed its
name ‘titanium’ when a German chemist, M.H. Klaproth found it in 1795 as a new
element in the mineral rutile and called it ‘titanium’ (titans is the goddess of earth in
Greek). Titanium possesses a melting point of 1663°C and a density of 4.5 g/cm”.
Lightweight, high specific strength coupled with excellent corrosion resistance
resulted in titanium emerging as the structural material of choice for a variety of
applications in aerospace and many chemical industries. The titanium also has special
properties of body compatibility, non-magnetism and non-toxicity. Titanium has
different oxidation states and is highly reactive and forms alloys and compounds with
a large number of elements. It is because of the outer thin oxide film, the metal
exhibits superior corrosion resistance to a wide range of chemicals, seawater and
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aggressive media. The ability to form different types of attractive/lustrous shades of
colours on the surface on anodizing led to its use in artificial jewellery and various
types of eye-catching consumer durables.

Titanjum exhibits allotropy and changes its crystal structure from hcp to beec on
heating at 882°C. Important properties of titanium of interest for a material scientist/
metallurgist include its amenability to heat treatment to achieve tailor-made proper-
ties for different end applications. A large number of titanium alloys of type alpha,
alpha plus beta, beta and gamma phases are developed and put into use for various
types of applications up to a temperature of 550°C.

Titanium is plentifully available in nature. In the early days, it was referred to as ‘rare
metal’ mainly because of its limited usage on account of its expensive nature. Consti-
tuting about 0.63% of the earth’s crust, titanium is the ninth most abundant element and
fourth most abundant structural metal (after iron, magnesium and aluminium). The
two most important and widely available titanium minerals are ilmenite (FeOTiO,) and
rutile (TiO,). llmenite is subjected to chemical beneficiation or thermal smelting to
prepare synthetic rutile or titania slag, which contains increased TiO, content.

2. Emergence of titanium extraction metallurgy

Extractive metallurgy of titanium is complicated due to the high melting point,
high chemical reactivity and pyrophoric nature (catches fire under frictional forces)
of nascent titanium metal. Vacuum or inter-gas atmosphere is essential for producing
titanium metal. Historically preparation of pure titanium metal from the oxide con-
centrate has been a challenging task. Early efforts to prepare the metal directly from
its oxide had been futile because of the large amount of oxygen retained in the
product. Oxygen, nitrogen, carbon and iron are the most important impurity elements
in titanium, which adversely affect the ductility and mechanical properties of the
metal. Realizing the implications of preparing the metal directly from the oxide, early
efforts shifted the focus to attempt metal separation from a non-oxygen-bearing
compound. Thus, chloride metallurgy came into existence where a metal chloride is
prepared by high-temperature chlorination of metal oxide and subsequently the metal
chloride is reduced/electrolysed to prepare the metal.

In 1910, Hunter developed sodium reduction of titanium tetrachloride (TiCl,) to
prepare high-purity titanium metal. The process was later on extensively studied and
developed by Imperial Chemical Industries, UK, for industrial implementation. Some
industries based on this process in UK and Japan had been operating till the early 90s.
In 1925, van Arkel and de Boer developed the process of dissociation of titanium
iodide (Til4) on a tungsten filament to produce high-purity titanium metal. In 1937,
W J Kroll worked on magnesium reduction of TiCl, to produce high-purity metal and
patented the process. The Kroll process was subsequently developed by the US Bureau
of Mines for industrial-scale implementation. Simultaneously in the former USSR and
Japan also similar developments took place. Fused salt electrolysis of TiCl, to prepare
titanium was extensively studied by Dow Howmet USA, Reactive Metals Inc., UK,
and Electrochemica Marco Ginatta, Italy, and pilot scale plants had been operating
based on this process till recently. These three processes viz. Hunter process of sodium
reduction, Kroll process of magnesium reduction and fused salt electrolysis of TiCl,
are proven and are considered to be established methods of titanium sponge produc-
tion. In all three processes, nascent metal formed is in the form of a porous aggregate
of titanium metal particulates and termed as ‘titanium sponge’. Titanium sponge is the
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basic raw material for the manufacture of titanium/titanium alloys, which takes place
through vacuum arc melting of sponge into ingot followed by conventional metal
working techniques to obtain the desired product for end use. A detailed description
of the processes along with historical developments in metal extraction is well
documented in the literature [1-3]. Some of the experiences gained in the Kroll
titanium sponge technology development program [4] successfully conducted at the
Defence Metallurgical Research Laboratory, Hyderabad, India, are shared in this
presentation.

Subsequently, there have been several efforts the world over to develop a simple,
energy and cost-effective and environmentally friendly titanium extraction process.
Most of these efforts focus to cut down the process steps, evolving a continuous
process and/or directly obtaining titanium from TiO,. The majority of these advanced
processes result in titanium powder, which can be utilized in preparing the desired
products through additive manufacturing or 3D printing.

3. Established methods of titanium sponge production

As discussed, the preparation of TiCl, is an essential step in the production of
titanium sponges. TiCl, is mainly prepared by high-temperature carbo-chlorination
of titanium mineral concentrate (rutile/beneficiated ilmenite) in a fluidized bed-type
refractory lined furnace at a temperature of about 1000°C. The tetrachloride
obtained on chlorination is relatively impure containing chlorides of other metals
such as Fe, Sn, Si, Al, V. TiCl, is an aggressive chemical and readily reacts with
atmospheric moisture and hydrolyzes forming thick fumes of HCI and oxy-chloride.
Hence, handling and purification of TiCl, is hazardous and to be carried out cau-
tiously. Before using for the production of titanium sponge, TiCly is to be purified
sufficiently, which is generally done by employing fractional distillation and precip-
itation techniques.

Thus, the established methods of titanium sponge production essentially involve
the process steps (Figure 1) of chlorination of beneficiated ilmenite or rutile in the
presence of carbon at a temperature of about 950C to produce TiCly, purification
of the tetrachloride by fractional distillation to obtain high-purity TiCl, followed
by either sodium reduction (Hunter process) or magnesium (Kroll process). Alter-
natively, titanium sponge can also be produced by fused salt electrolysis of TiCly
in LiCl-KCl melt. A brief description of these three processes is provided in the
sequel before a discussion is taken up on ‘control of impurity elements’ in the
product.

4. The Hunter process

In this Hunter process, TiCl, is reduced with sodium metal and the following
chemical reaction represents the reduction process:

TiCly + 4Na = Ti + 4NaCl, AH gpoc = —653.7 kJ /mole. (1)

The reduction process is conducted in an inert gas atmosphere using a steel cruci-
ble. TiCly is fed into the reaction crucible, which is holding a bed of molten sodium.
The temperature of reduction needs to be precisely controlled within the small range
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Figure 1.
Process flow diagram for established methods of titanium sponge production.

of melting point of NaCl (801C) and boiling point of sodium metal (887C) for ensur-
ing a smooth reduction process. The main product of the titanium sponge needs to be
separated from adhered by-product (NaCl) and leftover reductant (sodium), which is
done by water leaching of the reaction product Later on, however, the process
underwent several modifications and improvements compared to the method origi-
nally employed by Hunter. Nippon Soda, Japan and Deeside Titanium, UK-operated
titanium sponge production plants employing this process. However, the process has
several setbacks such as very high exothermic heat generation, highly reactive species,
very close window of process operating parameters, difficulty in recovering by-
product/effluent disposal, etc., in addition to the hazardous nature of handling
sodium. Currently, no industry is operating in the world based on this process for
titanium sponge production.
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5. The Kroll process

The Kroll process of magnesio-thermic reduction of TiCl4 to produce titanium
sponge is represented by the following chemical reaction.

TiCl4 4+ 2Mg = Ti + 2MgCl,, AHs00c = —325 kJ/mole. 2)

The reaction takes place between liquid magnesium and gaseous TiCl, (boiling point
136C) forming solid titanium. There is a possibility of a large number of reactions
involving also lower chlorides of titanium viz. TiCl; and TiCl, as presented in Table 1.
The standard enthalpy and entropy changes of the reactions which indicate the ther-
modynamic possibility and exothermic/endothermic nature of reactions are presented
in the table. The overall reduction reaction is highly exothermic and necessitates exter-
nal cooling of the reactor for controlling the reaction temperature.

Physico-chemical aspects of reaction chemistry and some aspects of reaction
mechanism and titanium sponge formation in a Kroll reduction reactor are discussed
in detail in the literature [5, 6]. Also, phase equilibria in the system, Mg-Ti-Cl over a
wide temperature range of 500-2000°C, were studied. The extent to which a given
reaction would occur is influenced by several factors such as temperature, the physical
state of the reactants, mutual solubilities of the substances, surface and interfacial
phenomena, reaction kinetics and heat and mass transfer in the system.

From a thermodynamic analysis of various possible reactions involved in the
magnesio-thermic reduction of TiCly, the following inferences were drawn:

* When gaseous TiCly reacts with liquid magnesium, reduction of TiCl, to TiCl, is
the most probable.

* When gaseous TiCl, reacts with magnesium vapour, reactions that result in the
formation of TiCl, and TiCl; are the most probable.

* Formation of magnesium sub-chloride (MgCl) is also a possibility at high
temperatures. MgCl is unstable under normal conditions but is identified in the
gaseous phase at high temperatures.

* Among the secondary reactions of TiCl, with titanium, the reaction forming
TiCl, is the most probable.

S.No. Reaction AG®1100k AH 1100k
1 15 TiCLy(g) + Mg (1) = % Ti(s) + MgCL (1) _155.8 2141
2 12 TiCly(g) + % Mg(l) = ¥ TiCly(g) + % MgCl,(1) 381 451
3 15 TiCl(g) + ¥ Mg(l) = ¥ TiCL(s/l) + % MgCL (1) _168.7 903
4 2/3 TiCl5(g) + 1/3 Mg(l) = 2/3 TiCly(s/1) + 1/3 MgCL(1) —60.3 —174.2
5 TiCly(1) + Mg(l) = Ti(s) + MgCl,(1) -130.9 -90.7
6 15 TiCly(g) + 1/6 Ti (s) = 2/3 TiCly(g) 82 206

7 %5 TiCly(g) + Y2 Ti(s) = TiCly(s/1) —24.9 —123.4
8 2/3 TiCl5(g) + 1/3 Ti(s) = TiCly(s/1) -16.7 —144.0

Table 1.

List of possible reactions in the Mg-Ti-Cl system.
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The reduction process is carried out in a steel/stainless steel crucible/reactor
under an argon gas atmosphere. It is a batch process and based on the batch size,
the required quantity of magnesium is taken into the reactor and heated to 780°C.
TiCl, is then pumped into the reactor from the top closure of the reactor. The
temperature of reduction is maintained in the range 780-830°C by removing
exothermic heat through the circulation of air around the outer surface of the
reactor. Titanium particulate formed in the reduction process tends to agglomerate
in sizeable pieces along the reactor’s inner wall and grown pieces fall and are
collected at the perforated bottom plate of the reactor vessel. The reaction by-
product MgCl, (which melts at 712°C) is liquid under reactor conditions and being
heavier than molten magnesium moves down paving the way for liquid magne-
sium to ascend to the top surface. MgCl, collected at the bottom of the reactor is
periodically withdrawn from the reactor for accommodating the increased volume
of the titanium sponge. The titanium sponge grows as a cylindrical cake inside the
reactor. It is inevitable that some amounts of magnesium metal and magnesium
chloride get entrapped in the pores of the sponge during their transportation
through the sponge during the process. To compensate the loss of reductant
(magnesium metal) that is entrapped in the pores, usually 50-60% excess (more
than the stoichiometric requirement) magnesium is used in the sponge production
campaigns. After completion of the reduction process, the sponge cake comprises
un-reacted magnesium metal and magnesium chloride, which are entrapped in the
pores of the titanium sponge.

Vacuum distillation of the reduced mass is carried out by taking out the
reaction crucible containing the reduced mass into another reactor (Figure 2) and
heated to about 1000°C under a dynamic vacuum of the order of 5-10 x 103 mbar,
to distil out Mg/MgCl, resulting in titanium sponge freed from the entrapants. The
basic principle in the vacuum distillation process is that at 1000°C, the vapour
pressure of Mg and MgCI2 is higher whereas the vapour pressure of titanium is very
insignificant. However, there are practical issues in the optimization of principle
parameters of the distillation process such as distillation soak, temperature, monitor-
ing of vacuum as fall in the vacuum inside the process reactor is overlapped with
atmospheric leaks into the system. However, a realistic time of distillation time could
be assessed through simultaneous observation of vacuum fluctuations in the process
reactor/condenser vessel and electrical energy consumption pattern of heating of the
reactor with reduced mass. After cooling to room temperature under vacuum/argon
gas, the sponge cake is ejected out of the reactor at room temperature carefully
employing appropriate equipment/tooling. Figure 3 shows a photograph of a 3 MT
sponge cake produced at the DMRL titanium research centre. Any burnt or coloured
particulates (formed due to oxidation) are manually removed before the cake is
further handled and processed to prepare 2-25 mm size material for taking up ingot
melting.

The Kroll process has several advantages over the other two processes of sodium
reduction and fused salt electrolysis in terms of scaling up product purity, and ame-
nability to recycle magnesium metal from the by-product (MgCl,) through electroly-
sis. Over the years there have been several technological advancements that taken
place in the Kroll technology as mentioned below:

* Enlargement of batch size (from 2 to 4 MT at the beginning of the industry to
8-12 MT at present). Increased batch size is advantageous for enhanced
productivity and high-quality yield.
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Figure 2.
Schematic of reactors for reduction and vacuum distillation processes in the conventional Kroll process.

* Combined process technology (wherein reduction and vacuum distillation
processes are conducted in a single reactors assembly system (Figure 4). This
significantly cuts down energy requirement and total cycle time of a production
batch.

* Recycling of by-product MgCl, by fused salt electrolysis in multipolar cells to
regenerate magnesium metal and chlorine for captive consumption in an
integrated titanium sponge plant.

* Advanced process instrumentation and Al techniques for process control, sponge
sorting, etc.

* Evolution of different types of reactor materials, innovative sponge quality
evaluation techniques and so on.
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Figure 3.
A 3 MT titanium sponge cake produced at DMRL titanium experimental facility by combined process technology.
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Figure 4.
Schematic arrangement of reactors in the combined process technology: (a) side by side and (b) one over the other.

44



Titanium Extraction Metallurgy Developments and Control of Impurity Elements
DOT: http://dx.doi.org/10.5772 /intechopen.108618

6. Fused salt electrolysis of TiCl,

Electrolytic processes of metal extraction have many advantages such as sim-
plicity, scope for producing high-purity metal and amenable to semi-continuous/
continuous process operations and so on. Efforts on titanium metal extraction by
fused salt electrolysis concept are very old and several researchers put in efforts to
develop the same. Initially, electrolysis of TiO, in molten electrolytes of alkali
borates and phosphates was pursued by International Research Inc., USA. However,
there were many technical issues such as higher operating temperatures, corrosive
electrolytes, product contamination by oxygen and difficulty in purifying the prod-
uct. Subsequently, fused salt electrolysis of TiCl, in LiCl-KCl bath was considered
to be more viable and extensively studied simultaneously by Imperials Chemicals
Inc., UK, Dow Howmet and Reactive Metals Inc., USA, and Ginatta Marco, Italy.
Consistent and sustained efforts put in by GTT, Italy, on Pilot plant studies of the
electrolysis technology led to further development of the technology for industrial
implementation [6, 7]. It is learnt that the multi-valency of titanium, covalent
bonding in TiCl, (characterized by solubility limitation) and control of product
purity have been found to be major challenges in working out a commercial model
of the cell.

Among the three processes as discussed above, the Kroll process withstood the
test of time and has been the predominant method of titanium sponge produc-
tion the world over. Though the electrolytic process is thought to be a potential
alternative to the Kroll process, to date, it remained at pilot scale operations
only.

7. World production of titanium sponge

Major titanium sponge-producing countries have been the USA, Japan, Russia,
Kazakhstan, Ukraine, UK, and China. In the UK, production was closed down in the
early ‘90s. In India, a small capacity (500 MT/year) titanium sponge plant was
established with the technology developed at DMRL and has been producing titanium
sponges since 2012 for meeting domestic needs. Recently, Saudi Arabia started a
15,000 MT/year capacity titanium sponge plant.

The present world production capacity for titanium sponge is placed at 3,50,000
MT per annum and China is contributing about 50% of the total [8]. It is to be noted
that the Kroll process is used in the entire world production.

8. Control of impurity elements in the Kroll process

In view of the wide application of the Kroll process for titanium sponge produc-
tion, this chapter envisages to bring in a detailed discussion on the quality control
aspects pertaining to this titanium extraction method. As already mentioned, titanium
is highly reactive and the thermodynamics of the titanium-based systems do not
permit any purification method that can be implemented for purifying sponge. Only
control of impurities is a solution for preparing high-purity sponge. The important
impurity elements in titanium sponge that adversely affect its properties are O, N, C,
Fe, H, Ni, Cr, Mg and chlorides. Among this H impurity, Mg and chlorides are
generally not of serious concern as they are driven out during the ingot melting.
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However, Mg and chloride contents are to be kept at a minimum to improve the shelf
life of the sponge (before it is taken up for ingot melting).

The following are the major factors that influence the quality/purity of titanium
sponge produced by the Kroll process:

* Purity of raw materials and other consumables (TiCl,, Mg, argon gas, etc.)
* Cleanliness and pressure tightness of the reactor assembly

* Process operating conditions (Reduction temperature, TiCl, feed rate, exposure
of reduced mass, order of vacuum and vacuum distillation soak, overall cycle
time, etc.)

¢ Reactor material

* Care taken during sponge cake handling and size reduction processing to prevent
contamination of sponge from equipment and tooling

* Sponge storage before melting

Mastery of high-purity titanium sponge production lies in all the above parame-
ters. For example, though the raw materials are of high purity, other parameters
mentioned above tend to cause impurity elements to join the sponge. In Table 2,
various parameters that act as a source of various impurity elements are listed. In
general, sponge material adjacent to the wall gets contamination by diffusion of an
impurity element from reactor material and the content of that reduces towards the
inner mass. The bottom portion of the sponge cake is highly contaminated due to
diffusion of impurity elements from the false bottom plate of the reactor and also, all
the impurity elements present in magnesium metal transfer into the sponge before the
metal ascends to the top of the liquid surface inside the reactor. The top portions of
the sponge are enriched with oxygen and chloride due to atmospheric leaks from the
nozzles of the reactor lid and entrainment of the last distilled chloride material. Based
on the experimental data involving analysis of the large number of samples collected

S.No. Parameter Source of impurity elements
1. Reactor material Fe, C, O

Carbon steel Ni, Fe, Cr

Austenitic stainless steel Cr, Fe

Ferritic chromium steel

2. Raw materials O, Fe, Si, Sn, etc.
TiCl4 Fe, Al, Si, etc.
Magnesium

3. Cleanliness & pressure tightness of reactor assembly O,N,H

4, Process operating conditions Fe, O, N, chloride

5. Equipment & tooling for sponge cake processing G, Si, O, Fe

6. Sponge storage O,N

Table 2.

Sources of impurities in the Kroll process of titanium sponge production.
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from various sites across the sponge cake, a general pattern of impurities distribution
is known. Typical distribution of impurity elements in titanium sponge is schemati-
cally shown in Figure 5. Thus, the sponge in the central regions/core assumes the
highest purity and is separately harnessed while processing/size reduction of the
sponge cake to prepare homogenous quality lots of very high purity. All titanium
sponge producers evolve and follow systematic procedures for grading and quality
evaluation of sponge cakes and prepare uniform quality sponge lots in finished size,
which is suitable for subsequent ingot melting of Ti/Ti alloys [9].

Implementation of all quality control measures in titanium sponge production
results in higher purity of the product with enhanced yield. It is claimed that industry
giants prepare high pure sponges of 5N (five nines, i.e., 99.999% Ti) and supply them
for critical & electronic applications [10]. Similarly, sponge with very low iron and
nickel (Fe + 3 Ni < 120 ppm) is regularly prepared for the manufacture of critical
aero-engine components.

Though ASTM MD 120 provides complete specifications on titanium sponge
purity, it is advisable to consider sponges of much more purity for aerospace applica-
tions, in view of the high sensitivity of mechanical properties of titanium with respect
to the impurity elements especially O, N, C and iron. Major sponge producers across
the globe specify their own standards. MIDHANTI is the major manufacturing unit of
titanium and titanium alloys in India. In Table 3, MIDHANI, Japanese (SHOWA) and
Russian specifications of high-purity titanium sponge are presented and a comparison
is made with ASTM specification. Analysis of the best sponge produced at the DMRL
research centre is also included in the table. The Brinnel Hardness Number (BHN) of a
machined button melted out of a sponge sample acts as a very informative indicator of
the purity of the sponge. Hence, a mention of BHN of the sponge is always found in
the titanium sponge specifications.

3000
Fe
Impurity (o)
element
(in ppm)
(8]
N
500
Sponge Cake Centre

Figure 5.
Typical distribution of impurity elements in a titanium sponge cake.
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Impurity element CIS TG-90 SHOWA ASTM DMRL lot MIDHANI
S-90 MD 120 L001/2 K

0.040 0.060 0.100 0.032 0.080

0.020 0.010 0.015 0.003 0.015
C 0.030 0.020 0.020 0.006 0.015
Fe 0.060 0.030 0.120 0.018 0.050
Ni NS NS NS <0.005 0.050
Cr NS NS NS 0.009 NS
Mg 0.080 0.045 0.080 0.004 0.080
Chloride 0.080 0.080 0.120 0.005 0.100
H NS 0.002 0.001 0.002 NS
Ti (by difference) 99.6 99.8 99.6 99.8 99.6
BHN 80-90 90 120 82 100

Table 3.

Specifications of high-purity titanium sponge—different standards (content in wt%).

9. Trends in the development of alternate titanium extraction processes

The Kroll process technology though widely found acceptance has been used for
industrial-scale production of titanium sponges. It has the demerits of being highly
capital and labour-intensive, having higher energy consumption and higher cost of
production. Improvements over the years in technology implementation have reached
stagnation. Established titanium giants too claim an energy requirement of as high as
30-32 kWh/kg of sponge. However, the process has been sustaining as there is no
alternative method of sponge production is evolved so far. Worldwide over there have
been several efforts and intensive research continuing on alternate processes of tita-
nium metal extraction. During the last 2-3 decades, very encouraging developments
have been taking place with a few new extractions processes taken forward to even
pilot-scale production. Various process technologies that are being tried out for low-
cost production of titanium sponge are summarized by Kraft [11].

It is well known that titanium metal usage is restricted mainly because of higher costs.
The new alternate titanium metal extraction process mainly aims at bringing down the
energy requirement and cost of production. The approach for the same mainly consists of
simplifying the process flow sheet by cutting down the number of unit operations, direct
production of end components by combining the extraction and forming processes, etc.
Thus, the processes lead to the direct production of Ti/Ti alloy powders followed by near
net shape forming/3D printing (Figure 6) assuming greater importance and are on the
way of emerging as viable alternate titanium production methods.

The following innovative processes are mentioned worthy in this context and are
on the verge of adaptation for industrial-scale metal production.

9.1 The FFC (Fray Farthing & Chen) process

Titanium metal preparation directly from TiO, by a novel electrochemical reduction
process was successfully developed and patented by Fray, Farthing and Chen of
Cambridge University, UK in 1999 [12, 13]. The process essentially involves cathodic
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Figure 6.
Current trends in the development of alternate titanium metal extraction processes.

treatment of various types of TiO, pre-forms at high temperatures (950-980°C) in an
argon gas atmosphere using molten calcium chloride as electrolyte and graphite as an
anode. When DC voltage is applied, oxygen of the TiO, cathode is removed and
transported through the electrolyte to the anode where CO/CO, is formed and let out.
After the process, the sponge is subjected to water/acid leaching for removing adhered
electrolyte material. Since the discovery of the process several developments/advance-
ments has been taking place for an improved understanding of the mechanism of metal-
lization, scaling up, enhanced product purity, applying process for alloy preparation and
exploiting the principle for other possible metal oxides, etc. Basic research carried out at
DMRL attempted to bring in an improved understanding of the reaction mechanism and
the importance of monitoring CO, content in the vent gases [14, 15]. Excellent reviews
by Mohan Das [16, 17] bring out details of developments that have been taking place in
the FFC process over the years. Metalysis, UK, reportedly works on pilot-scale studies of
the process and even exploring industrial-scale implementation [18, 19] .

10. Armstrong process

The Armstrong process is based on the sodium reduction of TiCl, (Hutner’s process)
with many advancements brought in to produce high-quality titanium powder particles

49



Titanium Alloys - Recent Progress in Design, Processing, Characterization, and Applications

in a continuous manner. The process technology was developed by researchers experi-
enced in handling molten sodium at International Titanium Powder LLC, IL, USA [20].
The process technology has been demonstrated for producing pure titanium powder as
well as standard titanium alloy powders. Basically, the process involves the reduction of
TiCl, vapour, which is injected into a molten pool of sodium in a titanium reactor. The
product of titanium powder and sodium chloride is leached with water to remove the
salt. Any excess sodium metal in the product is separated by distillation.

11. OS process

Calciothermic reduction of TiO, with several process improvements to obviate the
theoretical and practical difficulties encountered in the conventional calico-thermic
reduction has been constantly pursued by Ono & Suzuki of Kyoto University, Japan.
In the OS process, TiO, is fed to molten calcium/CaCl, bath and the reduction process
is continued with the dissolution of the reduction by-product CaO in the calcium
chloride. Continuous supply of the reductant, calcium metal is ensured by iz situ
electrolysis of CaO that is generated as a by-product. Pilot plant scale studies were
reportedly carried out to study and establish the feasibility of continuous production
of titanium metal powder [21].

