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Abstract

This thesis explores the use of Field Assistant Sintering Technology (FAST) to join dissimilar
titanium alloy powders into a multi-material component. The ability to produce multi-
materials components will allow to improve the performance of certain components for key
sectors such as the aerospace or the biomedical. For this manufacturing route to be
successful, it is key to demonstrate that the diffusion bond is not the weakest part of the
component. Therefore, there are three main areas of research present in this thesis: the study
of the deformation in the diffusion bond, the residual stresses generated in the diffusion bond

and the machinability of the multi-material components.

The deformation of the diffusion bond was studied under tensile conditions in the macro and
meso scale with the technology digital image correlation (DIC). The DIC showed that each
titanium alloy had a dissimilar deformation rate during the tensile test with a clear transition
through the bond. Furthermore, the failure of these tensile samples always occurred in the

weakest alloy, and this was not affected by the crystal orientation observed in the bond.

The residual stresses were measured with X-Ray diffraction and contour method in multiple
titanium bonds and FAST-forge samples. The stresses measured in as FAST material were
generally low, but residual stresses were observed in certain diffusion bonds made with two

dissimilar alloys.

The machining of multi-material components is a key part of the manufacturing route. Hence,
the damage and the forces generated in multiple bonds have been assessed. The results have
shown that the surface finish is affected by the direction in which the diffusion bond is

machined.

The positive results of this thesis contribute to increase the confidence in the use of FAST to
diffusion bond dissimilar titanium alloy as well as producing multi material near-net shaped

components.



“Strive for perfection in everything you do. Take the best that exists and make it better. When

it does not exist, design it.”

- Sir Henry Royce
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1. Introduction

1.1.  Motivation for the work

The aerospace sector has allowed society to travel around the globe in relatively short times,
which has brought several advantages to the global economy. This has enhanced the
connectivity between communities and businesses across the world and it is expected that
the air traffic will continue to grow by 42% by 2040 compared with the number of flights in
2017 [1]. However, this revolutionary means of transport takes its toll on the environment,
as it is estimated that the aerospace sector currently is responsible for 3% of global carbon

emissions in Europe [1] and the USA [2].

In 2021, a coalition of European aviation trade associations published a report called
‘Destination 2050’ with a plan to achieve net zero carbon dioxide emissions by 2050 [3]. This
report identified four pillars to achieve this aim, which are: (1) aircraft and engine technology,
(2) air traffic management and aircraft operations, (3) sustainable aviation fuels and (4) smart
economic measures. Materials play a key role in the “Aircraft and Engine Technology” pillar,
as the development of new materials can help to reduce the overall weight of the engines
and increase their efficiency by implementing higher pressures and temperatures within the
combustor [1]. Ultimately, the engines will become more efficient, which means that they will
require less fuel for the same amount of distance when compared to older engines.

Consequently, there should be a reduction in the carbon dioxide emissions.

Many components in an aircraft and the jet engine have to withstand more than one type of
failure mechanism. It is very difficult to have a single material with optimal performance for
more than one type of failure mechanism. Hence, it would be very challenging to develop a

new material with the desired mechanical properties. Nevertheless, another possibility is to



combine several well-known materials with the optimal mechanical properties to address
each failure mechanism. That way, each of these optimal alloys can be used in specific
subcomponent regions. With a multi-material component, it would be possible to improve
the performance of these components as well as help to achieve net zero carbon dioxide
emissions by 2050. A compressor blade is an example of an application where multi-material
components could improve the actual performance by operating with higher stresses and
temperatures. The root would be made of an alloy with better fatigue performance, such as

Ti-64; and the aerofoil would have an alloy with better creep performance, such as Ti-6242.

Furthermore, the use of multi-material components is not limited to the aerospace sector,
other sectors such as the automotive, defence or the biomedical devices would benefit too.
A conrod is an example where the use of multiple materials could improve the performance
of a component in the automotive sector. The conrod requires high strength in the rod, high
stiffness in the stem, high wear resistance at the large and small ends and it needs to be as
light as possible. This is very difficult to achieve with a single alloy because there is not an
alloy that can meet all these demands. However, multiple alloys could be used in each
subregion to improve the overall performance of a conrod, as well as reducing its weight. This

example is shown in Figure 1.1.

For defence applications, the use of multiple alloys stacked one over the other could improve
the ballistic performance of a shield. The front material could absorb the energy of the bullet

while the second alloy would avoid the bullet passing through.
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Figure 1.1 - (a) photo of a conrod made of a single alloy, (b) coloured subregions of a conrod depicting where
the use of different materials would be beneficial.

Titanium has a high strength to weight ratio and it is capable to maintain its strength at
relatively high temperatures. For that reason, titanium nowadays represents 25-30% of
modern jet engines total weight [4]. Furthermore, titanium is also used for heavily-loaded
airframe structures where aluminium or steels are not suitable. One of the main limitations
for a more extensive use of titanium is its cost, that is inflated because of the difficulty in the
extraction and thermomechanical processing. Moreover, conventional titanium production
can have a buy-to-fly ratio over 95% [5], which represents a very high generation of waste

material as well as an increase of the titanium components costs.

There are multiple technologies that can join dissimilar materials; however, it is common for
some of these technologies to induce microstructure variation and defects in the bond such
as heat affected zones and residual stresses [6,7]. In addition to this, the chemistry of the
materials to be bonded needs to be carefully considered. Certain chemistries can create
eutectic compounds or intermetallics in the bond that could affect the mechanical properties
[8]. Therefore, it is necessary to have a good understanding of the materials that are going to

be joined and the technology required to achieve this.



Field assisting sintering technology (FAST) or spark plasma sintering (SPS) has been used
recently to join dissimilar titanium alloys (FAST-DB) [9], proving that the bond is not the
weakest part of the FAST processed material. Furthermore, the processing route FAST-forge
has demonstrated that it is possible to produce a near net shaped multi-alloy components
from powder in only two steps [10]. The possibility of producing a multi-alloy titanium
component in only two steps allows to reduce significantly the cost and the generation of

waste.

FAST-DB is still in early stages of development and there is a drive to further understand the
effect of the bond in the components for future applications in the aerospace sector. In this
thesis, three main areas are going to be explored: (1) the deformation mechanism at the
bond, (2) the formation of residual stresses in the bond and (3) the machinability of the bond.
This knowledge will help the industrial sponsor of the project (Rolls-Royce plc) to determine

if this is a technology worth investing in the future.

1.2.  Aims and objectives of the thesis

The aim of the thesis is to further understand the bond created with FAST-DB between
dissimilar titanium alloys to determine if this technology has the potential to be used in the

aerospace sector.
The underlying objective are as follow:

e To characterise the microstructure and chemistry of the bonds generated with FAST-
DB.

e To study the deformation behaviour at the bond between two similar alloys and link
it to the local grain orientation and the diffusion of alloying elements.

e To assess the degree and profile of residual stresses in the bond between dissimilar
titanium alloys of as FAST material, as well as FAST-forge components.

e To study the effect of the bond on the machinability of multi-material components

and determine the best approach to machine this type of component.



1.3.  Thesis outline

Following the introduction chapter, the literature review is divided into two main sections,
one that covers a general overview of the production and properties of titanium alloys and
another one that focuses on the powder metallurgy techniques and the joining of dissimilar
titanium alloys. The relevant literature review of the residual stresses and the machinability

can be found in the introduction of the Chapters 6 and 7 respectively.

Chapter 3 explains the general methods used to carry out the research in this thesis. The first
part focuses on the FAST methodology followed by the forging of FAST material. Then, it is
described the methodology used for the mechanical testing and the method used to analyse

the samples produced for this work.

Chapter 4 presents all the powder used during the EngD with the corresponding properties

for each one. This will be referenced in the results chapters.

There are three main results chapters. Chapter 5 is focused on the deformation behaviour of
a FAST-DB bond between Ti-64 and Ti-6242 by using digital image correlation techniques. This
chapter contains the content of a publication from MMTA from 2021 [11]. Chapter 6 is
focused on the residual stresses generated in the FAST-DB bond between multiple titanium
alloys as well as forged FAST-DB material. Chapter 7 studies the machinability of multi-
materials components and the effect of the directionality when machining these types of
components. Chapters 5-7 are structured in a similar way. To start, there is an introduction
containing the specific literature review of the chapter, followed by the specific methods used

in the chapter, the results and discussion and a summary of findings.

Finally, Chapter 8 presents the conclusions of the research and suggestions for future work.



2. Literature Review

2.1.  History of Titanium

Titanium is the fourth most abundant metal in earth after aluminium, iron and magnesium
[12]. However, it was not until 1791 that titanium oxide was discovered by the British reverent
William Gregor during the study of the mineral menaccanite. Menaccanite is a type of
ilmenite found in the sand of the small river that goes through Tregonwell Mill, Cornwall. The
element was also found 4 years later by a German chemist called M. H. Kalproth, who saw
the element while he was analysing rutile from Budapest and decided to call it Titanium.
However, he acknowledged Gregor as the first discover of titanium. Gregor decided to call
the new element menaccanite or menachine, but the name was confusing because it was the

same than the mineral, so Kalproth’s name of Titanium became more popular [13].

Although titanium was discovered in 1791, it was not until 1887 that Nilson and Petterson
used TiCls combined with sodium in a metallic cylinder to produce pure titanium (~95%). The
process was improved in 1910 by Hunter, who used a steel vessel able to resist very high
pressures to obtain a high purity titanium [14]. However, it was in 1938 that Kroll [15] filled
the patent of a new way to obtain pure titanium by reducing TiCl4 with pure magnesium in a
crucible coated with molybdenum at 1000°C under an argon atmosphere. The resultant
product was known as “titanium sponge” due to its porous nature. Shortly after the end of
the Second World War, DuPont started commercializing titanium as it was considered a key
material for aerospace companies [16]. During the Cold War, the Americans saw in titanium

a perfect material for aerospace applications, while the Soviet Union used it for submarines.

Nowadays, titanium’s main application is the aerospace sector and the main extraction
method is still the Kroll process [12]. The world total capacity of production of titanium
sponge in 2017 was 277,000 tonnes, with China being the country with higher capacity, with
a total of 110,00 tones [17].



2.2.  Extraction of titanium

The most common way to extract titanium is with the conventional Kroll process. There has
been lot of research trying to find a cheaper and less time-consuming alternative to Kroll
process, but none have had success in producing high quantities of titanium in an industrial

scale. The most common sources of titanium are rutile (TiO;) and ilmenite (FeTiO;) [18].

The extraction process starts by a chlorination process to reduce the TiO; with coke and Cl;
to obtain TiCls. The TiCls is further purified by fractional distillation before performing the
Kroll process. Then, the TiCls is reduced with Mg in an argon atmosphere at 1000°C to produce

a titanium sponge[19]. Figure 2.1 shows a diagram of the chlorination and the Kroll process.

The titanium sponge is then crushed and mixed with any additional elements required to
obtain the desired alloy. The resultant material is cold pressed and joined together by
electron beam welding to make a vacuum arc remelting (VAR) electrode, which produces the

final titanium ingot after the remelting process [12].

2.3. Titanium Metallurgy

Titanium alloys are commonly used in the aerospace, chemical and biomedical applications
due to the high strength to weight ratio, its resistance to corrosion and its biocompatibility

[20]. Section 2.3 introduces the fundamental metallurgy of titanium.

2.3.1. Crystal structure

Titanium has an allotropic phase transformation with two crystal structures in the solid state.
Commercially pure titanium has a body-centred cubic crystal structure (BCC) at temperatures
above 882°C and an hexagonal close-packed crystal structure (HCP) at temperatures below
882°C [12,16]. The phase with the BCC crystal structure is known as B-phase and the phase
with the HCP crystal structure is known as a-phase. The temperature for the allotropic
transformation is known as 3 transus and it varies depending on the alloying elements in the

substitutional and interstitial positions of the crystal structure.
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Figure 2.1 — lllustration of the main processing steps of the Kroll process, chlorination and reduction of TiCla.
(Redrawn from [21]).
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Figure 2.2 — Crystal structure and corresponding planes for HCP (left) and BCC (right) phase (Redrawn from
[16]).



Figure 2.2 shows a schematic of the HCP and the BCC structure for titanium. The ideal ratio
for an HCP crystal structure at room temperature is 1.663. However, for titanium this value is

lower with a c/a of 1.587 [16].

2.3.2. Mechanical deformation

The mechanical deformation of titanium depends on the crystal structure. The plastic
deformation becomes easier when the structure changes from HCP a-phase to BCC -phase
because the BCC crystal structure has 12 slip systems compared to the 3 slip systems in HCP.
The slip systems are determined by the multiplication between the slip planes and the slip
directions in the crystal structure. For the dislocations, it is energetically easier to move
through close-packed planes and directions, because the energy required to move a
dislocation is conditional to the minimal slip path. For this reason, although the HCP packing
density is higher than the BCC lattice, the minimum slip path is smaller for BCC. Hence, the

higher plastic deformation for these structures.

The HCP lattice has an anisotropic response that depends on the orientation from which the
material is being deformed. The young modulus can vary from 145 GPa when the stress is
parallel to the c-axis, to 100 GPa when the stress is perpendicular to the stress axis [12].

However, for polycrystals materials this effect is less evident.

2.3.3. Slip and twinning

It has been mentioned in Section 2.3.2 that dislocations occurs in the close pack planes and
directions of a crystal structure. Figure 2.3 shows the close packed planes and directions with
the corresponding axis for an HCP crystal. The HCP cell has three planes that are the most
densely pack: the basal plane {0002}, three prismatic planes {1010} and six pyramidal planes
{1011}. The packed direction is the (1120) which corresponds to an
d type Burges vector [12,16]. The prismatic plane has a higher density than the basal plane,
and that makes the prismatic plane preferential for dislocations to move. This is caused
because the c/a ratio in a titanium is lower than the ideal, which increases the atomic spacing
in the prismatic plane and increases its packing density [16]. There are a total of 12 slip

systems, however, only 4 of them are independent of each other. The von Misses criteria says
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that it is necessary to have at least 5 independent slip systems to produce a homogenous
plastic deformation [22]. Therefore, there has to be an alternative slip system when a strain
is applied in the c-axis. At high temperatures, the alternative mechanism is the ¢ + d slip that
have the slip direction (1123) and the slip plane {1123} for the 1% order pyramidal slip and
{1122} for the 2" order pyramidal plane. The 5 independent slip systems are summarised in

Table 2.1.

At lower temperature, twinning is the alternative mechanism of deformation in a titanium
and the main modes are {1012}, {1121} and {1122}. Under a tension force parallel to the c-
axis, the {1012} and {1121} twins are activated while under compression force, the {1122}

is activated [23].

Table 2.1 — Summary of the slip systems in alpha titanium.

Number of Slip Systems

Burger’s Slip
Slip System Slip Plane o
vector Direction Total Independent
Basal a {0001} (1120) 3 2
Prismatic a {1010} (1120) 3 2
Pyramidal a {1011} (1120) 6 4
1%t order _ _
c+a {1011} (1123) 6 5
Pyramidal
2" order _ B
c+a {1022} (1123) 6 5
Pyramidal

10



C
(1123) 1022} T

\
T\
N

\\
LAY
3\\\\

d

W\
W

\

‘ \\\\\Q
i

AN

\\\
\\
—

\

CE!

A
\\

v

\

(
LA
\-—i-s;’
l\ \«

P
{0001}‘Y {

0

Figure 2.3 — lllustration of the slip systems for a HCP lattice (Redrawn from [12]).

2.3.4. Schmid factor

The slip in a grain will occur when the shear stress on a slip plane that is resolved in the
direction of the slip reaches certain value, known as critical resolved shear stress (t. or CRSS).

The CRSS can be calculated with the Schmid law shown in Equation (2.1).
Tc = 0, COSQ COSA (2.1)

Where 0, is the yield stress of the material, ¢ is the angle between the slip plane and the
normal to the slip plane and A is the angle between the slip plane and the slip direction. The
quantity cos @ cosAis known as Schmid factor and has a maximum value of 0.5 and a
minimum of 0 [24,25]. The Schmid factor does not take into account the local stress state but
it has been observed that the activation of slip systems correlate well with the highest Schmid
factor [26]. Nevertheless, at the subgrain scale more complex deformation can take place

[27]. Figure 2.4 shows a diagram of the Schmid law planes and directions.
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Figure 2.4 — Diagram of the Schmid law planes, angles and directions. (Redrawn from [28])

The value of the CRSS will change for different alloys and slip planes. For example, Figure 2.5
shows how the CRSS is higher for pyramidal slip in comparison to basal or prismatic. For Ti-
64, the CRSS in the pyramidal plane is considered at least two times higher than the prismatic
CRSS [29]. In addition to this, there has been previous work that have demonstrated lower
values of CRSS in the prismatic plane compared to the basal plane [26,30,31]. It has been
suggested the possibility to add a hardening effect to the CRSS calculation for polycrystalline

material to take into account the interaction between neighbouring grains.
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Figure 2.5 — Graph of the CRSS value at certain temperatures of basal, prism and <¢ + a> slip for a single
crystal Ti-6Al-4V (Redrawn from [12]).
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2.4.  Titanium Alloying elements

Titanium is classified in a alloys, B alloys and o+f3 alloys classes and the difference between
these categories is defined by the quantity and type of alloying elements in the titanium. The
[ transus in titanium is the key to obtain a titanium alloy with a specific microstructure. The
alloying elements can increase or decrease the [ transus to obtain the desired class of
titanium alloy. Additionally, there are other elements that are considered neutral and they
do not influence the temperature of the 3 transus. Figure 2.6 shows a graph that reflects the

different types of titanium alloys when the amount of 3 stabilizer in the titanium is increased.

There are two additional classes called near o alloys and metastable 3 alloys. The o alloys are
created by adding a small amount of [ stabilizer; and metastable 3 alloys are created by

increasing the content of 3 stabilizer until it is not possible to create martensitic structure.

4 near o near 3
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v
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Figure 2.6 — Graph showing the influence in the final phases when increasing the B content in a titanium alloy.
(Redrawn from [32])
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2.4.1. a alloys

The alpha alloys have an HCP lattice like it was mentioned in Section 2.3.1. In the lattice, the
a. stabilizers can be positioned at substitutional positions like Al, or at interstitial positions like
O, C and N. The three subclasses of a alloys are: commercially pure titanium, o alloys and

near o alloys.

The commercially pure titanium can be divided in 4 different grades, which depends on the
content of interstitial alloying elements. Grade 1 has high corrosion resistance and ductility
while grade 4 shows better strength in the alloy. Due to the good corrosive properties, the
CP-Ti is common in the construction for chemical and petrochemical processing equipment

that does not require high mechanical properties.

Near a alloys have a small amount of 3 stabilizing elements, usually lower than 2%. The
phase helps to control the grain size of the a phase and improves the processing window at
high temperatures. One common near a alloy in the aerospace sector is the Ti-6Al-2Sn-4Zr-

2Mo ,which shows an improved mechanical performance at high temperatures [12].

2.4.2. a+pf alloys

The o+ alloys contain oo and 3 stable phases at room temperatures, which allow them to
have very attractive properties in the aerospace sector. These alloys can have martensitic
microstructure if they are quenched from the [ field at enough speed, as shown in Figure 2.6.
The o+f alloys have three main types of microstructures depending on the way is processed:
fully lamellar, fully equiaxed and bi-modal. The critical feature in the fully lamellar
microstructure is the a colony size because it establishes the effective slip length, hence, a
fine o colony will increase the yield stress [12]. Similarly, the mechanical properties of a fully
equiaxial microstructure are defined by the o grain size. The critical feature in the bi-modal
microstructure is the 3 grain size and the element partitioning effect. The most common alloy

in the a+f3 class is the Ti-6Al-4V due to a good balance of mechanical properties.
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2.4.3. Balloys

The [ alloys do not transform in martensitic structures when they are quenched from the a+f3
regions, as shown in Figure 2.6. One of the major advantages of the [ alloys is that they can
have very high strength and they can be processed at lower temperatures. Furthermore, the
[ alloys have good corrosion resistance, especially in high hydrogen environments. There are
two main types of B alloys, the “high strength” alloys that have high content of a phase and

the “heavily stabilized” alloys with a low content of a phase.

2.5.  Phase transformation

When titanium is cooled from above the [} transus, there is a transformation from a BCC
crystal structure to an HCP crystal structure. In function of the cooling rate, the
transformation can be martensitic, or it can be controlled by a diffusion and grain growth
process. Burges [33] determined the crystallographic relation during the transformation

shown below:
(110)p | | (0002)«
[1-11]p | | [11-20]a

One BCC crystal can have 12 HCP cells with different orientations. The transformation occurs

in the closed packed BCC plane, and it transforms into the basal plane of HCP.

2.5.1. Diffusion controlled nucleation growth

When a titanium alloy is cooled down slowly form the 3 phase to the a+f, it is possible to
avoid the martensitic structure and obtain o colonies in a 3 grain. In the § phase the titanium
microstructure is made of 3 grains only. When the alloy reaches the o+ phase, the a phase
starts nucleating in the grain boundary of the [ grains. The a phase grows creating a continues
layer in the grain boundaries of the 3 grains. Then, the primary alpha starts to nucleate from

the grain boundaries to the centre of the B grain creating the first plates. The plates that grow
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from the same region of the grain boundary usually are parallel to each other and receive the
name of a colonies. These a colonies grow to the centre of the 3 grain until they reach other
colonies. The thickness of these colonies depends on the cooling rate of the material where
higher cooling rates will produce thinner plates. This kind of diffusion-controlled nucleation

growth is only applicable to near a and a+f alloys.

2.5.2. Martensitic transformation

The martensitic transformation is diffusionless represented with o’ and it takes place when
the material is quenched in water or oil from the [ field. This transformation is based in a
shear system of the planes and directions [2113],(2112), and [2113],(1011),. The
microstructure obtained in this transformation is very fine and the possible shapes of the o’

are plate-like or acicular.

2.6.  Diffusion

2.6.1. Fick’s 15t Law

Diffusion is the random movement of atoms from one part of the system to another part of
the system [25]. Diffusion is driven by a reduction of the Gibbs free energy in the system and
it stops when the chemical potentials of the atoms are the same in the hole system [34]. The
atoms have a vibration energy of 3keT where ky, is the Boltzmann constant and the T is the
temperature. Consequently, at higher temperatures, the diffusion increases because the
atoms will have a higher frequency of vibration, which will allow them to move to a vacant
position [34]. The movements of the atoms is contrary to the concentration gradient in the
material and in a steady state it can be described with Fick first law of diffusion shown in

Equation (2.2) [35].