12. CSIRO process

Commonwealth Scientific and Industrial Research Organization (CSIRO), Austra-
lia, pursued and experimented on gaseous phase reduction of TiCl, vapour with
magnesium metal vapour (with the same reaction basis as the Kroll process) in a
fluidized bed reactor [22]. The reaction by-product, MgCl, and un-reacted magne-
sium metal are removed by vacuum distillation, while high-purity titanium powder
can be continuously withdrawn from the reactor. Based on the successful develop-
ment of the process for continuous production of titanium powder, it is being taken
forward to pilot-scale testing.

There are many other processes of titanjium metal extraction that have been in
experimentation and pursued on a lab scale. The processes include the metal hydride
reduction process (MHR process) wherein TiO, is reduced by calcium hydride, elec-
tronically mediated reduction process (EMR) wherein TiO, is reduced by calcium metal
without any contact of a reductant, hydrogen-assisted magnesium reduction of TiO,
process, high temperature fused salt electrolysis of TiO, using metallic anode (being
pursued by MIT, USA), combined magnesium thermal reduction of TiCl, electro-slag
melting, etc., which promise a way ahead in the pursuit of evolving an alternated
process of titanium metal extraction. A recent review on titanium production methods
[23] covers many efforts that are being put in for developing a new process of titanium
metal extraction. Thus, titanium extraction metallurgy provides a large scope for trying
out different types of processes and techniques for producing the metal.
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Chapter 4

Low-Cost Preparation Technologies
for Titanium Alloys: A Review

Qisheng Feng and Chonghe Li

Abstract

The titanium industry has been developing for nearly 70 years since the birth
of Ti-6Al-4 V alloy. Due to its high specific strength, high and low-temperature
resistance, corrosion resistance and good biocompatibility, titanium alloy is used in
aerospace, marine engineering, and biomedical fields. However, the high production
cost of titanium alloys currently limits their widespread use like steel and aluminum
alloys. Therefore, the low-cost preparation technology for titanium alloys becomes
hot research in recent years. This chapter provides a comprehensive overview of low-
cost preparation technologies for titanium alloys from four aspects: raw materials,
melting, hot working and machining, and advanced technologies. This review would
be of interest to scholars in related fields.

Keywords: low-cost titanium alloys, alloying elements, low-cost melting, hot working,
wire and arc additive manufacturing (WAAM)

1. Introduction

Although titanium (Ti) is the tenth amplest element on earth and the fourth most
ample structural metal after aluminum (Al), iron (Fe), and magnesium (Mg), it took
about 160 years from its discovery to the industrial application of Ti-6Al-4 V alloy
in 1954 [1]. This is because, despite its large reserves, titanium is also defined as a
rare metal due to its strong affinity for elements such as O, C, and N, which makes it
difficult to extract from its ores [2]. In the past 70 years since the birth of Ti-6Al-4 V,
titanium alloys have developed into hundreds of types and have been widely used
in various industries due to their high specific strength, high and low-temperature
resistance, corrosion resistance, and biocompatibility [3]. The strength of titanium is
similar to steel, but its density is about half that of steel, and compared with alumi-
num, titanium is five times stronger [4]. The high specific strength of titanium alloys
and their high tolerance to extreme operating conditions have led to their widespread
use in aerospace (aircraft, spacecraft, engine, etc.) and military applications (heli-
copter, unmanned aerial vehicles, guided missiles, etc.) [5-7]. About 60% of titanium
alloys are used in aerospace in Europe and the United States [8]. Nowadays, people
are increasingly concerned about reducing CO, emissions, and the light weighting of
transportation is a key step in reducing CO, emissions [9]. Therefore, the automotive
industry is showing a strong interest in the use of titanium alloys for the light weight-
ing of structural components, which offers the possibility of lower fuel consumption
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and reduced CO, emissions, but are currently limited to racing cars and specialized
vehicles [10-12]. Titanium alloy is also used in marine engineering as a corrosion-
resistant and lightweight structural material (propeller, bathyscaph, etc.) [13, 14].

In addition, non-toxic, non-magnetic, and better biocompatibility make titanium
alloy widely used in medical implants (joint prosthesis, skeletal repair, etc.) [15-17].
Based on the current industrial applications and foreseeable development potential,
titanium and its alloys are gradually becoming the fourth generation of metal materi-
als after copper (Cu), iron (Fe), and aluminum (Al), but its high application cost
greatly limits its large-scale application like the previous three metal materials [4,

18, 19]. Therefore, for about the past 30 years, research has been driven by various
industriesto make titanium alloys a common general-purpose metal by reducing their
production costs [20-23].

The traditional production and manufacturing process of titanium alloy com-
ponents are roughly the same as for steel, including production of titanium sponge,
addition of alloying elements, melting and pouring of alloy ingots, hot working to
prepare different types of titanium materials (plate, tube, bar, etc.), and machining to
prepare the final titanium alloy components. According to statistics, the percentage of
each factor in the overall cost composition of titanium parts is shown in Figure 1 [24]. It
can be seen that from titanium sponge to ingot accounts for about 30% of the total cost,
which includes the preparation of titanium sponge, the addition of alloying elements,
and the melting of ingots. The average prices of titanium metal and its alloyed elements
are shown in Table 1 [25]. The price of titanium metal is much higher than the general
metal iron (Fe) and aluminum (Al), while the application of more alloying elements,
such as'V, Nb, Mo, will again increase the cost of raw materials. In addition, the molten
state of titanium alloy has a large viscosity and poor filling mobility, which makes it
easy to produce defects such as porosity during the solidification process [26]. On the
other hand, the hot working and machining accounts for about 70% of the total cost
of titanium alloys, which is a hardly desirable percentage. Titanium alloys tend to react
with oxygen under hot working and form a hardened oxide layer on the surface, making
this process require specialized equipment [27]. At the same time, due to its low thermal
conductivity, it will make the heat generated during the machining process cannot be
dissipated quickly, and the higher heat accumulation will accelerate the tool wear [28].
Poor machinability and electrical conductivity have also led to the classification of

Percentage contribution of processing step to
total cost of titanium alloys
From titanium

sponge to
ingot

30%
40% h

Figure 1.
Percentage contribution of processing step to total cost of titanium alloys [24].
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Element Price (USD/kg) Role in phase stability
Ti ~11.9

Al ~2.6 a-stabilizer
Fe ~0.6 B-stabilizer
A% ~334.0 p-stabilizer
Nb ~96.5 fB-stabilizer
Mo ~56.0 f-stabilizer
Ta ~534.4 fB-stabilizer
Ni ~254 f-stabilizer
w ~16.2 B-stabilizer
Cr ~114 f-stabilizer
Co ~53.6 fB-stabilizer
Mn ~3.5 f-stabilizer

Table 1.

The average prices of titanium metal and its alloying elements [25].

titanium alloys as difficult to machine materials [29]. The low molding rate of tita-
nium parts and the large amount of remaining scrap being wasted are also a factor in
the overall high cost of titanium alloys applications [30]. After the above analysis, we
understand the various factors affecting the total cost of titanium alloys and realize
that there are great challenges in the development of low-cost titanium alloys.

This chapter firstly reviewed the latest progress of low-cost titanium alloys from
three aspects: raw materials, melting of alloy ingots, and processing and forming.
Then, several new techniques for the low-cost preparation of titanium alloys are
discussed and analyzed. Finally, the future development of low-cost titanium alloys is
prospected and some suggestions are put forward.

2. Raw materials
2.1 Production of titanium

In the history of titanium production, from the birth of the Hunter process to
the improved Kroll process using recyclable magnesium instead of sodium, it is still
the most common method used in industrial production [31]. However, it is known
from practical applications that the product obtained by the Kroll process is titanium
sponge, which is six times more expensive than stainless steel production process
[32]. After this problem was recognized, researchers continued to develop several new
processes to reduce the cost of titanium feedstock, such as the Fray-Farthing-Chen
(FFC) process [33], the Armstrong process [34], the Ono and Suzuki (OS) process
[35], etc. The development of new processes for the production of titanium has been
reviewed by researchers [36, 37]. This section will categorize all processes and then
provide a brief overview and analysis. These new processes can be divided into two
categories according to the metallurgical process: thermochemical processes and
electrochemical processes. A summary of the various titanium production processes
is shown in Table 2, including Kroll process.
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To date, the vast majority of the world’s titanium is produced by the Kroll process,
which involves chlorination of titanium ore, purification of TiCly, magnesiothermic
reduction, vacuum distillation, and electrolytic regeneration of Mg and Cl, [36].

We all know that the reduction of highly valence titanium compounds is a stepwise
process. On the one hand, in order to minimize impurities in the final product, an
excess of magnesium must be added to the magnesiothermic reduction process, which
leads to a decrease in magnesium utilization. On the other hand, to ensure magnesium

utilization leads to an increase of low valent titanium compounds in the final product

Processes Processes Precursors Advantages Disadvantages Refs.
classification name
Thermochemical Kroll TiCl, Product with less Low [31]
processes process oxygen content productivity;
and metallic high cost of
impurities reductant;
high energy
consumption
TiROTM TiCl, Continuous Easy [38]
process production introduction of
oxygen
Vapor-phase TiCl, Continuous High oxygen [39]
reduction production content or high
process magnesium and
chlorine content
in Ti powder
CSIR-Ti TiCl, Continuous Oxygen content [40]
process production is difficult to
control
Armstrong TiCl, Continuous Irregular powder [34]
process production; morphology
excellent
compressibility
and denseness of
Ti powder
MHR TiO, Single-step High energy [41]
process reaction consumption
and pollution
PRP process TiO, Highly scalable; High cost of [42]
controllable reductant
purity of Ti
powder
EMR TiO, Continuous Complicated [43]
process production; process; difficult
high purity of Ti separation of
powder metal and salt
HAMR TiO, Low oxygen of Ti High energy [44]
process powder consumption
HDH Ti sponge, Ti High purity of Ti Irregular and [45]
process ingot, Ti mill powder; relatively angular powder
products inexpensive morphology
and Ti scrap process
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Electrochemical FFC process TiO, Semi-continuous Low current [33]
processes production; low efficiency;

oxygen of Ti difficult

powder separation of

metal and salt

OS process TiO, Semi-continuous Low current [35]
production; low efficiency;
oxygen of Ti difficult
powder separation of

metal and salt

USTB TiCO1« Semi-continuous Low current [46]
process (0<x<1) production; low efficiency
oxygen of Ti
powder
SOM TiO,- Single-step High process [47]
process containing process temperature
flux

Note: CSIR: council of scientific and industrial research; MHR: metal-hydride Reduction; PRP: preform reduction
process; EMR: electronically mediated reaction; HAMR: hydrogen-assisted magnesium veduction; HDH: hydride-
dehydride; FFC: Fray-Farthing-Chen; OS: Ono and Suzuki; USTB: University of Science and Technology Beijing; and
SOM: solid oxide membrane.

Table 2.
A summary of the various titanium production processes.

and a longer production cycle, which requires a choice between production efficiency,
energy consumption and product quality. Overall, the disadvantages of Kroll process,
including the expensive reducing agent Mg, long process route, low production
efficiency, and high energy consumption (71.61 kWh/kg), resulted in a high price

of $7.4-$10.3 per kg for titanium [4, 36]. The TiRO™ process [38], the vapor-phase
reduction process [39], and the CSIR-Ti process [40] can all be seen as improvements
of the Kroll process, and the Armstrom process [34] can be seen as an improvement of
the Hunter process, using the same precursors and reductants, and they all attempt to
develop a continuous production process with low energy consumption. Although the
main precursor for titanium production is TiCly, there is also a class of processes that
focus on Ti0,. Because TiO, can also be thermally reduced by metals, the commonly
used reductants include Ca and Mg and are known as calciothermic and magnesio-
thermic methods, of which the MHR process [41], PRP process [42], EMR process
[43], and HAMR process [44] are typical representatives. In addition to the thermo-
chemical processes mentioned above, electrochemical processes have also received

a great deal of attention, and typical representatives include FFC processes [33], OS
processes [35], USTB processes [46], and SOM processes [47]. Table 2 summarizes
the advantages and disadvantages of the various processes, and by looking at the
corresponding references you can gain a deeper understanding of the principles and
processes of each process. Although many new processes have been developed over
the decades in the hope of producing titanium cost-effectively, unfortunately, none
of them have yet been able to replace the Kroll process in commercial applications.

In fact, if it is a mature cost-efficient new process, firstly it should reach industrial
production, secondly, the quality of the titanium metal produced by this new process
should be the same or even better than Kroll process, and finally, the production

cost of this new process should be significantly lower than that of Kroll process. It is
clear that all the new processes that have been developed so far do not meet the yield,
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quality, and cost targets simultaneously, and there is still a long way to go to prepare
low-cost titanium alloys from this step in the production of titanium.

2.2 Addition of alloying elements

Alloying elements also have a place in the raw material cost of titanium alloys. At
present, the core idea of reducing the cost of titanium alloys from alloying elements
is to use Ti-6Al-4 V alloy as the target and use cheap alloying elements instead of
expensive alloying elements to reduce the cost of titanium alloy, while its mechani-
cal properties are not lower than Ti-6Al-4 V alloy. This is because Ti-6Al-4 V alloy
is still the most widely used titanium alloy today [48]. A great deal of correspond-
ing research has been conducted in the United States, Japan, and China, and many
low-cost titanium alloys have been developed and some have found practical applica-
tion. A summary of the low-cost titanium alloys that have been developed in various
countries is shown in Table 3.

Depending on their influence on the p-transus temperature, the alloying ele-
ments are classified as a-stabilizers, p-stabilizers, and neutral [49]. Generally, dif-
ferent strengthening effects are exhibited due to different alloying elements types,

but some alloying elements can be replaced by others. The a-stabilizing elements
include Al, O, N, and C, with Al being the most commonly used in titanium alloy
design. The p-stabilizing elements can be divided into isomorphous-stabilizing ele-
ments and eutectoid-stabilizing elements. The isomorphous-stabilizing elements
include V, Mo, Nb, Ta, etc., while the eutectoid-stabilizing elements include Fe, Cr,
Mn, Ni, etc. Zr and Sn are neutral elements. As can be seen in Table 1, eutectoid

Country Alloy designation

Chemical composition (wt %)

Low-cost features

United Timetal 625 Ti-6Al-1.7Fe-0.1Si Replace V with Fe
States ATL425 Ti-4A1-2.5 V-1.5Fe-0.250 Replace V with Fe
Timetal LCB Ti-1.5Al-6.8Mo-4.5Fe Replace V with Fe-Mo alloy
RMIVM Ti-6.4A1-1.2Fe Replace V with Fe
Timetal CL4 Ti-5A1-3 V-0.6Fe-0.170 Replace V with Fe
Japan Ti-Fe-O-N alloys Ti-1Fe-0.350-0.01 N Replace V with Fe; replace Al with
Ti-1Fe-0.40-0.045 N OandN
Ti-1Fe-0.50-0.05 N
SP-700 Ti-4.5A1-3 V-2Mo-2Fe Replace V with Fe-Mo alloy
TFCA Ti-4.3Fe-71Cr-3.0A1 Replace V with Fe-Cr alloy
TFC Ti-4.3Fe-71Cr Reduce Al; replace V with Fe-Cr
alloy
KS Ti-531C Ti-4.5A1-2.5Cr-1.2Fe-0.1C Replace V with Fe-Cr alloy
China Ti-8LC Ti-6Al-1Mo-1Fe Replace V with Fe-Mo alloy
Ti-12LC Ti-4.5A1-1.5Fe-6.8Mo Replace V with Fe-Mo alloy
Ti-35,421 Ti-3Al-5Mo-4Cr-2Zr-1Fe Replace V with Fe-Cr alloy
Ti-5322 Ti-5Al-3 V-2Cr-2Fe Partially replace V with Fe-Cr
alloy
Table 3.

A summary of the low-cost titanium alloys in various countries.
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p-stabilizing elements are cheaper than isomorphous f-stabilizing elements, so
people choose to use eutectoid p-stabilizing elements instead of isomorphous
p-stabilizing elements for the design of low-cost titanium alloy. For example,
in the early 1960s, the Ti185 (Ti-1Al-8 V-5Fe) alloy was developed through the
addition of Fe [50]. Its high tensile and shear strength makes it an attractive
fastening material. Since Fe is readily available and the cheapest, it is considered
to be an ideal replacement element [51]. Fe is also one of the strongest p-stabilizing
elements, and studies have shown that with the addition of Fe, the grain size of
Ti-Fe system alloys decreases, which can improve the comprehensive properties
of alloys [52, 53]. The use of Fe completely replacesV, such as the Timetal 625
(Ti-6Al-1.7Fe-0.1Si) alloy developed in the United States [54], and the addition
of Si refines the grain. The cost of this alloy is reduced by 15-20% compared with
Ti-6Al-4 V alloy without loss of strength and tensile properties, and has been used
in military applications. In addition, the addition of Fe can facilitate hot working
by reducing flow stresses, thus saving heat and power consumption [55]. Although
you have many reasons to use Fe as an additive element for low-cost titanium
alloys, it has been found that when Fe is added at more than 3%, segregation of
Fe tends to occur, leading to the formation of intermetallic compounds (TiFe or
Ti,Fe) and beta flecks [56]. The intermetallic compounds tend to cause the alloys
to lose their plasticity and also reduce their mechanical properties, while the beta
flecks are often the preferred location for fatigue failure of the alloys [57]. To avoid
the above, people choose to use Fe to partially replace V and Mo as isomorphous
p-stabilizing elements, such as ATI-425 alloy (Ti-4A1-2.5 V-1.5Fe-0.250) [58],
Timetal LCB alloy (Ti-1.5A1-6.8Mo-4.5Fe) [59], Ti-8LC alloy (Ti-6Al-1Mo-1Fe)
[60], and Ti-12LC alloy (Ti-4.5Al-1.5Fe-6.8Mo) [60]. Timetal LCB alloy was origi-
nally developed to replace Ti-1023 (Ti-10 V-2Fe-3Al) alloy with a cheaper Fe-Mo
intermediate alloy instead of V. This alloy has proven to have high strength and
good formability, with mechanical properties comparable to Ti-1023 alloy while
costing about 80% of Ti-6Al-4 V alloy. The Ti-8LC and Ti-12LC alloys developed
by China also use a cheap Fe-Mo intermediate alloy and incorporate pure titanium
scrap in the melting process. These two alloys are currently listed in the Chinese
national standard, corresponding to the grades TC28 and TC29. Ti-Fe-O-N series
alloy is a typical low-cost titanium alloy developed in Japan, replacing Al and V
with O, N, and Fe [61]. This series of titanium alloys is generally used in civilian
applications because of its low price, as well as its low plasticity and poor high
temperature performance. In addition, these alloys are also considered as potential
materials for biomedical applications [62]. Incidentally, low-cost biomedical tita-
nium alloys are also being developed rapidly [16, 63]. Also as relatively inexpensive
eutectoid p-stabilizing elements Cr and Mn are of course used in the development
of low-cost titanium alloys, such as Ti-3Al-2Fe-8.5Cr [64], Ti-6.0Al1-4.5Cr-1.5Mn
[65], and Ti-4.5A1-6.9Cr-2.3Mn [66].

Because the proportion of alloying elements in titanium alloys is relatively low,
compared with the main element Ti, this method is limited in terms of cost reduc-
tion. During the literature search, it is clear that although researchers in various
countries have designed a large number of low-cost titanium alloys and claimed
that they have good prospects for application, very few of them are actually used.
The authors believe that it is time to conduct in-depth fundamental research on the
process, organization, and property relationships of the already designed low-cost
titanium alloys to bring them to the level of industrial application as far as possible.
Take Ti-5321 (Ti-5Al-3Mo-3 V-2Zr-2Cr-1Nb-1Fe) alloy as an example, since it was
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designed, developers have conducted extensive research on the alloy in terms of plane
strain fracture behavior, and impact toughness, fracture toughness, deformation
mechanism, and mechanical properties, which can lay a good foundation for pilot
scale and even industrial applications [67-73].

3. Melting of alloy ingots
3.1 Recycling of titanium scraps

The recycling and reuse of titanium scrap can reduce the production cost of
titanium alloys, which means that the actual utilization rate of the material is
improved. Titanium scraps are first generated from the production of titanium metal.
For example, when titanium sponge is produced using the Kroll process, 10-20% of
inferior titanium sponge is produced during the reduction and separation process
[30]. In addition, a large amount of titanium scraps will be generated during the pro-
cessing of titanium alloy parts, especially in the aircraft industry, the finished product
rate of general aviation parts is only about 10% [20]. It is obvious that recycling of
titanium scrap is necessary, and according to statistics, the cost of titanium alloy
ingots will be reduced by 0.7% for every 1% of titanium added after the recycling
process [20]. These reviews [30, 74-77] are very useful for you to get a comprehensive
understanding of the current technology and status of recycling of titanium scraps,
and the authors will not repeat them here. Titanium scraps that meet the reuse criteria
will be mentioned in Section 3.2.

3.2 Low-cost melting technologies

The low-cost melting of titanium alloy is mainly considered from two aspects, one
is to increase the utilization of titanium scraps, and the other is to improve the melting
efficiency and quality, while achieving the integration of meltage and refinement. The
CHM (Cold Hearth Melting) technology developed in the United States basically solves
both problems [20], including EBCHM (Electron Beam Cold Hearth Melting) technol-
ogy and PACHM (Plasma Arc Cold Hearth Melting) technology. The biggest difference
between the above two melting technology is the difference in heat source, and one
is selected here for introduction. Compared with conventional vacuum arc remelt-
ing, EBCHM has the following outstanding advantages [20, 78]: (1) High-density
impurities, low-density impurities, and volatile impurities can be removed to prepare
pure titanium alloys; (2) low raw material requirements, 100% titanium scraps, and
titanium alloys scraps can be utilized; (3) ingots can be produced by a single melting;
and (4) the preparation of multiple forms of ingots can be achieved by adjusting the
crystallizer to shorten the subsequent process flow. Since EBCHM works under high
vacuum conditions, alloying elements (e.g., Al) are easily evaporated if their vapor
pressure is higher than that of titanium. It is particularly important to control the
content of aluminum, which is a key element in most titanium alloys. Using Langmuir
equation and penetration theory, the evaporation process of Al during EBCHM of
Ti64 alloy was calculated and the evaporation mechanism of Al was analyzed, and
the results showed that the evaporation of Al is a double-controlled process, that is,
surface evaporation and melt pool diffusion [78]. To control the evaporation of Al, the
surface temperature of the alloys must be controlled. The influence of melting speed,
electron beam output power, and other factors on ingot composition was determined
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by developing a mathematical model of Al evaporation kinetics during EBCHM, which
provides a usable tool for melting ingots with specified compositions using EBCHM
[79]. The aerospace materials standard of the United States requires aerospace struc-
tural parts made of titanium alloys must undergo an EBCHM melting. EBCHM is able
to make full use of titanium scrap and obtain homogeneous titanium ingots by primary
melting, thus reducing the production cost of titanium ingots in terms of both raw
materials and energy, and has become the first choice of countries.

4. Hot working and machining

As shown in Figure 1, from titanium metal to alloy ingots accounts for 30% of
the total cost of titanium alloy parts, which means that the savings from reducing the
production cost of titanium metal, using cheap alloying elements instead of expensive
alloying elements and using low-cost melting technology will only add up to much
less than 30%. Correspondingly, the hot working and machining processes used for
the final forming of titanium alloy parts account for approximately 70% of the total
cost. Obviously, it is a big challenge to reduce the cost of hot working and machining.
Researchers first thought of tackling this challenge by optimizing the process param-
eters. The appropriate hot working parameters for different titanium alloys need to
be found accurately; otherwise, poorly performing titanium alloys will only increase
the cost of their applications in disguise [80]. Temperature, strain rate, and strain are
the most important parameters in the hot working. Titanium alloys are sensitive to the
process parameters of hot working, and changes in parameters can alter their micro-
structural morphology, which in turn can lead to significant changes in actual alloys
properties [81, 82]. In recent years, constitutive models [83] and processing maps [84]
have gained more practical applications due to their accuracy in process parameter
optimization. Table 4 summarizes some studies on constitutive models and processing
maps of titanium alloys during hot working. From the different studies presented in
Table 4, it can be concluded that the main challenge of this approach is to select the
most suitable constitutive models to accurately describe the stress-strain behavior during

Alloys Parameters Refs.
Temperature (°C) Strainrate (s) Strain (%)
Ti-6Al-4 V 900-1050 0.1,1and 10 80 [85]
Ti60 970-1120 0.01-10 80 [86]
CP-Ti 400-700 0.001-1 90 [87]
IMI-834 975-1100 0.land1 80 [88]
Ti2448 750-850 0.001-63 70 [89]
Ti-6Al-4 V 800-1100 0.001-10 100 [90]
BT3-1 800-1060 0.0003-1 60 [91]
As-cast ATI 425 950-1150 0.001-1 50 [92]
Ti-3A1-3.7Cr-2Fe-0.1B 800-950 0.01-10 70 [93]
46Ti-46A1-4Nb-2Cr-2Mn 850-1050 0.0001-10 80 [94]
Table 4.

A summary of some studies on constitutive models and processing maps of titanium alloys during hot working.
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Figure 2.

Schematic diagram of artificial neural network assisted development of titanium alloys. (a) The operation

process of alloy design is introduced in detail; and (b) prediction of low-cost titanium alloys by limiting high-cost
elements to less than 20% [99].

the hot working. In addition, artificial neural networks based on machine learning have
been applied to predict the hot deformation behavior [95], flow stress [96], microstruc-
ture evolution [97], and processing parameters [98] of titanium alloys. For example,
a low-cost titanium alloy with bone-like Young’s modulus was designed using neural
networks, as shown in Figure 2 [99]. And its Young’s modulus and Ms. temperatures
were predicted, and further experiments proved its high tensile strength and better
biocompatibility. The process of titanium alloys development can be accelerated through
the use of artificial neural networks, while reducing research costs.

If the cost of equipment is considered, steel and titanium co-production can be
implemented [4], which can effectively use the existing mature equipment to greatly
reduce the processing and manufacturing cost of titanium alloys.

5. Advanced low-cost preparation technologies

A large part of the high price of titanium alloys comes from the long and complex
process from ingot to product. Advanced preparation technologies are dedicated
to the preparation of titanium alloy products in a few simple steps, while achieving
efficient manufacturing and improved raw material utilization. Table 5 summarizes
some studies of advanced low-cost preparation techniques of titanium alloys. The
advanced technologies in the table can be divided into three categories, namely AM,
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Alloys Feedstock Technologies Refs.
Ti-xCu Tiand Cu spherical powders AM [100]
Ti-xFe HDH Ti powder and Fe powder PM [101]
Ti-6Al-4 V Ti-6Al-4 V HDH powder FAST-forge [102]
Ti-xFe Tiand Fe power PM [103]
Ti-xFe HDH Ti powder and AISI 430 LHC PM [104]
powder
Ti-35Nb Tiand Nb power SLM [105]
Ti-6Al-4 V Ti-6Al-4 V wire WAAM [106]

Note: AM: additive manufacturing; PM: powder metallurgy; FAST: field-assisted sintering technology; SLM: selective
laser melting; and WAAM: wire and arc additive manufacturing.

Tables.

A summary of some studies of advanced low-cost preparation techniques of titanium alloys.

PM, and FAST-forge, as SLM and WAAM are included in AM [105, 106]. The feed-
stock used in all technologies is metal powders, except for WAAM, which uses metal
wire as feedstock. Compared with titanium sponge powder and titanium powder
prepared by other methods in Section 2.1, HDH titanium powder containing Ti mill
products and Ti scrap is preferred due to its low cost, low chlorine content, and good
mechanical properties [45]. We note that Fe remains an important alloying element in
advanced technologies, due to the fact that Fe, in addition to the advantages men-
tioned in Section 2.2, and helps to improve the sinterability of titanium alloys, making
it more advantageous in PM [24]. Although alloying elements such as Ni, Cr and Cu
are also used in powder form, the attraction of using Fe powder in advanced technolo-
gies is still the greatest, and expensive alloying elements, complex hot working, and
difficult machining can all be solved at once.

AM is a process of manufacturing parts layer by layer and is a promising method
for manufacturing near final (net) shape parts [100], which focuses on reducing the
production cost of titanium alloy parts in terms of both improving the utilization of raw
materials and preparing the final product in a short process. In the following, WAAM
will be discussed and analyzed as an example. A complete WAAM process consists of
three main aspects: the planning of the target part by software, the deposition of metal
materials using the WAAM system, and post-treatment [107]. The cost data for the
production of titanium alloy (Ti-6Al-4 V) parts using WAAM are shown in Table 6
[108]. The capital cost is a one-time cost of approximately $130,000 to make up the
basic hardware of WAAM. Also, welding wire (Ti-6Al-4 V) is an inexpensive feedstock,
with prices ranging from $120 per kg to $300 per kg (depending upon wire diameter).
The advantages of WAAM are high deposition rates, low equipment costs, and high
material utilization. Compared with conventional subtractive manufacturing, the
WAAM process can reduce manufacturing time by 40-60% and post-machining time
by 15-20%, and save approximately 78% of raw materials [109]. In aerospace, the “Buy-
To-Fly” (BTF) ratio is used as a cost lever to refer to the ratio of materials purchased
to materials in the final product, and it is clear that a lower BTF ratio is advantageous
[110]. The researchers compared the BTF ratio using WAAM with conventional tita-
nium machining and can conclude that the BTF ratio of WAAM is significantly lower
compared with conventional titanium machining methods [111-113]. The applications
of titanium alloy parts prepared by WAAM are shown in Figure 3 [107]. As an example,
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Costs Items Amount of money (USD)
Capital cost Six-axis robot ~60,000
Power source and torch ~36,000
Clamping tool ~12,000
Enclosure ~24,000
Software cost WAAMsoft /
Material cost Welding wire (Ti-6Al-4 V) ~120-300/kg
Table 6.

A summary of cost data for the production of titanium alloy (Ti-6Al-4 V) parts using WAAM [108].

WAAM3D Company produced a full-scale sample of a Ti-6Al-4 V pressure container
for space exploration that is approximately 1 meter high and 8.5 kg in weight. By using
WAAM, 65% time was saved and 80% less raw material was used to meet performance
requirements [107]. By far, WAAM products are the most commonly used in the aero-
space and nuclear industries. The low processing accuracy and large surface roughness
limit its application in the electronics and biomedical industries compared with other
metal powder-based AM, such as SLM [114].

Figure 3.
The applications of titanium alloy parts prepared by WAAM [107].
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6. Emerging technologies and climate

The greenhouse effect caused by CO, emissions is becoming increasingly evident.
According to estimates, to achieve a global temperature rise limited to less than 2°C
by 2100, CO, emissions must be reduced to less than 500 million tons per year before
2050 [115]. In recent years, several countries have developed a series of policies to
address CO, emissions, such as carbon taxes and carbon trading schemes, all aimed
at addressing the problem of climate degradation due to excessive CO, emissions
[116-118]. It is clear that these policies will lead to changes in the industry, making
the future of industrial production cleaner and more efficient. For the main process
used to produce titanium, the Kroll process, researchers compared the environmen-
tal impacts of advanced technology equipment before and after its application, such
as multi-pole electrolytic cells and inverted U-shaped reduction distillation furnaces
[119]. The results show that the application of advanced technologies significantly
improved the Kroll process’ ability to save energy and reduce emissions, with 17%
reduction in total electric power consumption, 90% reduction in particulate matter
and CO gas emissions, and 21% reduction in overall environmental impact. In China,
74.4% of electricity is generated by coal, so a reduction in energy consumption in
industrial production can also be seen as reducing carbon emissions [120]. Electrical
discharge machining (EDM), which has the advantages of non-contact machining,
non-macro-cutting force and high-machining hardness materials, has been maturely
applied to the machining of titanium alloys [121]. According to the World Research
Institute/ World Business Council for Sustainable Development Greenhouse Gas
Protocol, the total carbon emissions of the electricity used by an EDM machine are
23.57 tons of CO, equivalent. In order to save energy and improve EDM productiv-
ity, researchers developed a magnetic field-assisted EDM process (MF-EDM), and
experimental results showed 61.43% reduction in energy consumption when using
MF-EDM, equivalent to 9.09 tons reduction in CO, emissions [120]. Environmental
friendliness is one of the major advantages of electrochemical methods. Unlike the
preparation of titanium using electrochemical methods in Section 2.1, researchers
used electrochemical methods to efficiently prepare Ti-Al alloy powders [122] and
Ti-Al-V alloy powders [123] in one step, and at the same time, these titanium alloy
powders can be directly used as raw materials for near-net forming of titanium alloy
parts, such as powder metallurgy (PM) and additive manufacturing (AM). Through
modeling and estimation, if the U.S. aircraft industry were to shift from conven-
tional manufacturing (CM) to additive manufacturing (AM), cumulative energy
savings of 1.2-2.8 billion GJ could be achieved in 2050, with associated cumulative
greenhouse gases (GHG) reductions estimated at 92.1-215.0 million metric tons
[112]. For any step of the full production process of titanium alloy parts, emerging
technologies with environmental friendliness, low energy consumption, and low
cost are the subjects of our research, and it is clear that we still have a long way to go.

7. Conclusions

In order to expand the application range of titanium and titanium alloys, the low-
cost titanium alloys are one of the hot spots of research in the field of titanium alloys
at present. This chapter provides a comprehensive overview of low-cost preparation
technologies for titanium alloys from four aspects: raw materials, melting, hot work-
ing and machining, and advanced technologies. Raw materials include the production

69



Titanium Alloys - Recent Progress in Design, Processing, Characterization, and Applications

of titanium metal and the addition of alloying elements. Although there are many
improved or alternative processes for the production of titanium, the Kroll process

is still the most used in industry. Therefore, using cheap alloying elements instead of
expensive ones is currently an effective way to reduce raw material costs. On the melt-
ing side, the recycling of titanium scraps and the application of CHM melting technol-
ogy are together influencing the cost of alloy ingots. The use of the constitutive model,
processing maps, and artificial neural networks can make the process parameters of
hot working more accurate, and the co-production of steel and titanium can reduce the
production cost of titanium alloys from equipment. Advanced preparation techniques
for titanium alloys, such as AM and PM, are highly attractive because they generally
have simple steps and can address multiple factors that lead to high costs in traditional
titanium alloy preparation processes at once. Only technological progress in many
aspects will enable titanium alloys to be used more widely, like steel and aluminum
alloys. In addition, some emerging technologies for the preparation of titanium alloys
and their contribution to the reduction of CO, emissions and energy consumption are
presented.
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Chapter 5

Shock-Induced Mechanical
Response and Microstructure
Evolution of Titanium Alloys

Yu Ren

Abstract

The application of titanium alloys in weaponry is increasingly widespread, due to
their high specific strength and excellent corrosion resistance. The weapons such as
armors must be subjected to intense shock loads caused by explosion and hyper-
velocity collision, etc., during service. Therefore, their service performance is closely
related to the shock-induced response characteristics of materials, especially the
microstructural evolution during the shock pulses and its effect on the mechanical
properties. This chapter introduces the research progress on the shock response of
some typical titanium alloys such as Ti-6Al-4V, Ti-10V-2Fe-3Al, and Ti-3.5Al-10Mo-
8V-1Fe. The effects of alloying composition (alloy type) and stress amplitude on the
shock-induced mechanical response and microstructural evolution of titanium alloys
are explored through soft recovery shock experiments, quasi-static reloading tests, as
well as careful multi-scale microscopic analyses.

Keywords: titanium alloys, alloying composition, shock loading, microstructural
evolution, mechanical properties

1. Introduction

Titanjum alloys have the advantages of low density, high specific strength, strong
corrosion resistance, etc. Presently, titanium materials have been widely used in
aerospace, medical, and chemical industries [1-3]. They will undoubtedly play an
important role in military fields such as warheads and lightweight armor, due to the
many advantages mentioned above [4, 5].

Weapons usually need to withstand extreme loads such as explosions and high-
speed collisions during service. At this time, the material often exhibits a very unique
behavior, which is different from the response under static loading conditions. Strong
shock loads are accompanied by high pressure and high temperature and will cause
the material to deform rapidly in a nearly adiabatic state [6]. On the other hand,
different from the assumption in statics that the applied force reaches equilibrium in
the material instantaneously, the impact load generally propagates in the material in
the form of disturbance (wave), and the material state (including microstructures)
changes are closely related to the wave propagation process [7]. Therefore, the
dynamic behavior of titanium alloys has been the focus of researchers.
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As an important topic in the research field of dynamic response of materials, the
shock-induced microstructural evolution and its effect on the mechanical behavior of
metals have received continuous attention of scholars for nearly 70 years. Although
the duration of the shock pulse is short (in general 0.5-2 ps), most of the microstruc-
tural evolution processes have enough time to occur and reach an equilibrium state
during this period [8]. Therefore, when the shock waves pass through the metals,
high-density defects, such as dislocations, twins, will be formed, and phase trans-
formations may also occur [7, 9-13]. The defects and new phases usually increase the
strength of materials to some extent, while reducing their plasticity, that is, the so-
called shock-induced strengthening effect. However, the strengthening behavior of
metallic materials with different crystal structures (such as face-centered cubic, FCC,
body-centered cubic, BCC, or hexagonal close-packed, HCP) is very different, and
some metals (such as A-70 Ti) even show the phenomenon of “shock softening” under
equivalent strain conditions [9, 10]. This suggests that, in addition to defect density,
changes in type, morphology, and distribution of defects caused by differences in
crystal structure will also have an important influence on the mechanical properties of
metallic materials after shock wave loading.

The generation, movement, and interaction of dislocations in metals during shock
pulses are affected by many external and intrinsic factors, among which the most
important external factor is pressure (shock stress amplitude). The dislocation density
increases with increasing shock pressure, which has been recognized by many
researchers [7]. However, the dislocation density cannot increase infinitely, but tends
to saturate when the pressure exceeds a certain value. Correspondingly, the shock-
induced strengthening effect will also be saturated [11]. Another external factor is the
shock pulse duration (¢p). In principle, the longer the pulse duration, the closer the
shock-induced substructure is to an equilibrium state. However, the time required for
dislocation initiation and interaction is in the sub-microsecond order. Therefore, for
most metals, if £p > 1 ps, the evolution of the dislocation substructure has sufficient
time to reach equilibrium and does not change significantly as the shock loading time
increases [12, 13].

The main intrinsic factors that influence the shock-induced microstructure evolu-
tion of metals are stacking fault energy (SFE) and Peierls stress (PS) [14, 15]. The
Peierls stress (also called Peierls—Nabarro stress) is defined as the minimum shear
stress required to move a single dislocation in a perfect crystal at zero temperature,
which can be considered as the intrinsic lattice resistance to the dislocation motion
[16-18]. The higher the Peierls stress of a metallic material, the less mobility of
dislocations in its crystal, which leads to the poor deformability and strain hardening
effect [17]. For FCC metals with high SFE (>60 mJ/m?) and low PS (such as Ni
(SFE=128 mJ/m? [14])), dislocations are easy to multiply and cross-slip to form
mature dislocation cells during shock loading process [13, 14]. Therefore, the shock-
induced strengthening effect of this type of metals is very obvious. FCC metals with
low SFE (<40 mJ/m?), such as 304 stainless steel (SFE=21 mJ/m? [14, 15]), are more
prone to the formation of planar slip, stacking faults, and {111} twinning [19]. On the
other hand, although there are more slip systems in BCC metals, their PS is larger than
that of FCC metals, so dislocations in BCC metals (such as Ta) proliferate slowly and
the mobility is poor. Hence, long-and-straight screw dislocations are often formed and
entangled in BCC metals under shock loading conditions. Cell-like structures, dislo-
cation loops, or twins may also be formed [9]. In general, the dislocation density in
BCC metals is relatively low after shock loading, which is the main reason for their
insignificant strengthening effect.
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Compared with FCC and BCC metals, the shock-induced microstructure evolution
of HCP metals, such as titanium, magnesium, and their alloys, has not been extensively
studied. Koul and Breedis [20] observed a large number of twins in 7 GPa shocked pure
Ti and found that there are high-density dislocations in both the twins and the matrix,
and the arrangement feature of dislocations is between that of FCC-structured Ni and
BCC-structured Fe. Cerreta et al. [10] observed a similar substructure morphology in 11
GPa shocked high-purity Ti. While in the A-70 Ti shocked at the same pressure, planar
slip and a small amount of fine twins are the main features of the substructure.

After solution in the § phase region and following rapid quenching, the micro-
structure of some p titanium alloys consists wholly of equiaxed p grains with BCC
structure. If the stability of the p phase is high, the shock-induced substructure is also
dominated by dislocations and fine twins [20, 21]. However, if the  phase isin a
metastable state, stress/strain-induced phase transformation (SIM) will be activated
by shock waves [20].

In addition to the SIM phase transition, titanium and its alloys may also undergo
x> phase transition when the shock wave amplitude is high enough [10, 22-24].
Where x represents o, o, p or their mixture, and “~” indicates that the phase
transition process is reversible. The shock-induced x«® phase transition has been
observed in pure Ti [10] and some titanium alloys such as Ti-64, VT-14, VT-20, and
VT-23 [22, 23]. The stress threshold for the x<® phase transition ranges from about 4
GPa to above 35 GPa, which depends on the stress state and the type and content of
alloying and interstitial elements [10, 22, 25-27]. Since the o phase is a brittle phase,
dislocations cannot move in it, and this phase mostly exists in the form of dispersed
fine particles in the alloy [28, 29], so the x—® phase transformation may improve the
strength of titanium alloys [10].

In this chapter, the research progress on the shock response of some titanium
alloys such as extra-low interstitial grade Ti-6Al-4V, Ti-10V-2Fe-3Al and Ti-3.5Al-
10Mo-8V-1Fe is presented. The effects of alloying component (alloy type) and stress
amplitude on the shock-induced mechanical response and microstructural evolution
of titanium alloys are explored through soft recovery shock experiments, quasi-static
reloading tests, as well as careful multi-scale microscopic analyses. The research on
dynamic behavior of titanium alloy will lay a theoretical foundation for their applica-
tion in extreme service environment.

2. Materials

In order to explore the influence of content, stability, morphology, and distribu-
tion of o and p phase on the high-pressure shock response characteristics of titanium
alloys, shock loading experiments of three titanium alloys, one a+f alloy, the famous
Ti-6Al-4V (extra-low interstitial grade, Ti-64 ELI [30]), and two metastable p alloys,
Ti-10V-2Fe-3Al (Ti-1023) and Ti-3.5A1-10Mo-8V-1Fe (TB3) were carried out. The
chemical compositions of three titanium alloys are listed in Table 1.

The Ti-64 ELI was tested as received. Ti-1023 and TB3 were solution treated above
p-transus temperature (T) and then water quenched to room temperature before
shock loading. T and heat treatment processes of titanium alloys are listed in Table 2.

Figure 1 shows the microstructures of three titanium alloys after heat treatments.
Ti-64 ELI comprises of « laths (gray area) precipitated from the f matrix (black area),
which is called lamellar microstructure, as shown in Figure 1a. There is a certain
amount of intergranular o phase at the p grain boundaries, indicated by arrows in
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Alloys Alloying elements Interstitial elements
Al \% Fe Mo C H o N
Ti-64 ELI 6.16 3.90 — — 0.011 0.0022 0.057 0.007
Ti-1023 3.07 10.15 1.68 — 0.007 0.0024 0.075 0.014
TB3 3.62 8.59 1.13 10.13 0.011 0.0028 0.097 0.011
Table 1.

Chemical components of three titanium alloys used (mass fraction, wt.%).

Alloys Molybdenum equivalent/wt.% Ts/K Heat treatment processes

Ti-64 ELI 2.8 1259 As received

Ti-1023 10.6 1087 1123 K/2 h/Water quenched

TB3 18.5 1028 1103 K/25 min/Water quenched
Table 2.

Beta-transus temperature and heat treatment processes for three titanium alloys.

Figure 1a. The average thickness of the « laths is about 2.4 pm. The TEM image of the
as-received Ti-64 ELI (Figure 1b) shows a low dislocation density before testing. Most
of dislocations are short and arranged arbitrarily. The selected area electron diffrac-
tion (SAED) pattern (inset in Figure 1b) of o phase proves that there is no precipita-
tion of other phases.

Compared with Ti-64 ELI, the two metastable p alloys Ti-1023 and TB3 have higher
molybdenum equivalent ([Mo],,), which means the p phase is more stable. After
solution treatment, a large amount of p phase can be retained to room temperature.
Hence, both Ti-1023 and TB3 are composed of equiaxed p grains (Figure 1c and e).
The average § grain sizes of the two alloys are about 302 and 254 pm, respectively.
Because the [Mo],, of Ti-1023 is at a critical value and the diameter of the bar stock
used is large (90 mm), the cooling rate of the core part of the bar stock is slow, so
finely dispersed o phases (ap) are precipitated in the p grains during water quenching,
as shown in Figure 1c. The average size of these op is about 1.3 pm. No op precipitated
in f grains of TB3 (Figure 1e), due to the higher [Mo],, (higher § phase stability) of
this alloy. According to the TEM images (Figure 1d and f), the dislocation density is
also low in both metastable p alloys before shock loading. There is a small amount of
fine acicular martensite o” phase (a”y;,) activated in Ti-1023 by thermal stress during
quenching process (Figure 1d). The needle-like ” phase has an average width of
about 41 nm and a length of about 910 nm. The corresponding SAED patterns (inset in
Figure 1d and f) confirm no precipitation of other phases in both Ti-1023 and TB3.

3. Experimental method
3.1 Shock recovery experiments

Effective control of the lateral and rear release waves returning back during
unloading process and consequently the residual strain of samples (less than 2%) is the
key to correctly evaluate the effect of pre-shock loading on the mechanical properties
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Plate-like a

Figure 1.
Microstructures of three titanium alloys before shock loading: (a) and (b) Ti-64 ELIL, (c) and (d) Ti-1023, and
(e) and (f) TB3. (a), (c), and (e) are optical micrographs. (b), (d) and (f) are TEM images.

and microstructural evolution of materials, which is the so-called soft recovery shock
experiment [31]. The size of each component in the soft recovery target assembly,
which is closely related to the shock Hugoniot parameters of materials and the exper-
imental parameters such as the shock pressure and the pulse duration, determines the
protective effect of the recovery assembly on the recovery sample [31, 32]. The shock
pressure (Py) is set to 5-14 GPa. According to Bourne [8], when the pulse duration is
greater than 1 ps, most of the shock-induced microstructural evolution processes have
enough time to occur and reach equilibrium. Hence, the pulse duration (¢p) is set to 1.5
ps. The density and shock Hugoniot parameters (Cp and S) of three titanium alloys
used to design the soft recovery target assembly are listed in Table 3. Cy and S are
material constants, which are related to the zero-pressure bulk sound velocity and the
first pressure derivative of bulk modulus, respectively [35].

In this work, the soft recovery target assembly was designed according to Ref. [31]
and illustrated in Figure 2a. A 23-mm-diameter and 9-mm-thick Ti-alloy recovery
sample was placed behind a 70-mm-diameter and 2.5-mm-thick cover plate. The
recovery sample was protected from residual strain and spallation by surrounding an
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Alloys Density po/g-cm 2 Co/mm-ps™* S References

Ti-64 ELI 4.39 5.05 1.07 [33]

Ti-1023 4.59 4.99 1.06 [34]

TB3 4.82 4.92 1.09 [34]
Table 3.

Shock Hugoniot parameters of three titanium alloys.

(a)

Inner Momentum Trapping Ring
8.1 GPa

Spall Plates
/ (682 m/s)

10.5 GPa

Cover Platew ] (868 m/s)

12.3 GPa
(1003 m/s)

13.5 GPa
(1092 m/s)

—
~——— Loading Direction &

Ti-64 ELI Alloy
LT

Outer Momentum Trapping Ring

Figure 2.
(a) Schematic diagram of the soft recovery target assembly, and (b) typical macrograph of the longitudinal section
of Ti-64 ELI recovery samples shock-loaded at different pressures.

inner momentum trapping ring with outside diameter of 67 mm and supported with
three 5-mm-thick spall plates. The inner momentum trapping ring was further con-
centrically surrounded by an outer momentum trapping ring with an outside diameter
of 78 mm. The recovery sample and the inner momentum trapping ring were inter-
ference fit together. Two trapping rings, cover plate, and spall plates were assembled
with slip fit. Molybdenum disulfide grease was used during assembly of two momen-
tum trapping rings to remove air gaps in the assembly and to facilitate ring separation
during recovery.

Using the above-designed soft recovery target assemblies, shock wave loading
experiments were carried out on three titanium alloys by a single-stage gas gun with a
diameter of 80 mm and a length of 12.5 m. Shock waves with stress amplitudes
ranging from ~5 to 14 GPa were yielded in Ti-alloy recovery samples through the
impact by flyer plates within the velocity range of 365-1092 ms™ . The thickness of
flyer plates ranged from 3.91 to 4.43 mm to ensure a constant pulse duration (tp) of 1.5
ps. All experiments were conducted in symmetrical impact, which means that the
whole shock recovery assembly (containing the recovery sample, two trapping rings,
cover plate, and three spall plates) and flyer plate were made of the same material.

88



Shock-Induced Mechanical Response and Microstructure Evolution of Titanium Alloys
DOT: http://dx.doi.org/10.5772/intechopen.106063

The impact surfaces of all recovery assemblies and flyer plates were mechanically
polished to ensure that the surface roughness was less than 0.8 pm. The planarity of
the target assembly to the flyer plate was controlled by adjusting the specimen mount
to better than 1 mrad. The impact velocities were measured by a magnetic induction
speed measurement system to an accuracy of about 0.5%.

After shock wave loading, the recovery samples were cut open longitudinally. The
longitudinal section of the recovery samples showed that both end faces were flat and
no cracks were observed although the edges of the recovery samples deformed
slightly, as shown in Figure 2b. The residual plastic strain of the shock-loaded recov-
ery samples measured using an outside micrometer is between 0.5 and 1.9%, indicat-
ing that the influence of lateral release waves on the recovery samples is deemed to be
negligible. The residual strain is defined here as the starting sample thickness minus
the recovered sample thickness following shock loading divided by the starting sample
thickness.

3.2 Reloading tests and microscopic analyses

Several cylinders (4 mm in diameter and 8 mm in thickness) were sectioned from
the center area of the recovery samples for quasi-static reloading compression tests. The
reload tests were conducted at 298 K and under a strain rate of 10 > s " using an MTS
810 hydraulic servo machine. Tests were continuously conducted until the specimens
fractured. The reloading direction is parallel to the shock wave loading direction. For
comparison, initial materials of Ti-64 ELI, Ti-1023, and TB3 were also compressed
under the same conditions. Quasi-static compression tests of all initial and shock
prestrained materials were repeated three times to ensure the reliability of the data.