J=-D— (2.2)
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Where ] is the amount of atoms that diffuse against the gradient in a specific amount of time
[ atoms m2 s1], D is the diffusivity coefficient [m? s!] and % is the amount of atoms per

surface [atoms m™]. The diffusivity coefficient follows an Arrhenius relation and it is

dependent of the temperature like is shown in Equation (2.3).

D= Doek_TT (2.3)
Where DY is a frequency factor, Q is the activation enthalpy of diffusion, Tis the temperature

and kris the Boltzmann constant.

2.6.2. Fick’s 2" Law

In reality, the diffusion takes place under unsteady state conditions. Fick’s second law takes
into consideration the change of the concentration gradient over time and can be defined

with Equation (2.4).

oc 9%C

= (2.4)
ot D Jx?

Where Cis the concentration, £ is the time, D is the diffusivity coefficient and x is the distance
to the interface. This equation has several solutions that depend on the boundary conditions.

A common solution to this equation is the one shown in Equation (2.5).

X

2VDt

c(x,t) = cq erf( ) (2.5)

Where c is the element concentration, ¢, is the initial element concentration, erf is the error
function, x is the distance to the interface, D is the diffusion coefficient and t is the time the
system has been at a specific temperature. This equation is obtained for a one dimension
semi-infinite system with the boundary conditions c(0,t) = 0 and dc/dx = 0 for x = e,t and

an initial condition of ¢(x,0) = 0 [36].
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2.6.3. Diffusion in titanium

The diffusion in titanium can vary in function of the crystallographic structure. As shown in
Figure 2.7, the B titanium self-diffusion is three times higher than the a titanium. Similar
observations can be made for the rest of the elements, where the diffusivity is always higher
in B titanium [12,16]. The diffusion in the a titanium is anisotropic due to the HCP crystal

structure, and it depends on the angle created with the c-axis.
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Figure 2.7 — Influence of the diffusivity with the temperature and the crystal structure in a titanium alloy
(Redrawn from [12]).
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2.7.  Thermomechanical processing

2.7.1. Primary working

The most common method to shape titanium components for structure applications is by the
hot forging route. This route deforms the ingots generated via vacuum arc remelting (VAR)
through a series of thermomechanical processes with the aim to break up the cast
microstructure [16]. Before the thermomechanical processing, it is necessary to condition the
ingot for the primary forging stage to reduce the stresses concentrators that could generate
cracks in further processes. To produce large deformations with a small application of force,
titanium ingot is forged above the B transus at first. Furthermore, the final stage of the
primary working consists in processing below the B to reduce the size of the B grains
generated during the casting process [12]. There are a number of intermediate forging steps
where a combination of sub and supertransus forging takes place depending on the alloy and
the final shape desired. An example of a primary working route is shown in Figure 2.8. It is
important to take into account the cooling rate in (c) prior to the final forging because it can
modify the a lath thickness and have a direct impact on the gran size and mechanical
properties. At the end of the primary working, there are three main products generated:

billet, bar and flat rolled sheet.
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Figure 2.8 — Schematic diagram of a titpical primary working processing route. The different steps are: (a)
inicial B forge, (b,c) intermediate forgning steps and (c) final o/B forging step. (Redrawn from [12])

2.7.2. Secondary working

To produce a near-net shape component further thermomechanical processing is required.
There are a number of processes that can produce the final shape such as: forging, rolling,
wire drawing, ring rolling and extrusion. Furthermore, the final geometry can be heat treated
to further refine the desired microstructure and mechanical properties. This section will only

focus on the forging process because this is the only technique used in this work.

2.7.2.1. Forging

Forging consists in the deformation of a metal at high or medium temperatures by applying
mechanical pressure with a hummer or large presses. The number of forging processes and
blows will depend on the alloy and the final geometry. One disadvantage of titanium is that
it is necessary to apply higher forces than other materials, like aluminium, because it has a
higher resistance to deform (flow stress) when forging. Furthermore, the development of
texture, when forging HCP crystal structure, increases the anisotropy in the material and

makes it more difficult to forge.

The most common types of forging are open and close die forging. In open die forging there

are no constrains in the side of the die and the working piece can flow to the sides during the
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forging process. However, in the close die forging, there are constrains in the sides of the die
and the workpiece cannot flow to the sides. Therefore, close die forging allows more flexibility

to create complex geometries [12].

Hot forging takes place close to the 3 transus in titanium and the workpiece can be heated
above or below this temperature depending on the desired microstructure for the
component. The strength coefficient at high temperature is lower than at low temperature;
hence, it is possible to make large deformations while applying lower forces. Weiss et al. [37]
demonstrated for a [ titanium a decrease of the flow stress when increasing the forging
temperature of the workpiece. One of the key aspects in the reduction of the flow stress is
the change of crystal structure from HCP to BCC that occurs in titanium alloys and how the

BCC deforms in comparison to HCP.

In supertransus conditions, the cooling rate defines the colony sizes and the formation of a
in the grain boundaries. At temperatures below the [3 transus, the workpiece is usually cooled
down in air and the microstructure obtained is an equiaxed shape. It has to be taken into
account the adiabatic heat generated during the forging process while processing below the

[ transus because the component could reach temperatures above the 3 transus.

2.7.3. Dynamic deformation mechanisms

The microstructure during the forging process suffers from different dynamic mechanism that
allows the formation of new microstructures. This is caused because the strain applied to the
workpiece increases the dislocation density. Then, the interaction between the dislocations
produces a higher strain energy in the workpiece that allows a dynamic recovery and

recrystallization to occur during the forging process.

The dynamic recovery process (DRV) is one of the dynamic mechanisms that can occur during
a forging process in high stacking-fault-energy materials. This mechanism lowers the total
energy of the system by reducing the density of dislocations. The reduction of the dislocation
density takes place when two dislocations with opposite sign annihilate each other through
gliding in active slip [38]. Nonetheless, the flow curve of a DRV process first shows an increase

of strength due to the flow hardening occurring in the workpiece followed by a steady state,
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which represents the point where dislocation density hardening and dynamic recovery

balance each other. This is shown very clearly in Figure 2.9.

In low staking-fault-energy materials, the dynamic mechanism dominating the behaviour of
the material is the discontinuous dynamic recrystallisation process (DDRX). There is a high
dislocation density in the material produced by the fact that mobile dislocations are
dissociated, which makes the climb of the dislocations more difficult. The DDRX process takes
place when there is nucleation and growth of equiaxed strain free grains caused by the
combination of higher density movement at high temperatures and dissimilar dislocation
densities in the grain boundaries [39]. This process is in a continuous loop while the workpiece
is being forged. The DDRX graph in Figure 2.9 shows a similar steady state caused by the
balance of the DDRX and DRV process, with the main difference that, in this case, there is a

peak of stress followed by a flow softening.

Steady State (DRV)

Steady State (DDRX)

Stress o

Strain €

Figure 2.9 — Schematic representation of the work hardening behaviour at high temperatures when titanium is
undergoing dynamic recrystallization. (Redrawn from [40])
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2.8.  Powder Metallurgy

2.8.1. Introduction

Powder metallurgy consists in producing a near net shape component from powder. This
process does not require melting the material and allows to reduce the amount of scrap
produced with other methods. The most common feedstocks to produce powders comes in
forms of Ti sponge, billet or ingot material. There are two main routes to produce titanium
alloy powder: the pre-alloying (PA) or the blended elemental (BE) approaches [41]. The pre-
alloyed route contains the desired alloy before the production of the powder while the
blended elemental route the alloying elements are added to titanium as elemental powders.

The PA powders tend to have more strength than BE powders [21].

2.8.2. Types of powders

Nowadays, most of the powder available are produced through gas atomized (GA), plasma
atomized (PA), the hydride-dehydride (HDH) or plasma rotating electrode process (PREP)
[21,42].

e Gas Atomisation (GA): The process consists in melting the metal at the top of a
crucible. Then, the molten metal is poured through a refractory nozzle to a high -
pressure argon gas stream. The aim is to break up the melt into a fine spray that will
convert into powder when solidifies. Titanium can also be produced by a variation of
the gas atomisation process, called electrode induction gas atomisation (EIGA). The
main variation of this process is that it melts the metal through drip melting an
electrode and the drops of molten titanium falls into a gas atomising nozzle [43]. In
general, the gas atomized powders tend to be spherical with some defects and
satellites in the exterior or the particles. The formation of the satellites is due to the
fine particles colliding with partially molten particles. Furthermore, the high-
pressured gas tends to cause more porosity in the powder in comparison to other

techniques [42].
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e Plasma Atomisation (PA): This technique uses titanium wire as a feedstock. The spool
of wire is melted and atomised by plasma torches and gas jets inside the atomisation
chamber. The melted droplets solidify in powder particles at the bottom of the
chamber [44]. The type of powder produced from PA tends to be spherical with some
satellites and high level of purity because the particles are not in contact with the
atomisation chamber. The main disadvantage of this technique is the high cost of the
titanium wire and the fact that some titanium alloys are not available in this format
[42].

e Plasma Rotating Electrode Process (PREP): This process is similar to PA process and
the main difference is that PREP uses a rotating bar for feedstock instead of the wire.
The end of the bar is melted by the plasma torches, which causes droplets of fuse
material to eject from the surface due to the high rotating speed (3000-15000 RPM)
[45]. PREP process tends to create the best quality powder because as mentioned with
the technique PA, the powder is not in contact with the chamber before cooling down.
Furthermore, PREP powder has low internal porosity because the process uses
centrifugal forces to create the powder [42].

e Hydride-Dehydride (HDH): This is a cheaper method to produce titanium powder
because it can be produced directly from Ti sponge, ingot or mill products. The
titanium is embrittled by heating the material in a hydrogen atmosphere and crushed
to desired PSD. The excess of hydrogen in the powder is removed by heating the
powder in a vacuum environment [46]. HDH powder particles have an angular
morphology caused by the crashing stage of the solid components. This technique can

only be applied to materials that are sensitive to hydrogen embrittlement [47].

2.8.3. Particle Size Distribution (PSD)

The particle size distribution (PSD) obtained from these processes is very wide and this can
be a problem for some technologies such as additive manufacturing (AM) where it is required
that the powder particle have small diameters [48]. Figure 2.10 shows the typical PSD of a gas
atomized powder and the PSD required for different powder metallurgy processing
techniques. It is possible to see that most of the techniques require small PSD, which

represents a small percentage of the powders produced with GA. Consequently, the powders
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have to be sieved to different PSD before they can be processed. However, there is still large

amount of oversize powder that is considered waste for the additive manufacturing sector.

The PSD is also dependent on the processing technique used. A clear example is shown in
Figure 2.11, where PA produces some of the finest powders while PREP or FFGA produces
courser powder. Furthermore, other techniques such as the EIGA process, produce a wide
range of PSD. The high cost of fine powders produced with processes such as PREP powder is
related to the quality of the powder and the amount feedstock required to produce the small

PSD.

In-size range frequency (%)

15-45m

.........................................................

10 100 1000
Particle diameter (um)

Figure 2.10 — Graph of a typical PSD for a GA powder with the PSD required for several powder technologies
(Adapted from [48]).
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Figure 2.11 — Graph with the typical PSD of titanium powder produced with different methods [42]

2.9.  Common powder metallurgy techniques

2.9.1. Additive Manufacturing (AM)

Additive manufacturing is a technique capable of building components with complex
geometries layer-by-layer, which are not possible to create with any other technique.
Furthermore, it reduces the number of steps required to produce a component because AM

has the freedom to create any near-net shape in a single step.

According to the ASTM International, the AM processes can be classified into seven
categories, which are: Material jetting, binder jetting, direct energy deposition, VAT
photopolymerization, material extrusion and powder bed fusion [49]. Nevertheless, only
powder bed fusion, binder jetting and direct energy deposition are the categories that uses
powder as a feedstock [7]. Some of the most common AM processes in the aerospace
technology are direct energy deposition (DED) [50] and powder bed fusion (PBF) [51]. DED
and PBF can use a laser or electron beam to melt the powder. The main difference between

these two techniques is that the powder in DED is delivered and melted through a nozzle in
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the desired location while in PBF the powder is in a bed layer, and it is the nozzle with the

heat source that melts the powder in the desired location.

Although additive manufacturing is a relatively novel technique with unique characteristics
that make it very promising for the industry, it has a number of issues that need to be solved
before it is used more widely in industry. The two most common defects found in additive
manufacturing are porosity and lack of fusion [52]. The pores are caused by gas trapped inside
the melt pool and the lack of fusion is related to low temperatures in the melt pool or an
excess of power [50]. The defects can be minimized with a posterior hot isostatic pressing
(HIP) treatment, but this increases the cost and the time required to create the component.
In addition to this, the rapid changes or temperature while melting the powder create high
residual stresses in the AM part, which required further treatment to remove them [53].

Other possible issues are dimensions inaccuracy and oxidation of the powder [51].

2.9.2. Pressure less sintering

The process consists of sintering metallic powder without applying pressure during the
sintering process. The powder has been previously pre-pressed at room temperature to
obtain a green part. Then, the green part is placed in a furnace at a temperature of 1200°C or
higher to make sure the component is fully sintered and the BE powder have been fully
homogenised [54]. The sintering process needs to occur under vacuum conditions or with an

argon atmosphere to avoid picking up oxygen and nitrogen.

The advantage of this technique is that it is capable of producing a high number of samples
because no mould is required during processing. However, besides the issues with oxygen
and nitrogen pick up, the average density of the final component is 98% of the theoretical

density for BE powder. The final density of the component is even lower for PA powder [21].

2.9.3. Hot Isostatic Pressing (HIP)

HIP is one of the most common methods used for consolidating powders such as titanium
[55]. The principle of the process consists in applying isostatic pressure to the powder at

certain temperature for a range of time until the powder is fully consolidated. The most
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common way of applying the isostatic pressure is with argon gas. This pressure is transmitted
to the powder with the aim to deform the material and remove the pores [56]. To avoid any
oxidation, the process takes place in a hermetically sealed HIP vessel. Moreover, the powder
needs to be inside a leak-free container that has to be machined once the metal is fully

processed. Figure 2.12 shows a schematic overview of a HIP unit.
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Figure 2.12 - lllustration of the basic parts and mechanisms used in HIP to fully consolidate powder [57]

The microstructure and the mechanical properties of HIP material depend on the processing
temperature. Further refinement of the microstructure is possible by combing HIP with a
thermo mechanical processing [58]. However, this could increase the performance/cost ratio

of the HIP component [59].

The advantages of HIP are that it is capable of producing near-net shaped components with
a 99.9% theoretical density [60]. Furthermore, the use of isostatic pressure allows to obtain
fully consolidated components at temperatures below the beta transus for titanium. HIP also
has a high repeatability of microstructure and mechanical properties in comparison to other

technique [61].

HIP also have some disadvantages such as long dwell time (~ 4-6 hours), which reduces the
number of possible components produced in an industrial environment. Furthermore, there
is a potential risk of producing residual stresses in the component caused by thermal stresses

due to non-uniform densification of the powder [62,63]. The canning of the HIP process is
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also challenging because the container shrinkage is not isotropic and depends on multiple
parameters [61]. Also, the development of a canning is expensive and has to be machined

away after every use.

2.9.4. Vacuum Hot pressing

Vacuum hot pressing (VHP) is a technique used to consolidate all ranges of metallic powder.
The assistance of pressure allows to obtain better consolidation than pressure less sintering,
especially with PA powder. The powder is processed inside graphite tools and is heated with
an induction coil or a radiated furnace. At the same time, there are two uniaxial pistons that
apply the pressure to the powder. All this process is done inside a vessel in vacuum conditions

to avoid any oxidation of the powder.

This technology has some limitations in comparison to similar techniques, such as field
assisted sintering technology (FAST). The vacuum hot pressing requires longer times to fully
consolidate powder in comparison to FAST [64,65]. Therefore, the mechanical property of
FAST material is better than VHP when processed in the same conditions [66]. Furthermore,
it has been demonstrated that substituting HP for FAST can increase the production up to

33,200 components more per year with a significant cost saving [67].

2.10. Field Assisted Sintering Technology

In 1996, Inoue published the first pattern [68] of what is known nowadays as field assisted
sintering technology (FAST), spark plasma sintering (SPS) or pulsed electric current (PECS).
The technology combines low-voltage electrical current with mechanical pressure to obtain a
fully consolidated solid from powder. The original name was spark plasma sintering but there
are not enough evidences of plasma formation during the processing of the powder [69].
Therefore, the name field assisted sintering technology (FAST) has become more popular over

the past years.

The use of FAST has several advantages compared to similar techniques described in Section

2.9. One of the biggest advantages of FAST is that it can produce high heating rates as well as
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shorter processing times and lower sintering time, which helps to retain a small smaller
microstructure [70,71]. More importantly, shorter processing times mean that it is possible
to produce more samples in the same amount of time and reduce its cost compared to similar
techniques [69,72—74]. Furthermore, the graphite tools used in FAST to consolidate the

powder can be reused between 30-50 times, reducing the tooling cost of the process.

Techniques such as AM require a specific PSD to minimise the defects generated during the
production, as shown in Section 2.9. FAST has a high tolerance to the size and shape of the
feedstock with little effect to the final density of the component [75]. A clear example is the

consolidation into a fully dense part of titanium swarf [76].

O. Guillon et al. [77] pointed out that FAST provides a better control of the operation mode
and the sintering energy in relation to the conventional methods, which allow the obtention

of consistent microstructure.

However, the FAST technique also has some disadvantages. The temperature in the material
can have a difference of 5% approximately from the centre to the edge for large samples,
which can have an impact in the mechanical properties. The microstructure can also be
affected if processed at temperatures close to the beta transus. This issue can be minimized
by using a good thermal isolation around the graphite ring and the application of boron nitride
(BN) spray in the graphite foil to concentrate more current in the material. Additionally, a
good design of the mould can be critical, especially when producing more complex
geometries because a good geometry can distribute the current homogeneously to avoid hot

and cold regions in the powder [78,79].

Another limitation with FAST is the little research about scaling up the technology for
industrial applications. Most of the current research focuses on small scale work, which allows
very high heating rates as well as rapid cooling of the sample. However, it is more challenging
to have high heating and cooling rage for larger samples, causing the microstructure to differ
from similar processing conditions in the small scale [80,81]. For this reason, it can be
misguiding to draw conclusions from results obtained in a small-scale equipment to an

industrial level.
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In addition to this, it is still challenging to create complex near-net shape directly with FAST.
Itisimportant to ensure that the pressure is applied homogeneously as well as avoid affecting

the current path with sudden changes of geometry.

2.10.1. FAST sintering mechanism

Sintering consists in reducing the system energy through a diffusion process by reducing the
surface areas of the powder or solid and reducing the total percentage of grain boundaries.
The sintering process tends to occur at the homologous temperature, which is between 0.5

and 0.8 of the material’s melting temperature [82].

The conventional sintering process starts by the rearrangement of the powder particles in a
pre-pressure stage, that helps improves the compaction and activates de densification
mechanisms. If the stress is higher than the yield stress of the material, it can produce a plastic
deformation that can improve the densification of the component [82,83]. With the
application of heat, there is an initial stage with the formation of necks between particles, as
the one shown in Figure 2.13. These necks start growing with time and temperature and start
connecting with other neighbours’ necks to start consolidating the powder as well as reducing
its surface area. At the same time, the grain boundaries start growing from the necks to

reduce the overall energy of the system.

The sintering of the powder takes places because there are several mass transportation
mechanisms that contribute to densify and coarsen the particles. It is important to take into
account that during the sintering of the powder, some mechanisms contribute to the
coarsening of the particles while other contribute to the densification of the part. In Figure
2.13 (a), the typical types of mass transport mechanisms for FAST are shown. The evaporation
and the surface diffusion mechanisms contribute to the coarsening of the powder while the
grain boundary and the volume diffusion mechanism contribute to the densification of the
powder. Each of these mechanisms have different activation energies and by modifying the
processing parameters of FAST, it is possible to favour one mechanism over the other. For
example, high heating rates with FAST contribute the densification of the powder rather than
the coarsening. The reason is that the surface diffusion mechanism is more active than the

other mechanisms at low temperature due to its low activation energy. However, at high
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temperature the dominant mechanisms are the grain boundary and volume diffusion.
Therefore, by increasing quickly the temperature, the sintering will be dominated most of the

time by densification mechanisms.

Another factor that contributes to the densification is the application of pressure. As shown
in Figure 2.13 (b), the application of pressure rearranges the particles, which improves the

compaction and activates the densification mechanisms.
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Figure 2.13 — (a) mass transport mechanisms involved in sintering. (b) rearrangement of the powder when
pressure is applied [83].

2.10.2. Effects of the electrical current

The application of electrical current is one of the main characteristics of the SPS. There are
three main types of currents that can be applied: constant direct current (DC), pulsed DC and
alternating current (AC). The type of current may depend on the material being sintered;
however, the most common method is to use pulsed DC. There has been work comparing the
different types of current and what effects produce in the materials while consolidating. For
example, it has been observed in ceramics that the only way to obtain a fully consolidated

sample is with pulsed DC current instead of constant DC [84].

The pulsed current can influence the properties and microstructure of the powder being
sintered. It has been stated that pulsed current can remove from surface the oxide layer and
other impurities from the particle [85] but the amount of cleanliness of the surface could be

influenced by the heating rate [86]. In addition to this, there have been several studies that
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have shown a higher diffusion with FAST, which is caused by the high-density currents can
enhance vacancy defect migrations [87—89]. The electrical current can also reduce the flow
stress of metals [90] to obtain a rapid consolidation of the powder. Furthermore, the current
can influence the solid-state phase transformations by accelerating or delaying the phase
transformations. This is dependent on the original powder used, the processing conditions

and the current density [91].

2.10.3. Effect of electric field

The electric field produced with FAST is another physical effect that can influence the
densification of the component as well as grain boundary migration or grain growth [92].
Some studies have shown a grain refinement caused by a reduction in the driving force due
to a decrease of the grain boundary energy [93]. Additionally, an increase of the electric field
improves the sintering rate, with a more significant improvement for AC field compared to

DC field [94].

2.10.4. Effect of pressure

The pressure is also a key parameter to obtain a fully dense component and the use of it has
multiple advantages. The pressure can reduce the sintering temperature threshold [95] as
well as induce phase transformations [96]. Furthermore, the application of pressure
rearranges the powder at the early stages of processing, which reduces the initial porosity in
the powder and reduces the sintering time required to obtain a fully consolidated component.
However, for more complex geometries, there is also a possibility that stress gradients are
produced during the FAST process. Consequently, the components produced with FAST could

have an inhomogeneous microstructure [97].