Blocks with dimensions of 7 mm x 5 mm x 2 mm were also cut from the center
area of the recovery samples for microstructural analysis. Specimens for optical
microscopy (OM) studies were prepared by electrochemically polishing in a solution
of 95% ethanoic acid + 5% perchloric acid, followed by etching in solutions of 2% HF +
10% HNO3 + 88% H,0 (for Ti-64 ELI) and 10% HF + 30% HNO; + 60% H,0 (for Ti-
1023 and TB3) at room temperature. Then, the blocks were carefully detected using a
ZEISS Axio Observer Alm optical microscope. X-ray diffraction (XRD) analyses for
phase identification were conducted on a Rigaku Smartlab diffractometer using a Cu-
K, radiation operated at 45 kV and 200 mA. To show the change in the substructure of
the preshocked alloy, TEM analyses were conducted using a JEOL JEM-2100 system at
an accelerating voltage of 200 kV. For the TEM observations, thin samples with an
initial thickness of 0.5 mm were cut from the blocks after OM and XRD examinations,
firstly reduced to less than 40 pm thickness by mechanical means, then punched into
several standard 3-mm-diameter TEM discs, and finally thinned by ion milling.

4. Mechanical behavior of the postshock titanium alloys
4.1 Stress-strain response

The mechanical behavior of three titanium alloys was detected before and after
shock wave loading. Only compression tests were carried out because the tensile spec-
imens were unable to be machined due to the limited size of the recovery samples (23
mm in diameter and 9 mm in thickness). Figure 3 shows the quasi-static reloading
compressive stress-strain curves of the shock prestrained titanium alloys at room
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Figure 3.

Typical quasi-static reloading compression true stress-strain curves of three titanium alloys after shocked to
different pressures: (a) Ti-64 ELI, (b) Ti-1023, and (c) TB3.

temperature. The curves of shock-free materials are also included in Figure 3 for
comparison. For shock-free (0 GPa) materials, the yield stress of Ti-64 ELI is the
highest, followed by Ti-1023, and that of TB3 is the lowest. On the other hand, the
plasticity (fracture strain) of TB3 is the best, followed by Ti-64 ELI, and that of Ti-1023
is the worst. After shock wave loading, the shape of the stress-strain curves of three
titanium alloys does not change significantly. However, the yield stress and flow stress
of the postshock alloys all increase to a certain extent. Besides, the strain hardening rate
of the materials decreases gradually with increasing shock pressure (Py).

To further explore the influence of alloying component and stress amplitude on the
shock-induced mechanical behavior, the yield stress (6,) and fracture strain (&) of the
shock prestrained alloys were plotted versus Py, as shown in Figure 4. The change
trend of the reloading 5, value of Ti-64 ELI with Py can be roughly divided into two
stages, as shown in Figure 4a. When the shock pressure is less than 12 GPa, o, increases
steadily with increasing Py. When Py exceeds 12 GPa, the o, value of the alloy rises
rapidly. As Py reaches 13.5 GPa, its 6; value increases by 34% compared with the shock-
free material. On the other hand, the plasticity of Ti-64 ELI decreases after shock wave
loading. The & value of this alloy decreases in an approximate “parabolic” trend with
increasing Py, as shown in Figure 4b.

The change trend of the reloading ¢, value of Ti-1023 with Py can also be divided
into two stages (Figure 4a). The 6, value of this alloy has increased significantly after
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Figure 4.
Quasi-static reloading compression mechanical properties of three titanium alloys after shocked to different
pressures: (a) yield stress vs. shock pressure and (b) fracture strain vs. shock pressure.
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shock loaded at low amplitudes (~5 GPa). On the other hand, as Py exceeds 6 GPa,
the increasing trend of 6, slows down with increasing Py, and the yield strength
increases steadily. The plasticity of the shock prestrained Ti-1023 decreases signifi-
cantly, and the & value of the alloy decreases nearly linearly. Namely, compared with
Ti-64 ELI, the shock-induced plasticity deterioration of Ti-1023 is more obvious
(Figure 4b).

After shock loaded at 4.5-14.1 GPa, the reloading oy value of TB3 increases steadily
and continuously, as shown in Figure 4a. The reloading plastic strain of TB3 is still
greater than 0.50 after shocked at different amplitudes (Figure 4b), indicating that,
when Py is less than 15 GPa, the shock wave propagation process has no obvious effect
on the plasticity of this alloy.

4.2 Hardness

The Vickers hardness (HV) of the postshock titanium alloys was also measured
using a WOLPERT 450 SVD Digital Vickers Hardness Tester. The test force and dwell
time were set to 5 kgf (49 N) and 10 s, respectively. Generally, the shock prestrain
process has no significant effect on the hardness of three titanium alloys, as shown in
Figure 5. The HV values of Ti-64 ELI and Ti-1023 increase slowly with increasing Py
and tend to be saturated gradually. The HV value of TB3 increases approximately
linearly with Py; however, the increasing trend is not obvious. This indicates that the
hardness of titanium alloys is not very sensitive to shock wave loading.
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Figure 5.
Vickers hardness-shock pressure curves of three titanium alloys.
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5. Shock-induced microstructure evolution
5.1 Phase analysis

Figure 6 shows the typical XRD patterns of the shock-free and postshock titanium
alloys. All spectral lines were normalized. Compared with the initial material, except
for peaks of o and p phases, no new peaks were detected in the slow-scanning XRD
patterns of the postshock Ti-64 ELI, indicating that, when Py is less than 14 GPa, no
new phase is generated in the alloy during the shock pulse.

For the metastable f alloy, Ti-1023, in addition to the peaks involving ap and
phases, there occur new peaks in the XRD spectrum of the alloy shocked at 4.8 GPa.
These new peaks correspond to the a” phase [36, 37], that is, the shock-induced
martensite (SIM). It suggests that the p—a” phase transformation has already
occurred in Ti-1023 even if the shock pressure is relatively low. As Py increases, the
peaks of a” phase always exist, and no new peaks appear.

For another metastable f alloy, TB3, when the shock pressure is relatively low
(4.5 GPa), except for the p peaks, no new peaks appear in the XRD pattern. However,
at a higher shock pressure, the a” peaks were observed. This result indicates that the
stability of p phase in TB3 is higher than that in Ti-1023.

5.2 Metallographic microstructure

Figure 7 presents the optical microstructures of Ti-64 ELI, Ti-1023, and TB3
preshocked at different pressures. For the a+p alloy, Ti-64 ELI, compared with the

Ti-64ELI|® oGPa  52GPa 13.5GPa A"

e 1 ° = e mp

OO ONRAIIOOO ONRAOOO
|

Intensity (normalized)
COOOO» 000002 00000~

20 (degrees)

Figure 6.
Slow X-ray scans from titanium alloys after shocked to different pressures.
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Figure 7.

Optical microstructures of the postshock titanium alloys: (a) Ti-64 ELI shocked at 5.2 GPa, (b) Ti-64 ELI shocked
at 13.5 GPa, (c) Ti-1023 shocked at 4.8 GPa, (d) Ti-1023 shocked at 12.5 GPa, (e¢) TB3 shocked at 4.5 GPa,
and (f) TB3 shocked at 14.1 GPa.

initial material (Figure 1a), the metallographic microstructure of the alloy does

not change, even if Py reaches 13.5 GPa (Figure 7a and b). For Ti-1023, after
shocked at 4.8 GPa, the structure of the alloy has significantly changed: A large
number of needle-like phases are produced in the equiaxed f grains (Figure 7c).
According to the XRD analysis mentioned in Section 5.1, these acicular phases are
SIMs. Most o” laths fully develop to go throughout the entire § grains and intersect
each other. As Py increases, the morphology of a” has no obvious change, but its
amount (density) slightly increases (Figure 7d). For TB3 with higher [Mo],,, the
number of needle-like a” phases is very limited at relatively low pressure (4.5 GPa), as
shown in Figure 7e. Hence, they cannot be detected by XRD (Figure 6). The density
of SIM phase increases gradually with increasing Py. Besides, at the same shock
pressure, the amount of a” phase in TB3 is not only less than that in Ti-1023 but most
of the o” laths in TB3 are arranged parallel to each other and rarely staggered

(Figure 7f).
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5.3 Substructure evolution

Figure 8 shows the TEM images of the substructures in the a phase of the Ti-64
ELI shock loaded at different pressures. Compared with the initial material
(Figure 1b), after shocked at a relatively low pressure (5.2 GPa), the dislocations in
the o plates become longer. The density and entanglement degree of the dislocations
are increased. Some small dislocation cusps on the long dislocations (indicated by the
arrows in Figure 8a) were also observed. When Py increases to 8.1 GPa (Figure 8b),
the dislocations in the a phase proliferate greatly, forming a substructure dominated
by net-like planar slip. This dislocation substructure is very similar to that in the
quasi-statically deformed commercial Ti-64 [38]. However, the distribution of planar
slip dislocations formed by shock wave loading is more uniform, indicating that the
shock-induced instantaneous deformation of Ti alloys is more uniform. When the
shock pressure reaches 10.5 GPa (Figure 8c), the dislocation density continues to
increase, and the dislocation entanglement is more serious. At this time, the disloca-
tion substructure has lost the regular arrangement characteristic and tended to form a
band/cluster structure. With the further increase of Py to 12.3 and 13.5 GPa
(Figure 8d and f), the high-density dislocations in the o phase are further entangled
with each other, and dislocation clusters or slip bands are finally formed. The SAED
pattern obtained from the o region in the preshocked Ti-64 ELI shows the existence
only of a phase, consistent to the XRD analysis results.

In addition to the entangled high-density dislocations, fine twins were also
observed in the Ti-64 ELI after shocked at higher pressures (>12 GPa), as shown in
Figure 8d-f. When Py is 12.3 GPa, the number of twin laths is still small, and the
average thickness of these twins is about 309 nm (Figure 8d). The SAED pattern
(Figure 8e) confirms the twins are {1012} twins [39]. Besides, similar to magnesium

P matyix

Twin boundary

Figure 8.
Bright field TEM images showing dislocation and twin substructures in the a phase within Ti-64 ELI shock loaded
to different pressures: (a) 5.2 GPa, (b) 8.1 GPa, (c) 10.5 GPa, (d) and (e) 12.3 GPa, and (f) 13.5 GPa.
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alloys [40], stacking faults (SFs) were also observed inside the twin laths (indicated
by arrows in Figure 8e). When Py further increases to 13.5 GPa, the number of
twins in Ti-64 ELI increases substantially (Figure 8f). The average thickness of the
twin laths is about 230 nm, which is slightly smaller than that of twins generated at
12.3 GPa.

Figure 9 presents the a” substructure characteristics in the equiaxed p grains of the
preshocked Ti-1023. According to these TEM images, one can find that the needle-like
o” phases observed in the optical micrographs (Figure 7c and d) are actually mar-
tensitic lath bundles. These SIM bundles are made up of many finer interweaving
martensites. The SAED patterns in Figure 9 also reflect the complex internal structure
of the a” bundles. The bundles have a thickness of about 1.58 to 2.51 pm, and the
average thickness is about 2.04 pm. As Py increases, the thickness of the «” bundle
decreases, but its internal substructures become more regular. This implies the rota-
tion and coalescence of o” laths during the shock pulses with higher stress amplitudes.
Besides, a large number of interlaced fine martensites were also observed, as shown in
Figure 9b and e.

Figure 10 shows the substructural features in the TB3 shocked at different
pressures. Compared with the initial material (Figure 1f), after shock loaded at a
relatively low pressure (4.5 GPa), dislocation walls consisting of many short
dislocations arranged in parallel are formed in the p grains, as shown in Figure 10a.
The width of these dislocation walls is about 375 nm. When Py continues to increase,
the dislocation density gradually increases, which leads to an increase in the number
of dislocation walls and intersection between them (Figure 10b and c). The width of
the dislocation walls gradually decreases with increasing Py. When Py exceeds 10 GPa
(Figure 10d and e), the dislocations in the f phase are severely entangled, and the
dislocation walls begin to transform into slip bands, which are similar to those formed

Figure 9.
TEM images showing a” substructuves in the f§ phase within Ti-1023 shock loaded to different pressures: (a) and
(b) 4.8 GPa, (c) 8.5 GPa, (d) and (¢) 10.2 GPa, and (f) 12.5 GPa. (b)-(d) are dark field TEM images.
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Figure 10.

Bright field TEM images showing dislocation and a substructuves in the p phase within TB3 shock loaded to
different pressures: (a) 4.5 GPa, (b) 6.8 GPa, (c) 9.2 GPa, (d) 12.1 GPa, (¢) 14.1 GPa, and (f) 12.1 and 14.1
GPa.

in 13.5 GPa-shocked Ti-64 ELI. Besides, no additional spots appear in the SAED
patterns of the postshock alloys, suggesting that, when the shock pressure is less than
about 15 GPa, the f—® phase transition does not occur in TB3.

The substructure of the a” lath in TB3 is presented in Figure 10f. Compared with
that in Ti-1023, the internal structure of the o” lath in TB3 is relatively simple. The o
laths have a thickness of about 0.71-1.57 pm, which is narrower than the SIM bundle
formed in Ti-1023.

6. Discussion

The shock preloading and quasi-static reloading results indicate that the propaga-
tion of shock waves can significantly change the microstructure and further the
mechanical properties of titanium alloys. For Ti-64 ELI, as the shock pressure is lower
than 12 GPa, the shock-induced substructure of this alloy is dominated by disloca-
tions, similar to those dislocation substructures generated in A-70 Ti [10] and com-
mercial Ti-64 [38]. The shock-induced high-density dislocations (clusters or bands)
prevent further proliferation and movement of dislocations in the material during
subsequent reloading deformation process, resulting in an increase in the yield
strength of Ti-64 ELI (Figure 4a). No dislocation cells or cell-like structures were
observed, due to the low symmetry and relatively high Peierls stress of the a phase
with HCP crystal structure. Therefore, when shock loaded at relatively low pressures
(<12 GPa), Ti-64 ELI does not show a very obvious shock-induced strengthening
effect like Ni [13, 14]. However, as the shock pressure exceeds 12 GPa, twinning is
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activated in o phase. The twin laths are able to split « grains, resulting in grain
refinement. Hence, as a new strengthening mechanism, twinning makes the reloading
yield strength of Ti-64 ELI rapidly increase, showing a more obvious shock strength-
ening effect (Figure 4a). The generation of a large number of micro defects during
the shock pulse hinders the movement of dislocations, leading to the dislocation pile-
up more serious and stress concentration in the process of reloading deformation. This
makes it easier for micro damages to nucleate and expand and finally results in the
decline in the plasticity of the postshock Ti-64 ELI, as shown in Figure 4b.

For Ti-1023 with low p phase stability, the SIM phase transformation has occurred
at 4.8 GPa. A large number of interlaced o” laths were formed and went throughout
the entire p grains. The a” phase possesses the orthorhombic crystal structure [41],
and it has fewer slip systems than that in the matrix p phase with BCC structure [36].
Therefore, compared with the p phase, the a” phase is more difficult to coordinate the
plastic strain. Moreover, the martensite laths are mostly interlaced with each other
and their internal structure is very complex (Figures 7 and 9). These substructures
will greatly hinder the dislocation movement and cause the interaction between the
dislocations and the martensites or cause the dislocations pile-up at the o”/f bound-
aries. Consequently, the deformation resistance and yield stress of the postshock
material dramatically increase during the reloading compression process even if the
shock pressure is relatively low (4.8 GPa), as shown in Figure 4a. The similar
strengthening effect caused by SIM transition was also observed in the 7 GPa shocked
Ti-12 Mo [20]. However, the number of a” phases in Ti-1023 has tended to be
saturated at 4.8 GPa, and its amount has little change with increasing Py. Hence, the
increase in yield stress of the postshock alloy tends to be gentle (Figure 4a). Com-
pared with dislocation clusters/bands and twins, the interlaced acicular a” martensites
hinder the movement of dislocations more seriously, so the plasticity of Ti-1023
decreases sharply after shock wave loading.

When the shock pressure amplitude is similar, the amount of a” martensite formed
in TB3 is far less than that formed in Ti-1023 (Figure 7), due to the higher stability of
p phase in TB3. Most of the a” laths in TB3 are arranged in parallel and rarely
interlaced. Their internal structure is also relatively simple (Figure 10f). The smaller
grain size also inhibits the occurrence of f—a” phase transition to some extent [42].
Therefore, the shock-induced o” phase has little contribution to the shock strength-
ening effect of TB3; however, it also has little effect on the plasticity of the alloy
(Figure 4b). On the other hand, although a certain amount of dislocation walls or slip
bands are formed in TB3, the degree of dislocation proliferation and entanglement is
not as good as that in Ti-64 ELI under shock loading conditions. Besides, no twinning
occurred in TB3. However, shock-induced twins were observed in some other f
titanium alloys such as Ti-26 [20]. The higher § phase stability (higher [Mo],,) of Ti-
26 alloy may completely suppress the occurrence of SIM transition. Hence, twinning
replaces SIM transformation to coordinate the deformation during shock loading
pulse. The single type of micro defect (only dislocations) and the low density of
dislocations and «” phases make the shock-induced strengthening effect in TB3
limited, and the yield stress increases gently, as shown in Figure 4a.

The extent of the shock-induced strengthening in titanium alloys significantly
depends on the type, morphology, and density of the defects that are decided by the
alloying composition (alloy type). For a+p alloy, Ti-64 ELI, the stability of both o and
p phases is very high due to the enrichment of a- and p-stabilizing elements in o and
phases, respectively. Hence, the shock-induced substructure evolution in Ti-64 ELI is
dominated by dislocation multiplication and interaction. Twinning is activated as
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dislocation proliferation tends to saturate during shocked at higher pressures
(>12 GPa). For metastable p alloys, Ti-1023 and TB3, the B-stabilizing elements are
uniformly distributed in the p phase of the alloys after solution treatment, and the
phase is in an unstable state. Therefore, except for dislocation substructures, shock-
induced a” martensites are also generated. However, the number, morphology, and
distribution of the o” phase depend on the stability of the p phase, which is deter-
mined by the content of f-stabilizing elements. The content of p-stabilizing elements
in TB3 is higher than that in Ti-1023; hence, the proliferation, growth, and interlacing
of a” martensites are weaker in TB3 due to the higher stability of p phase in this alloy.
In general, when Py is less than 15 GPa, with the increase of [Mo],, (from Ti-64 ELI
to TB3), the shock-induced microstructure evolution characteristics of titanium alloys
can be roughly summarized as follows: planar slip (tangled dislocations, slip bands) +
twins (Ti-64 ELI) — interlaced o” martensites (Ti-1023) — paralleled o” martensites +
planar slip (dislocation walls, slip bands) (TB3). That is to say, the main deformation
mechanism of the three titanium alloys during the shock pulse undergoes the evolution
of “slip/twinning — p/a” phase transition — p/a” phase transition + slip.”

7. Conclusions

In this chapter, the effects of alloying composition and stress amplitude on the
shock-induced mechanical behavior and microstructure evolution of three titanium
alloys are revealed through a series of soft recovery shock experiments, quasi-static
reloading tests, and multi-scale microscopic analyses. The major conclusions are as
follows:

1. When Py is less than 12 GPa, the shock-induced substructure of Ti-64 ELI is
dominated by tangled dislocations. When Py exceeds 12 GPa, dislocation
entanglement is further intensified to form dislocation clusters/bands, and
{1012} twin is also activated. Correspondingly, the yield stress of the postshock
alloy first increases slowly and then increases rapidly.

2.A large amount of a” martensite phase is produced in Ti-1023 during the shock
pulses. Most of the o” laths have a complex internal structure, interlace with each
other, and go through the entire f grains. The existence of high-density
martensite laths makes Ti-1023 show a significant shock strengthening effect
even if the shock pressure is relatively low. However, the plasticity of the
preshocked alloy is also degraded seriously.

3.Higher p phase stability and smaller grain size inhibit the p—a” transition in TB3.
The density of the martensite phase is low in this alloy, and the a” laths are
mostly arranged in parallel with few intersections. The internal structure of the
a” laths is relatively simple. A certain amount of dislocation walls or slip bands
also form in TB3, but no twins generate during the shock loading process. Hence,
the shock-induced strengthening effect in TB3 is limited and the yield stress
increases gently due to the single type of micro defect and the low density of
defects and o” phases.

4.When Py is less than 15 GPa, with the increase of [Mo],, (from Ti-64 ELI to
TB3), the main deformation mechanism of the three titanium alloys during
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shock pulse undergoes the evolution of “slip/twinning — p/a” phase transition —
B/a” phase transition + slip.”
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Chapter 6

Welding Properties of Titanium
Alloys Grade 5

Aliveza Farvokhi

Abstract

Titanium alloys have attractive properties that have been widely used in various
fields due to these properties. The biocompatibility of titanium has caused its usages in
the pharmaceutical industry. Its good corrosion resistance has resulted in its many
applications in petrochemical and marine industries. Meanwhile, the most important
and major application of titanium and its alloys can be found in the aerospace industry
in a variety of spacecraft, space rockets, and satellites. The most important reason for
the widespread use of these alloys in the aerospace industry is the high ratio of
strength to their weights. However, the most important factor limiting the usage of
titanium and its alloys is its high price. In this chapter, we first introduced titanium
and its alloys. Then, according to mainstream of the design, titanium alloy bonding
methods and welding problems have been investigated. The purpose of this study is to
investigate the processes of arc welding of tungsten electrode-neutral gas with differ-
ent alloy heat inputs for a titanium alloy of Ti-6Al-4 V and to provide comprehensive
welding instructions. So, after introducing the pure commercial titanium properties,
we examined the properties, specifications and welding of Ti-6Al-4 V. Given the focus
on the mentioned process, the generalities of this welding process have been
described.

Keywords: procedure qualification record, welding procedure specification, Ti-6
Al-4 V titanium alloy grade 5, gas tungsten inert gas, tungsten inert gas, fusion zone,
heat affected zone

1. Introduction

High ratio of strength to weight and the desired properties of corrosion resistance
of titanium alloys have provided special applications to these alloys. However, high
actual cost of making these alloys has limited their usages. The price of this metal is
considerably higher than widely used industrial metals such as steel, copper and
aluminum. On the other hand, the speed of the machining of titanium is about 10 to
100 [1, 2] times slower than machining of aluminum and in cases where the speed of
production is a priority, the use of titanium is not profitable. One of the problems with
welding titanium alloys is formation of a frangible structure. Factors such as type of
welding process and the degree of cleanliness of the surface of the components and the
degree of protection are effective on forming this defect and other defects of titanium
welding. Researches have shown that by changing the essential variables, Ti-6Al-4 V

103 IntechOpen



Titanium Alloys - Recent Progress in Design, Processing, Characterization, and Applications

is one of the most commonly used alloys of titanium due to its combination of
desirable physical and mechanical properties. In order to improve the mechanical
properties of this alloy, thermal operation is carried out on it [1, 2]; but during
welding these properties change with resizing of grains, the ratio of phases, morphol-
ogy and microstructure. It should be possible to design processes, by taking into
account the appropriate variables that can maintain the desired properties of these
alloys and even improve some of them.

In welding of titanium alloys, GTAW or TIG (Gas Tungsten Arc Welding or
Tungsten Inert Gas) process is widely used because of the simultaneous provision of
high quality at low actual cost. The basis of this method is to create a weld bonding by
making electric arc with a non-consumable tungsten electrode and protecting the
molten pool through a protective gas stream. In tungsten inert gas welding, the grains
are stretched [1, 2]. As a result, mechanical properties such as toughness and ductility
are reduced. Due to high activity of this metal, the protection of the weld area is
carried out even up to a temperature of 426° C [1, 2]. In the conducted researches, the
ultimate tensile strength of the weld area of this alloy has been reported between 925
and 1060 MPa [1, 2]. Also, in comparison to the strength of the weld area and the base
material, contradictory results have been reported. That is, both lower strength and
greater strength of the weld area than the base material have been reported. This is
due to effect of the type of welding process and the thermal operation after welding
on the final properties of the weld area. The martensitic microstructure, which is
formed in high-energy welding processes, has a higher hardness and strength than the
products of this arc welding process. Ductility of weld area is less than the base
material. Increase in length of this alloy is 11% in melting mode and 16% in the
worked mode. However, this quantity has been reported less than 6% [1, 2] for its
weld area. In welding of this alloy the least degree of ductility is achieved in method of
tungsten inert gas (TIG) and the most degree of that is achieved by electron beam
welding. By performing thermal operation after welding, this low ductility can be
increased, though not as much as metal-base ductility. The weld area is strongly
affected by the beta phase grain size. So, in some cases, by performing a TIG process
using pulse current, the beta grain size can be reduced and thus toughness can be
increased. In this alloy, by controlling microstructure the fracture toughness and the
resistance to fatigue cracking in better weld area can be usually improved even
compared to the base metal, which is achieved through the formation of a fine layer
microstructure.

As other welding processes, the properties of the final product of GTAW welding
are influenced by variables of this process (such as intensity of welding current,
cooling rate, welding rate and protective gas flow, porosity in the weld area also
varies). Some of these variables are welding current, voltage, electrode type and
diameter, chemical composition and protective gas flow rate, welding rate, and so
forth. By changing these variables, the ultimate weld properties can be changed. It
should be noted that sum of effects of these variables can be found in the quantitative
effectiveness called heat input. In other words, each of these variables can directly or
indirectly affect the heat input and thus affect the ultimate property of weld. This
quantity represents the amount of energy transferred per weld length unit. Voltage,
current and welding rate directly affect this quantity, and parameters such as diame-
ter of electrode by affecting the relative density of the current and the neutral gas flow
rate by changing the heat transfer around the weld, indirectly affect this quantity.
Excessive heat input can cause problems such as weld cracking and reduction in
mechanical properties of the piece.
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In this research, after selecting the intended variables and their change levels,
welding operation was performed on alloy sheets of Ti-6Al-4 V through GTAW
method. In the end, the effect of variables of current intensity and welding voltage on
the properties of the final product was investigated by examining the depth of welding
penetration, the mechanical properties of the weld, the microstructure and the base
metal of the weld area and its surrounding areas. In addition, the cost comparison of
manual and automatic welding processes has been put in Table 1.

1.1 Purpose of the research

The purpose of this study was to investigate the effect of electric current intensity
in the process of arc-welding with tungsten electrode. Due to the fact that titanium
metal is widely used in advanced industries such as aerospace and it is also difficult to
welding with conventional methods, this material has been used for welding in this
study. In this research, the process of welding arc-welding with tungsten electrode
(GTAW) was used to weld titanium sheets. Preparation of the welding seam with V
shape was carried out, and it was used of the protective gas of the melting pool and the
secondary protective gas and back protective gas to provide complete protection

Method of welding Manual Automatic
Welding Current (amps) 240 300
Welding Voltage (volts) 25 30
Travel Speed (in/min) 10 15
Gas Flow (£/hr) 30 40
Welding Time (hr) 0.057 0.022
Arc Time (hr) 0.02 0.013
Labor + Overhead Cost ($/hr) 18 18
Operator Factor (%) 35 60
Weight of Deposit (Ibs) 0.037 0.037
Filler Wire Cost ($/1b) 1.6 1.6
Deposition Efficiency (%) 100 100
Gas Cost ($/%) 0.06 0.06
Gas Used (£) 0.6 0.53
Electric Power Cost ($/kw-hr) 0.035 0.035
Power Source Efficiency (%) 50 50
Labor + Overhead Cost ($/ft) 1.026 0.396
Filler Wire Cost ($/ft) 0.059 0.059
Shielding Gas Cost ($/ft) 0.036 0.032
Electrode Cost ($/ft) 0.001 0.001
Electric Power Cost ($/ft) 0.008 0.008
Total Cost ($/ft) 1.130 0.496
Table 1.

Cost comparison of manual vs. automatic welding [3].
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during the welding. At first, the welding process was performed with three electric
current of 80, 90 and 100 amps. Then, PQP samples were prepared according to
ASMEM sec IX standard, and tension, impact and hardness tests were performed on
them.

2. Review on references
2.1 Titanium and its alloys

The pure titanium has a high coefficient of friction and a low hardness; therefore,
it has low wear resistance. The density of titanium is about half of steel. Although
titanium has the highest strength-to-weight ratio among highly used industrial metals,
but its high price limits its use. Titanium has a strong tendency to react with oxygen.
High corrosion resistance of this alloy is due to formation of a sticky oxide layer at its
surface. Incompleteness of the last titanium electron layer has caused the element to
form solid solvent by creating ionic and covalent bonds with many elements. Tita-
nium alloys are used in the aerospace, chemical and medical industries due to their
corrosion resistance, high strength-to-weight ratio and maintenance of strength at
high temperatures [1, 2]. Table 2 shows the important properties of titanium with
other metals widely used in the industry.

Titanium is transformed from phase a which has HCP structure to phase p with
BCC structure at 882° C. The phase transformation makes the possibility of creating
different thermal operations for obtaining various microstructures. Schematic
description of titanium phases and their main transformation temperatures are shown
in Figure 1.

The classification of titanium alloy elements is based on their effect on the phase
transformation of « to f. The temperature of this phase transformation depends on the
type and amount of elements in titanium alloys. From this perspective, these elements
are divided into three groups of neutral, phase stabilizer a and phase stabilizer p. This
division is presented in Table 3.

Ti Fe Ni Al Cu
Melting point (C °) 1670 1538 1455 660 1084
Phase transformation atop atoy — — atop
Phase transformation temperature (C °) 882 912 — — 810
Crystal structure BCC<HCP  FCC:¢BCC FCC FCC FCC
Elastic Modulus (GPa) 115 215 200 72 125
Degree of yield strength (MPa) 1000 1000 1000 500 1000
Density (g / cm®) 4.5 7.9 8.9 2.7 8.94
Corrosion resistance Very high Low Medium High High
Reactivity with oxygen Very high Low Low High Low
Relative price Very high Low High Medium  Medium

Table 2.
Comparing properties of titanium with other important industrial metals [4].
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Figure 1.
Schematic description of titanium phases and main transformation temperatures [2].

Type of element Name of element

Neutral Tin, zirconium

phase stabilizer « Aluminum, carbon, nitrogen, oxygen, germanium

f Isomorph Molybdenum, Vanadium, Tantalum, Niobium

B Eutectoid Iron, manganese, chromium, cobalt, nickel, copper, silicon, hydrogen
Table 3.

Classification of titanium alloy elements [1].

Neutral elements do not have much effect on this transformation; while phase-
stabilizing elements of a stabilize phase o to higher temperatures than transformation
temperature, and phase-stabilizing elements of phase p cause the phase to be stable at
lower temperatures than transformation. Stabilizers of phase a, in addition to stabi-
lizing this phase, also expand two-phase area of a + f at higher temperatures than the
transformation temperature. Stabilizers of phase p are divided into two categories.
The first group creates a two-part isomorphic system with a relatively good solubility.
The other group creates a eutectoid point in the phase diagram and forms intermetal-
lic compounds [1, 5, 6]. Phase diagrams of titanium based on the type of alloying
elements are shown in Figure 2.

Titanium alloys, in terms of microstructure, are divided into three main groups of
a, p and a + B, and two subgroups of close to o and close to p (pseudo-f). Alloys
containing stabilizing elements of phase a and neutral elements are included in a
alloys. By adding small amounts of B-phase stabilizers to « alloys, a alloys are formed,
and subsequently the phase mixture of a + p alloy is formed, by increasing the
stabilizing elements of f, if the amount of these elements is sufficiently large, phase
is formed lonely, and if it is not enough to make martensitic phase by quenching the
alloy, it is called pseudo-p alloy. o alloys have low relative strength compared to p, but
their properties are well maintained at high temperatures. Shaping of two-phase o +
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Figure 2.
Phase diagrams of titanium based on the type of alloying elements; a) pure titanium, b) stabilizer a, c) isomorph p,
d) p-eutectic, e) neutral [7].

alloys is more convenient than « alloys, but it is more difficult than p alloys [6-8].
Table 4 shows the important commercial titanium alloys of @ and a + p, and Figure 3
shows the phase stability diagram of titanium alloys based on concentration of stabi-
lizing alloying elements of phase .

2.2 Bonding of titanium and its alloys

One of the most important methods for bonding these alloys is fusion welding,
non-fusion welding, such as friction welding and hard soldering. Due to very high
activity of titanium, its bonding processes should be carried out under specific condi-
tions, so that the molten pool and also solid titanium are protected well. For fusion
welding of titanium alloys, five main methods are used including arc welding with
tungsten electrode (non-consumable electrode), arc welding with metal electrode
(consumable electrode), electron beam welding, plasma arc welding and laser
welding; among these methods, TIG method is more common [9-14]. Of course, in
each of these melting methods, there is the risk of contamination of the alloy by
elements such as oxygen, nitrogen, and hydrogen. On the other hand, the production
of suitable fillers for titanium alloy titanium welding has problems. First, it is very
hard to produce wire of titanium alloys, which has both high strength and relatively
low ductility. Secondly, in the case of producing these wires, the actual cost is too
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Common name Alloy composition (wt %) sT (C)°
« alloys and commercial pure titanium
Grade 1 CP-Ti (0.2Fe, 0.180) 890
Grade 2 CP-Ti (0.3Fe, 0.250) 915
Grade 3 CP-Ti (0.3Fe, 0.350) 920
Grade 4 CP-Ti (0.5Fe, 0.400) 950
Grade 7 Ti-0.2Pd 915
Grade 12 Ti-0.3Mo-0.8Ni 880
Ti-5-2.5 Ti-5A1-2.5Sn 1040
Ti-3-2.5 Ti-3A1-25V 935
a + p alloys
Ti-811 Ti-8Al-1 V-1Mo 1040
IMI 685 Ti-6Al-5Zr-0.5Mo-0.25Si 1020
IMI 834 Ti-5.8Al-4Sn-3.5Zr-0.5Mo-0.7Nb-0.355i-0.06C 1045
Ti-6242 Ti-6Al-2Sn-4Zr-2Mo-0.1Si 995
Ti-6-4 Ti-6Al-4 V (0.200) 995
Ti-6-4 ELI Ti-6Al-4 V (0.130) 975
Ti-662 Ti-6Al-6 V-2Sn 945
IMI 550 Ti-4Al-2Sn-4Mo-0.55i 975
Table 4.

Important commercial titanium alloys of a and a + p [5].
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Figure 3.
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Phase stability diagram of titanium alloys based on concentration of stabilizing alloying elements of phase p [5].
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high. MIG (consumable electrode) method is used when the welding seam is large and
the filler wire is selected homogeneous with the consumable electrode. Plasma arc
welding was proposed as an alternative to TIG method. The area affected by heat in
this method is narrower than the same area of the TIG method. In this method, the
thermal source for metal melting is plasma torch [14-17]. The specifications of the
four methods for fusion welding of titanium alloys are shown in Figure 4. According
to the figure, in methods based on high-energy beams such as laser method (LBW)
and electron beam method (EBW), the weld area is deeper and narrower than the arc
method. In addition, their heat input is less than arc method. This less heat is equal to
residual stresses and less distortion in the workpiece.

For successful welding of titanium alloys, it should be noted that titanium is highly
active and reactive, especially at temperatures above 500. This material can react with
elements in impurities or air such as carbon, oxygen, nitrogen, and hydrogen.
Although these elements can increase titanium strength under certain conditions, but
they can reduce the ductility and tensile strength of titanium connections. On the
other hand, along with high reactivity of titanium, effects of heating and cooling
cycles that affect mechanical properties and chemical composition of titanium con-
nections during welding processes also need to be considered [8, 19].

TIG process can be done either manually or automatically, and the heat source and
welded wire can be independently controlled. The process can be done depending on
the conditions, either using a welded wire or without it. The connections created by
TIG method usually have high quality and the amount of defects, splashing (spatter)
and slag is low, which is why cleaning after welding is usually not considered a key
step. One of the other advantages of this method is the relatively inexpensive equip-
ment of that. On the other hand, the welding rate in this method and the sedimenta-
tion rate are low, which is why this method is not efficient for welding thick parts.
This process is sensitive to the contamination in the weld wire and the base metal, and
the magnetic field causes deviation of the arc. All of these factors make controlling the
process difficult. Also, the heat input is very high [20-22].

EBW LBW

V?O

PAW TIG

X

Power density

Penetration
(schematic)

Power density

(W/cm') 10-10° 1010 10-10° 10”10
Penetration 6-75 15 15 3.4
depth (mm)

Figure 4.
Comparing specifications of welded titanium specimens by fusion methods [18].
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2.3 Problems with welding of titanium alloys

Welding of titanium and its alloys has some problems. Some of these problems
include:

* Preventing the mixing of the molten at the weld edge due to formation of oxides,
¢ Cracks,

* Creation of porosity

¢ Presence of oxides in the form of offal in the weld metal,

* Although dissolution of oxygen and nitrogen in titanium increases its hardness,
but dissolution of hydrogen causes loss of toughness and increase of sensitivity to
crack of the alloy.

* Formation of highly stable carbides in the event of reaction wit carbon at high
temperatures; although in some cases, small amounts of carbon are added to this
alloy to obtain the alloy with high hardness and strength, but in general it can be
said that formation of these carbide phases makes the alloy frangibility [23-25].

2.4 Ti-6Al-4 V

Toughness of the two-phase a + f alloys is high. An optimal combination of
toughness and fatigue strength in these alloys is created by thermo mechanical oper-
ation. The most important alloy of this group is Ti-6Al-4 V or IMI 318. The alloy, used
in the manufacture of jet engine fan blades, accounts for more than half of sales of
titanium alloys, and the alloy is used in more than 80 percent of applications related to
aerospace of titanium alloys. In cases where high corrosion resistance is considered
along with high strength and toughness, this alloy is used. In this alloy, aluminum and
vanadium are respectively, stabilizers of phase a and f. In the industry, this alloy
exists as two grades of 23 or ELI and Grade 5. The chemical composition of this alloy is
shown in Table 5 and its physical and mechanical properties are given in Table 6.

Due to formation of hard and needle-like phase of martensite and large grain size
of phase p in the penetrative area, which reduces its ductility, this alloy does not have
much suitable capability of weldability. Generally, to improve the properties of the
weld area, the grain size of phase p is tried to be decreased and the amount of heat
input is also controlled at an optimum size. Comparison of the tensile strength of this
material at various temperatures with other materials is shown in Figure 5. As it can
be seen, in the range of working temperature of 400-500° C, this alloy has the highest
specific strength among different materials [11, 25, 27, 28].

Name of element Al V Fe O N C H  Other impurities Total other impurities

Min wt% 55 53 — — — — — — —
Max wt% 6.75 45 0.3 02 0.03 0.08 0.125 0.1 0.4
Table 5.

Chemical composition of Ti-6Al-4 V [8].
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Property Value

Density g/em® 4.43
Melting point (°C) 1604-1660
Elastic modulus GPal113.8
Thermal conductivity W/mK 6.7

Electrical resistance

0.000178 Ohm-centimeters

Thermal expansion /K8.9%10-6
Tensile strength MPa 880
Compressive strength MPa 970
Vickers Hardness 334

Table 6.
Physical and mechanical properties of Ti-6Al-4 V [26].
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Figure 5.

Comparison of the tensile strength of Ti-6Al-4 V with other materials at various temperatures [18].

2.5 Manual electrode arc welding and protective gas

2.5.1 History of tungsten arc welding

After the discovery of short arc in 1800 and continuous electric arc in 1802, electric
arc welding was slowly developed. The idea of welding in inert gas was introduced in

1890. But even in the early 20th century, welding of non-ferrous materials, such as

aluminum and magnesium, was still difficult. Because these metals react quickly with

air and thus are oxidized and strength of the metal is reduced. The process of using
flux as an electrode coating was also not satisfactory and did not protect against
contamination. To solve this problem, in 1930, inert gases were used. A few years

later, welding under protective gas was used for the first time in aviation industry for
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welding of magnesium, and in this operation the electric arc formation method was
utilized using helium and argon as protective gases and favorable results were
obtained [21, 29].

2.5.2 Arc welding with tungsten electrode and inert gas

It is a type of fusion welding which is classified according to DIN 1910 into two
general types of TIG welding and arc welding with protective gas or GMAW. The
equipment used in the TIG procedure is much cheaper than other methods. This
method can be used to weld pieces with thicknesses of 2 to 20 mm with proper
efficiency. This method usually uses a current between 50 and 500 amps and a voltage
between 10 and 15 volts. The type of electrode is determined according to the desired
properties and its diameter is determined proportional to the thickness of the piece
and the welding condition. The schematic of TIG welding process is shown in
Figure 6.

In TIG welding, also known as GTAW, non-consumable tungsten electrode is used
which is protected by gas or a mixture of gases. This electrode can be pure tungsten.
To increase the arc stability and make it easier to start the arc, a tungsten electrode
containing small amounts of oxides such as zirconium oxide, thorium oxide, etc. can
be used [13, 14, 19, 30-32]. Specifications of tungsten electrodes are given in Table 7.

The sedimentation rate in TIG method is low. This sediment rate can be improved
using preheated filler. Due to the fact that the electrode in TIG method is non-
consumable, therefore, depending on the thickness of the workpiece, type of connec-
tion and ... filler metal also can be used for welding (filler or weld wire). These fillers
can be added manually or mechanically to the weld area [18, 33]. Application fillers
for TIG welding of titanium and its alloys are listed in Table 8. This classification is
made by the American Welding Society (AWS).

The created arc contains a plasma environment that provides the required energy
to melt the base metal and filler. This plasma environment is created through an
electrical discharge between the electrode and the work piece. To create such a good
discharge, a high-frequency and about few MHz ignition system is used. The temper-
ature of the arc above the boiling pond area is between 1200 and 1500 Kelvin and at
the molten surface it is between 1700 and 2500 Kelvin [35-37].

Although GTAW welding method has advantages over other methods, but com-
pared to other welding methods, the following disadvantages can be noted:

* Lower welding rate than some methods,
* Lower metallurgical quality of the resulted weld than some methods,

* High heat input, which leads to large distortion and the area under the influence
of the heat gets bigger,

* Sensitivity to changes in arc length [9-11].
2.5.3 Polarity of welding
In this method, electrical energy is transmitted from the welding torch to the base

metal by electric arc. This kind of welding process can be divided into three categories
in terms of the used current:

113



Titanium Alloys - Recent Progress in Design, Processing, Characterization, and Applications

Gas hose

(!

Weld torch

Power
cable Gas
Filler material supply
Work lead
[:,7’
Workpiece Power
source
(A
== (o
Curment supply >
(shielding gas)
o -

Torch movement

Welding Torch

)
YL
)

Filler Metal

Weid Center Line  Weld Pool Solidified
Weid Melal

B)

Figure 6.
Process of GTAW; A) schematic of the system used in the process, B) welding principles [7, 18].

* DC Current - Negative-Pole Electrode: This is also called direct polarity mode and
is very common in GTAW process. The electrode is connected to the negative
pole of the power source. The electrons are emitted from the tungsten electrodes
and accelerated passing through the electric arc.

* DC Current - Positive-Pole Electrode: This mode is called Reverse Polarity. The
electrode is connected to the positive pole of the power supply. In this situation,
the thermal effect of electrons in tungsten electrode is greater than the work
piece. Because electron bombardment is toward the electrode. Therefore, an
electrode with a large diameter and an anhydrous system is required to be
prevented the melting of the tip of the electrode. Positive ions bombard the
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surface of the work piece, which causes the oxide shells to break down on the
work piece. Therefore, this can be used to weld materials with hardened oxide
layers such as aluminum and magnesium.

* AC Current: In this case, the penetration and cleaning of the work surfaces of the

oxide layers are done well. This is often used for aluminum welding.

Figure 7 shows the effect of polarization systems used in TIG welding processes on
the shape of the weld area.

Two other types of currents are pulsed and non-pulsed currents. If there is a need
for a very high penetration, pulsed current is used. Direct polarity is the most com-
monly used polarity in GTAW processes. Through this polarity, high heat in the work
piece and, as a result, a high penetration and narrow weld area can be achieved. By
choosing alternative current, a combination of cleaning of oxidation from the surface
and the proper penetration can be achieved. In TIG welding of titanium alloys, arcs
with direct current and tungsten non-consumable electrode as negative pole are

Grouping Color Alloying element ~ Alloy oxide =~ Nominal weight percent of alloy oxide
EWP Green — — —
EWCe-2 Orange Serum Ce02 2
EWLa-1 Black Lanthanum La203 1
EWLal.5 Golden Lanthanum La203 15
EWLa-2 Blue Lanthanum La203 2
EWTh-1 Yellow Thorium ThO2 1
EWTh-2 Red Thorium ThO2 2
EWZr-1 Brown Zirconium ZrO2 0.25

Table 7.

Tungsten electrodes and tungsten alloys [33].
Weight percent element ERTi-1 ERTi-2 ERTi-3 ERTi-5 ERTi-7
Nitrogen 0.015 0.020 0.020 0.030 0.020
Carbon 0.03 0.03 0.03 0.05 0.03
Hydrogen 0.005 0.008 0.008 0.015 0.008
Iron 0.10 0.20 0.20 0.22 0.20
Oxygen 0.10 0.10 0.10-0.15 0.12-0.20 0.10
Palladium — — — — 0.12-0.25
Aluminum — — — 5.5-6.75 —
Vanadium — — — 3.5-4.5 —
Titanium Rest Rest Rest Rest Rest
Base material of ASTM Gr. 1 Gr.2 Gr.3 Gr.5 Gr.7

Table 8.

Fillers used in welding of titanium alloys [34].
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Figure 7.
Effect of current type and polarity on the shape of the weld area [38].

usually used. It should be noted that if there is surplus current, tungsten electrode
welding is melted and the tungsten offal will remain in the weld area [10, 14, 21].

2.5.4 Inert gas

The purpose of using inert gas is to create a stable arch, to protect the molten pool and
tungsten electrodes against environmental contamination. Some of these gases are argon,
helium and their mixture. In welding of major materials, argon is used. Since adding
helium to argon improves heat transfer, in welding thick pieces the mixture of these two
gases are used. Since argon has low ionization voltage and it is ionized easily, provides
this possibility for the arc to be easily arranged and remain stable; therefore it is suitable
for working with AC current. Also, argon makes start of arc in AC current easier. Argon
generates a column of concentrated arc, and has less capability of thermal conductivity
than other gases. Since argon causes stabilization (keeping the arc fixed), it is used in
most of mixture of protective gases. The mixture of argon and helium is also used in TIG
process when both high penetration and slow arc is considered. The density of argon is
approximately same with air, so the same amount of gas that enters the system makes the
coating, but the density of helium is one tenth of the air. Therefore, argon should be
entered the system 4-5 times more to create the same amount of protective coating. The
first ionization energy of helium is extremely high, so the temperature needs to be raised
to a large extent. This causes the created arc to be very hot compared to argon. The
thermal conductivity of helium is much more than argon; therefore, using helium, the
created heat in the center of the arc moves easily and creates a bowl-like area (more open
pool). Helium is typically used in industrial processes and argon is used in TIG manual
welding. Argon is also much cheaper than helium [5, 21, 39, 40]. Effect of the protective
gas composition on the weld geometry and properties of protective gases used in TIG
welding are respectively shown in Figure 8 and Table 9.

2.5.5 Heat input

Heat input is a relative quantity that expresses the amount of energy transmitted
per length unit of weld. This quantity is directly affected by the mechanical properties
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Figure 8.
Effect of the protective gas composition on the geometry of the weld; A) argon; B) mixture of argon and oxygen; C)
carbon dioxide, D) mixture of argon and carbon dioxide, E) helium, F) mixture of argon and helium [38].

Gas Chemical = Molecular Weight Specific Gravity Density Ionization
Symbol (g/mol) of Air (g/L) Potential (eV)
Argon Ar 39.95 138 1784 15.7
carbon dioxide CO, 44.01 1.53 1.978 14.1
Helium H. 4.00 0.1368 0.178 24.5
Hydrogen H, 2.016 0.0695 0.090 135
Nitrogen N, 28.01 0.967 1.25 14.5
Oxygen 0, 32.00 1.105 1.43 13.2
Table 9.

Properties of protective gases used in TIG welding [23, 35].

and metallurgical structure of the weld area and the area affected by heat. The
following equation is used to calculate the input heat:

60 EI

H=1000s

where its variables include H: heat input based on Kj/in or kj/mm, E: arc voltage
based on volt, I: current based on ampere and S: speed of movement based on in/min
or mm/min.
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TIG method has a large amount of heat input during welding, and the product of
this welding has a large grain size. However, methods such as laser and electron beam
welding have fewer heat input than TIG method, and thus reduce the size of the -
phase grain. But these methods have high cooling rates after welding, which increase
the amount of needle-shaped martensitic phase. The cooling rate of weld is dependent
on the input heat. In Ti-6Al-4 V, phases and various microstructures can be created
under different cooling rates, these microstructures determine the final properties of
the weld. Therefore, when using these methods, after performing the welding, appro-
priate heat operation is needed to enhance the ductility of the penetrative area of weld
and the area affected by heat. Of course, reducing the amount of input heat is desired
to the extent that it does not interrupt the penetration value [35, 41, 42].

2.6 Welding and mechanical properties of Ti-6Al-4 V

The most common method of welding this alloy is TIG, and is usually used for
welding the narrow piece of this alloy. For entire-layer microstructures of titanium
alloys, beta size parameters, size of alpha colony, width of alpha plates and the
presence of grain boundary alpha layer are key microstructural parameters. Among
these parameters, the size of the alpha colony, which determines the effective length
of slip, is more important. By decreasing the size of alpha colony, yield strength,
ductility, microscopic crack germination, and crack propagation resistance increase,
while macroscopic crack propagation and fracture toughness increase with increasing
size of alpha colony. If martensitic microstructure is formed and a slip length equal to
the width of an alpha plate is created, the yield strength is significantly increased [4].

The tensile ductility of entire-layer structure is less than the dual structure.
Microcavities can germinate in the alpha-beta intersection due to high dimension ratio of
the alpha plates. The number of these intersections is high in entire-layer microstructures.

Reducing the initial beta size has a positive effect on tensile ductility. If the
difference between strength among grain boundary alpha layer and transgranular
microstructure is high, cracks can germinate in grain boundary alpha layer and lead to
intergranular fracture [4, 11].

For a welded area, a fine layer microstructure formed in the melting area and the
area affected by heat, has higher hardness than the base metal. The final tensile
strength of the titanium alloy weld area has been reported between 925 and 1060 MPa.
Based on the carried out researches, the weld area can have a greater or lesser strength
than the base metal, depending on the type of welding process and thermal operation
treatment welding. Of course, the martensitic microstructure formed in processes
with a high energy intensity has higher hardness and strength than the weld created
by arc welding methods [43, 44]. Ductility of the weld area can be improved by
thermal operation. However, its amount cannot be increased as much as the base
metal. Ductility can also be improved by reducing the initial beta grain size. One way
to reduce the initial beta grain size is to use pulse current in TIG welding, which can
lead to increase in ductility [42-46]. In the weld area, due to formation of fine layer
microstructure, fracture toughness and growth resistance of fatigue cracks are greater
than the base metal [47].