2.11. Use of FAST in titanium

FAST is a novel route to process titanium powder that has begun to become more popular in

the last years because it is possible to reduce the cost of titanium components when
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compared to a conventional processing route. This reduction of cost can be achieved by
reducing the amount of steps required in the thermomechanical processing, using lower
sintering temperatures or short dwell times as well as cheaper feedstock [80]. Two of the

most common titanium powders sintered with FAST are made of CP-Ti and Ti-64.

Research by Zadra et al. [98] obtained a fully dense CP-Ti at 800°C, proving that it is not
required to use temperatures as high as other processes to obtain a fully dense component.
Furthermore, the work showed little variation of carbon, oxygen and nitrogen content before
and after processing the powder with FAST. The mechanical testing done in the samples
obtained a similar values to the ones in the ASTM standards. Chaudhari and Bauri [99] also
obtained similar mechanical properties to the ASTM standards of CP-Ti powder consolidated
via FAST. Lower cost feedstock has also been exploited by Pascu et al. [100] and Sharma et al.
[101] where titanium hydride (TiH.) powder was used with the aim to desorption the
hydrogen at high temperatures. Weston et al. [75] studied the consolidation of spherical gas
atomised and angular hydride dehydride CP-Ti powder, showing full consolidation for both
types. Additionally, it was observed that the hold temperature and pressure were the critical
parameters to obtain a fully consolidated sample. Weston et al. [75] produced a 250 mm billet
with FAST and showed a similar microstructure from centre to edge. In the centre of the
sample the grains are slightly bigger than on the edge. One of the reasons is that the
temperature is measured from the centre of the sample and this is where the maximum
temperature is reached. The other reason is that the edge will cooldown quicker than the
centre, which allows the formation of finer microstructure. The work proves that the FAST
process can be scaled up for more industrial applications if a small variation of the

microstructure does not affect the final geometry shape. This is shown in Figure 2.14.

There have also been multiple studies focused on consolidating Ti-64 with FAST. The pressure
to obtain a fully consolidated sample from Ti-64 is not required to be extremely high as shown
by Garbiec et al. [102], where a full dense component was made with a pressure of 25 MPa.
Menapace et al. [103] showed that is possible to hot forge Ti-64 preforms made via FAST in a
similar way to titanium obtained through the conventional methods. It was observed that the
stress necessary to deform the component varied in function of the as FAST material, were
subtransus material required less stress than the supertransus. Weston et al. [104] further

developed Menapace et al. [103] study and proved a novel route to create titanium near-net
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shape called FAST-forge, which consists in combining FAST with one step forging. FAST-forge
was first proven for Ti-64 with two different routes. The first route was to produce a shaped
component with FAST and then forge it and the second route was to machine the shape from
FAST material and forge it. The result showed small differences in the microstructure between
both methods. A schematic of the process FAST-forge process is shown in Figure 2.15. To
increase the densification rate of titanium components an approach is to use blended
elemental powder, as shown by Yang et al [105]. Long et al. [106] and Vajpai et al. [107]. They
used FAST to create bimodal microstructures with FAST, however, this was only achieved after

milling the powder for several hours.

Figure 2.14 — Micrograph proving that the microstructure in a 250mm diameter cylinder is the same in all parts
[75].
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Figure 2.15 — Schematic of the FAST-forge process where a near net shape is produced from powder with only
two steps [104].

With FAST it is also possible to consolidate other titanium alloys. Calvert et al. [108] processed
Ti-5Al-5Mo-5V-3Cr powder and the results showed full consolidation of the sample as well as
producing similar microstructures and mechanical behaviour to conventional processed
titanium. Similar results were presents by Yang et al. [109] but with blended elemental Ti-

10V-2Fe-3Al.

The aerospace industry has also been very interested in developing titanium aluminide (TiAl)
due to their lower density compared to conventional titanium alloys. There has been several
studies undertaken at CEMES in Toulouse with these alloys [110—-113]. The studies showed
the final components had good mechanical properties as well as a refined microstructure

caused by the presence of borides at high temperatures.

2.11.1. Upscaling FAST for titanium applications

The production of near-net shaped components made directly from FAST is possible but there
are still some challenges within it. It is important to have a good understanding of the current
flow through the graphite tooling because there is a risk of creating heterogeneous heating
in the component. In addition to this, it is important to have a homogeneous pressure
throughout the sample to avoid porosity in the final component. The use of finite elements
to support the tool designs is essential for a good understanding of the current and pressure

distribution.
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An example of a near-net shape component is shown in Figure 2.16, where Voisin et al. [114]
made a near-net shape gamma titanium aluminide (y-TiAl) turbine blade directly from FAST.
Nevertheless, the final density of the component was not disclosed in the study. It is likely
that the root of the turbine blade had a high amount of porosity because the airfoil is thinner
and will reach full density before the root. Therefore, heterogenous strain will be applied to
the final component. This is an issue discussed in Section 2.10.4 and demonstrated by
Mainere et al. [97]. To solve this issue, Maniere et al. [115] proposed to use sacrificial material
to allow the near-net shaped component to fully consolidate. Another approach to produce
near net shaped specimens was shown by Maniere et al. [116] and consisted of producing the
desired geometry with the graphite foil inside a round mould. Then, the mould was filled with

powder in both sides of the graphite foil.

There is a lack of confidence from the industry point of view because FAST is seeing as a
discontinues process with little control of the process. However, the control in FAST is very
precise and can be used in chain productions. New approaches with FAST equipment have
been developed to improve the processing speed. For example, the new FAST machine at the
University of Sheffield has a secondary chamber to cool down the samples. This chamber is
capable to cool down a 200 mm disk from 1000°C to room temperature in less than an hour.
With a dwell time of 30 min, it would be possible to produce a 200 mm disc with 30mm
thickness every hour. Another approach is to create multiple samples in a single run as shown
in Figure 2.17, this combined with a cooling chamber would allow to increase the productivity

of FAST [77].

One of the limitations in FAST is the control of the cooling rate once the dwell time finishes.
A 250 mm cylinder can take up to 5 or 6 hours to cool down to room temperature. Zhang et
al. [117] explored the possibility to have rapid cooling capabilities in FAST by having multiple
nozzles inside the vessel combined with high pressure argon. With this method it was possible

to cool down the sample with a cooling rate of 6.9°Cs™.
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Figure 2.16 — A pre-alloyed 48-2-2 powder was used to make a compressor blade directly with FAST. (a) The
cad file of the final component. (b)A simulation of the expected temperatures inside the die. (c) The compressor
blade made via FAST [114].
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Figure 2.17 — Illustration of tools for the production of multiple components with the FAST technology [77].

2.12. Method to join different titanium alloys

There are two main methods to join dissimilar titanium alloys, by fusion welding or solid-state

welding methods. The fusion welding method consists of melting metal and solidifying it to
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join the two alloys, this can be done with or without the use of an external electrode. The
fusion welding group can be divided in two subgroups, more conventional techniques such as
tungsten inert gas (TIG) and more advanced techniques such as additive manufacturing
processes. The solid-state welding method consists of joining the two dissimilar alloys
through a diffusion process. Most of the powder metallurgy techniques presented in Section
2.9 can be used to join dissimilar alloys because the densification mechanism is based in a
diffusion process. In addition to the techniques presented in Section 2.9, this section includes
other technologies, such as powder interlayer bonding (PIB), that are still in early phases of

development.

2.12.1. Conventional fusion welding method

The conventional fusion welding methods has a number of techniques that uses different
electrodes, environment protection or heat sources, but the bases are very similar for all of
them. The method consists in melting an electrode between two independent solid plates,
these plates will be joined together once the melted metal solidifies. The whole process has
to be done under vacuum conditions or with an inert gas to reduce interstitial pickup and

segregation issues.

The issue with this technique is the formation of a heat affected zone (HAZ) that can affect
the microstructure and the mechanical properties of the bond [118,119]. Furthermore, it is
common to have formation of pores in the weld due to absorption or entrapment of the gas
as well as contamination in the surfaces [120]. In addition to this, the rapid cooling of the
melted metal tends to generate high residual stresses that have a direct impact on the

mechanical properties [121].

2.12.2.  Alternative fusion welding methods

The additive manufacturing technology has been introduced in Section 2.9.1. This technology
can be used to join dissimilar titanium alloys by using more than titanium powder. However,
not all the additive manufacturing techniques to produce metallic structures use powder,
wire arc additive manufacturing (WAAM) uses metallic wire to build the structure. It is

possible to combine wires made of different alloys to produce the multi material component.
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2.12.3.  Solid-state joining methods.

Multi material components can be created with the powder metallurgy technologies such as
FAST, HIP or vacuum HP, which have been described in Section 2.9 and 2.10. This can be done
by distributing the dissimilar powder alloys in different regions of the moulds. Another
powder metallurgy technology that could be used to join dissimilar components is the
technology powder interlayer bonding (PIB). This technology consists of joining two solid
components by applying mechanical pressure, perpendicular to the union, and heat through
induction heating. In the region where the two components are going to be joined, a small
amount of powder is added to act as the “glue” between the two parts. With the application
of temperature and pressure, the powder fully consolidates and joins the parts by diffusion
bonding. One of the major advantages of this technique is the small generation of HAZ in

comparison to other welding techniques [122].

Similar to PIB, resistance heating can also be used to join dissimilar material. This technique
consists in using mechanical pressure and electrical current to join two components. It is

required a layer of powder between the two components that are going to be joined.

Another technique extensively used in the aerospace sector is linear friction welding (LFW).
The LFW technique consists in joining two solid components by a reciprocating motion with
a small frequency of one of the components against the other. The friction generated in the
interphase produces heat that softens the material and joins the two components. Although
the mechanical properties of LFW joints tend to be good [6], the residual stresses tend to be
high in the weld [123]. Friction stir welding (FSW) and rotary friction welding (RFW) are similar
techniques to LFW with the difference that for FSW it is an external tool that creates the
friction between the two materials and for RFW the movement of the workpiece is rotation

instead of lineal.
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2.13. Bonding of titanium

2.13.1. Fusion welding methods

2.13.1.1. Conventional fusion welding methods

There have been multiple studies joining dissimilar titanium alloys with conventional fusion
welding methods such as laser beam welding (LBW), electron beam welding (EBW) or TIG-

laser hybrid welding.

Several pieces of research that have studied the mechanical properties of the joint made with
EBW. Wang et al. [124] joined the titanium alloys Ti-64/Ti-17 and Ti-64/BT9 with EBW and the
bond had higher strength than Ti-64. However, the failure in the fatigue testing occurred on
the HAZ for both bonds. Tan et al. [125] observed similar results for the tensile test of Ti-22Al-
25Nb/TC11 but showed a reduction of fracture toughness of the bond caused by the
formation of B2 phase in the HAZ. Meanwhile, Zhang et al. [126] showed a decrease of
hardness in the bond between TisAl/TC4 and the failure of the tensile tests also occurred in

the bond.

The TIG — laser hybrid welding was used by Turichin et al. [127] to join two titanium plates
made with the alloys Ti-1.5Al-1Mo and Ti-64. The analysis of the mechanical properties of the
bond is limited in the study but the microhardness test shows an intermediate hardness in
the centre of the joint compared to the bulk material. Zhang et al. [128] also used TIG — laser
hybrid technique to join TI-22AL-27Nb to TA15 showing that the failure on the tensile test
occurs in TA15 instead of the bond. For the same bond, Li et al. [129] observed a reduction of

microhardness occurring in the join.

Fomin et al. [130] joined Ti-64/CP-Ti in a T-join with laser beam welding as shown in Figure
2.18. There were five distinct zones in the weld and the microhardness of the fusion zone had

a higher value than the bulk material.
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Figure 2.18 — (a) Optical micrograph of the welded zone between Ti-64/CP-Ti after applying Weck’s tint
etchant. (b) Optical micrograph of the union between CP-Ti and Ti-64 [130].

2.13.1.2. Alternative Fusion welding methods

Additive manufacturing technologies have also been used to produce multi materials
components. The versatility of the technology allows to be very flexible with the location of
both alloys. However, there are a number of parameters to take into account in order to

obtain a good bond.

Liu et al. [131] produced a TiAl alloy in the bond by starting with a 100% Ti-64 composition
and transitioning into an AISi10Mg alloy. However, it was observed the formation of cracks
due to brittle phases generated in the alloy. Yan et al. [132] also produced a functionally
graded TiAl alloy with CP-Ti/Ti-48AI-2Cr-2Nb and the results showed an increase of hardness
when increasing the content of Ti-48Al-2Cr-2Nb. The same approach was used by Schneider-
Maunoury et al. [133] to investigate functionally grading Ti-64/Mo. The results showed good
bonding between Ti-64 and Mo, nevertheless, it was detected unmelted Mo in the sample.
Liang et al. [134,135] and Qian [136] studied the bond between CP-Ti and Ti-6Al-2Zr-1Mo-1V
showing a smooth transition of chemistry and microhardness between both alloys. The
mechanical tests done of the functionally graded material presented better strength than CP-
Ti but very little plastic deformation. The formation of microcracks was also observed close
to the joint. Finally, Ren et al. [137] demonstrated that a graded bond between Ti-6Al-4V and
Ti-6.5Al-3.5Mo0-1.5Zr-0.3Si has similar tensile properties than a wrought bar made of Ti-6Al-
4v.
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2.13.2.  Solid state joining process

The use of techniques such as hot pressing or hot isostatic pressure have not been widely
explored to join dissimilar titanium alloys. However, other techniques such as LFW and FSW
have been used to produce multi material components with good mechanical properties in
the bond. The company TWI Ltd. used FSW to join Ti-6Al-4V with Ti-15V-3Cr-3Al-3Sn to make
propellant tanks for the European Space Agency (ESA) [138]. FSW was also used by Gangwar
et al. [139] to join the dissimilar titanium alloys TIMET-54M and ATI-425. The results showed
a good bond between both alloys with no clear defects in it. However, the mechanical
properties were dependent on the alloy positioned in the advancing side of the FSW because

the failure always occurred in the retreating side.

The use of LFW to create multi material components has been studied for potential aerospace
applications. Guo et al. [140] used LFW to demonstrate a multi material blade made with Ti-
6AIl-2Sn-4Zr-6Mo and Ti-6Al-4V but the mechanical properties of the bond were not tested. Ji
et al. [141] assessed the mechanical performance of a bond made with Ti-6Al-4V/Ti17. The
results showed that the bond had better tensile properties than the bulk material but worse
impact testing performance. Rajan et al. [142,143] studied the bond between Ti-6Al-4V and
Ti-6Al-2Sn-4Zr-2Mo, as shown in Figure 2.19. The results presented no defects in the bond,
but the hardness decreased in the HAZ and reached a maximum value at the weld line. The
tensile tests obtained similar results to the AMS specifications, and the failure occurred in the
Ti-6Al-4V region for all the tests. The fatigue performance of the joint after applying a heat
treatment was similar to the performance of the bulk material, and the failure always
occurred far from the bond. The fatigue results are in agreement with Wen et al. [144]
research for a bond made with Ti-6Al-4V and Ti-6.5Al-3.5Mo0-1.5Zr-0.3Si. Yang et al. [145] also
studied the performance of a dissimilar titanium bond made of Ti-6.5Al-3.5Mo-1.5Zr-0.3Si
and Ti-5Al-2Sn-2Zr-4Mo-4Cr. The fatigue life decreased when increasing the pressure and
welding time. Furthermore, an initial increase fatigue life and posterior decreased was
observed with the increase of the frequency, which is in agreement with Zhao et al. [146]

observations.

The use of resistance bonding to join dissimilar alloys was investigated by Pleydell-Pearce’s

thesis [147]. In this work, the alloy Ti-6Al-4V is joined to several dissimilar materials such as
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In718 and steels. Overall, the bond produced with this technique has poor quality because
the thermo-physical / electrical properties are too dissimilar. Additionally, with this technique
a heat affected zone (HAZ) is generated, which affects the mechanical properties of the union

and the deformation behaviour.

Powder interlayer bonding is another technology that has been used to bond titanium alloys.
Watkins et al [122] also studied the union of Ti-6Al-4V by modifying some of the parameters
in the PIB process. The results showed that the increase of temperature and pressure
improved the densification of the powder in the bond. Davies et al [148] showed high integrity
bond between two Ti-6Al-4V components made via additive manufacturing. Davies et al.
[149] also obtained good bonding integrity in the bond when joining titanium aluminides via
PIB. Davies et al [150] studied the fatigue performance of forged Ti-6Al-4V and Ti-6Al-2Sn-
4Zr-6Mo alloys when joined by PIB. The fatigue life for the bond made of Ti-6Al-4V
outperforms the fatigue life of the base material. Nevertheless, the bond made of Ti-6Al-2Sn-

4Zr-6Mo had shorter fatigue life than the base material.

Powder interlayer bonding has also been used to join dissimilar titanium alloys. Davies et al
[151] joined the titanium alloys Ti-6Al-2Sn-4Zr-6Mo and Ti-6Al-4V, obtaining a reduction of
10% of strength in the bond when compared to the strength of the base alloys. Other
dissimilar materials have been bonded with PIB, an example is the work of Stanners et al.

[152] where dissimilar nickel-based superalloys were joined successfully.
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Figure 2.19 — Micrographs of a LFW bond made of Ti-6242 and Ti-64. (a) as-welded (b) stress relief annealed

conditions [143].

2.13.3. FAST

This section is adapted from the conference paper published by Levano et al. [153] in the
proceedings of the 14" World Conference on Titanium. This conference paper is open access

under the terms of the Creative Commons Attribution License 4.0.

FAST has been used to produce multi material components because it is a relatively simple
and quick process that allows to obtain good bonding. Most of the research has been focused
on joining two solid components but there has also been some work done joining dissimilar
titanium powders. He et al. [154] were some of the first authors to use the FAST process to
bond two solid blocks of titanium, as opposed to powder. The results of the mechanical test
performed in the join showed that failure occurred in areas near the bond. A similar
experiment was performed by Miriyev et al. [155] in which Ti-6Al-4V was bonded to AlSI4330
steel. The bond between the two materials failed by brittle fracture due to the formation of
titanium carbides. Similarly, Kumar et al [8] joined two flat pieces of CP-Ti and AISI304L,
obtaining a tensile strength of 260 MPa. Nevertheless, the strength increased to 400 MPa

when threads were used in the bond. Pripanapong et al. [156,157] observed that the
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formation of the intermetallic TizAl improved the properties of the bond when joining Mg
alloys with CP-Ti. Vincente [158] used FAST to bond the titanium alloy CP-Ti grade 2 with Co-
28Cr-6Mo and observed that the roughness of the interface is influenced by the hardness of
the two materials. The effect of the temperature, pressure and time in the mechanical
properties when joining pre-sintered billets of Ti-45Al-7Nb-0.3W was studied by Zhao et al.
[159]. It was observed that at higher temperatures the material failed in the base material
while at higher pressure the material failed at the bond interface. Martin et al. [160] used an
innovative approach to bond two titanium alloys using FAST: The method consisted of
bonding a Ti-6A-4V 3D structure made with by electron beam melting (EBM) to CP-Ti grade 2

powder. This method generated a fully consolidated component with 99.5% of density.

Recently, Pope et al. [9] studied the integrity of the diffusion bond (DB) of dissimilar titanium
powders such as Ti-5553, Ti-6Al-4V and CP-Ti grade 2 processed with FAST. Such FAST bonds
of dissimilar alloys displayed excellent mechanical integrity under tensile testing, with failure
occurring in the base material of the lowest strength alloy, as opposed to the bond region like
is shown in Figure 2.20. Furthermore, Pope and Jackson et al. [10] produced a multi material
near-net shape component via FAST-forge, showing no damage in the bond after the forging

stage.

Figure 2.20 — Tensile specimens made via FAST-DB showing that the failure occurred in the weakest material
instead of the bond [9].
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3. Methodology

3.1. Introduction

The aim of this chapter is to describe the experimental methods used in this thesis. Specific

experimental methodology will be provided in the corresponding chapter.

The first section will explain the general methodology for FAST given the importance of this
technology throughout the thesis. Then, the hot forging processes and the mechanical testing
will be described, including tensile testing and microhardness testing. The following sections
will focus on the general characterization techniques for solid material and powder. The final

section describes the analysis carried out during the machining trials.

3.2. FAST

The production of bonds made of dissimilar titanium alloys was carried out using the solid-
state processing technology - FAST. There are two machines that were used in this work, one
was located at the University of Sheffield and the second at Kennametal in Newport, UK. The
main difference between the machines is the maximum dimensions of the billets that they
are capable of producing. The machine at the University of Sheffield is capable of producing
billets up to 80 mm diameter, while the larger machine at Kennametal can produce billets up
to 250 mm diameter. The large billets were produced to machine FAST specimens larger than

80 mm, as described in Chapter 6 and Chapter 7.

3.2.1. General methodology

The FAST process uses electrical current and mechanical pressure to fully consolidate the
powder. The mechanical pressure is applied in a uniaxial direction by a water-cooled ram

while the temperature is measured by a pyrometer that reads the temperature at the top of

47



the sample. To process the powder, graphite tools are used because they can withstand the

pressure at high temperatures, which means that the tools can be re-used.

The tools are made of two main parts, the graphite ring and the punches (top and bottom),
as shown in Figure 3.1 (a, d). The punches have a hole in the middle to enable a pyrometer to
measure the temperature close to the workpiece powder. For the graphite rings, the width
of walls is critical as it defines the amount of pressure and powder that can be withstood, for
that reason, the rings have to be checked before every run to ensure they are free from
cracks. To avoid the powder sticking to the graphite tools, it is important to cover the punches
and the ring with graphite foil, as shown in Figure 3.1 (b,c). In some cases, graphite discs were
added between the punch and the powder with the aim of protecting the punches. In addition
to this, before processing the powder, it is a requirement to add supports to make sure the
pressure from the pistons is distributed homogenously across the punch. Furthermore, it is
necessary to put a felt jacket around the graphite ring, for two reasons; (1) to protect the
FAST vessel from the heat of the dies and (2) to retain the maximum amount of heat with the
aim of reducing the amount of power required. For samples greater than 40 mm diameter,
additional CFC plates have to be added between the supports and the pistons to optimise the
current path; otherwise, the equipment would struggle to attain a high heating rate.
Furthermore, the CFC plates act as a thermal insulator between the graphite tools and the
rams, thus preventing the pistons from getting too hot. The CFC plates, the graphite supports

and the felt jacket are shown in Figure 3.2 (b,c).
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Figure 3.1 — (a) A cross section schematic of the FAST process and part. The photograph of the moulds after (b)
pouring the powder, (c) adding the three top graphite foils discs and (d) introducing the top punch.