2.7 Welding parameters affecting weld properties

A part of the weld defects can be eliminated by selecting the right amount of
welding variables. In addition, given that the input heat amount is strongly effective
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on metallurgical properties of the weld, and considering the close direct or indirect
bonding of variables of welding and heat input, these are in fact the welding variables
that affect the metallurgical properties of the weld.. These properties determine the
mechanical properties, corrosion and etc. of a piece. As a result, changing the variables
can change the mechanical properties of the weld [25, 48, 49].

As already mentioned, the effect of changing the parameters of the welding pro-
cess should be sought in how they affect the heat input quantity. Changing the
diameter of the electrode changes the density of current, melting rate, sedimentation
rate and penetration depth. The lower the diameter of the electrode, the higher the
current density and as a result the higher the heat input. On the other hand, in terms
of the operation and apparent quality of weld, electrodes with higher diameter, by
reducing arc instability, reduce the amount of discharge and result in a cleaner work
piece [15]. The change in voltage is strongly effective on the width of the weld area.
The voltage also affects the heat input. The higher the welding voltage, the higher the
heat input [50]. It is predicted that as the current intensity increases, the penetration
depth of the weld will increase due to increase in force on the molten drops. It should
be kept in mind that the diameter of the electrode should also be considered in
choosing the intensity of the welding current. Because as the electrode diameter is
higher, the current intensity must be increased to maintain the current density [51]. In
various studies, various inert gases have been used to protect the molten area of
GTAW welding of steels. In some researches, effect of mixture of inert gases has been
investigated. Inert gases, in addition to the main task which is protection, also affect
the heat and heat transfer in the protection zone. By changing the chemical composi-
tion of inert gases, the protection level varies. Meanwhile, due to the fact that gases
have different heat transfer coefficients, by changing the composition, the amount of
heat transferred by the protective gas changes. On the other hand, the change in the
rate of the protective gas by affecting the amount of heat transferred by the gas is
effective on the amount of heat accumulated in the weld area. It should not be
forgotten that, since protective gas is one of the bases of GTAW welding method, any
change in the protective gas composition or its current rate must be such that it does
not interrupt the protection [52, 53].

2.8 Review on conducted researches

In 2003, Joe et al. evaluated the impact toughness of bonding of Ti-6A1-4 V welded
through GTAW. They prepared Charpy test specimens in such a way that impact
toughness of three areas of base metal, the weld area and the area affected by heat
could be compared with each other. Their research showed that microhardness of the
weld area was higher than the area affected by heat and impact toughness of this area
was also 50% higher than the two other areas. They attributed the improvement of
impact toughness to reduction in the initial alpha grains in the weld area. Grain
boundaries of initial alpha are considered the preferred placed for germination of
microcracks and provide easy routs for crack propagations [54].

In a research in 2008, Balasubramanian et al., with the aim of predicting the tensile
properties of welded Ti-6Al-4 V, applied mathematical modeling of the pulsed current
technique. This modeling was done by taking into account 4 variables in 5 levels of
change and designing the test by response surface methodology. The efficiency of the
model was verified using analysis of variance (ANOVA table). They provided an
efficient model with a confidence level of 99% to predict the obtained weld tensile
properties [31].
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In another research in 2011, Balasubramanian et al. evaluated the growth of fatigue
cracks of Ti-6Al-4 V welded through TIG method, electron beam and laser beam.
They observed the highest and the lowest growth resistance of fatigue crack in the
made weld, respectively, through laser beam method and TIG method. In addition,
the growth resistance of fatigue crack was reduced after welding on this alloy. They
attributed increase in growth resistance of the made weld though laser beam method
to fine layer microstructure in the weld metal caused by lower input heat and higher
cooling rate [32].

In the same year, Balasubramanian et al. examined the effect of type of welding
method on the microstructure and mechanical properties of Ti-6Al-4 V welded
through TIG, electron beam and laser beam. The weld strength made by electron
beam welding was 6% and 2% higher than TIG and the laser beam. This is while the
toughness of the weld made through TIG method was 35% higher than the other two
methods due to presence of needle-shaped phases in grain boundaries and Widgetman
Stroten’s vaporization of o + p-biphasic area. They also reported the Vickers’ hardness
for TIG and electron beam welding, respectively, 403 and 509, and stated that by
correcting the microstructure of the weld metal, it is possible to make changes in
mechanical properties [55].

In 2011, Chen and Pan conducted a research using dynamic controlled plasma arc
to minimize the heat input to a workpiece of Ti-6Al-4 V while maintaining full
penetration.

They reported increase in toughness, hardness and ductility in the weld area due to
reduction in beta-phase grain size, reduction in heat input and inhibition of making
the hard martensitic phase in the penetrative area [9].

In 2015, Bohorquez and Cunha carried out a review study on ultrasonic methods in
arc welding of alloys of titanium, steel and aluminum. They conclude improvement in
the performance of arc welding processes at industrial scale using pulsed arc welding
using the ultrasonic method, especially for alloys such as titanium alloys which have
weldability problems [12].

In 2017, Singh et al. conducted a review study on methods for improving the
penetration depth of weld in TIG welding of commercial pure titanium, aluminum
and stainless steel. They focused on finding ways to eliminate defects in the low
penetration depth of TIG welding and improving the mechanical properties of the
resulted welds, and they knew use of flux (slag) or pulsed current effective to improve
the penetration depth [13].

In 2017, Yang et al. welded the pulsed plasma arc of Ti-6Al-4 V. They reported a 24 to
30 percent decrease in grain size in the penetrative area, and 68 percent increase in the
elongation quantity at frequency of 20 kHz, and a 38 percent increase in the elongation
quantity at frequency of 40 kHz. In addition, in the end they introduced frequency range
of 20-40 kHz as the best frequency range for the welding of this alloy [14].

2.9 Methods for evaluating properties of weld area
2.9.1 Metallography

In metallurgy, it is very important to observe, evaluate and determine the micro-
structure of phases or the components of the material, since it is possible to distinguish
many properties of material and justify many of its behaviors under various condi-
tions by microstructures. To achieve this, a metallographic method is used. Some uses
of metallography is the awareness of the chemical composition and different
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properties of materials, detection of crystalline building, the history of mechanical
work and the history of thermal operation carried out on the sample. To do a metal-
lography, sample must be prepared first. The first step is to cut the piece that we want
to prepare the sample of that. We use a cutter apparatus to cut the piece. This
apparatus, while cutting, creates a coating of water on the piece because the collision
of the cutter with the piece creates friction and increases the temperature of the
cutting location during cutting, and if this temperature does not drop, the phase
structure around the cutting location may change. To solve this problem, water is used
up to decrease the temperature. Till now, the sample has been separated from the
piece. In the next step, mounting muse be done. After preparing the mount, it is time
for sanding; the sandpaper itself consists of 4 rows with numbers 240, 360, 600 and
1000. The sandpaper is soaked by water. The concept of 240 is that it has 240 holes
(groove) per inch in square. First we use sandpaper 240. We select a specific direction
on the sample and then sand toward that direction. By changing the sandpaper, this
time, we will sand the sample in a perpendicular direction to the previous state. When
all the lines are in one direction, we go to the next sandpaper. After sanding, we will
thoroughly wash the sample with water. The next step is polishing, which uses a
suspension (0.3 micron) of Al;O3;. We pour it on a rotating disk fabric. To polish, one
of the following three methods is used: we rotate the sample on the inverse rotation
direction of the disk, or rotate it as shape of 8, or rotate it from side to middle of the
disk, while moving it linearly, simultaneously. We do this 20 times each for 30 sec-
onds. Then we wash the sample with water thoroughly. In the third step, we use 0.05
micron AL,O3 and a softer fabric on the disk. The pressure of the hand should be less
than the previous step. When the sample lines disappear, we wash it with water and
then alcohol. Then we dry it with a tissue paper and a heater. Now, we see the sample
under a microscope. If there are many lines, we repeat one or more stages of the
preparation process, depending on the number and depth of the lines, because these
lines block the correct view of the sample, and sometimes lead to mistakes in conclu-
sion and report of observations. The prepared sample does not show a particular
image of the microstructure. To see the microstructure, we need to etch the sample
(chemical engraving). Then we see the structure under the microscope [56-58].

2.9.2 Hardness

We consider hardness as a material resistance to plastic deformation. Although it is
conceptually different to strength, but they both operate in the same direction. That
is, if the hardness increases, strength increases and vice versa. The strength is a
specific number but the hardness is relative. In the sense that the hardness of a
material is measured relative to another. There are various definitions of hardness that
vary depending on the application. These definitions are as follows:

* Resistance to penetration under static or dynamic forces

* Energy absorption under impact forces

* Scratch resistance

¢ Abrasion resistance

* Resistance to cutting of machining or drilling
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There are different methods to get the hardness value. But in general, there are three
general scale types of hardness: scratch hardness, hardness of return or reflection, pene-
tration hardness. The technique of scratching is mostly used in mineralogy. The intended
object is scratched with different materials. If the scratch does not occur, it shows that
the object of is harder than the material used to scratch, and if not the opposite. This
method is very old. Dynamic hardness test is a non-destructive method. A ball bearing is
located inside a cylinder whose surfaces are burnished. The initial height of the ball
bearing is specific. The cylinder is put on the surface that they want to test the hardness.
The ball bearing falls and the hardness value of the material is measured based on the
return height. The softer the matter, the more energy it absorbs, and therefore the lower
the return height. The hardness in this case is as the unit of energy. Regarding the use of
the third type of hardness test method, the types of hardness test are expressed against
the penetrating object in following. In the hardness test method against the penetrating
object, material resistance to a ball bearing or pyramid with specified dimensions and
determined force is considered as hardness. The higher the resistance, the higher the
handedness. This test is performed in different ways, which are categorized according to
the type of penetrator and the applied pressure:

¢ Brinell

n this method, a steel ball bearing with 10 mm of diameter, 3000 kg of force for
hard metals and up to 500 kg for soft metals are used. Also a tungsten carbide (WC)
ball is used for hard metals. Usually, time of applying the force is between 20 and
30 seconds for iron alloys and 65 seconds for non-ferrous metals. The Brinell hardness
number is expressed according to load on the internal area of the penetration. The
advantage of using Brinell hardness test is that it is less susceptible to surface rough-
ness and scratches than other hardness tests, and also the relatively large size of Brinell
effect is useful in obtaining average local inhomogeneities. On the other hand, this
large size of the effect can make it impossible to use this test for small pieces or pieces
that are under critical stress and formation of penetration can cause fracture in them.
Damage in this method is more than other methods.

* Meyer

In this method, instead of the area of the surface within the penetration, the effect
surface is used. The average pressure between the penetrating surface and penetration
is equal to the force divided by the effect surface. Meyer considered this mean pres-
sure as the hardness, which is a more reasonable value than Meyer hardness.

¢ Vickers

In the Vickers hardness test, a square-base pyramid is used. The angle between the
dimensions is 136 degrees. The reason for choosing this angle is that it is the best ratio
of penetration diameter to the ball diameter in Brinell test. Due to penetrating shape,
this test also known as the Diamond-Pyramid hardness test. The Diamond Pyramid
Hardness Number (DPH) or the Vickers Hardness Number (VH or VHN) is obtained
by dividing the force into the penetration area from the following equations:

_ 2PSin(3)  1.854P

VHN == 2
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In the equation, L stands for average of diameters and P stands for the applied
force. Vickers hardness test is acceptable for research works. Because it conducts a
continuous test of hardness with a specific load from very soft metals with DPH equal
to 5 to very hard materials with DPH equal to 1500. In this mode, the force varies from
1 to 1200 kilograms. Speed of this method is lower and is mostly used for hard
materials. Error is also high in this method because error is high in measuring diame-
ter of the effect. On the other hand, since in this hardness test the applied force does
not depend on hardness of material so it is better than Brinell and Rockwell.

¢ Rockwell

In this hardness test method, a diamond-cone mandrel with a vertex angle of 120
degrees or a steel ball bearing of 1.16 or 1.8 inches is used. Since in this method the
measurement error is low and speed of the action is high and the created effect is
small, so it has many usages. At the beginning, a force equal to 10 kilograms is applied,
which makes the surface need less readiness, and the tendency to create penetration or
protuberance by mandrel. The application of this force also results in the loss of the
oxide layer of the surface, which leads to better result, and then the main load will be
applied. The hardness value in this case is given by the apparatus itself, and it is not
necessary to measure the diameter of the effect and find the hardness number from
the table [39, 59, 60]. In Table 10, the specifications of Rockwell Hardness Tests are
presented.

2.9.3 Tensile test

One of the most important properties of material is resistance to normal tensile
stress. When a piece is affected by tensile stress, it does undergo elastic deformation

Type of Type of Penetrator Force Usage
Rockwell (Kg)
A Diamond-Cone 60 Cemented carbides. Steels that have been
superficially hardened.
B Steel ball bearing with 100 Alloys of copper and aluminum. Soft steels
diameter of 1.16
C Diamond cone 150  Steel-hard cast iron. Steels that have been deeply
hardened
D Diamond cone 100 Steels that have been moderately hardened and

thin steels

E Steel ball bearing with 100 Cast iron. Alloys of Al and Mg. Bearing metals
diameter of 1.8

F Steel ball bearing with 60 Annealed copper alloys
diameter of 1.16

G Steel ball bearing with 150 Phosphor bronze. Copper. Be. Malleable iron
diameter of 1.16

H Steel ball bearing with 60 Al Pb. Zn
diameter of 1.8

Table 10.
Specifications of Rockwell hardness tests.
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until it reaches its elasticity, and stress and strain follow Hooke’s law. The coefficient
of this equation is called elastic modulus, which depends on the inherent conditions of
materials. In the stress—strain diagram, the spot that shows the required stress to begin
the plastic deformation, is called the elastic limit and the intended stress is called yield
stress. Frangible materials get fracture after this stage, but other materials enter the
plastic deformation stage. The increase in force continues as long as the effect of
increasing the force is higher, due to hardness work, than effect of reducing the force
due to reduction of the cross section, and when the two effects are equal, the force
applied to the sample reaches its maximum value and at this point, the object starts to
necking from the weakest point. Then increase of force continues until the material
reaches a breakpoint and the stretch test is completed. To perform the tension test, the
tensile test samples must first be prepared according to ASTM standards. The test
consists of the following steps:

* To specify length of the gage on the sample. Length of the part that has the
minimum diameter is called gage. Length, width and thickness of the gage are
measured with the caliper.

* To place the gage part of the sample in the jaws of the apparatus, to proliferate
the relative length and to decrease the cross-section.

* To set the initial status of the apparatus to zero and the speed of the jaws.
* To draw a curve of force variation in terms of length proliferation.

* To measure proliferation of the relative length and to reduce the cross-section
after fracture of samples [39, 56, 59].

3. Experimental methodology
3.1 Research objective

Properties such as biocompatibility, corrosion resistance and a high strength ratio
to weight have led to the use of titanium and its alloys, in spite of high prices in the
pharmaceutical, petrochemical, aerospace industries. In many of these applications,
the need for titanium jointing or their alloys is in a variety of ways. One of these
jointing methods is welding. One of the most commonly used methods of titanium
and its alloys welding is the arc-method of tungsten-neutral gas electrode. The vari-
ables of this process have a direct impact on the properties of the final product.
Therefore, when welding of these alloys is required in different applications, the
choice of welding variables should be achieved in such a way that the final micro-
structure and desired properties are obtained. In this welding process, variables such
as current intensity, welding voltage, welding speed and protective gas have a signif-
icant effect on the final properties of the product. The purpose of this study is to
investigate the impact of the input heat variety (welding current intensity) on the
microstructure and mechanical properties of alloy-welded parts in Ti-6Al-4 V by arc-
method of tungsten-neutral gas electrode. For this purpose, welding operation was
done by selecting three current intensities of 80, 90 and 100 amperes and the results
of the analyzes for these three current intensities were compared.
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3.2 Laboratory facilities and raw materials

In this study, tungsten non-consumable Manual Metal, Ti-6Al-4 V sheets, argon-grid
gas 6.0 as a protective gas and consumable and non-consumable welding wires of ER Ti.5
and EW Th.2 were used. The used welding machine was the manufacture of the Gam-
Electric company, the 400 model. The work-piece was jointed to the positive pole and
the electrode was jointed to the negative pole and the polarity of welding was DCEN.

3.3 Method of performing the research

On six sheets of 250 x 125 x 2 mm of Ti-6Al-4 V, three tests of PQR were used
with welding process with non-consumable tungsten electrode with neutral gas pro-
tection with different welding variables. Then, the samples were joined by GTAW
welding method by Square Joint with a number of welds. The welding operation at the
first stage was performed at a current intensify of 30 amps, but the weld did not
penetrate completely back of the sample and the test failed. At the next stage, in order
to achieve full penetration, the sample joint model was changed from Square Joint to V
shape, and the back-weld was used to protect the molten pool on back strain gas. In
this case, the current intensity increased to 50 amps, and again, no full weld penetra-
tion was achieved after welding operation. At the last stage, the current intensity
increased to 80A according to the above method, and in this case, full penetration was
achieved. PQR test were taken with the current intensity of 90 and 100 amps in the
second and third joint samples, and, as in the first case, a full penetration was

Current intensity 80 amps and 90 and 100
Voltage range 11-13

Joint model V shape

Groove Angle 60 degree
Current Rate Lit/min 25

Consuming Gas

Argon with a purity of 99/9999%

Tungsten Metal diameter

6 mm/1

Welding Wire Diameter

1 mm

Type of welding wire and consumable and non-
consumable Welding speeds

ER Ti-5 s EW Th-2

Welding speeds cm/sec 0.22 (for 80 amps current intensity)
cm/sec 0.263 (for 90 amps current intensity)
cm/sec 0.33 (for 100 amps current intensity)

Root Opening mm 0-1

weld Bead 5-7 mm

Number of weld layers 1layer

N/A Pre-heat

N/A PWHT

Gas current rate 12 lit/min

Table 11.
Specifications and variables of the performed welding processes.
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obtained. It should be noted that all tests were performed according to ASME Section
IX standard.

Table 11 shows the variables and Specifications of the performed welding opera-
tions. Also, the images of the performed welding operations have been in Figure 9.

3.4 Study methods and evaluating the properties
After the welding operation, the welding joint site was investigated using an optical
microscope after metallography, so that the impact of changing the current intensity is
investigated on the resulting microstructure and also their comparison is conducted
with each other and with the base metal. In order to investigate the mechanical proper-
ties, samples were sent to Razi Foundation for Applied Sciences Laboratory for tests of
¢ Tensile,

* Impact and

* Hardness and Metallography

Figure 9.
Images of performed welding operations.
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By the center.
In the next chapter, we will present the results of these experiments and will analyze
and review them, and these results will be compared with the results of other studies.

4. Results & discussions
4.1 Introduction

This section has analyzed the data and the obtained results from the experiments.
As it was already stated, these experiments have been performed on Ti-6Al-4 V. Three
different electrical current intensities (welding amps) have been used to conduct
experiments that included 80.90 and 100 amps, and the impact of the electric current
intensity on the welding specifications has been studied. For this purpose, the weld
hardness, and as well as the tensile strength of the samples have been studied and
compared with the base electrode samples. In addition, the gained microstructure of
the weld has been evaluated and studied in different welding areas and its different
phases have been analyzed. In this chapter, the impact of electrical current has been
analyzed on mechanical properties. Elongation increase:

Elongation increase has been measured also in this experiment. Elongation increase
least rate has been related to the samples that have been jointed with the least current
rate (80 amps) and it has been about 30% less than those that have been jointed to
each other with current s above 90 and 100 amps. Elongation increase expresses the
flexibility in some degree and has an inverse relationship with the weld strength. Its
reason for this can be attributed to the weld structure, so that in welds that have been
welded with a current of 80 amps, the beta phase has been more precipitated in the
welds boundary, which causes the weld flexibility to decrease and Elongation Increase
also decreases (Figure 10).

4.2 Tensile test

One of the most important welding targets in metals is to create a higher strength,
or at least equal to the base metal, which can withstand the forces applied to the
sample. In all welds, an attempt is made to increase the strength of the weld above the
base metal, and there be no break in the weld and adjacent area of the weld and the

Alongation
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1.5
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0.5
= _ 80 90 100
_—C—Alongation 2 3 3

Figure 10.
Current effect on elongation increase.
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break is made in the base metal. One of the most important tests for weld quality
measurement is tensile test. In this test, the original sample and then other samples
have been examined. Each sample has been tested three times for tensile test.

4.2.1 Yield strength

Yield strength for the measured samples is observable in the below figure. As it is
known, the highest yield strength belongs to the current of 80 amps, due to the high
percentage of beta phase, and as well as the impact of welds size (Figure 11).

By increasing the current rate, due to the change in the input heat rate to the weld
area and also the change in the speed rate of the electrode, we observe that the yield
strength decreases, so that with an increase in the current from 80 to 90 amps, we
observe a 4% decrease in Yield Strength, and we will have a 21% decrease in strength
by current increase to 100 amps (compared to 80 amps). In short, with welding
current increase, we will observe a decrease in Yield Strength.

4.2.2 Ultimate strength

Ultimate Strength of the samples also has been measured also that has been shown
in the below figure. As it is known, the highest Ultimate Strength belongs to the
current of 80 amps and the lowest strength rate is also related to the current of 100
amps, which can be attributed to how the structure of the welds is changed, which the
beta phase that is a needle-shape, it has been formed about 40% of the ground phase
in the current of 80 amps, but in the current of 100 amps, about 30% of the ground
phase is due to the needle-shape phase of the beta phase, this phase increases the
ultimate strength of the weld, and during the 90 amps, 35% of the ground phase
belongs to the beta phase. Also, the alpha phase, which somewhat reduces the
strength, has the highest rate at 100 amps, with an approximate ratio of 70%, but
within 80 Amps, only 60% of the phase forms the alpha phase. This structure change
affects the ultimate strength of the weld (Figures 12 and 13).

Generally, the current increase to 100 amps has improved the welding conditions
and has made it possible to achieve the lowest strength rate, which is above 1000
mega-Pascal, that it is because of the reduction of the input thermal energy to the weld
area, due to the electrical current, which causes improvement of the localized melting

yield strength
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Figure 11.
Yield strength of samples that have been welded with electvical current intensities of 80, 90 and 100 amps.
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Figure 12.
Ultimate tensile strength of samples that have been welded with 80, 90 and 100 amps.
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Figure 13.

Comparison of the ultimate strength and the tensile yield strength of the samples, which have been welded with
electrical currents intensity at 80, 90 and 100 amps.

phenomenon and the melting of the two edges of the weld occurs better, which
increases the flexibility of the welding.

In fact, the reason for increasing strength can be attributed to the weld micro-
structure, and the microscopic structure indicates that the weld area includes the
alpha phase coarse-grain, and granular (bright) and the grain boundary phase of beta
(dark). The beta phase stagnation in the alpha phase causes locking and the strength
increase, but at a 100-amps the needle density (beta phase in alpha), the current ratio
of 80 and 90 amps has been lower, which causes the strength of these samples reduces
in comparison to two samples. The transformation of the base metal needle-shape
structure (which increases the strength), into a coarse-weld structure is the main
factor in affecting the mechanical specifications.

4.2.3 Micro-havdness

Vickers Micro-hardness test has been used to measure the hardness of the samples.
Hardness test results show that increasing the electrical current reduces the weld
hardness. As the electrical current increase causes the temperature increase and
because of that the gradient beta phase has been decreased and the mechanical prop-
erties of the samples have been changed and the mechanical specifications of the
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samples have been changed and the increase of the electrical current causes the fine-
weld structure in the weld area, which increases the hardness of the material.
However, the three samples tested showed different harnesses, but this hardness
was tolerable in a reasonable range, so that the difference is less than 2% of the
average hardness of the samples, due to the lack of uniformity of the phases.

4.2.4 Hardness test (Vickers) for current of 80 amps

Measuring samples that have been welded with a current of 80 amps, show that
they have a higher hardness than the original metal sample (Figure 14).

4.2.5 Havdness test (Vickers) for curvent of 90 amps

The reason for the low hardness of samples that have been welded with a current
of 90 amps can be attributed to the microstructure of the samples. In the current of 90
amps, we observe a coarse-grained structure that this coarse-grained structure
reduces the hardness. The least difficulty related to the heat affected area, which is
due to the effect of the annealing heat, due to the process which makes the area soften.
In fact, the input heat rate in the affected area increases the grain size, resulting in the
strength reduction and ultimately, the hardness reduces too (Figure 15).

4.2.6 Hardness test (Vickers) for 100 amps

The hardness of the samples have been welded at 100A has been measured and
shows that these samples have a higher hardness than the base metal (Figure 16).

In this test, with increasing the current to 80 amps, we see an increase in the weld
hardness, but the hardness decreases during 90 amps and eventually the hardness
increases to reach the highest level by increasing the current to 100 amps (Figure 17).