The steps followed to prepare a sample using FAST were always the same. First, the graphite
foil was placed covering the interior face of the graphite ring, then the bottom punch was
introduced into the ring until one quarter of the punch was inside. The next step was to
introduce three graphite discs over the bottom punch to make sure no powder particle had
direct contact with the tools. Before pouring the powder into the mould, it was necessary to
calculate the amount of powder required to obtain a specific height in the final sample, which

was done through Equation (3.1).
m=Vp = hnr?p (3.1)

Where m is the mass of powder, V the volume, 7 is the radius of the tooling and p represents
the density of titanium powder, which is 4.4 g/cm3. Most of the moulds had a cylindric shape,
therefore, the volume can be calculated with hmr? where his the high of the final
component. Although different powders have different levels of compaction, the final
component is fully consolidated when processing with FAST. Consequently, the calculation in

Equation (3.1) is a good approximation.

For multi-material components, a divider was introduced into the die before pouring the
powder into the graphite mould. Once poured, the powder was flattened by tapping the

graphite ring until the top surface was completely flat and then the divider was carefully
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removed. Next, three graphite circles were added over the powder and the top punch was
introduced until it touched the powder. To make sure the powder was well compacted, an
initial pressure of 20 MPa was applied with a mechanical press. Once the supports and the

felt jacket were added, the sample was positioned inside the FAST machine.

The final steps consisted of closing the vessel and uploading the recipe to the FAST machine
control system with the required processing parameters. To reduce oxygen pick up in the

workpiece, all the FAST runs were done under vacuum.

-
T
-y
—
f

Figure 3.2 — Photograph of (a) the FAST machine at the University of Sheffield, (b) the graphite tooling of a
20mm mould inside the FAST vessel and (c) the graphite tools for a 60mm mould inside the FAST vessel with the
corresponding felt jacket and CFC plates.

3.2.1. Small Scale FAST - General Method

The work carried out at the University of Sheffield was done with an FCT Systeme GmbH SPS
Furnace Type HP D 25, which is shown in Figure 3.2 (a). This machine can process samples up
to 80 mm in diameter and a mass of 400 g of titanium powder. The temperature was
measured with a pyrometer 3 mm away from the interface between the powder and the

upper punch.

Polymeric dividers made with a 3D printer were used in order to produce the multi-material

components. The most common divider shape employed was a cross, as shown in Figure 3.3
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(a). The cross shape ensured that the divider could be removed in a 90° angle from the powder
and as a result, the resultant bond will be a straight line. In more complex shapes, it was
important to make sure the divider was touching the graphite walls to obtain a straight bond
line. An example of a complex divider is shown in Figure 3.3 (b), which represents the Sheffield
Titanium Alloy Research (STAR) logo. Figure 3.3 (c, d) shows the dissimilar titanium powders

once the divider has been removed.

(a)

Figure 3.3 — Photograph of the graphite tools while preparing the mould before and after removing the divider
for (a, c) a cross shape divider and (b, d) the STAR logo divider.

3.2.2. Large Scale FAST at Kennametal facility

The 250 mm FAST billets were processed on the larger FCT System GmbH SPS Furnace Type
H-HP D 250 at Kennametal UK Ltd., in Newport, South Wales, UK, which is shown in Figure

3.4. Although the machine is three stores high, the process to prepare and process the sample
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was the same as the smaller FAST machine at the University of Sheffield, which is described

in Section 3.2.1.

The dividers used for large samples were fabricated from aluminium instead of a 3D printed
polymer because at the time of the experimentation it was not possible to 3D print a divider
for a 250 mm mould. The main challenge with the aluminium dividers was to remove them at
a 90° angle (without tilting) in order to maintain a straight bond. Figure 3.5 shows

photographs of the aluminium divider inside the graphite ring.

Figure 3.4 — Photograph of the FCT Systems GmbH SPS Furnace Type H-HP D250 at Kennametal. (a)
Photograph of the front of the machine, (b) photograph inside the FAST processing chamber with the bottom
piston and (c) photograph of the graphite tool before processing it with FAST.

Figure 3.5 — Photographs of (a,b) the aluminium dividers used for the 250 mm moulds inside the graphite ring
and (c) the multiple powders inside the graphite ring after the dividers were removed.
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3.3.  Hot forging of FAST billets (FAST-forge)

3.3.1. FAST preforms

The FAST-forge components were hot forged from preform bars made of two titanium alloys,
Ti-6242 and Ti-64. The preforms were machined from a 250 mm FAST billet produced on the
equipment described in Section 3.2.2. The FAST billet was processed at 970°C for 1 hour at a

pressure of 32.5 MPa and it was left to cool down slowly inside the FAST chamber.

Figure 3.6 illustrates the process followed to obtain the multi-material preforms. Once the
FAST billet was removed from the graphite tools (Figure 3.6 (a)), the top and bottom surface
were machined to determine the exact position of the bond lines (Figure 3.6 (b)). Then, the
preforms were wire-EDM’ed from the 250 mm billet and machined to obtain the final shape
of the preforms, which were solid bars of 20 mm diameter (Figure 3.6 (c)). Additionally, in

Figure 3.6 (c), it is depicted how the two titanium alloys were distributed inside the FAST

il

« — = Ti-6242

250 mm w Ti-64

billets together with the final preforms.

(a) (b)

=

Figure 3.6 — Image of the multiple steps required to machine hot forging preforms from FAST billets. (a) An
image of the FAST billet after is removed from the graphite tools, (b) an image of the FAST billet after a face
turning operation and (c) is an illustration of the FAST disc with the location of the preforms and the multiple

alloys in combination of an image of the preforms.

3.3.2. Hot closed-die forging

The closed-die hot forging was conducted at W.H. Tildesley, Wolverhampton, UK, on an
industrially used Massey 1.1 MSC drop hammer forge with foot pedal control and 11 kJ blow

energy. The preforms were heated with a gas furnace to a temperature below the B transus
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and the dies were heated to minimise any die chilling effects. For the forging process, the dies
were lubricated through intuition by the 40 year experienced forgemaster and a total of 3 to
4 blows were required to obtain the near-net shaped component. At the end of the forging
process, the flash was crimped off and the components were water quenched. Figure 3.7
shows the equipment used for the forging trials, while Figure 3.8 shows the preform bar
before and after one hammer blow as well as the final near-net shaped of the multi-material

component.

Figure 3.7 — (a) Photograph of the industrially-used Massey 1.1 MSC drop hammer forge at W.H. Tildesley, (b)
photograph of the gas furnace used to heat the preforms, (c) photographs of the preforms inside the gas
furnace and (d) photograph of the dies used for the hot forging process.
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Figure 3.8 — (a) Photograph of the preform before the first drop hammer blow, and (b) fractions of second after
the first hammer blow. (c) A photograph of a final rocker arm near-net shaped component (adapted from
[153]).
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Figure 3.9 — Graphs of the thermocouple measurements from the interior and exterior of the preform prior the
forging process
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To monitor the temperature of the gas furnace, two thermocouples were fitted into the
preform. The first thermocouple was located in one hole drilled in the surface of the preform
and the second one was measuring the temperature of the surface. As shown in Figure 3.9,
the temperature had a clear cycle and there was a significant difference between the

measurement in the interior and at the exterior of the preform.

3.4.  Mechanical Property Assessment

3.4.1. Microhardness testing

The hardness measurements across the bond were always conducted with at least 3 rows
with 20 indentations in each and a dwell time for each indentation of 15 s, which is the ASTM
E384 standard [161]. Each row crossed the bond diagonally, in order to evaluate more points
in the proximity of the bond, as shown in Figure 3.10. The indents were spaced by 50 um in
the x-direction and 300 um in the y-direction and the microhardness load was 9.81 kgf for all

the samples with the exception of the bonds with CP-Ti which used a load of 1.962 kgf.

The distance from the indent to the bond was measured with the software Imagel [162] from
light micrograph mosaics obtained with a light microscope. However, this measurement was
done manually for each point based on the microstructure observed in the micrographs. For
dissimilar alloys with a significant change of chemistry, like the example in Figure 3.10 (a), this
measurement was very consistent and the standard variation was less than 20 um. However,
for dissimilar alloys with finer microstructures, the measurement was more complicated
because there was not a defined bond, like the example shown in Figure 3.10 (b). Therefore,

in these cases, the standard variation was around 100 um.
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(b)

Figure 3.10 — Light micrograph mosaics of the hardness indentations across the bond between (a) dissimilar
titanium alloys and (b) similar titanium alloys.

3.4.2. Tensile tests

The tensile test specimens were machined to the final dimensions following the ASTM
E8/E8M [163] specifications, which are shown in Figure 3.11. The initial FAST material for
these samples were 250 mm diameters billets and the process to machine these samples was

similar to that described in Figure 3.6. It was essential that the bond was located in the middle
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of the sample and perpendicular to the tensile direction, to ensure equivalent tensile
conditions for both alloys during the test. The tests were carried out at constant displacement
and the strain was measured using an extensometer. Detailed information can be found in

Section 5.2.3.

120
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Figure 3.11 — Technical drawing of the ASTM E8/E8M tensile specimen dimensions.

3.4.3. Optical DIC test

The optical digital image correlation (DIC) test consisted in using a light microscope to
compare the initial microstructure of a bond, before and after applied strain. The microtester
used for this test could not be positioned under the microscope, so the approach was to
complete an interrupted test. The test started by using the light microscope to take
micrographs of the sample, then, the sample was tested with the microtester up to a certain
amount of strain. Finally, the sample would be unloaded and positioned in the optical
microscope before starting the process described again. The samples had to be etched with
hydrofluoric acid (HF) before testing, so features of the microstructure could be captured for
the DIC analysis. A detailed description of the conditions and equipment used for this test can

be found in Section 5.2.4.

The samples used for this test were machined with wire-EDM and machined to the
dimensions shown in Figure 3.12. This design had a double gauge length in order to
concentrate most of the strain in the bond region. To locate the bond and machine it in the

correct position, it was required to follow the same process described in Figure 3.6.
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Figure 3.12 — (a) Light micrograph of the bond in the DIC tensile specimen after etching it with HF. (b) Technical
draw of the DIC tensile specimen dimensions.

3.5.  Material analysis

3.5.1. Metallographic preparation

The metallographic preparation of the samples analysed in this thesis was completed using

the following procedure: -

First, most of the samples required sectioning before they could be hot mounted in Bakelite.
There are two main machines used to section the samples: for long, rough cuts, a Buehler
AbrasiMet benchtop was used, and for small, precise cuts, a Struers Secotom-20 was used.

The samples were then hot mounted in conductive Bakelite with a Buehler SimpliMet and
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ground with progressively finer grit SiC paper on a Struers Tegramin-25. Finally, the samples
were polished with a solution made of 0.06 um colloidal silica with 10% of hydrogen peroxide

until the sample had a mirror finished surface.

3.5.2. Microstructural analysis

To characterise the microstructure of the titanium alloys, light and scanning electron
microscopes were employed. A Nikon Eclipse LV150 with cross polarized light was used to
obtain microstructures of the titanium alloys. However, an Olympus Bx51 with the software
Clemex Vision PE image analysis system was used to create mosaics. This microscope has an
automated X,Y displacement table that reduced the amount of time required to obtain a

mosaic. The FEl Inspect F50 SEM was used to obtain higher resolution micrographs.

The chemistry of the bond was measured with X-EDS point scans with a Philips XL30 SEM. The
detector was first calibrated with a pure cobalt standard to obtain reliable quantitative data
at each point. The points were linearly spaced perpendicular across the bond at a distance of
10-30 um depending on the processing conditions of the sample. Each line scan had 15-20
points and a total of 3 scans in different locations were conducted for every sample. The dwell
time for each point could vary between 1.5-2 minutes. This time was sufficient to obtain
quality data without compromising processing time. The length of the scans was long enough
to obtain the full diffusion profile for each bond. The data was then plotted using the
MATLAB® software and the fitting of the points was obtained with the curve fitting app in the

same software. Figure 3.13 shows an example of a typical point scan across the bond.
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Figure 3.13 — Backscattered micrograph of a FAST-DB bond with a X-EDS point scan across the bond.

3.5.3. Powder analysis

The powders used in this work were analysed with different methods. The particle size
distribution (PSD) of the powder was measured with a Malvern Mastersizer 3000 laser
diffraction particle size analyser with a wet dispersion method. Before starting the test, the
equipment was flushed five times to avoid any potential contamination with powder of
previous users. Then, a small amount of powder was added to a beaker with distilled water
until the equipment had enough powder particles to make a measurement. A total of 20
measurements were performed and the final values for Dx10, Dx50 and Dx90 were the

average of all these measurements.

The analysis of the external shape of the powder was done by sticking powder on carbon dots
and taking micrographs in the SEM. It was important to blow compressed air over the carbon
dot after sticking the powder to remove any loose powder and avoid damaging the

microscope.

The study of the shape, microstructure and porosity of the powder was done by cold

mounting the powder in epoxy resin. The process of cold mounting the powder consisted of

61



pouring the epoxy resin in a plastic measuring cup together with the titanium alloy powder
and the resin hardener. Then, the mix was poured into a cold mounting mould and left under
vacuum conditions for a few minutes until all the air bubbles were removed; finally, it was
left to dry for at least 24h. Once the sample was ground and polished following the process
described in Section 3.5.1, the sample was analysed under cross polarized light on the Nikon

Eclipse LV150.

The shape and porosity measurements were performed with the Olympus Bx51 in
combination with the software Clemex Vision PE image analysis system. This allowed the
shape and porosity of the powder over large areas to be automatically measured. However,
it had to be taken into account that a 2D surface of a 3D powder particle is being measured.
Therefore, it was possible to have a similar situation to the one shown in Figure 3.14, where
the measurements of three powder particles with the same diameter and shape are taken in
different places. In addition to this, the automated software can have errors in the
measurement, like the one shown in Figure 3.15, where after removing the particles from
Figure 3.15 (b) that are at the edge of the micrograph, a region of 3 powder particles in Figure
3.15 (c) has also been removed. Consequently, those particles will have a lower aspect ratio

and circularity than the real one.

Optical

Microscope

Figure 3.14 — lllustration of the diameter measurements of the same powder particle with an optical
microscope.
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Figure 3.15 — Images of the software Clemex Vision PE image analysis (a) before analysing the particles, (b)
selecting all the particles in the images and (c) discarding the particles that are on the edge of the micrograph
or have a smaller diameter than the threshold.

3.6. Force Feedback

The force feedback technique consists of measuring the reaction forces during a machining
process to obtain the microstructural information of the sample being machined [164]. This
is possible because the force produced in the interaction between the tool and the grain is
dependent on the orientation of the grain, as shown in Figure 3.16. At the moment, this has
only been achieved when machining flat surfaces; because machining none-flat surfaces

would increase the difficulty to know the exact position of the tool.

For this work, the change of force during the machining process was measured with a
dynamometer attached to the tool holder. Then, the force signal was processed through a
code in MATLAB software (created by Daniel Suarez Fernandez and Oliver Levano Blanch) that

positions the measurement of the force in the exact location measured.
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Figure 3.16 — Schematic illustration of the force feedback technique showing how the force measured changes
depending on the local orientation of the grain.
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Figure 3.17 — Force feedback plot of a multi-material component.

The measurements of the cutting force across the bond were calculated by averaging the
values of the forces parallel to the bond, as shown in Figure 3.18. From the microstructure
‘fingerprint’ map created in Figure 3.17, it is possible to extract a region containing only one
bond with MATLAB. It is important to make sure the bond is parallel to our measurements,
otherwise, the results could be affected. Once the bond is parallel to the axis, the average
force was measured parallel to the bond in multiple location (N1, N2, N3, ...., Nn) and plotted

in a graph. The force points measured with the dynamometer were not distributed
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homogeneously throughout the sample, so each Nn measurement is a bin of 100 um thick
that measures the average force of all the points inside that bin. The use of 100 um bins had

a good compromise between the resolution of the results and the noise generated.
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Figure 3.18 — Image showing the process followed to measure the force across the bond. (a) Complete force

feedback plot with a black dotted line selecting one region of the plot, (b) region extracted from the full plot

with the corresponding measurements parallels to the bond and (c) is the final graph with the average forces
measured from the extracted region.
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4. Powder Characteristics

4.1.  Introduction

This chapter introduces the different powders used in this thesis. It is important to understand
the basic characteristics of the powder because they could affect the final microstructure and
porosity of FAST material. It has been shown previously [165] that powder morphology is not
critical during FAST consolidation: the effect of size and morphology can be nullified with a
relative short dwell time above the beta transus. However, when the powder is processed
below the beta transus, the powder morphology can influence the final microstructure of the

material, as will be illustrated in Section 5.3.1.

In this thesis, a total of eight different titanium powders were used. This chapter presents the
chemical composition of the powder, the particle size distribution (PSD), the morphology and
the microstructure of the powders. Table 4.1 presents all the powders used in this thesis with

the corresponding chapter in which they were used and their method of production.

4.2.  Powder chemistry

The chemistry of the powder used in this thesis is shown in Table 4.2. The table presents the
elements in weight % and the chemical composition was measured by X-EDS, XRF (Bed Fusion)
and LECO analysis. The chemical composition of this alloys can be compared with the ASTM
B348/B348M — 19 [166]. Although this ASTM specification is used for solid components, it is
a good approximation to the Rolls-Royce plc standards. The Ti-64 alloys used in the aerospace
sector are considered Grade 23 because they should have a low wt. % of interstitial elements
in order to improve the final ductility and the fracture toughness of the component. None of
the Ti-64 powders comply with the ASTM B348/B348M — 19 [166] because only a maximum
wt. % of 0.25 Fe and a maximum wt. % of 0.13 O are allowed. However, both alloys would

comply with the specifications of standard Grade 5 Ti-64.
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Table 4.1 — Summary of the powders used in the thesis with their corresponding production method and

featured chapter.
Powder Type of Powder Featured Chapter
Ti-64_1 PREP Chapter 5
Ti-64_2 PREP Chapter 5, 6and 7
Ti-6242_1 EIGA Chapter 5
Ti-6242_2 EIGA Chapter 6 and 7
CP-Ti HDH Chapter 6 and 7
Ti-3-2.5 HDH Chapter 7
Ti-5553 EIGA Chapter 6 and 7
Beta C EIGA Chapter 7

The titanium alloys CP-Ti, Ti-3-2.5 and Beta C comply with their corresponding Grade 1, Grade
9 and Grade 19 specifications [166]. The specifications for the Ti-6242 alloys are compared
with the AMS 4919J standards [167]. The composition for Ti-6242_2 complies with the AMS
4919J standard but Ti-6242_1 does not comply with the standard because it has a Si content
less than 0.06 wt. %. The Ti-5553 was compared with the Boeing Material Specification [168]
and it was slightly out of specification because the O content was above 0.18 wt. %. This
material was gas atomized from a landing gear section supplied by Safran landing Systems;

hence, it is likely that the increase in oxygen occurred during the atomization stage [169].

Although some powders do not comply with the standards, it should not affect the results
presented in this thesis. As mentioned in Section 1.2, the aims for this project are to further
understand the diffusion bond between dissimilar titanium alloys. This has been successfully

achieved with the powders named above.
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4.3.  Powder Particle Size Distribution (PSD)

The PSD was measured with a Malvern Mastersizer 3000 laser diffraction particle size analyser
with a wet dispersion method as described in Section 3.5.3. The average statistical values are

summarized in Table 4.3 and plotted with the volume density distribution in Figure 4.1.

Table 4.2 — Chemical composition of titanium powder alloys used in this thesis.

Powder Ti Al V. Sn Zr Mo Cr Fe Si C S (o] N H
Ti-64_1 Bal 6.1 38 - - - - 0.26 - 0.028 0.01 0.163 0.019 0.0029
Ti-64_2 Bal 60 36 - - - - 0.16 - 0.023 0.01 0.181 0.003 0.0032

Ti-6242_1 Bal 5.7 - 22 43 2.2 - <0.05 <0.05 0.04 0.01 0.118 0.008 0.0019

Ti-6242_2 Bal 5.6 - 1.8 4.4 1.9 - 0.05 0.09 0.07 0.01 0.148 0.002 0.0021

cp 99.7 - - - - - - <0.05 - 0.005 0.001 0.143 0.003 0.0151
Ti-3-2.5 Bal 33 22 - - - - <0.05 - 0.015 0.001 0.190 0.003 0.0105
Ti-5553 Bal 50 52 - - 5.1 2.7 0.39 - 0.015 0.002 0.203 0.016 0.0033

Beta C Bal 35 7.9 - 43 4.6 5.4 <0.05 - 0.004 0.002 0.092 0.018 0.0022

Figure 4.1 shows the volumetric distribution for the titanium powder; it is clear that there are
two different types of PSD distributions. The first type of powders shows a typical normal
distribution like the ones produced by Ti-6242_1, Ti-6242_2, Ti-64_2 and CP-Ti powder in
Figure 4.1 (b, c, d, e). The second type of distribution has a log normal distribution in which
the volume density continues up to 650 um due to a small amount of very large powder

particles. This is the case for Ti-64_1, Ti-3-2.5, Ti-5553 and Beta C powders in Figure 4.1 (a, f,
g h).
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Table 4.3 — Average statistical PSD values of titanium powder alloys.

Powder Dx (10) (um) Dx (50) (um) Dx (90) (um)
Ti-64_1 93.3 160 299
Ti-64_2 61.3 86.7 123
Ti-6242_1 93.5 113 137
Ti-6242_2 25.2 37.4 53.7
CP-Ti 50.5 99.4 181
Ti-325 39.8 115 246
Ti-5553 20.7 57.2 140
Beta C 42.3 124 292

4.4.  Powder morphology

The shape of the powder can influence its consolidation in the initial stages of the powder
processing and the final microstructure [165,170]. The measurements of the aspect ratio and
the circularity of the powder can be characterised using the software Clemex, as explained in

Section 3.5.3.

The aspect ratio defines the general form of the powder. According to the ISO 9276-6 [171],
the aspect ratio is the ratio between the shortest and the longest Feret’s of the powder
particle and can be calculated using Equation (4.1). The maximum and the minimum Feret’s
are defined as the furthest and shortest distances between two parallel tangents in the
particle. The Feret’s for three shapes are shown in Figure 4.2. The circularity represents the
degree of similarity between the powder particle and a perfect circle; 1ISO9276-6 [171]defines

the circularity with Equation (4.2).
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Figure 4.1 — Volumetric distribution of titanium alloy powder. (a) Ti-64_1; (b) Ti-64_2; (c) Ti-6242_1; (d) Ti-
6242 _2; (e) CP-Ti; (f) Ti-3-2.5; (g) Ti-5553; (h) Beta C.

e .
Aspect Ratio = ——* (4.1)

emax

4 x 1 * Area
Circularity = |—————— (4.2)

(P)?

Where Fe,i, and Fe,,,, represents the minimum and the maximum Feret’s of each powder

particle and P represents the perimeter of the powder particle. Both parameters are
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dimensionless and measure their values from 0 to 1, where 1 represents the highest value
and 0 the lowest value. For the circularity, a value of 1 would mean that the particle is a
perfect circle. This is shown in Figure 4.2, where the circular dashed line represents a perfect
circle with the same area than the particle. For the aspect ratio, a value of 1 would mean that
all the Feret’s in the powder particle are the same and the particle is perfectly sphere. This is
shown in Figure 4.2 where the minimum and maximum Feret’s of the particles are plotted in
blue and black, respectively. Overall, the aspect ratio effectively measures the elongation of

the particle while the circularity quantifies the surface roughness of the particle.

Circularity (C) Aspect Ratio (AR)

AR=1

C=0.69 AR =0.32

C=042 % AR=0.3

Figure 4.2 — Illustration of three particles with their value numerical value of circularity and aspect ratio; the
equivalent perfect circle in dashed lines and their longest and shortest Feret’s line marked in black and blue
respectively.

Density maps of the circularity and the aspect ratio for the powders used in this thesis have
been plotted in Figure 4.3. There are three main types of density distributions that correlate
well with the three methods used to make these powders. The first type of distribution is
formed by powder produced with the PREP process (Figure 4.3 (a, b)): both powders have
concentrated density regions with values close to values of 1 for aspect ratio and circularity,
which means that these powders are spherical powders with a smooth surface roughness.
The second type of distribution is formed by powders produced with the EIGA process (Figure
4.3 (c, d, e, f)). These powders still have the highest density region with values close to 1 for

the circularity and aspect ratio but the powder is more scattered compared to PREP powder;
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there is a higher percentage of particles that have lower circularity and aspect ratio. Finally,
the last type of distribution is formed by powder produced from the HDH process. These types
of powder tend to have low circularity and aspect ratio as shown in Figure 4.3 (g, h), where

the particles of these powders have a wide probability distribution.
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Figure 4.3 — Probability density distribution of circularity and aspect ratio for titanium alloy powders. (a) Ti-
64_1; (b) Ti-64_2; (c) Ti-6242_1; (d) Ti-6242_2; (e) CP-Ti; (f) Ti-3-2.5; (g) Ti-5553; (h) Beta C.
The results presented in Figure 4.3 can be correlated with the SEM micrographs from Figure
4.4. The PREP powder shown in Figure 4.4 (a, b) have very spherical morphologies and the
surface of the particles seems very smooth with very few satellite particles. In a similar way,
the EIGA powder in Figure 4.4 (c, d, e, f) also has a spherical shape, but numerous particles
with satellites fused to the surface are also observed. Finally, the HDH powder is completely

different to the PREP and EIGA powder, it has an angular shape with a rough surface.
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Figure 4.4 — SEM micrographs of titanium alloy powders external surface. (a) Ti-64_1; (b) Ti-64_2; (c) Ti-
6242 _1; (d) Ti-6242_2; (e) CP-Ti; (f) Ti-3-2.5; (g) Ti-5553; (h) Beta C.

It is important to mention that the Ti-6242_1 powder was recycled powder from the additive

manufacturing (AM) process. Therefore, there were some defects in the powder introduced
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during the AM process that were consolidated into the final FAST billets. A typical defect from
AM is shown in Figure 4.5, which consists in the formation of fused powder that binds
together to create a larger particle that can reach a few millimetres in size; like the particles
shown in Figure 4.5 (a). Figure 4.5 (b) shows the same defect at higher magnifications and
reveals that these large particles are formed of smaller powder particles fused together.
Another common defect of recycled AM powder is that the O and C contents increase [172],
which could reduce the mechanical properties of the final part [173]. However, this is not the
case with this powder because the level of O and C are within the specification, as is shown in

Table 4.1.

Figure 4.5 — (a) Photo of typical defects produced by AM in Ti-6242_1 powder. (b) High resolution SEM
micrograph of the defect in (a).

4.5. Powder microstructure

The microstructure of the powders is shown in Figure 4.6; the micrographs were taken using
cross polarised light with the exception to the beta and near beta alloys in Figure 4.6 (g, h),
which were taken under the SEM. The microstructure of the PREP and EIGA powder is a
martensitic in nature, with a needle-like morphology in the powder in Figure 4.6 (a, b, c, d).
This microstructure is produced because of the rapid cooling rate generated during the
production of this powder. For EIGA process the cooling starts at 320 °C/s for large particles

(>200°C/s) and can reach up to 11000°C/s for small powder particles (<38 um) [174]. For PREP
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process the cooling rate is quick but not as quick as EIGA process, it tends to be in order
smaller than 100°C/s [175]. The CP-Ti and Ti-3-2.5 HDH powder has a microstructure formed
of a equiaxial grains for both alloys as is shown in Figure 4.6 (e, f). The grains formed in CP-Ti
are much larger than the ones formed in Ti-3-2.5. The beta alloys consist of retain B grains for
both alloys, however, the grains in the Beta C alloy (Figure 4.6 (h)) are smaller than the Ti-

5553 powder (Figure 4.6 (g)).

4.6.  Powder porosity

The porosity of the powders was also measured with the Clemex software and the results are
presented in Table 4.4. In general, the porosity of the powders was relatively low with the
highest value of porosity measured in the EIGA Ti-6242_1 powder with a total of 0.475% of
area porosity; the lowest level was in the PREP Ti-64_1 powder with a total of 0.052% area
porosity. Furthermore, the powder that had a major number of powder particles with pores
was the HDH CP-Ti powder while the one with a smaller number of particles with pores was

the Beta C powder.
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Figure 4.6 — SEM micrographs of titanium alloy powders external surface. (a) Ti-64_1; (b) Ti-64_2; (c) Ti-
6242 _1; (d) Ti-6242_2; (e) CP-Ti; (f) Ti-3-2.5; (g) Ti-5553; (h) Beta C.



Table 4.4 — % of porosity measured in the titanium powders regarding the number of particles with pores and

Powder

Ti-6242_1

Ti-6242_2

Ti-6242_3

Ti-64_1

Ti-64_2

Ti-325

Ti-5553

CP-Ti

Beta C

Ti-6246

% Particles with

pores

16.11

12.18

5.78

11.02

16.68

8.45

5.85

19.71

4.59

6.06

the % of area that represents the porosity.

% Porosity (Area)

0.475

0.328

0.062

0.052

0.071

0.081

0.152

0.292

0.256

0.196

10,336

20,664

90,155

7,279

54,374

59,603

46,207

44,344

23,884

30,575

Particles Measured
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5. Deformation Behaviour of a FAST
Diffusion Bond Processed from Dissimilar

Titanium Alloy Powders

This chapter is based in a paper published in the Journal Metallurgical and Materials
Transactions A by Levano Blanch et al [11]. The final publication is available via:
https://link.springer.com/article/10.1007/s11661-021-06301-w. The paper is open access
under a Creative Commons Attribution 4.0 International License. To view a copy of this

license, visit http://creativecommons.org/licenses/by/4.0/.

5.1.  Introduction

Titanium alloys are widely used in the aerospace sector due to their high strength-to-weight
ratio, corrosion resistance and ability to operate at relatively high temperatures [4,12,16,20].
For example, 25-30% of the weight of a gas turbine aero-engine is made up of titanium alloys
such as Ti-6Al-4V (Ti-64), Ti-6Al-2Sn-4Zr-2Mo (Ti-6242) and Ti-6Al-2Sn-4Zr-6Mo (Ti-6246) [4].
One of the issues with manufacturing in titanium, that restricts it largely to the aerospace
sector is the high processing cost and the high Buy-to-Fly ratio (BTF), which can exceed 10:1
[5]. Aerospace titanium alloy components used in demanding environments require a good
combination of creep and fatigue resistance, yet are designed and manufactured from a single
titanium alloy with a similar microstructure and set of properties in different subcomponent
regions. The performance of titanium components could be improved by using a tailored
creep resistant or fatigue resistant titanium alloy in defined subcomponent regions. The
ability to manufacture a component with dissimilar alloys in site-specific, subcomponent
regions would enable designers to optimise the performance of titanium forged components.

The greatest challenge for materials engineers is to determine the appropriate technology
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(and whether it exists) to reliably join both alloys and to ensure that the bond does not
compromise the structural integrity of the component. Additionally, there is a drive to move
towards near-net shape manufacturing with low material wastage in order to reduce the

excessive BTF of titanium aerospace parts.

An ideal candidate to create a near-net shape multi-titanium alloy component and reduce the
BTF value is the solid-state powder consolidation technology known as spark plasma sintering
(SPS) or field assisted sintering technology (FAST). FAST uses pulsed electrical current and
mechanical pressure through graphite dies to fully consolidate powder into a shaped part.
Dissimilar powders can be distributed into the mould with a degree of accuracy to obtain the
multi-alloy components with alloys in site-specific regions. The advantages of FAST, in relation
to conventional techniques, is that it can retain small grain sizes due to the high heating rates
obtained with the Joule heating effect and it requires lower temperatures and dwell times to
obtain a fully consolidated part [70,77,80,176]. There are three multi-physical parameters
involved in the FAST process: electric current, voltage and pressure [176]. It has been
observed that the electric current improves metal powder densification by the
electromigration phenomenon, yet temperature still has the most dominant effect on
densification [177]. Trzaska et al [178] also observed enhanced densification during the FAST
of metal powders due to high dislocation densities and diffusion rates at interparticle contact
regions. Additionally, previous studies have demonstrated an enhancement in diffusion when
pulsed current is used [88,89]. In 2014, a short review by Kelly and Graeve [74], concluded
that FAST/SPS was cheaper than conventional powder metallurgy processes such as hot
pressing (HP). Since then, FAST has been shown to be capable of creating shaped parts in one
step [114-116,179] or can be combined with hot forging to obtain near-net shaped parts with
as-forged properties in two steps (and termed FAST-forge) [10,104,108,153]. Using FAST
provides sustainable processing opportunities; titanium alloy powder and waste particulates
(such as machining swarf) can be fully consolidated into pre-forging billets or final parts in
one or two solid-state steps. This could lead to significant cost reductions in titanium alloy

component manufacture compared to the conventional multi-step route [76].

To date, the diffusion bonds obtained using FAST produce a graded transition region between
titanium alloys of the order of 300-500 um [9] with the advantage that there is no resultant

heat affected zone from the solid-state process. An example of a bond produced by FAST is
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shown in Figure 5.1, where a chemically graded grain exists at the diffusion bond region. At
higher magnification, there is a gentle transition from Ti-64 to Ti-6242 due to the change in Z
contrast from the darker alpha laths in Ti-64 to brighter (more heavily stabilised) alpha laths
in Ti-6242, but with the no noticeable difference morphology. There has been limited
research focused on joining titanium alloys using FAST technology: He et al. [154] joined two
solid blocks of Ti-64 with FAST and HP under several conditions and tested the strength of the
bond with tensile tests. The failure points of the FAST joints occurred in the base material
when processed at the highest temperatures. The FAST specimens achieved superior
mechanical properties than the joints produced using HP for most of the conditions. Miriyev
et al. [155] joined solid Ti-64 with AISI4330 steel achieving a tensile strength of 250 MPa in
the joint. Kumar et al. [8] investigated similar flat bonds between commercially pure Ti (CP-
Ti) and AISI304L using FAST, where an average strength of 260 MPa was recorded. However,
when threads were incorporated into the bond, the average strength increased to 400 MPa.
The main issue observed during the bonding of titanium to steel was the formation of
intermetallic phases that produced a brittle failure in the bond region during mechanical
testing. Pripanapong et al. [156,157] used FAST to join solid CP-Ti with magnesium alloys,
achieving a tensile bond efficiency of 96% in relation to the bulk material. This efficiency was
obtained when the Al content was increased, as it led to the precipitation of TisAl, which
locally increased the strength of the bond region. Zhao et al. [159] joined solid TiAl preforms
using FAST and observed that the strength of the bond increased when the processing
temperature increased due to the higher levels of diffusion. Nevertheless, the strength of the

bond decreased when the pressure was increased due to recrystallization and grain growth.

Pope et al. [9] pioneered the use of FAST to diffusion bond dissimilar titanium alloy powders
(termed FAST-DB), in combinations of Ti-64/Ti-5553 and Ti-64/CP-Ti into fully consolidated
samples and demonstrated that the failure occurred in the lower strength alloy during
uniaxial tensile loading. Although FAST has been well characterized as an effective process to
bond dissimilar titanium alloys to form “architectural” microstructures [10,153,158,160],
there has been limited research into the deformation mechanism and strain localization in

the diffusion bond region during tensile loading, which is a key focus of this paper.

In the hexagonal close-packed (HCP) titanium alloys, the easiest slip modes occur along the

<1120> direction for basal {0001} and prismatic {1010} planes. Additionally, ¢ + @ slip occurs
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on the {1011} and {1022} pyramidal planes [30,180,181]. This type of slip is more difficult
than a’slip at room temperature [12,16]. The activation of a slip system for a single crystal is
dependent on the grain orientation relative to the loading direction, which is represented
with the Schmid factor (m), and the critical resolved shear stress (CRSS) of the slip system
[182]. For polycrystalline materials the interaction between neighboring grains has to be
taken into account and it has been suggested that is necessary to add a hardening effect to
the CRSS value [183]. The pyramidal CRSS for Ti-64 is often considered to be at least two times
higher than the prismatic CRSS, and thought to be up to thirteen times higher for CP-Ti with
a low oxygen content [29]. Furthermore, the CRSS for the prismatic and basal plane is thought
to be ~ 1:1, but it has been observed in tensile and compressive tests for single grain and
textured titanium alloys that the prismatic plane tend to have a lower value [26,30,31].
Although the global Schmid factor calculation does not take into account the local stress state,
it has been found by Bridier et al [26] to be an adequate parameter for determining the active
slip mode in Ti-64, i.e., with the activated slip systems corresponding to the those with the
highest Schmid factor. However, recent high-resolution studies have shown that there is

often more complex deformation occurring at the subgrain scale [27].

Approximate location of bond line

Figure 5.1 — Backscattered electron micrographs of the FAST-DB bond between Ti-6242 and Ti-64; (a)
Micrograph illustrating chemical grading across a grain at the diffusion bond region - the red arrow shows the
approximate location of the bond. (b) Higher resolution micrograph of the diffusion bond and similar alpha
colony morphology across the diffusion bond region.
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In this study, optical Digital Image Correlation (DIC) is used to characterize the deformation
of the diffusion bond region between Ti-64 and Ti-6242 under tensile loading at different
length scales. DIC is a useful tool that can be used to map the local strain of a specimen
through images [184-187]. The DIC technique works by tracking surface features while
applying deformation and comparing the location of these features to their initial position.
With optical DIC it is possible to quantify the strain localization at a mesoscale level. For
example, Littlewood et al [188] and Lunt et al [189] used optical DICin a forged Ti-64 specimen
and a Ti-64 plasma wire deposition specimen to observe the effective strain of the grains and

strain partitioning between neighboring grains of different crystallographic orientations.

The aim of this work is to assess the mechanical performance under uniaxial tensile strength
of the FAST-DB joint between Ti-64 and Ti-6242 after subtransus and supertransus FAST

processing.

5.2.  Methodology

This work presents two separate sets of experiments: one analyses the performance of the
bond in a standard tensile test sample in both the subtransus and supertransus FAST
processed condition. The second experiment uses optical DIC (higher resolution) to further
understand the effect of the bond for supertransus conditions. The standard tensile test
samples were machined from two separated FAST-DB discs of 250 mm diameter while the

optical DIC samples were machined from one FAST-DB disc of 60 mm diameter.

5.2.1. Titanium alloy powders

The titanium powder alloys used in this study were Ti-6Al-4V (Ti-64) and Ti-6Al-2Sn-4Zr-2Mo
(Ti-6242). The morphology and microstructure of the powders are shown in Figure 5.2, where
the nomenclature (S) and (D) has been added after the type of alloy to differentiate the
powders used in the standard tensile test (S) and the optical DIC test (D). The top row of Figure
5.2 shows that Ti-6242 powder has a greater fraction of fine powder “satellites” and a higher
frequency of particles partially melted compared to the Ti-64 powder. For Ti-6242 (S), it was

observed the formation of fused powder joined together, which is typically observed in
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recycled titanium powder that has been previously used in additive manufacturing processes.
A martensitic microstructure is observed for all the powders in the middle row of Figure 5.2
due to the rapid cooling rates during powder production. The powder’s aspect ratio,
circularity and porosity were characterized using the optical microscope Olympus Bx51 with
the software Clemex Vision PE image analysis system. The powder was cold mounted with
epoxy-resin, followed by a short grinding and polishing. Then, the software Clemex Vision PE
analyzed more than 20,000 powder particles for each powder type. The last row of Figure 5.2
shows the probability density of the powder as a function of the aspect ratio, circularity and
the diameter of the powder. A perfect sphere will have value of aspect ratio and circularity of
1. Therefore, the Y axis represents the multiplication between the aspect ratio and the
circularity because it shows how close to a perfect sphere the powder particle is. It is observed
that the Ti-64 powder has more particles closer to a perfect sphere than the Ti-6242 powder,

which correlates well with the SEM micrographs from the first row of Figure 5.2.

The particle size distribution (PSD) was measured using a Malvern Mastersizer 3000 laser
diffraction particle size analyzer with a wet dispersion method. A total of 20 repetitions were
conducted for each powder and the distributions can be found in Table 5.1. Additionally,
Table 5.1 shows the porosity measured with the software Clemex for each powder type. The
chemical composition of the elements were measured by X-EDS, XRF (Bed Fusion) and LECO

analysis and the results are shown in Table 5.2.

5.2.2. FAST processing and test sample manufacture

Two different tensile samples were made for different levels of mechanical assessment: one
ASTM E8/E8M tensile specimen [163] was machined for a standard tensile test and a smaller
bespoke tensile specimen was machined in order to study the deformation characteristics in
the diffusion bond region. Table Ill shows the different tensile samples tested in this study
and the FAST processing dwell temperature used for each one. The applied pressure of 32.5

MPa was used for all samples.
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Figure 5.2—Micrographs and graphs showing the characteristics of the four powders used. The first row is
made of secondary electron micrographs of the external appearance of the powder. The middle row are light
micrographs of the powder microstructure under cross polarized light. The bottom row presents density plots

of the aspect ratio and the circularity of the powder as a function of the diameter.

Table 5.1 - Particle size distribution and porosity of the titanium alloy powders.

Dx (10) Dx (50) Dx (90) Porosity

Test Disc Powder
(um) (um) (um) (%)
Standard Ti-64 (S) 93 160 299 0.05
Disc 1
tensile
and 2 .
test Ti-6242 (S) 93.5 113 137 0.41
optical Ti-64 (D) 61.3 86.7 123 0.07
Disc 3
DIC test Ti-6242 (D) 25.2 37.4 53.7 0.06
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Table 5.2 — Chemical composition of the four titanium alloy powders represented in %.

Powder Ti Al \Y Sn Zr Mo Fe Si C S (0] N H*
Ti-64

Bal. 6.16 3.86 - - - 0.26 - 0.028 0.01 0.163 0.019 29
(S)
Ti-6242

Bal. 5.74 - 2.22 4,58 2.32 <0.05 <0.05 0.04 0.01 0.118 0.008 19
(S)
Ti-64

Bal. 6.02 3.66 - - - 0.16 - 0.023 0.01 0.181 0.003 32
(D)
Ti-6242

Bal. 5.69 - 1.89 441 193 0.05 0.09 0.07 0.01 0.148 0.002 21
(D)

H* is represented in parts per million (PPM)

Figure 5.3 presents the steps to manufacture the standard tensile test samples which were
processed on an FCT System GmbH FAST Furnace Type H-HP D 250. The FAST furnace is
capable of producing discs with a diameter of 250 mm and the temperature is measured with
a pyrometer at the interface between the powder and the upper graphite ram. The powder
was separated in the graphite ring by aluminum dividers, as shown in Figure 5.3 (a) and the
two alloy powders were distribution as schematically illustrated in Figure 5.3 (c). Once the
graphite ring was filled with the two powders, the dividers were carefully removed, leaving a
straight interface between the two powders. The powder was fully consolidated in the FAST
furnace to create a disc with a diameter of 250 mm and a thickness of 30 mm. To prevent

oxidation of the titanium sample, the process was carried out under vacuum.

In this study, a total of two discs with the same alloy distribution were processed at two
different temperatures with respect to the B transus of both Ti-64 and Ti-6242, which is
approximately 995°C: FAST processing was conducted at dwell temperatures of 970°C and
1030°C, which were respectively in the subtransus and supertransus phase regions for both
alloys also. The surface of the FAST discs were then skimmed in order to accurately locate the

bond line between the two alloys. The diffusion bonding was so effective that it was
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challenging to visually locate the bond between these two alloys. A range of samples were

machined, including tensile samples from the two FAST-DB discs, as shown in Figure 5.3 (c).

(b)

— Axial pyrometer

Hydraulic ram /
<«— Cooled copper
electrode

<—— Graphite support

- Graphite ram

Powder

. Ti-6242

— Graphite ring

(d)

Ti-64 Bond Ti-6242

Figure 5.3 — A schematic illustration of the FAST-DB process used to manufacture the tensile test samples. (a)
A photograph of the graphite ring with the aluminum dividers, (b) a schematic representation of graphite ring
layout during the FAST process, (c) a schematic illustration of how the FAST-DB billet was machined, (d) a
photograph of a 120 mm long FAST-DB tensile sample.

The tensile samples for the optical Digital Image Correlation (DIC) test were produced on the
smaller FCT System GmbH FAST Furnace Type HP D 25. Figure 5.4 shows the procedure
followed to produce the samples for the optical DIC test. The temperature was also measured
at the interface between the powder and the upper graphite ram with an axial pyrometer.
The diameter of the graphite ring was 60 mm and the walls of the ring were covered with
graphite foil to avoid the powder sticking in the graphite ring. A 3D printed polymer cross-
shaped divider was used to separate the powders, as shown in Figure 5.4 (a). The divider
maintained a straight interface between the two alloy powders when slowly removed from
the graphite ring. For this sample, half of the graphite ring was filled with Ti-64 powder and
the other half was filled with Ti-6242 powder. The powder was processed under vacuum

conditions to avoid any oxidation and the process temperatures are shown in Table 5.3.
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The tensile sample used was a double bone design and was 50 mm long, as shown in Figure
5.4 (c) - this design was used to constrain the location of the deformation. In order to locate
the bond in the FAST disc, the surface was lightly ground using SiC paper until the bond was
visible and the tensile samples were subsequently machined with the diffusion bond in the

central region (Figure 5.4 (c)).