The size and morphology of these grains depend on the heat transfer during
freezing. The first determinant of grain size is the weld input heat. In this way, the
grain size will be larger if using higher output heat. The mechanical properties of the
melting area of titanium, depend on how the phase state changes during cooling in the
phase stability temperature range, in addition to the initial grain size. The ultimate
microstructure depends on the cooling speed above the state change temperature,
which itself is a function of the welding process type, process parameters, and other
welding conditions, such as the geometric shape of the piece and the method of
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Figure 14.
Comparison of the hardness of the samples that have been jointed with the electrical current intensity of 80 amps.
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Comparison of the havdness of the samples which have been jointed with the electrical current intensity of 90 amps.
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Figure 16.

Comparison of the hardness of the samples which have been jointed with the electrical current intensity of 100amps.
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Figure 17.

Comparison of the hardness of samples that have been jointed with different electrical current.
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fastening the piece. The microstructure is very fine and needle-shape, and its mechan-
ical properties are strength and hardness versus low flexibility. The microscopic struc-
ture indicates that the weld area includes the alpha phase coarse-grain, and granular
(bright) and the grain boundary phase of beta (dark). The formation of a base metal
needle-shape structure that causes increasing the hardness to the base metal, and as well
as coarseness of grains, is also responsible for affecting on mechanical properties such as
hardness. However, in 100 A, the needle density (beta phase in alpha) has been lower
than 80 and 90 A, which causes the reduction of the hardness of these samples than the
other two. The formation of a base metal needle-shape structure, which causes the
increase of the hardness to the base metal, and as well as coarseness of grains, is also a
factor in affecting on the mechanical properties such as hardness.

4.2.7 Impact test: Charpy test

One of the tests that indicates the toughness of the material is the impact test. This
test shows the weld energy level. One of the characteristics of titanium is toughness and
malleability, which makes it absorb the energy of the hits and the forces and is not
broken like a cast iron and Regarding that a good weld should be like the base metal, that
does not cause a change in the structure and mechanical properties, so a good weld
should also retain the toughness. The results of Charpy test for 80, 90, and 100 amps
indicate that the toughness of the weld increases, by the electrical current increase and
more energy is in need to break the weld. Titanium alloys contain one or more phase
stabilizing elements, and their welding can effectively change the strength, flexibility
and toughness of the weld-metal and the adjacent area of the weld. Usually, if these
alloys contain more than 20% of the beta phase, their weldability is considered to be
weak. Titanium beta alloys contain sufficient amounts of beta phase stabilizing elements.

This group of titanium alloys can be welded, but those beta-type titanium alloys
that contain high amounts of phase-stabilizing elements have poor weldability
because the welding metal has a high tensile strength. The mechanical properties of
the welding zone, including the toughness of the titanium alloys, depend on the
microstructures of FZ and HAZ areas, where the results of the Charpy test for 80, 90
and 100 amps indicate that with increasing electric current, the toughness of the
welding increases and more energy is needed to break the weld, that its reason can be
attributed to the change in the alpha and beta phases.

Scatterplot of Charpy impact test )J) vs Current (A)
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4.2.8 Welding section

The weld cross-section is semi-elliptic (pelvis-like), in which three distinct areas
can be identified. Base metal area, weld area (pelvis-like) and heat affected area
(Figure 18).

The area of the welded area and the heat affected area are directly affected by the
welding parameters, and the welding parameters make this area smaller or larger. It is
more appropriate that the welding area be smaller to give a good look to the piece and
it will be suitable if the strength is appropriate.

Scatterplot of S(mm2) vs Current (A)
37.2
- -
37.1 e
-
37.0 1
L ]
36.9 A
‘g 36.8
7 36.7
36.6 -
36.5 1
36.4 1 e
36-3 o T T T
80 90 100
Current (A)

The area of the welded area and the heat affected area directly are affected by the
welding parameters. The expansion of the weld area to the end of the metal will have a
great effect on the quality and strength of the weld. For better examination, the weld
is cut transversely, so that the cross-section can be clearly seen. In samples have been
welded with less than 60 amps electrical current, it is clear that the lower area of the
pieces is not well welded to each other, due to the lack of penetration of the tool into
the lower part of the pieces, which it caused the pieces have not been fully jointed. The
low electric current has been caused the metal in the two lower parts of the screen
cannot be well-drained, which this will reduce the ultimate strength of the weld. The

Figure 18.
Different areas of welding a: Welding area and mixing B: Heat affected area C: Base metal.
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higher the electrical current, more heat will be produced, therefore the area of these
two areas extends.

4.3 Metallography

For metallography of the weld samples, first they have been cut transversal, and
the cut surface has been polished by the polish machine. Standardization of metallog-
raphy has been carried out using ASTM E3-11 standard. After polishing the samples,
using the etching process, samples have been prepared to see below under the micro-
scope. For this purpose, the etching process has been used according to ASTM E407-
2015 standard. Kroll solution has been used to visualize it. Also the process of optical
microscopy has been performed according to ASTM E883-11 standard. Microscopic
structure in base metal includes the alpha phase coarse-grain, and granular (bright)
and the grain boundary phase of beta (dark).

4.3.1 Microstructure in base phase

The structure of the base metal is more regular and fine grain. In all samples, the
alpha phase has been dominant, and the beta phase is observed only in the grain
boundary (Figure 19).

Microstructure in the weld area includes the alpha phase fine-grain, and granular
(bright) and the grain boundary phase of beta (dark).

4.3.2 Microscopic structure in the weld area

The fine grain structure in the weld area affects both the hardness and the tensile
strength in accordance with Hall’s hypothesis. It shows the microstructure of the
affected area by heat, which is the same coarse-grain and needle-like jagged micro-
structure. Partial melted grains in the common solid-molten area are suitable sites for
solid phase growth into the molten pools. The grains are increased in as the surface
from the common solid-molten area to the weld line-center. Because the mechanical
properties of the weld, especially its flexibility, depend on the grain size (Figure 20).

4.3.3 Microstructure due to weld

The following figure shows that the microstructure of the weld area is fine-
grained, needle-shape and jagged. Titanium at medium temperature and pressure has

Figure 19.
Basic metal microstructurve with two magnifications for 80 amps.
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Figure 20.
The microstructure of the heat affected area with two magnifications for 80 amps.

a HCP crystalline structure with a compression ratio of (c/a) 1.587 (a phase). At 890
degree, Titanium is transformed into a p-phase with the crystalline BCC structure by
the allotropic transformation, which this structure remains stable until the melting
point (1678 degree). An increase in the electrical current increases the temperature
during the process, which due to that, beta grain boundary phase has begun to grow
and is increasing, and this increase in the beta phase in the weld area is higher than the
heat affected area, due to the higher thermal gradient. Another factor influencing the
beta phase increase is the cooling rate, which is highly dependent on the linear speed
of the tool and the rotational speed of the tool has a minor effect, but it also can be
ignored the effect of the cooling rate on the grain size of the beta phase and its
amount, due to the linear speed constant in the disorder friction welding process of all
five samples (Figure 21).

4.4 Material microstructure evaluation

During the welding operation, the microstructure of the weld area and the affected
areas by it change, so evaluating these changes can help you understand the effects of
the parameters on the mechanical and physical properties of the weld. For this pur-
pose, the samples have been metallographed and then have been examined by optical
microscopy. First, the microstructure of the base metal has been evaluated. The two
phases of alpha and beta are the main phases of this alloy that can be clearly seen. The
bright areas are related to the alpha phase, and the dark areas are also related to the
beta phase (it should be noted that these two phases consist of two different crystal-
line structures). As it is evident in the figure, these two phases are completely

Figure 21.
Welded area microstructure with two magnifications for 80 amps.
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Figure 22.
Base material microstructure.

dispersed in each other, and the dominant phase is the alpha phase that the beta phase
has been dispersed inside it (Figure 22).

4.5 Heat affected area

One of the areas that greatly affects the quality of the weld is the area affected by
heat, which the microstructure of the area specifies the site and the type of weld
break. The cold and stronger area around the weld area resists against the form that
makes the affected area by thermo-mechanical operation. The specifications of the
made form change in this area may also be covered by subsequent fuzzy transforma-
tions due to thermal cycles occurring during the process. Microscopic images show
that the structure of the base metal, which is coarse-grain, has been turned into a more
fine grain structure (of course relatively) in the heat affected area. Of course, this
effect is less visible in samples that have been jointed in a low current. For example, in
samples that have been jointed in 80 amps, also it is seen the structure of the alpha
field along with the beta phase and is similar to the main metal, and this structure is
more similar to the base metal, but we see the grains coarser and decrease of the
betabphase with an increase in the intensity of the current to 90 amps and clearly
coarseness of grains is visible in 100 amps (Figure 23).

Zaacs e R

80Amp 90Amp 100Amp

Figure 23.
Heat affected avea microstructuve in three different samples: A(80 Amp), B(90 Amp), C(100 Amp).
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4.6 Weld area

Weld area is the most important Weld area that determines the quality of the weld.
All the intermixing and thermo-dynamic phenomena happen in this part, so the micro-
structure of this area is very important. The special specifications of Titanium weld area
are the presence of coarse grains during solidification of the weld metal in the molten
pool area, resulting in a sharp decrease of its flexibility. The microstructure have been
jointed in the samples with the least electrical current that they show the needle struc-
ture of the base metal has been converted into the coarse-grained structure in the
samples, and as the electrical current increases, the size of the grains is also increased, so
that the size of the grain in the metal weld area which has been jointed to with 100 amps
is greater than the size of the grain of the weld area which has been jointed with 80
amps and the density of the needle-shape of the samples has been also increased.

This increase in density of the needle-shape (the placement of the beta phase in the
alpha phase) affects the mechanical properties of the samples, which has been increased
the strength of the samples compared to the base metal samples. The transformation of
the needle-shape structure of the base metal (which increases the strength), into a
coarse-grained structure is the main factor in effect on the mechanical properties. In
fact, in the low currents, the made heat softens the weld (Figure 24).

The weld structure in samples that have been jointed with high-current shows that
these structures contain a large number of needle-shape grains, which this is far more
than the base metal.

Needle-shape grains behave like dislocation and prevent the movement of the
material in the tensile test process and cause the weld strength increases compared to
the main metal and break does not occur in the weld area. This mode is an ideal weld.
But the interesting point is being needle-like density in a sample has been welded with
90 A, which being needle-shape density was reduced with 80 A and 100 A, which
reduces its mechanical properties, which is also confirmed by tensile and hardness tests.

In the molten welding, titanium alloys, non-alloy titanium and alpha titanium alloys
have a good weldability. That is, there is no significant difference in terms of microstruc-
ture and mechanical properties between the weld areas, the adjacent to the weld area and
the base metal, and the resulting weld has sufficient strength with suitable flexibility.

4.7 Experiment results
4.7.1 Effect of electric curvent on the weld hardness

The results of the experiments show that the hardness of the base metal is always
more than the hardness of the weld, which can be attributed to the softening and

90Amp 100Amp

Figure 24.
Weld area microstructure in three different samples: A(80 Amp), B(90 Amp), C(100 Amp).

137



Titanium Alloys - Recent Progress in Design, Processing, Characterization, and Applications

coarse structure of the metal in the weld area, where the output heat only results in
the coarse-grain of the weld area and, as a result, increased hardness. Of course, with
increasing the rate of electrical current from 80 amps to 100 amps, we will face the
reduction of the hardness, because the intensity increase in the electrical current will
reduce the heat to the welded area and the intermetallic compounds will not be
formed that will affect the hardness. Therefore, it can be expected that by increasing
the electrical current above this rate, we can observe the reduction of the hardness of
the weld above the base metal. It should be noted, however, that during 90 amps, the
hardness decreases that can be related to the alpha phase intensity and the beta phase.

4.7.2 Effect of electrical current intensity on strength

Samples have been tested by tensile test to obtain the tensile strength of the
samples to investigate the effect of electrical current intensity on the weld quality. The
results of the experiments show that samples that have been welded with a current
rate of 80 and 90 amps have a higher strength than the base metal and break does not
occur in the weld. Of course, the samples that have been welded with an electrical
current of 100 amps have a lower strength than the two previous samples, but this
experiment showed that the lower level of the electrical current rate that causes the
weld does not have the required quality is below 80 amps (according to other param-
eters of this experiment).

4.7.3 Eﬁ”ect of welding curvent intensity on micvostructure

Microscopic results show that the structure of the base metal consists of coarse-
grained alpha-beta phases that have been interpenetrated in needle-shape form, which
this structure is converted to a coarse-grain structure with a needle-shape low density
in high electrical current intensity in the weld area, which is one of the main reasons
for reducing the weld strength which causes no barrier (grain boundary) against
material flux and consequently reduces the strength of the material, so that in samples
that have been jointed with higher electrical current, we observe the lower hardness
and strength.

4.7.4 Offers

Considering the great capabilities of titanium welding and the gained experiences
in this research, suggestions are suggested for improving this method:

1-Performing the process inside the neutral gas:

Due to the high impact of titanium on the environment and the possibility of
entering nitrogen, hydrogen and oxygen gases into the weld pool, it is suggested that
this process is also carried out in a vacuum environment to increase the weld quality.

Chapter four Appendices figures: (Welding Procedure Specification).
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Abstract

Titanium is one of the most attractive elements, due to its unique advantages such
as stability, recyclability, activity under light absorption, cheapness, and safety. The
special characteristics of titanium include different oxidation states, high coordination
number of Ti*', and the ability to form strong bonds with oxygen and different ligands,
making it a good candidate for the construction of the new composite named metal-
organic framework or briefly MOF. MOFs are composites that have opened a new
window toward the scientific world due to their special structure that makes them have
some properties, including the highest surface activity, high porosity, tunable pore, and
high flexibility in design that make them useful in different applications, such as gas
storage and separation, liquid separation and purification, electrochemical energy stor-
age, catalysis, and sensing. Titanium, due to the mentioned properties, has been used as
anode in the structure of different MOFs and applied in different fields.

Keywords: titanium, MOF, photocatalyst, modification

1. Introduction

Coordination polymers (CPs) are a class of compounds formed by metal ions
(or clusters) coordinated to multidentate organic and/or inorganic ligands. Metal-organic
frameworks (MOFs) are a special group of CPs with porous and crystalline one-, two- or
three-dimensional structures. These compounds are composed of metal ions or well-
defined secondary building units and organic linkers that are connected by coordination
bonds and other weak interactions or noncovalent bonds, such as H-bonds, n-electron
stacking, or van der Waals interactions [1]. In the 1960s, the MOF kind of structure
was firstly introduced by Tomic and others [2-4]. In the 1990s, research on MOF was
developed by Robson et al. [5, 6] and later by Yaghi et al. [7].

After the discovery, synthesis, and characterization of the first known MOF
structure, MOF-5 ([Zn, (BDC) 3] (DMF) ,) by Yaghi and coworkers in 1999, a rapid
advancement has been made in the chemistry of MOFs [8]. The increasing interest in
MOF research can be attributed to their amazing properties, including high specific
surface area, ultra-high porosity, tunable surface chemistry, functional diversity, and
crystallinity [9].
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The main goal of this chapter is the use of titanium as a node in the design of
metal-organic frameworks. To achieve this goal, we will specifically investigate the
characteristics and properties of titanium as a component in the design of metal-
organic frameworks. In the following, considering the features and advantages men-
tioned in the text for titanium, we will introduce the types of titanium-based MOFs,
synthetic methods, and applications. Eventually, the comparison of the properties
and performance of titanium-based MOFs with other metal-organic frameworks is
discussed.

2. Synthesis of MOFs

MOFs are constructed by connecting inorganic and organic building units through
coordination bonds. The inorganic units can be monovalent (Cu*, Ag®, etc.), divalent
(Mg, Mn*", Fe**, Co**, Ni**, Cu™", Zn**, Cd™, etc.), trivalent (AP’*, S¢**, V**, Cr”,
Fe*, Ga*, In*, lanthanides®, etc.), or tetravalent (Ti*", Zr**, Hf**, Ce*, etc.) metal
cations or clusters, namely secondary building units (SBUs) (e.g., Zn,O(COO)g,
Cuz(COO)4, Cr3O(H20)3(COO)6, and ZI'6O4(OH)10(H20)6(COO)6) [10] . These
inorganic units are connected by coordination bonds to organic linkers, which com-
monly contain carboxylate, phosphonate, pyridyl, and imidazolate, or other azolate
functional groups [11].

Different synthesis methods have been developed and applied to synthesize MOFs
to achieve the required properties in terms of shape, surface morphology, and others
for various applications. The major synthesis methods of MOFs include hydrothermal
(solvothermal) synthesis, mechanochemical synthesis, microwave-assisted synthesis,
sonochemical synthesis, and electrochemical synthesis [12-15].

Solvothermal/hydrothermal synthesis is the most conventional method for the
synthesis of these compounds. If water is used as a solvent, this method is termed as a
hydrothermal method. This method generally consists of the self-assembly of soluble
precursors, which contain the metal and the organic component. The key point of
this method is the selection of the appropriate solvent because the solvent acts not
only as a reaction medium but also as a structure-directing agent. Some examples of
this synthesis include MOF-5 [16], MOF-74 [17], ZIF-8 [18], and Uio-66 [19]. The
advantages of this technique are a large operating temperature range, relatively easy
transposition, and high yield. Disadvantages include high energy consumption and a
long reaction time [20].

Another commonly used method is mechanochemical synthesis, which is a green
approach performed by grinding a mixture of the organic linker and metal salt in an
agate mortar and pestle or in a ball mill and in the absence of solvent. Examples of
this method include HKUST-1 [21], ZIF-4, and ZIF-8 [22].

In microwave-assisted synthesis, energy for the reaction is provided in the form
of microwave radiation (MW). Advantages include a reduction in crystallization time
and higher yields, on the other hand, disadvantages include difficulty in controlling
the shape and size and the lack of a direct method for scale-up [20]. Examples include
CoMOF-74 [23] and Cr-MIL-100 [24].

The ultrasonic/sonochemical method is another efficient synthesis of MOFs
under ultrasonic irradiation. The impact of ultrasound on liquid and colloid systems
is mainly caused by acoustic cavitation, which would be the production, growth,
and implosion of bubbles within the solvent. The advantages of this method
include homogeneous particle size and morphology in short periods of time and the
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formation of stable structures due to the high energy and high pressure created dur-
ing this process [20]. Fe-MIL-53 [25] and MOF-177 [26] are some examples of MOF
materials synthesized through this ultrasonic method.
In the electrochemical method, metal ions rather than metal salts are introduced
in the anode, whereas an organic linker is placed at the cathode and the electrochemi-
cal cell is filled with conducting salt. This technique was reported by BASF in 2005.
The advantages of this method are avoiding anions, such as nitrates, from metal salts,
lower temperatures of reaction, and extremely quick synthesis [12]. Some examples
of this synthesis are ZIF-8 and MIL-53 (Table 1) [27].

Synthetic method Advantages Disadvantages Examples Ref.
Hydro(solvo)thermal 1. Large operating 1. High energy con- MOF-5 [16, 18]
temperature range sumption ZIF-8
(ie., between 8o and 2. Long reaction time
250°C)
. 3. Expensive
2. Easy transposition pressure-sealed
3. High yield metal vessels and
heating ovens
Mechanochemical 1. Solvent-free synthetic 1. Difficult isolation HKUST-1 [21,22]
method single-crystals for ZIF-4
2. No need for tempera- X’“‘?’ diffraction
studies
ture and pressure
2. Formation of Sec-
ondary phases
Microwave 1. Reduction in crystal- 1. Difficult to CoMOF-74 [23,24]
lization time isolate large single Cr-MIL-100
2. High yields crystals
3. Possibility to control 2. Tl.1e lack of 2
direct method for
morphology, phase se- 1
lectivity, and particle scale-up
distribution
4. Simple method and
easy to control the
reaction parameters
Ultrasonic 1. Homogeneous particle ~ Destruction of Fe-MIL-53 [25,26]
size and morphology crystallites hindering MOF-177
2. Short reaction time t}.1e formation of large
single crystals
3. Formation of stable for X-ray diffraction
structures studies
4. Suitable method for
the preparation of
nanosized MOFs
Electrochemical 1. Avoiding anions such Rarely reported ZIF-8 [27]
as nitrates from metal method for synthesis MIL-53
salts of MOFs
2. Low temperatures of
reaction and extreme-
ly quick synthesis
Table 1.

The advantages and disadvantages of the different methods.
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3. Applications of MOFs

MOFs have been attracting great attention in the past several decades mainly
because of their outstanding properties, including high specific surface area, ultra-
high porosity, tunable surface chemistry, functional diversity, and crystallinity [9].
These properties make them good candidates for use in gas storage and separation
[28, 29], catalysis, drug delivery, and sensing [30].

Common methods of gas storage require high-pressure tanks and multistage
compressors, which are difficult and expensive. MOFs provide a simpler and safer
storage method, owing to their high surface area, high porosity, and tunable pore
structure. To date, numerous MOFs have been applied for gas storage. PCN-12 [31],
MOF 210 [32], and NU-100 [33] are some examples for H, storage. MOFs also have
great potential to perform gas separations as adsorbents. In 2014, Yang et al. reported
a hydroxyl-functionalized AI-MOF (NOTT-300) with high selectivity for C,H,/C,Hg
separation [34].

MOFs have shown great capability in heterogeneous catalysis due to their unique
features. Numerous MOFs have been reported as catalysts in photocatalysis reactions,
electrocatalysis reactions, and organic transformations, such as oxidation, epoxida-
tion, and Knoevenagel condensation [35]. These compounds are commonly employed
as heterogeneous catalysts in the form of pristine solids or post-synthetically modi-
fied ones. One of the earliest studies in the field of MOF catalysis was reported in
1994 by Fujita et al. They constructed a two-dimensional (2D) network of Cd(4,4'-
bpy)2(NOs), by reaction between Cd(NOs), and (4,4'-bpy), and used it as a hetero-
geneous catalyst for the cyanosilylation of aldehydes [36]. The first experimental
evidence of photocatalytic activity on a MOF (MOF-5) was published in 2007 [37]. To
date, many researches have been made in the area of MOF-based photocatalysts. For
example, Leng et al. reported an indium-based MOF, USTC-8(In), which exhibits an
excellent photocatalytic activity for H, production [38].

Researches on MOFs as drug carriers have been developed in biomedical fields
due to their features, such as drug loading ability, biodegradability, and adaptable
functionality. According to the enhanced stability, enormous porosity, and large
pore volume of the MIL family, they are an attractive candidate for the storage and
controlled release of biologically important molecules [39]. Serrey and Férey et al.
demonstrated encapsulating drug molecules (Ibuprofen) in chromium carboxylate
MOFs, MIL - 100 and MIL - 101, exhibiting drug storage capacities of 35 wt% and
140 wt%, respectively, and controlled drug release behavior of 5 to 6 days under
physiological conditions [40].

In addition to the applications mentioned above, MOFs can be used as sensors in
different fields. A sensor is a device that can receive, respond, and detect a signal.

In MOF-based devices, the sensor responds to different external stimulations, such

as stress, mass, optical, and environmental changes. MOFs, which can be excited by
absorbing UV-visible light, are considered as photoluminescent. Both the metal and
the linker increase luminescence. Lanthanides like Eu, Tb, Dy, Sm, Nd, Gd, Er, and
Yb are employed as luminescent metal ions owing to their electronic transition from
d- to f-orbitals. Naphthalene, anthracene, pyrene, perylene, and stilbene types of
ligands are used for the synthesis of luminescent MOFs [15]. As an example, HKUST-1
has shown a color change from turquoise to green as a result of the exchange of Cu**-
coordinated water with pyridine (Table 2) [44].
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MOF Metal node Linker Application Ref.
Ui0-66 Zrs04(OH), Benzene-1,4-dicarboxylic acid Ring-opening [41, 42]
reaction
cyclization
HKUST-1 Cu(II) 1,3,5-Benzene tricarboxylate Esterification
Ti-MOF- Ti(IV) Bis(4'-(4-carboxyphenyl)- Photocatalytic H, [43]
Ru(tpy), terpyridine) Ru(II) production
complex
PCN-12 Cu(II) 5,5'-Methylene-di-isophthalate H, storage [31]
Al-MOF AI(IIT) Biphenyl-3,3',5,5'- C,H,/C,Hg separation [34]
(NOTT- tetracarboxylic acid
300)
MIL - 101 Cr(III) 1,4-Benzenedicarboxylate Drug delivery [40]
HKUST-1 Cu(II) Benzene-1,3,5-tricarboxylate sensor [44]
Al-ATA-Ni AI(III) 2-Aminoterephthalate Photocatalytic water [45]
MOF splitting
Zr-MOF, Zrc04(OH), Dibenzoate-substituted Oxidation [46]
2,2'-bipyridine dibenzoate
IRMOFs Zn,0 Benzene-1,4-dicarboxylic acid Alkylation [47]
(MOF-5)
Table 2.

Different applications of MOF.

4. Different types of MOFs

MOFs can be divided into different types based on their metal nodes. Metal
nodes may vary from the s-block, p-block, transition metals, or even rare earth
metals. S-block main group elements, alkali and alkaline earth metals are rarely
used because of their low stability and difficulties in the structural formation of

MOFs. In spite of their limitations, they have some advantages, including naturally
high abundance, less toxicity, and low density, which lead to different applications
[48]. Most reported MOFs are based on transition metals that can divide into dif-
ferent groups.

4.1 Transition-metal-based MOFs
4.1.1 Zr-based MOFs

Zr-based MOFs are useful in different fields according to their extraordinary
mechanical, thermal, chemical stability and high oxidation state of Zr(IV) compared
with M(I), M(II), and M(III)-based MOFs (M stands for metal elements). Zr-MOFs
are applied in catalysis, molecule adsorption and separation, drug delivery, and
fluorescence sensing, and as porous carriers [49]. For instance, Feng et al. reported
Zr-PCN-221(Fe) as the catalyst for the selective oxidation of cyclohexane with
tert-butyl hydroperoxide (TBHP) as the oxidant [50]. Additionally, Zr-based MOFs
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can act as a semiconductor in photocatalytic reactions. As an example, Lillerud and
coworkers reported the first Zr-based MOFs including UiO-66 and UiO-66(NH,) for
photocatalytic water splitting [51].