Table 5.3 — Samples produced with FAST and the corresponding processing temperatures.

Disc
Processing Temperature
Test Disc diameter Name Material
conditions (°C)
(mm)
T1 Ti-6242
Disc 1 Subtransus 970
Standard TDB1  Ti-64/Ti-6242
tensile 250
test T2 Ti-6242
Disc 2 Supertransus 1030
TDB2  Ti-64/Ti-6242
Optical
DIC Disc 3 60 1030 TDIC Ti-64/Ti-6242
. Supertransus
analysis

5.2.3. Standard tensile testing

As Table Il shows, two discs were processed at the dwell temperatures of 970°C (subtransus)
and 1030°C (supertransus). For each disc, samples were extracted using wire EDM and finish
machined to ASTM E8/E8M [163] specifications. As Figure 5.3 (c) depicts, from each FAST disc,
four tensile specimens were extracted entirely from the Ti-6242 region and four tensile
samples were extracted across the bond region between Ti-64 and Ti-6242 (Figure 5.3 (d)).
Before testing, one face of the tensile test samples was ground and polished to a mirror finish
so the bond could be tracked during the tensile test. The tensile test was carried out using a
Tinius Olsen 25 ST benchtop tester and LabView software was used to record the force and
displacement of the sample. The force was read directly from the tester and the displacement

was read from an Epsilon Axial Extensometer — Model 3542 with a gauge length of 50 mm.
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The cross-head was set to a constant displacement of 0.01 mm/s and the test stopped when

the sample failed.

For one TDB1 sample and one TDB2 sample, a GOM ARAMIS 3D system was used to measure
the deformation of the sample with the DIC technique. The data obtained was post analyzed
with the GOM Correlate software to extract the strain data of the x and y plane and MATLAB
to plot the datain a 2D graph. It was necessary to create a pattern in the surface of the sample
to obtain good measurements with the DIC technique. First, the sample was sprayed with
white paint to create a homogenous layer in the sample. Then, the sample was sprayed with
black paint to create an irregular pattern in the surface which allowed the local deformation

in the specimen to be constantly tracked using the GOM system.

5.2.4. Optical digital image correlation and mechanical

loading

Microscale ex-situ DIC was carried out after tensile loading using a Kammrath-Weiss 5kN
tensile/compression microtester, under displacement control at a rate of 0.02 mm/min,
equipped with a control unit to provide displacement and load data. Subsequently, the
crosshead displacements were transformed to engineering strain by using the initial gauge
length. All measurements in the strain maps are determined in the unloaded state, as the
sample had to be removed from the microtester after each deformation stage. It was not
possible to image the sample whilst positioned within the tester, due to being unable to move
the sample to the correct height. Images were acquired using a Zeiss Axio Imager 2 optical
microscope, equipped with built-in mapping software enabling many images to be captured
without any significant reduction in image quality. Focus interpolation was used by placing 36
points across the surface that were manually focused and then used as reference points
during the image capture. The images were taken at a resolution of 1648 x 1436 pixels? with
a 20% overlap and at a spatial resolution of 0.547 um/pixel. Each matrix of images were
stitched together using Imagel image processing software [162,190] prior to the DIC analysis.
Loading and subsequent imaging was repeated up to low plastic strains. For the complete
series of images, ImageJ was also used for image manipulation in terms of shift and rotation

correction to enable easy correlation. The displacements were computed using LaVision’s DIC
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software DaVis, version 8.4, using a standard fast Fourier transform (FFT) with an initial
interrogation window size of 1024 x 1024 pixels? down to a final interrogation window size of
32 x 32 pixels? giving a spatial resolution of 17.51 x 17.51 um?. The strain analysis was
performed using the in-house DefDAP 0.92 Python package [191], where the microscale DIC
is typically presented as effective shear strain, yefr, as this takes into account all of the in-plane
components [192,193]. This was calculated by the standard relationship given in Equation

(5.1).

(£x — Syy))z N ((fxy + 8yx)>2 (5.1)

where gy is the strain in the loading direction, €,y is the strain normal to the loading direction

(exy+eyx)
y ey

and is the in-plane shear component.

Approximate location of bond line

Powder
_ Divider | |

(a) (b)

Figure 5.4 — A schematic illustration of the process used to test the bond with optical Digital Image Correlation
(DIC). (a) photographs of the graphite ring die with the cross-shaped polymer divider arrangement, (b) a
schematic representation of graphite ring layout during the FAST process, (c) an image showing a 50 mm long
tensile sample superimposed onto a photograph of the FAST-DB billet and (d) a representation of the optical
DIC procedure.
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5.2.5. Grain  texture measurements using electron

backscatter diffraction (EBSD)

After mechanical loading, post-deformation EBSD was performed in the region of interest to
enable the strain localization to be correlated to the underlying microstructure. Orientation
mapping was performed in a Field Emission Gun (FEG) (FEI Sirion) Scanning Electron
Microscope (SEM) equipped with an Aztec EBSD system and a Nordlys Il detector, at an
accelerating voltage of 20 kV. An area of 3 x 1 mm? was covered with a step size of 2.3 um, to
give sufficiently detailed grain orientation information for comparison with the 2D strain

measurements.

5.2.6. Analysis techniques

The tensile samples had to be sectioned before they could be metallographically prepared. A
Struers Secotom-20 was used to section the materials. The specimens were then hot mounted
with conductive Bakelite and ground with progressively finer grit SiC paper on a Struers
Tegramin-25. A solution made of 0.06 um colloidal silica with 10% of hydrogen peroxide was
used to obtain a mirror finish in the surface of the specimen after the grinding stages. The

micrographs were obtained with a FEI Inspect F50 SEM.

The local chemistry adjacent to the bond was measured with X-EDS point scans with a Philips
XL30 SEM. The detector was calibrated with a pure cobalt standard at the beginning of each
session. The chemical scanning was conducted perpendicular to the diffusion bond line, with
a total of 15-20 points linearly spaced between them and a dwell time of 2 min per point. The
data was plotted with the software MATLAB and the fitting curve were obtained with the
curve fitting app in the same software using the complimentary error function given in

Equation (5.2).

The hardness profile of the material was measured with a Struers Durascan 70 G5. A total of
100 indentations, distributed in 5 rows, was perform across the bond. The 5 rows were
parallel and diagonally crossed the bond in order to provide higher density of data points in

the proximity of the bond, thus increasing the resolution of the hardness profile across bond.
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Each indentation had a dwell time of 15 s, in accordance with the ASTM E384 standard [161].
The load used for the indentation was 9.81 kgf for all the samples. The distance from each
indentation to the bond was measured manually with the software Imagel from light

micrographs and plotted with MATLAB.

5.3.  Results

5.3.1. Microstructure of FAST-DB consolidated preforms

The microstructure obtained for the subtransus (TDB1) and the supertransus (TDB2) FAST-DB
samples are shown in Figure 5.5 (a, b). The primary observations are that (1) both conditions
have achieved full consolidation and no porosity is evident and (2) processing in the
subtransus region produces a much finer microstructure compared to when processing in the
single-phase beta region (supertransus condition). In both cases the bond region thickness is

of the order of 300 um which agrees with the X-EDS measurements in Figure 5.6.

The subtransus microstructure consists of equiaxed primary alpha (~ 20 um) which formed as
recrystallized clusters at the original sites of particle-particle boundaries during processing. A
more lath-type morphology evolves between these equiaxed alpha clusters, which is
transformed secondary alpha from the beta that existed at 970°C. This FAST microstructure
is very similar to what would be observed in the as-HIP’ed condition [194]. This bimodal
structure is far less apparent in the Ti-6242 compared to Ti-64: this is due to the finer Ti-6242
powder particle size which leads to a finer dispersion (and more homogeneous appearance)
of equiaxed alpha, deriving from the particle-particle interfaces during consolidation.
Although the secondary alpha laths are much less defined in Ti-6242 compared to Ti-64, there
is @ smooth chemical and microstructural transition across the bond. The only noticeable
variation under backscattered electron imaging is the increase in Z contrast in both the alpha
and residual beta phase of Ti-6242: this is due to the increased alloy additions with higher

atomic weights, such as Zr and Sn in more creep resistant alloy.

The resultant microstructure in the supertransus FAST processed billet is a fully transformed

large equiaxed grain structure with continuous grain boundary alpha due to the slow cooling
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(9°C/min) after the 1030°C and 1 hr dwell. The grain boundary alpha would have formed first
during cooling and then the secondary alpha within the grains transformed from the beta
phase. The grains in the mid-section of Figure 5.5 (b) show evidence of chemical grading as
the darker Ti-64 alpha laths morph into the brighter, more heavily stabilized Ti-6242 alpha

without any noticeable change in secondary alpha size or morphology.

: Ti-6242 |

Figure 5.5 — Backscatter electron images of the FAST-DB sample processed under (a) subtransus conditions
(TDB1), (b) supertransus conditions (TDB2), (c) supertransus conditions (TDIC), (d) supertransus conditions
(TDIC) at higher magnification.

In the case of the supertransus condition, there is no noticeable change in grain size in the
two alloys, and therefore the effects of the original powder sizes are nullified through the
FAST processing after 1 hr dwell in the single-phase beta. This elimination of the effect of the
original powder size is also observed with the TDIC sample in Figure 5.5 (c, d), which used a
smaller PSD powder than the powder used for TDB2 but obtained a similar grain size

distribution.
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The 60 mm diameter sample produced at the University of Sheffield had a higher cooling rate
(63°C/min) which resulted in a finer alpha lath colony size and more colony variant as shown

in Figure 5.5 (c, d). The powder was fully consolidated by achieving a density of 99.98%.

5.3.2. Hardness and diffusion profile of the FAST-DB bond

Figure 5.6 (a—e) shows the gradual change of the elements across the diffusion bond in
subtransus and supertransus processing conditions measured by X-EDS. It is important to
measure the distance of the bond, as it will determine if the strain measured in certain areas
is due to the diffusion bond or the base material. The variation of the chemical composition

of the elements was curve fitted with the complimentary error function in Equation (5.2) [24].

c= %erfc (x—]1> (5.2)

2,/J2

C is the chemical composition of an element at a certain distance, A, is the initial element

concentration, erfc is the complementary error function and x is the distance to the bond.
The coefficients /1 and J2 were calculated by the curve fitting app in MATLAB to ensure the

curves fit well with the data.

As expected, the diffusion gradient of the elements when FAST processed in the supertransus
region is higher than when FAST processed under subtransus conditions. The variation
between the supertransus and subtransus conditions tends to be around 100 um. For
supertransus processing conditions, the fastest interdiffusing element is Zr with a diffusion
distance of 180 um from the Ti-6242 into the Ti-64 alloy; the diffusion distances for Mo, Sn
and V are very similar (~100 um) at supertransus conditions. In the lower temperature,
subtransus conditions, the diffusion distances are shorter, with Zr being the fastest diffuser
at the bond interface. The maximum length of the diffusion bond in subtransus conditions is
150 um, while for supertransus conditions the maximum distance is 350 um. The diffusion
profile of Al (Figure 6e) is complicated to measure for both conditions because both titanium
alloys have a very similar Al composition. Furthermore, the X-EDS measurements of Al have
a high variation between them, which makes the curve fitting of the diffusion profile less
accurate. Therefore, the diffusion of Al can be interpreted as constant through the diffusion

bond.
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Figure 6f shows the variation of Al and Mo equivalent across the diffusion bond for the

supertransus conditions calculated with Equations (5.3) and (5.4) [37].
Aleq (Wt%) = AL+ 1000 + N +C) + 1/35n+ 1/, zr (5.3)
Mo eq (Wt%) = Mo + 2.5Fe + 2/3 V + 1.25(Cr + Ni + Cu) + 1/3 Nb (5.4)

The curves show a higher value of Al and Mo equivalent for Ti-6242 than for Ti-64. The Al
equivalent curve has a smooth transition between both alloys, but the Mo equivalent reaches
the minimum value just after crossing the bond. This is because V is a faster diffuser in B-Ti
compared to Mo. The data used to build these curves is based in the X-EDS data plotted in

Figure 5.6 (a-e). Therefore, it has to be taken into account that there are could be small

variation to the actual Al and Mo equivalent.
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Figure 5.6 — Plots showing the element composition across a Ti-64 and a Ti-6242 bond when processed under
subtransus and supertransus FAST conditions for: (a) Mo, (b) V, (c) Zr, (d) Sn and (e) Al. (f) Plot of the Al and
Mo equivalent across the diffusion bond.

The hardness of the bond is shown in Figure 5.7 for the subtransus and supertransus FAST
processing conditions. The hardness has a similar value for both alloys and it does not show
any variation when moving across the diffusion bond. There is scatter in the hardness data,
especially for the TDB2, given that the hardness varies depending on the tested region and
the grain orientation. On average, the hardness for the subtransus material is slightly higher
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than the supertransus material which is expected due to the finer grain structure (see Figure

5.5).
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Figure 5.7 — Vickers microhardness profiles across the FAST-DB bonds processed under subtransus and
supertransus conditions.

5.3.3. Tensile behavior

Tensile tests were carried out on the FAST-DB dissimilar alloy material (TDB1, TDB2) and the
alloy Ti-6242 (T1, T2). As repeats for each condition were very consistent, Figure 5.8 displays
one stress-strain plot for each material condition. Figure 5.8 shows the curves for the FAST-
DB material (Ti-64/Ti6242) overlaid on the results for a sample made of one alloy (Ti-6242).
The FAST-DB and Ti-6242 (monolithic) material have very similar yield characteristics in both
subtransus and supertransus conditions: the only difference being that the FAST-DB material
failed at a slightly lower strain with more localized deformation prior to failure compared to

the equivalent Ti-6242 monolithic condition.

In both cases, when the specimen was processed under subtransus FAST conditions, a higher
yield stress point and a higher ultimate tensile strength was obtained for both materials.
Additionally, for the FAST-DB material, a decrease in the strain to failure was observed for

TDB2 in relation to TDB1.
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Overall, the values obtained in the tensile test are very similar to that obtained from material
processed from the conventional processing route. However, it is also worth noting that the
microstructure of the FAST-DB material has not been optimized to achieve the highest
ultimate tensile strength (UTS). FAST has a number of parameters that can be changed to
modify the final microstructure. For that reason, there can be other combinations of these

parameters that result in higher UTS for the material.
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Figure 5.8 — Stress strain curves of ASTM E8/E8M specimens for the FAST-DB Ti-64/Ti-6242 dissimilar alloy
material and Ti-6242 material, processed under subtransus and supertransus conditions.

One sample of TDB1 and TDB2 was analyzed using DIC to characterize the strain localization
during a tensile testing, for a FAST-DB sample when processed at sub- and supertransus
temperatures. Figure 5.9 (a) shows the local deformation of two specimens at a strain of 0.07
and it is apparent that the subtransus sample has three distinct regions with different levels
of strain. The bulk Ti-6242 region accommodates the lowest strain, then there is a smooth
transition of strain accumulation across the relatively small diffusion bond region into the
bulk Ti-64 region - which accommodates the highest levels of strain. These three regions are

clearly differentiated in the subtransus specimen.

In the supertransus FAST processed specimen, the grain size and transformed beta structure
is very similar for both alloys, with large grains that cross the diffusion bond region (as shown

in Figure 1 and 5). Due to the large grain structure these three regions are less distinct in the
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DIC strain map of the supertransus specimen and the strain is distributed more

homogeneously over the specimen.

In Figure 5.9 (b) the average strain in the x direction is plotted against the y direction of the
samples. From Figure 5.9 (b), it is clear that for both processing conditions, the Ti-64 regions
accommodate higher levels of strain than the Ti-6242 regions. Furthermore, in both cases,
there is a smooth transition of strain across the diffusion bond from Ti-64 to Ti-6242. In the
subtransus samples, the local difference in the strain between the two alloys is higher than
the supertransus conditions as the strain is more homogenously distributed in the latter case.
In fact, twice as much strain is accommodated in the Ti-64 region compared to the higher

strength Ti-6242 alloy region when processed in the subtransus region.

All the FAST-DB samples fractured in the bulk Ti-64 region, which has a lower strength than
alloy Ti-6242; as clearly shown in Figure 5.10 (a). The two alloys for the subtransus material
can be differentiated very well due to the surface cold deformation in Ti-64 at the high strain
levels. For the supertransus material both alloys deformed in a similar manner (as observed
in the DIC homogeneous strain profile in Figure 5.9 (b) and therefore it is more difficult to
locate the bond line between the two alloys in Figure 5.10 (b). From the data in Figure 5.9 (b),
the Ti-64 bulk material accommodated higher strains when FAST processed under subtransus
conditions compared to the supertransus processed material. The subtransus failure is
normal to the tensile axis, whereas the supertransus samples failed at a shear angle to the
tensile axis, which indicates the fracture of the specimen is controlled by a combination of

normal and shear stress failure.

The fracture surface of the subtransus specimens were much smoother compared to the
supertransus specimens where rough fracture features were observed. Both types of
materials suffered from a ductile fracture, as dimpled features were observed in the
fractographs in Figure 5.10 (c-f). The fracture surface for the subtransus processed material
exhibited voids and an equiaxed dimple pattern that confirms a normal mode fracture. The
supertransus processed material exhibited a transgranular failure due to the observation of
cracks along the colonies of alpha laths. Additionally, parabolic shaped dimples were also
observed indicating a shear mode stress component in the bottom region of the sample

(Figure 5.10 (f)).
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Figure 5.9 — Results obtained with the DIC performed to the standardize samples. An image of the strain in
different parts of the sample is shown in (a) for a subtransus specimen and a supertransus specimen. (b) The
two graphs show the average strain at each part of the subtransus and supertransus specimens at incremental
stages of the tensile test.

5.3.4. Optical Strain Map

The deformation for the subtransus material was shown clearly in Figure 5.9 where there is a
smooth transition across the bond. Nevertheless, the DIC technique used previously had
insufficient spatial resolution to show the deformation for the supertransus material. Thus,
mesoscale optical DIC technique was used during an interrupted tensile test of a FAST-DB
specimen to characterize the evolution of local plastic strain across the bond - for a specimen
processed under supertransus conditions. Although the higher resolution optical DICis unable
to resolve individual slip bands, it can detect local differences in strain between individual
prior beta grains. The strain maps obtained from the optical DIC were complemented with
information of the a phase prismatic and basal Schmid factor. The Schmid factor was
calculated from EBSD orientation maps using the software MTEX following the conventional
approach where the global stress condition is used. With this approach, it is assumed that the
nominal applied stress can be directly related to the stress state in the individual a grains [26].

This is a simplistic approach that ignores other factors but previous studies have found a
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strong agreement between the predicted Schmid factor and the actual active slip system in

HCP metals [195].

The specimens tested in Figure 5.9 have a similar diffusion and hardness profile as the
material plotted in Figure 5.6 and Figure 5.7 and the microstructures of such specimens are

shown in Figure 5.5 (c, d).

Figure 5.11 (a) shows IPF maps of the diffusion bond between Ti-64 and Ti-6242. It can be
observed that there is no clear indication that the two dissimilar alloys are joined from the
crystal orientation map. There is no clear mismatch between the two alloys, and some grains
contain a chemical grading from Ti-64 to Ti-6242 across the diffusion bond. However, from
the band contrast map in Figure 5.11 (b), the location of the bond can be roughly estimated
due to the gradual change in contrast from one region to the other, where the Ti-6242 side is
slightly darker than the right, Ti-64 side. For a more quantitative comparison of the
orientations of the grains for each alloy, normalized frequency distributions of the Schmid
factor have been plotted in Figure 5.11 (c), for both basal and prismatic slip in each side of
the bond, where the Schmid factor provides an assessment of the relative ease of slip. The
results show that the highest Schmid factor frequency in the specimen is in the Ti-6242 side
for the values between 0.4 and 0.5 in the prismatic plane. The Schmid factor for Ti-64 is similar
for the basal and prismatic planes and the frequency shows a small increase for values
between 0.4 and 0.5. Furthermore, the prediction of plastic strain in the two alloys was based
purely on the Schmid factor information, it would be expected to see more concentrated
deformation in Ti-6242 due to the higher number of grains with Schmid factor values of 0.4

and above [26].

The Schmid factor maps for the prismatic and basal planes across the FAST-DB bond are
plotted in Figure 5.12 (a, b). Figure 5.12 (c) shows a micrograph of the etched microstructure
of the tensile specimen in the diffusion bond region. This micrograph can be correlated with
the optical effective shear strain map shown in Figure 5.12 (d). It has to be taken into account
that Figure 5.12 (d) has a horizontal line going across the specimen that does not represent
the real strain value. These artefacts are a result of slight misalignments between individual
frames that cannot be corrected during the stitching process, but they do not mask the

underlying deformation of the material. It is clear that all the deformation has occurred in the
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Ti-64 region with just a little deformation happening on the diffusion bond on the bottom of

the sample.

(a) Subtransus (b) Supertransus

Ti-6242

Figure 5.10 — Images of the failure location in the standard tensile test for the (a) subtransus specimens and
(b) supertransus specimens. SEM fractographs of the fracture surface of the subtransus tensile specimens (c)
at low and (d) high magnification, and for supertransus tensile specimens at (e) low and (f) high
magnifications.

This is evident in Figure 5.13 where the effective shear strain for all the specimen is mapped
and plotted. It should be noted that the two horizonal lines showing strain across the samples
in Figure 5.13 (a) are the same stitching artefacts as observed in Figure 5.12 (d). The plot in
Figure 5.13 (b, c) show the average shear strain and the 95th percentile values are plotted
against the distance, in a similar way to Figure 5.9 (b). These values were calculated from each
vertical column of pixel data in the width direction of the sample. The 95th percentile value
is used to highlight the comparative maximum level of strain in each column. Additionally, the
95th percentile value was used instead of the maximum value to avoid excessive noise from

the data.
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Figure 5.11 — (a) EBSD map of the FAST-DB bond with the IPF for titanium hexagonal and cubic. (b) Band
contrast micrograph showing the location of the bond and the slip band located in the Ti-64 region. (c) Graphs
plotting the normalized frequency against the Schmid Factor for the basal and prismatic plane in the Ti-6242
and the Ti-64 regions.