4.1.2 Cu-based MOFs

Copper (Cu) as an abundant and inexpensive metal with divalent copper ions
having tetra- or hexa-coordinated structure can be used as another metal node in the
synthesis of MOFs. Also, it has different oxidation states, such as cu’, cu, cu", and
cu'l, leading to a wide variety of redox reactions [52].

Park and coworkers reported the green synthesis of PNU-25 applied in the
cycloaddition reaction of CO, and epoxide [53]. In another study, a semi-conductive
copper organic MOF, that is, {[Cu'Cu",-(DCTP),]NO5-1.5 DMF}, with 2.1 eV bandgap
was involved in UV/visible photocatalytic H, generation and oxidation of holes for
photocatalytic degradation of methyl blue with use of visible light and without the aid
of photosensitizer [54].

4.1.3 Fe-based MOFs

According to the Earth’s abundance of iron, development in various applications
of Fe-based MOFs in CO, reduction, photo-degradation, water splitting, and organic
transformations occurred [55]. They are widely applied in photocatalytic reactions
like H, production. For example, the photocatalytic visible light H, production of
MIL-100(Fe) in presence of MEOH was reported by Wang et al. [56].

4.1.4 Co-based MOFs

Based on the inexpensiveness and availability of cobalt salts, cobalt-based MOFs
have been widely used in different applications, such as oxygen and hydrogen evolu-
tion, catalysis, electrocatalysis, synthesis of nanomaterials, and more [57-59]. These
structures can provide a transition porous framework and ultra-high surface area for
photocatalytic H, production. For instance, Yang et al. reported Co-based zeolitic
imidazolate MOF (ZIF-67) with RuNj as a photosensitizer for efficient photocatalytic
H, production from H,O [60]. In another study of Co-MOFs, Dirk Volkmer and
coworkers reported the synthesis and the catalytic performance of MFU-1 MOF in the
oxidation of cyclohexene using TBHP as an oxidant [61].

4.1.5 Ni-based MOFs

Ni-based MOFs are another useful group of metal-organic frameworks with
properties such as high porosity, presence of coordinatively unsaturated Ni**
sites and Lewis acid sites so they can be used in different fields. Miyake et al. first
described the synthesis and application of MOFs with Ni-bipyridyl complex as
the linker along with Ni as the nodes in ethylene oligomerization [62]. In another
study, [Ni(phen) (oba)],- 0.5nH,0 2D MOF has been studied as supporting
material for metal sulfides as a visible light active photocatalyst for effective H,
production [63].
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4.1.6 Ti-based MOFs
4.1.6.1 The overall properties of titanium (Ti)
4.1.6.1.1 The chemistry of Ti

What makes titanium an attractive candidate to use as a metal node in several
MOFs? Indeed, divalent transition metal cations, such as Zn**, Cu**, Co*", and
Ni?*, lead to thousands of extraordinary porous MOFs. Nevertheless, they are often
unstable in the presence of water. To enhance the strength of cation-ligand bond
and gain stability in MOFs, increasing the charge of a metal cation and its polarizing
power charge over ionic radius are considered [64].

Among the elements in the periodic table, titanium or Ti has drawn considerable
attention due to its fascinating intrinsic features. To mention about its abundance, it is
the ninth most abundant element in the Earths crust and is the second most abundant
transition metal after iron. This element, located in the first row of the periodic table
and above the zirconium, has a [Ar] 3d” 4s” electronic configuration. In comparison
with Zr*, it has a stronger interaction with oxygen due to its smaller ionic radius. Its
common oxidation states are +2, +3, and + 4. Ti**ionisa frequent oxidation state,
which is the most stable in ambient conditions (air and water), while Ti** could be
generated under reductive conditions but quickly oxidized back to Ti** in the pres-
ence of oxygen. The reasons for its tendency to hydrolyze into various titanium oxo
clusters, or directly to generate TiO, precipitation are low electronegativity and high
polarizability [65-67].

Due to the all features mentioned above, titanium is a highly desirable alterna-
tive to constructing stable and diverse MOFs. There are several Ti-MOFs that were
published, including MIL-91 [68], MIL-125 [69], NTU-9 [70], MIL-101 [71], COK-69
[72], Ti-CAT-5 [73], MIL-167 [74], MIP-177 [75], MIL-100 [76], Ti-TBP [77], and
ZSTUs [78], applied in different fields. However, Ti-MOFs have seldom been reported
due to some reasons, which will be summarized into three main parts [79]:

i. Strong interaction between reactive titanium sources and ligand as a result of the
high charge to radius (Z/r) value on Ti** causes poor association/dissociation of
metal-ligand bond and formation of crystalline products. To achieve a crystalline
structure, choosing suitable synthetic conditions, such as the organic solvents,
ratio of the reacted solution mixture, pH, and temperature, should be considered.

ii. Another limitation is the extreme hydrolysis of reactive titanium sources
iii. Some of the titanium carboxylates show low symmetry or inappropriate
connectivity that leads to hinder the formation of periodic networks with
organic linkers [80].

4.1.6.1.2 History

MIL-22 was the first Ti-MOF, synthesized by Serre, Férey, and coworkers, using
phosphorus ligand and TiO, under high temperature in 1999 (Figure 1a) [81]. This
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Figure 1.
(a) Structure of MIL-22, (b) structure of MIL-125.

compound showed limited porosity. For a quite long time, no highly porous Ti-MOF
was reported. Subsequently, in 2009, MIL-125 was discovered by the same group
(Figure 1b) [82]. The discovery of this MOF created a scientific boom in the synthesis
of new Ti-based MOFs material. It consists of 12-connected [TisOs(OH)4(COQ),] clus-
ters and 1,4-benzenedicarboxylate (BDC) linker and demonstrates permanent porosity
with a BET surface area of 1550 ng'l [69]. Meanwhile, titanium oxo clusters, which can
be seen as TiO, nanoclusters, affect the construction of novel Ti-based MOFs [83].

Up to now, different types of Ti-MOFs have been introduced. The development of
a titanium-based MOFs timeline is presented in Figure 2 [65].

4.1.6.1.3 Comparison of the Ti-MOF with other MOFs

In this regard, Ti-MOFs possess several advantages over other groups of MOFs,
which are as follows:

i. Strong Ti-O bonding, which is the result of the small ionic radius of Ti*, leads to
rigid MOF structures.

ii. The high coordination number of Ti** causes structural diversity in metal-oxo
clusters.

iii. Ti-based MOFs with large surface area and high porosity can be effective pho-
tocatalysts in which Ti-O clusters act as isolated titanium oxide quantum dots,
making them like the Ti-grafted zeolites and the semiconducting titanium oxide.

iv. Their ability to store charge effectively because of the reversible redox transition
between Ti**/Ti’* under photo-excitation leads to using them in photo-driven
catalytic redox reactions.

v. Their photocatalytic properties can be developed and improved by function-

alization of ligands and composition with other highly active species like metal
nanoparticles and graphene.
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Figure 2.
The timeline for the development of crystal structuves of titanium-based MOFs.

vi. They form rigid frameworks, which are the result of strong metal-ligand
bonding.

vii. Their well-defined porosity enhances photocatalytic activities.
viii. Their low cost and low toxicity make them good candidates as catalysts [64, 84].

To realize the importance of Ti-MOFs among all families of MOFs, their properties
should be discussed, most notably about two important ones such as porosity and
optical properties [85].

Porosity is one of the most effective features in photocatalytic reactions accom-
plished by MOFs. Owing to this property, the transfer of photoelectric charge hap-
pens rapidly, thus the electron-hole recombination reduces. Moreover, porosity lets
the active sites to be in contact with the substrate more effectively by reducing the
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diffusion resistance [86]. In addition, this property prepares large spaces for encapsu-
lating different types of catalysts [87]. As a result, Ti-MOFs can be used in different
fields of chemistry.

There are various strategies used for the synthesis of porous Ti-MOFs, which are
good to mention:

i. Partial post-synthetic metal exchange; for instance, porous Ti''-MOF-5 and Ti'*-
UiO-66 were synthesized by exchanging their metals with Zn" and Zr'" [88].

ii. Assembly of clusters; MTM-1, a porous Ti-MOF, is synthesized by a combination
of {[TigOs] [inr]6}6+ cluster and cross-connected Cu,l, dimer through isonona-
nol (INA) [85].

iii. The supramolecular template strategy [86].

iv. Isoreticular expansion, an effective strategy, is used to increase the pore size,
surface area, and porosity by self-assembly of metal centers and organic ligands.
In this strategy, long and geometrically equivalent organic ligands influence the
porosity of MOF. As an example, MOF-902 has a greater porosity in comparison
with MOF-901 because of its longer organic building blocks [89]. In spite of the
fact that the longer the organic ligands are, the higher porosity occurs, and the
stability of Ti-MOFs diminishes.

The optical property of MOFs is an important factor for photocatalysis. In general,
photocatalytic reactions consist of three main steps: light absorption, charge separa-
tion and transfer, and redox reaction [90]. To enhance the light absorption intensity,
modification of organic ligands is utilized. In the same way, it can affect MOF’s
bandgap. As an example, inserting the -NH, functional group on the ligand of MIL-
125 yields a small bandgap [91].

To conclude, compared to other MOFs, Ti-MOFs are fascinating structures with
various applications in different fields due to their high thermal and chemical stabil-
ity, novel structural diversity, photocatalytic properties, low cost, and low toxicity
(Figure 3) [85]. The geometry and length of organic building blocks and metal nodes
can affect the chemical stability and functional properties of MOFs. For instance, the
carboxylate ligand-based MOFs with low-valent ions, such as Zn**, Co**, and Mn*,
show lower chemical stability. However, those with high-valent ions, such as Zr*,
Ti**, and Cr*, usually have high chemical stability [65].

In comparison with other metal-based MOFs, for example, Zr-MOFs, Fe-MOFs,
or Cu-MOFs, the titanium-based MOFs exhibit richer structural and topological
diversity, due to the variable nuclearity of titanium cores.

Owing to the low-level control of titanium chemistry and highly unpredictable
polycondensation of titanium cation, titanium-based MOF structures are less
commonly reported compared with the Zr-MOFs, Fe-MOFs, or Cu-MOFs.

4.1.6.1.4 Stability

The stability of M**-MOFs makes them an appealing choice to concentrate on.
Many factors are involved in the stability of MOFs, such as metal nodes, organic
ligands, metal-ligand coordination, operating environment, hydrophobicity of the
pore surface, and defects [92-94]. Thermodynamic stability of MOFs is affected by
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Figure 3.
The number of photocatalytic publications on MOFs and Ti-MOFs reported annually from 2009 to 2019.

metal-ligand coordination. Based on Pearson’s hard/soft acid/base (HSAB) theory,
strong bonds are formed between hard Lewis’s acids and bases or soft Lewis’s acids
and bases. Carboxylate-based ligands are hard bases that can generate stable MOFs
with group 4 metal cations such as Ti** [66]. Likewise, kinetic factors have an impor-
tant role in the stability of MOFs. Strong connection between metal-oxo clusters and
rigid ligands leads to dense and rigid frameworks, which increase the stability of
MOFs. Hence, good stability in M**-based MOFs is expected because M** cations tend
to have more ligands to balance their charges. Another factor that affects the stability
of MOFs is the operating environment. For instance, the resistance of carboxylate-
based ligands in acids and bases is completely different. They show excellent stability
in acids, while their stability is quite weak in bases [95].

4.1.6.1.5 The coordination behavior of titanium ions

Generally, each metal ion prefers to coordinate with other components in a
special way. For example, Cu”* ions tend to assemble with four carboxylate groups
to form Cu(COO), paddle-wheel geometry [44] and zirconium ions construct the
clusters like Zrs04(OH)4(CO,)1; as 6-C, 8-C, 10-C, or 12-C nodes [49]. With regard
to titanium ions, the coordination with other components changes with reaction
systems. The diversity in titanium-oxo clusters makes it hard to predict the topology
of titanium-based MOFs. Ti** constructs octahedrally six-coordinated structures by O
forming TiOg¢ units that are bridged by #,-O or u3-O atoms. They lead to the creation
of titanium-oxo clusters that vary based on their synthetic conditions. For instance,
the cluster in MIL-125 or NH,-MIL-125, TigOg(OH) 4 is completely different from
Ti3(u3-O) cluster in its polymorph Ti-MIL-101 [69, 71].

4.1.6.1.6 Applications

Most of the investigations have demonstrated that Ti-MOFs have several applica-
tions due to their diversity of stable structures, including photocatalytic reactions
and organic transformations such as H, productions [96], CO, conversion [97], H,0,
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production [98], pollutant degradation [99], and many other organic reactions. As
an example, in 2018, an efficient photocatalytic H, production, accomplished by

a Ti-MOF known as MIL-125-(SCHj3),, was reported by Han et al. [100]. In 2018,
Yamashita and coworkers reported the first example of a Ti-based MOF, MIL-
125-NH, with NiO nanoparticles (NPs), used in photocatalytic H,O, production
[101]. The photocatalytic reduction of CO, with Co/NH,-MIL-125(Ti) was reported
by Fu et al. under visible light irradiation [102].

4.1.6.2 Titanium precursor for MOF synthesis

Titanium precursors used in MOFs synthesis include hydrous TiO,, titanium
chlorides, titanium alkoxides, titanium complexes, and titanium-oxo-clusters.

MIL-25 [103] and MIL-22 [81], two Ti natural phosphonates, were the first
structures that were formed by hydrous TiO, as a precursor. Hydrous forms of TiO,
are rarely used for the synthesis of MOFs due to their limitations, such as high reac-
tion temperature (>200 C), long reaction time (3-4 d), and highly corrosive and toxic
reaction media (40% HF aqueous solution) [104].

Titanium chlorides extremely hydrolyze and release hydrochloride fumes in the
reaction medium [105]. This is the reason why they are seldom used in Ti-MOFs
synthesis. TiCl; is an exception in the construction of di or trivalent Ti-MOFs.
Whereas Ti** is not a suitable selection because of the imbalanced charge and
ionic range. According to the reductive nature of Ti**, exposure to air inhibits the
synthesis [106].

In terms of titanium alkoxides, Ti(OR)4, hydrophobic character and hindrance of
alkoxy groups cause them less hydrolyzed than TiCl,. The construction of complexes
of Ti cations with bidentate ligands, such as carboxylates, diketonates, catecholates,
and phosphonates, leads to a stable structure [64].

An efficient way to control the reaction degree of MOF synthesis is the utilization
of stable six-coordinated Ti compounds (Ti-oxo-clusters) [80]. Owing to the differ-
ent sizes, geometry, and coordination numbers of Ti clusters, they have the potential
to be chosen as building blocks of MOFs. The original cluster might be transformed
during the reaction. For instance, in the synthesis of PCN-22 by TicO¢(iOPr)¢(abz)
as Ti precursor, this cluster was completely transformed to Ti;06-0xo SBU in the final
MOFs [107]. In comparison with Ti alkoxides, Ti clusters are useful to adjust the reac-
tion rates and obtain larger single crystals [106].

4.1.6.2.1 Synthesis methods

New synthetic methods of Ti-MOFs have been proposed to remove the restrictions.
In this section, we have introduced some strategies to synthesize these structures,
including direct synthesis, cooperative self-assembly strategy, and vapor-assisted
crystallization method. Besides, the synthetic strategies of Ti-MOF composites and
derived porous materials are discussed [85].

4.1.6.2.1.1 Direct synthesis

Most of the Ti-MOFs have been synthesized by direct methods, such as hydro-
thermal/solvothermal, microwave, and ultrasonic synthesis. The most conventional
method for direct synthesis of Ti-MOFs is the hydrothermal/solvothermal technique,
which includes the interaction between metal-salt and an organic linker in a suitable
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solvent(s) and autoclave conditions. Choosing the proper solvent and concentration
of reactants are two important factors that affected the crystallinity and morphology
of Ti-MOFs [106]. As an example, the morphology of NH,-MIL-125 microcrystals
could be changed from circular plate to octahedron by changing the concentration of
the solution [108]. In 2015, Yaghi and coworkers reported the first three-dimensional
(3D) extended Ti catecholate MOF (Ti-CAT-5) by solvothermal reaction of the Ti ion
and hexatopic catecholate linker, 2,3,6,7,9,11-hexahydroxytriphenylene (H,THO) at
180 C for 4 h [73].

Other direct methods for synthesis of Ti-MOFs are ultrasonic- and microwave-
assisted techniques that have advantages including obtaining structures with different
molecular sizes and shapes in short reaction time and low temperature [104]. Kim
and coworkers have synthesized NH,-MIL-125 by the microwave-assisted method ina
shorter reaction time in comparison with the solvothermal technique. As an example
of sonochemical synthesis, Han and coworkers have reported NH,-MIL-125in a
uniform size distribution of around 300 nm [109].

4.1.6.2.1.2 Coordination-covalent combination method

In spite of the advantages of direct synthesis of Ti-MOFs, this methodology has
some limitations like the formation of unpredicted structures and byproducts. The
utilization of Ti-oxo clusters can approximately solve this problem. To obtain an ideal
structure that does not disturb the Ti—O bonding in the clusters, combining the MOFs
and COFs known as the coordination-covalent combination strategy was introduced
[104]. The first example of this strategy was reported by Yaghi and coworkers. This
reported synthesis involves in situ generation of an amine-functionalized titanium
oxo cluster, TigOs(OCH3)6(AB)¢ (AB = 4-aminobenzoate), which was linked with
benzene-1,4-dialdehyde using imine condensation reactions, typical of COFs. The
crystal structure of MOF-901 with known structure and topology was achieved [110].

4.1.6.2.1.3 Post-synthetic cation exchange method

Another strategy to overcome the conventional methods’ limitations is the cation
exchange method. This technique can avoid the high reactivity and vigorous hydro-
lysis of Ti precursors and lead to desired pore and topography in Ti-MOFs [111].

The example for post Ti-exchange was first reported by Cohen et al. Ti ion exchange
occurred in Zr-MOF, UiO-66, became a better option for Ti-MOF [112].

4.1.6.2.1.4 Vapor-assisted crystallization method

To overcome the limitations of microporous structures in catalytic applications of
Ti-MOFs by creating mesopores in MOFs structures, the vapor-assisted crystalliza-
tion method (VAC) was introduced by Hicks et al. [113].

4.1.6.2.1.5 Synthesis of Ti-MOF composites

According to the importance of MOFs supported metal nanoparticle compounds
in catalysis, highly dispersed nanoparticle-doped Ti-MOFs were prepared. Not only
noble metal nanoparticles, such as silver (Ag), gold(Au), platinum (Pt), palladium
(Pd), and non-noble metal nanoparticles, such as nickel (Ni) have been success-
fully embedded into the pores of Ti-MOFs [114, 115] but also quantum dots, such as
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graphene-like Mo$S; sheets, Ag,S, CdS, and CuS have been deposited onto MIL-125
and a series of Ti MOFs based composites [116].

4.1.6.2.2 Different types of Ti-MOFs

Ti-MOFs can be categorized based on their structures (one-dimensional (1D)
chain structures, two-dimensional (2D) layer structures, and three-dimensional (3D)
network structures) and ligands in their secondary building units (phosphonates,
carboxylates, salicylates, and catecholates).

4.1.6.2.2.1 Types of Ti-MOFs based on their structures

1D and 2D Ti-MOF structures are rarely reported. For instance, MIL-168 has 1D
zigzag chains running parallel to each other (Figure 4a) [74]. To form an ordered 1D
zigzag, a single bidentate ligand occupies two cis positions to create an octahedral
environment around the metal ion [117].

Generally, 2D network structures can be divided into two types: “tilt penetration”
and “parallel penetration” [118]. In two-dimensional MIL-169 (Ti,(DOBDC),0(H,0),
dimer, DOBDC, = 2,5-dioxido-1,4-benzenedicarboxylate), the Ti ion is chelated by
two DOBDC ligands through the six-membered ring (Figure 4b) [74].

In terms of 3D MOFs, they possess different complicated structures. For example,
Jiang et al. reported the synthesis and structure of a 3D chiral structure, a 3-con-
nected SrSi; net with (10,3) topology, which exhibited a novel doubly interwoven
SrSi, topology (Figure 4¢) [119].

4.1.6.2.2.2 Types of Ti-MOFs based on ligands in secondary building units

It is noteworthy to discuss about the structures of Ti-MOFs based on different
kinds of ligands due to their obvious directing effects toward the finally formed
Ti-oxo SBUs.

4.1.6.2.2.2.1 Carboxylate-based Ti-MOFs

In general, Ti-MOFs are mostly constructed from carboxylate ligands. Ti cations
with polydentate carboxylate acids have a tendency to form large Ti-oxo-carboxylate
clusters, leading to a wide variety of Ti-MOFs’ structures. Ti-oxo-carboxylate clusters
with the general formula Ti,0,,(OR)y (OOCR/ )y can be synthesized by a solution of a

IHJOT\

0

Figure 4.

(a) Crystal structure of MIL-168, a 1D coordination chain. (b) Crystal structure of MIL-169, 2D coordination
network. (c) a view of the structure of poly[bis(us—3,5-di-ethyl-1,2,4-triazolato-K’N':N°:N* )trisilver nitrate]
along the [110] direction, showing the three-dimensional framework.

162



Use of the Advantages of Titanium in the Metal: Organic Framework
DOI: http://dx.doi.org/10.5772/intechopen.106947

metal cation precursor (very often Ti(OR)4) with carboxylate ligand and/or a controlled
amount of water. It is important to control different factors such as nature and the
amount of the metal cation precursor, the ligand (R'COOH), the solvent, and the reac-
tion conditions (time, pressure, presence of water or not, inert conditions or not, etc.).
In 2015, Bueken et al. reported a new Ti-MOF based namely COK-69 by reaction of
trans-1,4-cyclo-hexanedicarboxylate (cdc) linkers and an unprecedented [Ti"; -(y3-O)
(0)2(CO0)¢] cluster. In COK-69, three neighboring Ti atoms joined by a p3-O% ion

and six carboxylates give the formation of the Ti;O; cluster. Subsequently, the porous
framework is formed by a connection between the cluster and six cdc® linkers [120].

4.1.6.2.2.2.2 Phosphonate-based Ti-MOFs

A series of different phosphonate-based Ti-MOFs, typically MIL-22 [81], MIL-25,
(n =2, 3) [103], and MIL-91(Ti) [68], has been introduced by Férey et al. For example,
the monoclinic MIL-22 is synthesized by corner-shared trimers of Ti-oxo octahedrals
and PO, from diphosphonic linkers, forming a 2D array of microporous channels.

4.1.6.2.2.2.3 Salicylate-based Ti-MOFs

As an example of using salicylate organic linkers in the structure of MOF, in 2013
Hong et al. introduced Ti-salicylate MOF, namely ZTOF-1. Under solvothermal con-
ditions, the reaction of zinc and titanium precursors with asymmetrical dicarboxylate
ligand, 2-hydroxyterephthalic acid (Hzobdc) leads to orange crystals of ZTOF-1. In
this structure, Ti coordinates with the “salicylate” end of the ligand, while Zn coordi-
nates with the carboxylate end [121].

4.1.6.2.2.2.4 Catecholate-based Ti-MOFs

Up to now only one Ti-MOF based on polycatecholate ligand known as Ti-CAT-5
was reported, in spite of the richness of Ti-catecholate clusters and the potential of
these structures to apply in different fields. Ti-CAT-5 was constructed by the connec-
tion of isolated Ti-centers and the tritopic catechol derivative ligand, Hs,THO [73].

5. Conclusion

Metal-organic frameworks, composed of metal ions or well-defined secondary
building units and organic linkers, are utilized in different fields, such as gas storage and
separation, liquid separation and purification, electrochemical energy storage, catalysis,
and sensing, due to their unique properties. According to the features of titanium,
such as different oxidation states, high coordination number of Ti**, and the ability to
form strong bonds with oxygen and different ligands, it is used as a metal node in MOF
design. Titanium-based MOFs, as a branch of metal-organic frameworks, have recently
attracted the researchers’ attention because of their special properties, including high
thermal and chemical stability, novel structural diversity, photocatalytic properties, low
cost, and low toxicity. In this regard, the characteristics, types of Ti-MOFs, methods
of synthesis, applications, and comparison of Ti-MOFs with other MOFs are discussed
in this chapter. In comparison with other metal-based MOFs, for example, Zr-MOFs,
Fe-MOFs, or Cu-MOFs, the titanium-based MOFs exhibit richer structural and topologi-
cal diversity, high thermal and chemical stability, and high photocatalytic activity.
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In the five sections of this peer-reviewed edited volume, the design, extraction,
processing, mechanical and microstructural considerations, and applications of
titanium and its alloys are examined. The design section summarizes techniques for
designing materials for high-performance titanium alloys. The extraction section
describes the development of extraction technologies that will produce high-purity
metallic materials, using the principles of extraction metallurgy. The processing
section discusses low-cost preparation technologies for titanium alloys and their
applications in sustainable titanium industries. Research progress on the shock
response and mechanical properties of titanium alloys, and their microstructural
evolution, is dealt with in the section on mechanical properties with microstructural
considerations. The final section examines the contribution of titanium applications to
the development of sustainability in titanium industries.
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