The graph in Figure 5.13 (b) shows three defined regions. First, the strain is constant in Ti-
6242 until a sharp increase of strain occurs at the start of the diffusion zone. Then, the strain
remains constant across the diffusion bond region and increases when the composition is
entirely Ti-64, which correlates with the observations in the standard tensile test.
Furthermore, there are two main peaks in the Ti-64 region and the closest one to the bond is
located at around 800 um. The maximum effective shear strain between the two alloys is
about four times higher in Ti-64 compared to Ti-6242. For the chemically graded, diffusion
bond region, the maximum effective shear strain is approximately three times lower than the

bulk Ti-64 and approximately two times higher than that measured in the Ti-6242 bulk. Lunt
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et al. [189,196] observed similar levels of maximum shear strain in the grain boundaries of a

Ti-64 produced by plasma wire deposition.
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Figure 5.12 — Mapping of the Schmid factor for the (a) prismatic and (b) basal planes. (c) Optical micrograph of
the FAST-DB bond after etching with HF. (d) Mapping of the effective shear stresses in the FAST-DB sample
after applying tensile strength.
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Figure 5.13 — (a) Mapping of the effective shear stresses in the FAST-DB specimen after applying tensile
strength. Development of the effective shear strain profiles across the FAST-DB bond for b) the average
effective shear strain and c) the 95" percentile of effective shear strain.

5.4. Discussion

5.4.1. Bond characterization

The results presented in Figure 5.6 show a higher diffusion of elements for the samples
processed at supertransus temperatures compared to those at subtransus conditions. There
are two main reasons for this difference; first, the diffusion coefficients follow an Arrhenius
law, that increases as temperature increases [89,197]. Secondly, titanium is an allotropic

material with a dominant HCP crystal structure when processing below the beta transus and
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a BCC crystal structure above the beta transus. It has been proven that the BCC beta phase
has three orders of magnitude greater diffusion than the HCP alpha phase, which correlates
well with the results obtained in this study. Furthermore, the diffusion in the HCP alpha phase

is anisotropic and is dependent on the orientation of the c-axis [198].

The change in diffusion kinetics when the sample is processed above and below the beta
transus has no effect on the average hardness value across the bond, as shown in Figure 5.7.
Nevertheless, it is possible to appreciate that throughout the sample, the supertransus
hardness measurements are more scattered compared to the subtransus condition. This
variation is due to the different microstructures developed after FAST processing (Figure 5.5).
The supertransus processed microstructure consists of large grains while the subtransus
samples consists of much finer grains. Hence, in the case of the supertransus sample, the
hardness indenter tends to apply the load in one large grain, whereas in the subtransus
sample, multiple finer grains are tested. The HCP crystal structure has different hardness
values depending on the orientation tested [199]. Therefore, testing individual grains - as in
the supertransus condition - results in higher variability in the hardness measurements than
the average hardness value generated from testing multiple grains — in the subtransus
condition. Furthermore, the hardness of the alpha and beta phases are different and the
hardness measurements depend on the volume fraction of each phase [200]. Consequently,
for the supertransus microstructure, the volume fraction of alpha and beta measured will vary
depending if the measurement is taken at the center of the grain or at the alpha-rich grain
boundary. Meanwhile, the amount of alpha and beta phase tested for the subtransus material

is more homogenous due to the finer microstructure distributed throughout the sample.

5.4.2. Deformation behavior of the bond

The use of DIC provides a more in-depth understanding of the deformation behavior of FAST-
DB material processed at sub- and supertransus temperatures, as shown in Figure 5.9 (a).
However, the technique has some limitations in terms of resolution because it calculates the
strain of a region by averaging several pixels together. Thus, the subtransus specimen shows
three well defined strain regions, as the fine grained microstructure for the subtransus

specimen results in the DIC averaging multiple grains. The supertransus specimen shows a

104



graded, less defined variation of strain across the specimen as the DIC is averaging a smaller

number of grains due to the larger grain size.

The dissimilar deformation observed in Figure 5.9 is due to the differences in mechanical
properties between the two alloys: Ti-6242 has a yield strength ~70MPa higher than Ti-64,
hence, the Ti-64 region plastically deforms before the Ti-6242 region. This is shown very
clearly in Figure 5.9 (b), where after a total strain of 0.01, the degree of plastic deformation

partitioned in the Ti-64 region is much higher than in the Ti-6242.

Another observation is that the microstructural condition of these FAST-DB samples impacts
on the differential strain observed between Ti-64 and Ti-6242 regions when processed at sub-
and supertransus temperatures. As shown in Figure 5.5 (a), the Ti-6242 region in the
subtransus specimen has a finer microstructure than the Ti-64 region, leading to higher
tensile properties due to the shorter slip length. Meanwhile, the supertransus sample has a
very similar microstructure in both alloys, for this reason the difference in strain between the
two alloys in this sample is dominated by the differential alloy chemistry. The finer Ti-6242
microstructure in the subtransus FAST-DB sample (leading to defined strain regions in the DIC
analysis) explains the higher ductility to failure compared to the supertransus specimen in
Figure 5.8, even though the strain was distributed more homogeneously in the latter.
Furthermore, it is shown in Figure 5.9 (b) that Ti-64 subtransus can withstand more plastic
deformation than the supertransus microstructure, which is demonstrated by the stress

strain curves (Figure 5.8) and the fracture location in Figure 5.10.

The use of optical DIC has provided a better understanding of the local deformation across
the chemically graded diffusion bond for supertransus specimens. In Figure 5.12, the results
in the Ti-64 region are similar to the ones observed by Littlewood et al [188] for forged Ti-64,
in which grains with higher Schmid factor had 3 times more strain than grains with lower
Schmid factors. From Figure 5.12 (a), it was expected to see some strain in the soft grain next
to the bond because it had a high Schmid factor: the same grain is a hard oriented grain in
the basal plane, but it has been reported that slip in prismatic plane has lower CRSS than the
basal plane [8,30,180,201]. However, there is no effective shear strain in that region. For the
basal plane, there is a soft grain next to the bond but again, very little strain is observed in

that region. Figure 5.12 (d) has a similar evolution of the strain than the subtransus specimen
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observed in Figure 5.9 (a). In both figures, there is high strain in the Ti-64 region, then, there

is a decrease of strain in the bond and it finishes with very low strain in Ti-6242.

The transition region measured in the optical DIC test is more accurate than the one
calculated from the standard tensile test (Figure 5.9 (b)): this region has been highlighted with
grey dotted lines in Figure 5.13 (b, c) and it shows a region with a constant value of effective
shear strain. The distance of that region is approximately 410 um and the total diffusion
length for Zr in the bond is around 360 um as shown in Figure 5.6 (b). Although the region in
Figure 5.13 (b, c) is larger than the measured diffusion in Figure 5.6 (b), it has to be taken into
account that this measurement was taken after applying strain to the specimen. Therefore, it
is possible that the diffusion distance across the bond is slightly greater than the original
measurement. It is clear that the bond acts as a transition zone between the two alloys and
that high shear strains and deformation will partition to the lowest strength alloy, i.e. — Ti-64:

interestingly, even when a soft oriented grain for easy prismatic slip is present in the bond.

The distinct change in shear stress across the bond correlates with the chemical grading and
variation in Al and Mo equivalents from Ti-64 to Ti-6242 as shown in Figure 5.13 (c) for Al
equivalent. The Al and Mo equivalent are calculated from equations (3) and (4) and the

information in Table II.

For Ti-6242, the Al equivalent is 9.44% and the Mo equivalent is 2.05%; for Ti-64, the Al
equivalent is 8.09% and the Mo equivalent is 2.84%. There is a difference of 1.35% in the Al
equivalent and 0.79% in the Mo equivalent between the alloys. In the bond region, the Al
equivalent is always higher than in the bulk Ti-64, as shown in Figure 5.6 (f). Previous studies
[202,203] observed an increment in the strength of the alloy with the increase of the Al or
Mo equivalent in titanium alloys. The results also showed that the effect of Al equivalent was
more significant than Mo equivalent in the strength of the alloy. Additionally, Williams et al
[30] observed that the CRSS increased in a TiAl alloy when the Al content increased. This could
explain the fact that there is no effective shear in the soft grain for the prismatic plane that is

crossing the bond in Figure 5.12.

The higher Al equivalent content will increase the strength of the alloy due to a higher solid
solution strengthening effect [37]. This agrees with the observed deformation within the
diffusion bond when there is gradual change in the alloy chemistry from Ti-64 to Ti-6242. The
Al equivalent profile across the diffusion bond, shown in Figure 5.13 (c), has a smooth
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transition between the alloys and it reaches its lowest value in the bulk Ti-64. Therefore, the
diffusion bond region has a local higher strength due to the higher solid solution
strengthening effect compared to the bulk Ti-64. However, it is important to consider that the
microstructural variables can affect the performance of the bond and not all titanium alloy
combinations have a smooth transition across the bond. For example, Pope et al [9] observed
a fine secondary alpha in the diffusion bond region between Ti-5553 with CP-Ti or Ti-64, which
created a hardness peak at the bond. The tensile samples still failed in the lower strength
alloy, but the unexpected microstructure in the bond could have reduced the mechanical

integrity of the bond.
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6. Residual Stresses

6.1. Introduction

The ability to accurately bond dissimilar materials without degrading the structural integrity
of critical components would enable designers to optimise key components and systems.
However, a joint between two materials can potentially create chemical, thermal or plastic
deformation induced mismatching, that could introduce residual stresses in the bond

[39,204].

Residual stresses are remaining stresses inside a component when no external stress is
applied. These stresses can have a direct impact on the mechanical properties and service
performance of a component. Under fatigue loading, a component with high tensile residual
stresses will fail at lower cycles to failure than the same component with low inherent residual
stresses from the manufacturing process [4,205]. However, there is an improvement in the
fatigue life of the component when there are compressive residual stresses, as such stresses
oppose the initiation and opening of surface cracks [4,206—210]. Fairfax et al [211] showed
that from 147 residual stresses failure cases analysed, 55 of these involved some type of joint
or bond. Therefore, it is essential to understand the formation of residual stresses when

developing new joining and diffusion bonding processes.

Two of the most common techniques in the aerospace sector are electron beam welding
(EBW) and inertia friction welding (IFW). Nevertheless, there is an increase of residual stresses
in the joint when joining titanium alloys with EBW [123,212,213] and LFW [6]. Most of the
residual stress investigations carried out on EBW and LFW have focussed on joining the same
titanium alloy, but there are a few investigations that focus on joining dissimilar titanium
alloys. Xie et al [214] investigated the residual stresses of a LFW joint between a [3 processed
Til7 and an a + 3 processed Til7 using both the (1) contour and (2) X-ray diffraction (XRD)
method. The results showed an initial asymmetric tensile peak in the join with a 440 MPa

peak on the B Til7 side, a 350 MPa peak on the o + 3 Til7 side and a stress of 200 MPa at the
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centre of the weld. Bandyopadhyay et al [215] joined Ti-64 to Ti-5553 using LFW and used the
energy-dispersive XRD method to characterise the residual strain in the bond. Again, a peak
was observed across the bond with a higher strain in the Ti-5553 region. However, this
residual stress peak was reduced after further heat treatment at 7042C for 2h with a

subsequent air cooling stage.

There are a limited number of investigations measuring the residual stresses produced during
the consolidation of powder using FAST or HIP routes. The residual stress measurements
carried out on the more established HIP process can be used as a benchmark for FAST
processed material, as the cooling and unloading stages are very similar. Li et al [33, 34]
predicted potential residual stresses in HIP caused by thermal stresses due to non-uniform
densification of the powder. The heat source in HIP is surrounding the canned powder, this
heat can lead to quicker densification of the external powder layers. This external layer,
termed “densification wave”, can support the load that creates this non uniform
densification. It was observed that the unloading of the sample is the critical stage for the
formation of the residual stresses. An approach to reduce the residual stresses in the
unloading stage was to closely control the pressure and temperature. These observations
agree with the predictions calculated by Bahei-El-Din et al [216] whereby the cooling rate has
the greatest influence on the residual stress profile in HIP processed material. Nevertheless,
the effect of the pressure was only significant when the cooling rate was higher than 12C/s.
In addition, the prediction showed that the HIP dwell time had little effect on residual
stresses. Parker et al [217] measured the residual stresses of Inconel 718 joined to tungsten
through HIP with an XRD method. It was observed that the residual stresses in the axial and
hoop directions were relatively low (190 and 160 MPa, respectively). There have been a
couple of investigations on the residual stresses generated through FAST during the
consolidation of tantalum and ruthenium. Angerer et al [218] compared the residual stresses
between FAST and hot pressing (HP) of a sample made of tantalum. They showed that there
was no difference in the RS profiles between the two processing routes, with both samples
showing a compressive stress normal to the component and tensile parallel to the
component. The exact same approach was applied to ruthenium [219] where in this case,
FAST reduced the residual stresses in relation to HP, which according to the authors, was due

to the more rapid grain growth in the FAST material.
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As yet, there has been no investigation into the development of residual stresses when
applying FAST for the consolidation of titanium alloy powders or to diffusion bond two

different titanium alloy powders.

This chapter investigates the residual stresses produced during the bonding of two dissimilar
titanium alloy powders through the FAST process. Furthermore, the study shows the residual
stress evolution in bonds of near-net shape components that have been subsequently hot

forged using the FAST-forge route [104].

6.2. Methodology

In this study a total of four different 60 mm diameter disks (Figure 6.1) were made using the
FAST method. The alloys used were Ti-64, Ti-6242, Ti-5553 and CP-Ti. Furthermore, two near-
net shaped components from a previous study [16] were used (Figure 6.2), one made of Ti-

5553/Ti-64 and the other one made of Ti-64/Ti-6242.

6.2.1. Materials

A total of four titanium alloy powders were used in this study to make the 60 mm diameter
disks and the Ti-64/Ti-6242 near-net shaped component: Ti-6Al-4V (Ti-64_2), Ti-6Al-2Sn-4Zr-
2Mo (Ti-6242_2), CP-Ti and Ti-5AI-5V-5Mo-3Cr (Ti-5553). The detailed information of these
powders can be found in Chapter 4. The information of the material used for the Ti-5553/Ti-

64 near-net shaped component can be found in Pope et al [10].

6.2.2. Experimental procedure

The 60 mm as FAST disks were made at the University of Sheffield using an FCT Systeme GmbH
SPS Furnace Type HP D 25. Table 6.1 shows all the as FAST disk produced at the University of
Sheffield with the corresponding processing conditions and the nomenclature that will be
used in this chapter. A general description of the procedure followed to make samples using

FAST can be found in Section 3.2.
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To make the samples FDB1, FDB2 and FDB3 it was necessary to introduce a 3D printed
polymer divider with a shape of a cross into the graphite ring, like the one in Figure 3.3. Then,
half of the graphite ring was filled with one titanium alloy powder and the other half with a
different titanium alloy powder. Figure 6.1 (a) shows the state of the sample lay up when the
plastic divider is removed from the graphite ring. Then, after following the steps described in

Section 3.2.1, the sample was processed using FAST.

A total of four different processing parameters were used to produce the as-FAST material,
see Table 6.1 . The dwell temperature used to process the samples was 30°C higher than the
highest beta transus of the alloys processed, with the only exception of FDB3. At the end of
the dwell stage, the sample was left to cool inside the vacuum chamber and the pressure

decreased from 35 MPa to 1 MPa during the first minute of the cooling cycle.

For the residual stress characterization, a total of two samples were made for each of the
FAST processing parameters: one sample was analysed using XRD and the other using the
contour method [220]. For FDB3 conditions, only one sample was made, and it was analysed
with XRD. Figure 6.1 illustrates the three processing steps carried out for each sample;
furthermore, Figure 6.1 (c) shows the locations in the samples where the RS analysis was

undertaken using the XRD and the contour methods.

The near-net shaped components were processed using the FAST-forge manufacturing route.
More details about how FF1 and FF2 were made can be found in Pope et al [10] and Section

3.3 respectively.

6.2.3. Residual stresses

The residual stress measurements were carried out across the bond using X-Ray Diffraction
(XRD) and the contour method. The hole-drilling based on ESPI method was discarded as it
can only process the stresses in a single alloy. The method required 3 strain gausses
distributed around the hole to measure the changes of strain. Then, the measurement of each
strain gausses is combined with the properties of the materials to calculate the final residual
stresses. If this method is used for more than one alloy, the final residual stresses would be

wrong because the method requires the three measurements made in the same alloy and
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that would not be possible in a bond. Therefore, it was determined that the technique would

not show effective results across the bond between the two alloys.

Table 6.1 — Summary of the FAST processing parameters for each sample.

FAST processing parameters

Heating Dwell Cooling
Diameter Pressure Dwell
Name Alloys Rate Time Rate
(mm) (MPa) Temperature (°C)
(°C/min) (mins)  (°C/min)

F1 60 Ti-64 100 35 1030 20 63
Ti-64 /

FDB1 60 100 35 1030 20 63
Ti-6242

As

CP-Ti/

FAST FDB2 60 100 35 930 20 63
Ti-5553
CP-Ti/

FDB3 60 100 35 1000 20 63
Ti-5553
Ti-64 /

FF1 250 25 35 1200 60 6.5
FAST- Ti-5553
forge Ti-64 /

FF2 250 25 32.5 1030 60 6.5
Ti-6242

6.2.3.1. X-Ray Diffraction

The equipment and method used to measure the residual stresses with XRD was the Proto
LXRD Stress Diffractometer and the sin?\y method [221]. The measurements were done under
the standardised method using the NPL Good Practice Guide ISO 17025. The XRD measured
surface residual stress in-plane, 2D and shear stress to a depth of 10-50 um. To obtain the
diffraction peaks from the crystallographic planes, two anode targets were used. For o and
o+ type titanium alloys, a copper anode target with a wavelength of 1.54 nm was selected

to measure the diffraction peak for the {2 1 3} crystallographic plane. For the metastable 3
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titanium alloy, a vanadium anode target with a wavelength of 2.50 nm was selected to
measure the diffraction peaks for the {2 1 1} crystallographic plane. A nickel filter was used
for all the alloys. The XRD scan for FDB2, FDB3 and FF2 was carried out across the bond with
one anode, and then repeated with the second anode. The data was combined together with
the bond as the reference. The strainsin {2 1 1} and {2 1 3} produced by the Bragg reflections
were used to calculate the stresses. The Bragg’s angle varied for each alloy, for CP-Ti and Ti-
6242 it was 139.69°, for Ti-64 it was 142° and for Ti-5553 it was 145°. The Young’s modulus
and the Poisson’s ratio used to calculate the residual stresses are shown in Table 6.2. A total
of 10 profiles were characterized for each measurement with an exposure time of 4 seconds
per profile. The beta angle varied between 0-30° for axial measurements and 0-25° for radial
measurements. The oscillation of the beta angle was + 3° and the round collimator used had
an aperture size of 1 mm diameter. A measurement of the background noise was done before
and after the samples measurements to clean the final signal. To measure the XRD in the as
FAST material, they were first sectioned in half with a Secotom-20 and then electropolished
with a Struers Lectropol-5 electrolytic polisher to ensure that there was minimal residual
stress generated from the mechanical cut. The measurements of the as FAST material were
conducted across the bond, as shown in Figure 6.1 (c). Contrary to that, the measurements

for the FAST-forge components were made in the surface as shown in Figure 6.2.

X-Ray
Diffraction
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Support e Radial

t 1 S

__ Pyrometer TiAlloy 1 1Bond TiAlloy 2

EDM
cut

60 mm Contour
Method

(@) (b) ()

Figure 6.1 — Photograph of the two titanium alloys powders in the graphite ring mould after removing the
dividers. b) Cross section schematic of a FAST machine. c) Photograph of the samples after being process with
FAST. The sample sectioned in half shows the location were the XRD measured the residual stresses and the
bottom samples shows the location of the EDM cut.
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Table 6.2 — Summary of the mechanical properties used for the calculation of the residual stresses.

CP-Ti Ti-6242 Ti-64 Ti-5553
Young’s modulus (GPa) 105 111.5 114 110
Poisson’s ratio 0.37 0.32 0.342 0.285

(b)

Ti-6242 —

Bond

s
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Figure 6.2 — Photograph showing the XRD scanning paths for (a) eyebolt (FF1) and (b) rocker arm (FF2).

6.2.3.2. Contour method

The contour method developed by Prime [220] was used to measure the stresses across the
plane of several bonds. First, the samples were sectioned with wire electrical discharge
machine (EDM) to ensure a “stress-free” cut. The equipment used to section the sample was
the Agie Charmilles CUT 400 Sp Electrical. The sample was cut with a 0.25 mm brass wire using
a steady rate and the samples were clamped at both sides to ensure a stable cut. The two
sectioned planes were then scanned with an Alicona Infinite Focus IFM G4 to obtain the 2D
surface profile. The Alicona scans were conducted at 5x magnification using a 1 um vertical
resolution and 10 um lateral resolution. Then, the data obtained with the 2D scan was cleaned
by removing all the outline points and noise. The data from each half was aligned and it was

calculated the average value of residual stress. This process was done using the software
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MATLAB®. Some of the samples could not be averaged because there were significant
differences between both halves due to poor clamping. However, the data from those

samples is presented for each halve individually.

To evaluate the residual stresses, it was necessary to build a 3D finite element (FE) model
with Abaqus™ using the data obtained from the scans and the mechanical properties in Table
6.2. AGOM ATOS TripleScan Ill was used to create the 3D models for the FE model. Then, the
bond between the two alloys with its respective mechanical properties was defined in the 3D
models. The measurement of the residual stress through the FEM software was evaluated by
calculating the necessary stresses in the material to obtain a surface like the one scanned
after sectioning the sample with EDM. The location of the EDM cut for the as-FAST material
is shown in Figure 6.1 (c), while the EDM cut for the FAST-forge material is shown in Figure

6.3.

(b)

Ti-6242 ——, 4

Bond

&%

Figure 6.3 — Photograph of the two final FAST-DB near net shape components with the location of the EDM cut
for(a) eyebolt (FF1) and (b) rocker arm (FF2).

6.2.4. Analysis techniques

Prior to analysis, samples were metallographically prepared using progressively finer grit SiC
grinding paper. The final polishing stage was conducted with 0.06 um colloidal silica combined
with 10% concentration hydrogen peroxide with an MD-Chem pad cloth. All the

metallographic procedure was carried out with a Struers Tegramin-25. The microstructure of
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the titanium alloys was viewed with the optical microscope Nikon Eclipse LV150 and with the
FEI Inspect F50 SEM. The final density of the samples was measured with the Clemex software

following the procedure explained in Section 3.5.3.

The X-EDS point scans were measured using the Philips XL30 SEM, more details can be found
in Section 3.5.2. The hardness profile was obtained with a Struers Durascan 70 G5 and a

detailed procedure can be found in Section 3.4.1.

116



6.3.  Results and Discussion

6.3.1. Characterization of as FAST material

The microstructure of the samples produced using FAST for this study are shown in Figure 6.4.
The primary observations are that F1 and FDB1 have reached a densification of 99.98% and
no porosity is visible in Figure 6.4 (a, b). However, the FAST-DB samples FDB2 and FDB3 have
some visible porosity, especially in the Ti-5553 region, as shown in Figure 6.4 (c, d). The final
density for Ti-5553 in FDB2 and FDB3 is 99.82% and 99.40%, respectively. Yet, the final density
in CP-Ti for FDB2 and FDB3 is 99.92% in both cases. It is possible to obtain a higher
densification for these alloys, as shown by Pope et al. [9], however, the temperature and
dwell time used in this work was not high enough to fully consolidate these powders.
Nevertheless, this small amount of porosity should not affect the residual stress

measurements of the FAST material.

The F1 sample has a classic fully transformed, large equiaxed grain structure (300-500 um).
The sample was cooled from 1030°C with an average cooling rate of 63°C/min, which created
a relatively fine a lamellas with an average width of 2 um. The same microstructure was also
achieved for FDB1 sample in the Ti-64 region, as the processing conditions were the same.
The Ti-6242 side in FDB1 also has a classic fully transformed, large equiaxed grain structure
but the size of the grains is slightly smaller (200-300 um) and the a lamellas average width is
1.5 um. The bond between the two alloys has a smooth transition from the darker Ti-64 alpha
colonies to the brighter ones in Ti-6242. Furthermore, there is not a noticeable change in the
secondary alpha size or morphology, as shown in Figure 6.4 (b). The change of brightness
between the two alloys in the micrographs is due to the higher atomic weights of the

elements in the Ti-6242 alloy, such as Zr and Sn.

The microstructure in FDB2 and FDB3 in Figure 6.4 (c, d) is very similar and the main difference
between them is the temperature at which they were processed. The CP-Ti microstructure
consists in large grain size with plate like substructures while the microstructure of Ti-5553

consists of large prior B grains in both samples (100 - 300 pum). The bond between the two
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alloys transitions from an a alloy to a B alloy, which creates a microstructure with the

formation of lamellas and fine secondary alpha [9].

Figure 6.4 — Backscatter electron micrographs of the as FAST samples for (a) Ti-64 (F1), (b) Ti-6242 / Ti-64
(FDB1), (c) Ti-5553 / CP-Ti (FDB2) and (d) Ti-5553 / CP-Ti (FDB3).
The diffusion profiles for the three bonds (FDB1, FDB2 and FDB3) are shown in Figure 6.5 and
they were measured with X-EDS. The diffusion of the elements across the bond for all the
samples is relatively small, if compared to standard joining conditions where the HAZ can
reach a few millimeters. The length of the diffusion zone across the bond was used to

determine if the residual stresses measured were due to a possible chemical misfit across the

bond.

For FDB1, the element with higher diffusion is V with an approximate diffusion of 220 um.
Meanwhile, for FDB2 and FDB3 the element with higher diffusion is Al with an approximate

diffusion of 270 um. FDB3 has significant higher diffusion of the elements compared to FDB2
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due to their respective processing temperatures. Overall, it is safe to assume that for the

three FAST-DB samples, the diffusion zone across the bond will probably be less than 300 um.

Material 1 Bond Material 2
Ti-64 =—————————— Ti-6242 T=1030°C / FDB1
S Ti-5553 ————————— CP T=930°C / FDB2
Line Scans L B

Ti-5553 w———————— CP T=1000°C / FDB3

0
b 2.5
4 2
g 3 <15
N 2 G 1
1 0.5 a
-20(') -100 0 100 200 0 -200 -1.00 0 100 200
Distance to bond (;zm) Distance to bond (1m)

Figure 6.5 — Diffusion profiles of the six elements that comprise of the titanium alloys Ti-64, Ti-5553 and Ti-
6242. Each graph represents the diffusion profile across the bond of one FAST-DB sample.

The microhardness variation across the bond for the three samples is plotted in Figure 6.6.
The plots have been divided between FDB1, that has a bond made of two similar titanium
alloys, and FDB2 and FDB3, that have a bond made of contrasting types of titanium alloys;
these two plots present different hardness behaviours. On the one hand, the hardness across
the bond FDB1 does not present any noticeable changes because both alloys have a similar
hardness value. On the other hand, the hardness across the bond for FDB2 and FDB3 present
a clear transition of hardness between CP-Ti and Ti-5553. CP-Ti bulk material has an average
hardness of 160 Hv while Ti-5553 has an average value of 300 Hv. Therefore, the hardness

increases in a steady state from the alloy with lower hardness to the one with highest
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hardness. The difference in the diffusion profiles between FDB2 and FDB3 observed in Figure
6.5 seems to have little effect in the behaviour of the hardness across the bond. In comparison
with the results obtained by Pope et al [9], a peak of hardness in the bond region has not

been observed. This will be discussed in more detail in Section 6.3.2.3.
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Figure 6.6 — Graphs plotting the hardness profile across the bond for (a) FDB2 and FDB3, (b) FDB1.

6.3.2. Residual Stress measurements of as FAST material

The residual stress measurements were conducted with the contour method for a general
measurement of the sample and with the XRD method for a more precise measurement

across the bond.

6.3.2.1. Ti-64 (F1)

In Figure 6.7 is shown the displacement field of the sample and the residual stresses measured
for the monolithic Ti-64 (F1). The Alicona scan on the EDM face obtained a high precision
profile that revealed small displacements. However, there was a mismatch of the two halves
due to cutting artefacts that were intensified because of the low stresses measured. Figure
6.7 (a) shows a negative displacement of the core of the disc with a positive displacement in

the outer layer.

The residual stresses measured with the contour method show compressive stresses in the
core of the disc and tensile stresses in the outer layer, see Figure 6.7 (b). The intense blue

areas in the core of the disc are due to the EDM artefacts. Furthermore, the stresses
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measured in the far left of the samples are due to the hole made in the disc to cut the sample
with wire-EDM, as explained in Section 6.2.3.2. Overall, the stresses measured in the sample

are very low, which is expected from a relatively slow cooled sample.

Figure 6.8 presents more precise measurements done in F1 with the XRD method. The
residual stresses and the shear stresses measured across F1 are in agreement with the
contour method results. The stresses are very low throughout the sample with the maximum

values measured around 100 MPa.

Figure 6.7 — (a) Average value of displacement for the wire-EDM faces of F1; (b) residual stresses of F1 sample
in the cross section of the disc.
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Figure 6.8 —Plot of the radial residual stresses of the F1 sample measured with XRD.

6.3.2.2. Ti-64/Ti-6242 (FDB1)

In Figure 6.9 is shown the displacement field and the stresses measured with the contour
method for the FDB1 sample. The surface scan carried out with the Alicona obtained a high-
resolution surface profile with no clear indication of the bond location. The results also
showed non-matching halves due to low stresses in the material, which highlighted the

cutting artefacts produced by the wire-EDM in the sample.

Figure 6.9 (a) presents the averaging displacements of both halves, that led to identify two
different displacement behaviours in the centre of the sample. However, this difference in
the displacement has little effect on the residual stresses measured in the region of the bond,
as shown in Figure 6.9 (b). Additionally, there seems to be an increase of the stresses near
the edge of the Ti-64 region, but this is caused due to the hole made in the sample, in order
to section it through wire-EDM. Overall, the stresses in this component are very low and the
general trend observed is the formation of a compressive core and a tensile outer skin, similar
to F1in Figure 6.7 (b). However, with this result it is difficult to determine the stresses in the

bond.

There are various factors that can affect the lack of accuracy of contour method in the bond.
The diffusion in the bond is very small, in the order of 200 um for FDB1 and 50 um for FDB2,
as shown in Figure 6.5. Additionally, the joined materials have similar elastic parameters,

which are used to calculate the stresses in the contour method model, as explained in Section
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6.2.3.2. Furthermore, the contour method lacks the lateral resolution of other techniques due

to roughness from the wire-EDM cut.

Some of these issues can be solved by using higher resolution technique such as the XRD.
Nevertheless, to measure the residual stresses across the bond, an alternative approach had
to be used. Laboratory (“soft”) X-rays cannot provide the required resolution due to larger
apertures for the given beam intensity. Larger apertures provide a surface area averaged
measurement while smaller apertures require extremely high collection times. Furthermore,
titanium alloys require high collection times compared to other metals such as steel or nickel
alloys. The alternative approach was to use a sequential, overlapping scan across the

interface.

The measurements of the XRD technique are shown in Figure 6.10. The residual stress in the
Ti-6242 region tend to have a slight increase towards the bond, before decreasing again in
the Ti-64 region. The stresses measured through the sample are low, which matches with the
results obtained with the contour method. The shear stress measured for this sample has a

similar trend to the residual stress measurements.

Approximate location of
the bond

Ti-6242 @ Ti-64

(b)

Figure 6.9 — (a) Average value of displacement for the wire-EDM faces of FDB1; (b) residual stresses of FDB1
sample in the cross section of the disc.
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Figure 6.10 — Radial residual stresses plot of the FDB1 sample measured with XRD.

6.3.2.3. CP-Ti/Ti-5553 (FDB2, FDB3)

Figure 6.11 shows the displacement field and the residual stress profile calculated with the
contour method for FDB2. The Alicona scan obtained a high-resolution surface profile of the
EDM face. However, there was a mismatch between the two halves due to cutting artefacts
that were intensified by the low stresses in the sample. Nevertheless, the averaging of both
halves led to a possible distinction of the bond region, as shown in Figure 6.11 (a). These
variations in the displacement can be observed in the residual stress profile in Figure 6.11 (b).
The value of the stresses between CP-Ti and Ti-5553 are very similar but there seems to be a
larger region of compressive stress in CP-Ti compared to Ti-5553. The stresses on the sample
are very low and the general trend observed in the sample is the formation of a compressive
core and a tensile skin. The stresses across the bond seem to have a smooth transition from
one alloy to the other. Nevertheless, the contour method does not have the resolution to

provide any conclusive results for the reasons explained in Section 6.3.2.2.

Figure 6.12 shows the results obtained with XRD scans across the bond for the samples FDB2
and FDB3. As explained in Section 6.2.3.1, the alpha and the metastable beta type alloys had
to be measured with different sources, hence, why there are four measurements plotted for
the radial residual stresses in Figure 6.12 (a, b). The radial stresses and shear stresses
measured across the bond differ significantly between the two samples. FDB2 has very low
residual stresses across the bond for both phases while FDB3 has moderate to high
compressive radial stresses and tensile shear stresses towards the interface. Despite the

values of the residual stresses, both samples have a similar profile, showing an increase of
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residual stresses towards the interface from the alpha phase. A similar trend is observed for
the axial stresses in the alpha region, where there is an increase of the stresses towards the
bond. The values of the axial residual stress are higher than the radial residual stress for both
samples. Furthermore, the axial residual stress shows a compressive behaviour towards the

bond for FDB2 and a tensile behaviour towards the bond for FDB3.

Approximate location of
the bond

CP-Ti @ Ti-5553

L

A
[

(b)

Figure 6.11 — (a) Average value of displacement for the wire-EDM faces of FDB2; (b) residual stresses of FDB2
sample in the cross section of the disc.

The significant change of radial residual stresses measured between FDB2 and FDB3 could be
due to the technique used. It is possible to obtain an increase in stress across the bond due
to multiple reasons such as dissimilar thermal, plastic deformation or chemical mismatch
[39,204]. It is likely that the increases of strain in the bond is a consequence of a chemical

mismatch due to the change of microstructure between a CP-Ti and Ti-5553.

One of the microstructures that can form in a bond between these two alloys is a fine
secondary alpha that increases the hardness at the bond, as observed by Pope et al [9]. The
formation of these fine secondary alpha in conventional Ti-5553 are due to an ageing heat
treatment with a temperature ranging within 400-650°C. The size and volume fractions of the
alpha phase increase when increasing the aging temperatures [222]. It has been observed

that the alpha phase forms within 90-120 s after reaching the aging temperature for Ti-5553
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guenched and aged 570°C [223]. Furthermore, when Ti-5553 is aged at 600°C, the formation
of alpha can occur after 0 s [224]. FDB2 and FDB3 did not have an ageing heat treatment but
the cooling rate was relatively slow (66°C/min), which could be equivalent to a very short
aging process. Only fine secondary alpha was observed in the bond location; however, this
could also be due to the local chemistry produced in the bond. For example, Manda et al [225]
observed that the alpha phase precipitation was easier for chemistries with lower formation
energy/atom values. The precipitation of the alpha in the beta matrix can produce residual
strains in the microstructure, as pointed out by Zheng et al [224]. These residual strains can
be produced because a short aging heat treatment will not produce a thermodynamic
equilibrium microstructure. Therefore, it is likely that the interface between the two phases

will not be fully coherent.
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Figure 6.12 — Plot measured with XRD of radial residual stresses (a) FDB2, (b) FDB3; and axial residual stresses
(c) FDB2 and (d) FDB3.

The samples that Pope et al [9] tested were processed at 1200°C, which is 200-270°C higher
than the temperature used to process the samples in this chapter. Although the hardness
profile in Figure 6.5 does not show a peak of hardness in the bond for any of the samples, fine
secondary alpha has been observed in the bond for FDB2 and FDB3, as shown in Figure 6.13
(a, b) respectively. One possible reason why the hardness does not show a peak is because
the region with fine secondary alphais only 10 um for FDB3 (Figure 6.13 (d)) and less for FDB2

(Figure 6.13 (c)). Hence, it is very difficult to caption this with a micro indentation.
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The XRD method used to measure the residual stresses across the bond consisted of
overlapping the different scans analysed in the sample, as explained in Section 6.2.3.1. One
of the issues with measuring the stresses in this manner, is that the final values have to be
averaged between the multiple overlapping measurements. Therefore, it is possible that
certain stresses in very small areas have been removed when averaging the values. The
diffusion profile for FDB2 is only 50 um while for FDB3 is 200 um, as shown in Figure 6.5. For
this reason, it is a possibility that the peak of residual stresses observed in FDB3 it also

happens in FDB2.
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Figure 6.13 — Backscatter electron micrograph and mosaics at high resolution of the bond between CP-Ti and
Ti-5553 for (a, c) FDB2 and (b, d) FDB3.
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6.3.3. FAST-forge

The residual stresses were also measured from FAST-forge material produced from dissimilar
titanium alloys. In Section 6.3.2., it has been shown that the residual stresses produced across
the bond of as-FAST material are relatively low. In this section, the residual stresses are
measured from two different near-net shaped components; one component is made of Ti-

6242/Ti-64 (FF1) and the other component is made of Ti-5553/Ti-64 (FF2).

6.3.3.1. Characterization Ti-5553/Ti-64 (FF1)

The near-net shaped component FF1 is shown in Figure 6.14 with micrographs of the bond
and a 2D hardness map of the region in the bond. The bond of the forged component can be
divided in two different types of bonds; one bond that is perpendicular to the forging
direction (BT1) (Figure 6.14 (a, b)) and one bond that is parallel to the forging direction
(BT2)(Figure 6.14 (c, d)). All the micrographs show a clear region and a darker region that

corresponds to Ti-5553 and Ti-64, respectively.

The BT1 shows the grain limits for Ti-5553 slightly deformed due to the high strain produced
during the forging. Furthermore, it is observed an absence of any clear microstructural
features as a result of heating the material above the B transus and quenching it at the end
of the process. The Ti-64 alloy in BT1 has an equiaxial microstructure due to dynamic
globularisation mechanism cause by the high strain suffered during the forging process [226].

It is also observed that the microstructure in the bond has a very sharp transition.

The BT2 has the same microstructure for Ti-5553 observed in Figure 6.14 (a) but in this case
the Ti-64 has a deformed Widmanstatten microstructure. Contrary to BT1, in BT2 there is a
transition of the microstructure across the bond as shown in Figure 6.14 (d). The darker
lamellas in Ti-64 start to get brighter across the bond until they reach the Ti-5553
microstructure. More information about the microstructure and the strain across the sample

can be found in Pope et al [10] publication.

The hardness of the bond is shown as a 2D hardness map in Figure 6.14 (h). The bulk material
shows a hardness around 500 Hv for Ti-5553 and 350 Hv for Ti-64, which is an increase from
the as FAST material in Figure 6.6. The hardness across the bond has a smooth transition

between both alloys. However, the change of hardness between the two alloys is longer for

129



BT2 compared to BT1. This cannot be fully appreciated from the 2D map because of the
limited number of points that could be tested across the bond and the hardness data was

interpolated to create this map.

THSE5S M pereees

Figure 6.14 — Cross section of FF1 after heat tinting the EDM face with backscatter electron micrographs for (a,
b) BT1, (c, d) BT2 and (e) 2D microhardness map of the bond region.

The diffusion of the two distinctive bond types, BT1 and BT2, is shown in Figure 6.15. For all
the elements the diffusion is higher in BT2 than in BT1, with an average diffusion distance of
150 um and 50 pm, respectively. This correlates well with the results and micrographs

presented in Figure 6.14.
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Figure 6.15 — Diffusion profiles of the four elements that componse the titanium alloys Ti-64 and Ti-5553. Each
graph represents the diffusion profile across the bond of one FAST-DB sample for BT1 and BT2.

6.3.3.2. Characterization Ti-6242/Ti-64 (FF2)

The near-net shaped FAST-DB forged component made of Ti-64 and Ti-6242 is shown in Figure
6.16 along with the corresponding electron micrographs and the 2D hardness map. In Figure
6.16 (a, b, c), under the Z contrast of the backscatter electron mode, the brightest alloy
represents Ti-6242 alloy, while the darker one is Ti-64. In this case, the location of the bond
is in the top right corner of the forged component and the two bond regions are not as well
defined as in FF1. The component has a similar microstructure for both alloys, which consists

of a martensitic structure with large parent beta grains. These types of microstructures are
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typical after supertransus forging followed by water quenching. In some areas close to the
bond, darker elongated alpha regions have formed, similar to that shown in Figure 6.16 (b),

this is probably caused by partial recrystallization near to the bond.

The microhardness results in Figure 6.16 (d) shows that the hardness of FF2 is higher than
FDB1. The hardness of the two alloys is very similar but Ti-6242 has higher hardness overall.
Furthermore, there is a smooth transition across the bond with no significant increase or
decrease of hardness inn the adjacent region. More details of how this sample was produced

can be found in Section 3.3.
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Figure 6.16 — Cross section of FF2 after heat tinting the EDM face with SEM micrograph for (a, b) BT1, (c) BT2
and (d) 2D microhardness map of the bond region.

The diffusion of the elements in this sample was measured perpendicular (BT1’) and parallel
(BT2’) to the forging direction, in the same manner it was measured for FF1 in Figure 6.15.
The diffusion of BT2’ was measured in the region shown in Figure 6.15 (a) and the diffusion

of BT1’ was measured in the region shown in Figure 6.15 (c). The results show a similar trend
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to the ones observed in FF1. For all the elements, the diffusion of the BT2’ is larger than the

one measured for BT1’, as shown in Figure 6.17.
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Figure 6.17 — Diffusion profiles of the four elements that componse the titanium alloys Ti-64 and Ti-6242. Each
graph represents the diffusion profile across the bond of one FAST-DB sample for BT1’ and BT2’.

6.3.4. Residual Stresses FAST-forge

6.3.4.1. Ti-5553/Ti-64 (FF1)

The residual stresses for FF1 are expected to be higher than the ones in the as-FAST material
because it has been hot forged and water quenched. For this sample, a high quality EDM cut
was achieved, which reduced the number of errors in the measurement. Figure 6.18 (a) shows
the Alicona scan of the EDM face in the region of the bond. From the displacement data, it is

not possible to distinguish both alloys, which indicates there must be a smooth transition
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between the two alloys. When this data is used to measure the stresses of the original
component (Figure 6.18 (b)), there is a stress region inside the red box that can be related to
position of the bond shown in Figure 6.14. The residual stresses generated in the bond are
relatively low and there seems to be a smooth transition between both alloys. Overall, the
stresses in the component can be considered low to moderate. The Ti-64 region has
compressive residual stresses at the surface, while the bulk region has tensile residual
stresses. On the left-hand side of the sample, the Ti-5553 shows a compression zone but this
could be due to a change in geometry. Furthermore, the higher tensile stresses in that same
region are due to the hole made in the component as part of the cutting process, as explained

in Section 6.2.3.2.
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Figure 6.18 — (a) Displacement map from the Alicona scan of the bond of FF1. (b) Residual stresses map of the
FF1 made with the contour method.

6.3.4.2. Ti-64 /Ti-6242 (FF2)

The measurements of the residual stresses in the bond between Ti-64 and Ti-6242 for the
forged material were conducted at the highest strain region, as shown in Figure 6.3. Figure
6.19 shows the profile measured from the Alicona scan of the EDM and the 3D representation
of the EDM face measured with the Alicona. There is a clear mismatch between the profile of
the two halves; the profile in (a) has an S-shape while the profile in (c) has a U-shape.
However, the differences between the two halves could be due to the geometry of the

component and the clamping method used during the EDM cutting process. Additionally, the
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sample is relatively small so it was not possible to use the same cutting method used in the
other components, in which a hole was drilled to fit the EDM cable. The displacements and
the residual stresses measured for each half of the sample are shown in Figure 6.20. Figure
6.20 (a, b) shows higher displacement and stresses in the right-hand side of the samples.
However, by looking at Figure 6.20 (b) it can be observed that the higher stresses occurred
only in the bottom right region. This distribution of stresses happened because the bottom
left part of the sample is made of Ti-64 while the top part is made of Ti-6242, as shown in
Figure 6.16. For the other half, the displacement in Figure 6.20 (b) is distributed more
homogeneously. The stresses presented in Figure 6.20 (d) are also distributed more
homogeneously throughout the sample. Nevertheless, the top right corner continues to
exhibit the lower stresses due to the dissimilar titanium alloy in that region. Overall, there are
high residual stresses with a compressive outer layer and a tensile core. Additionally, there is

a smooth transition of the residual stresses across the bond.

(@)

Figure 6.19 — (a, c) Displacement map from the Alicona scan of the bond for each halve of FF2. (b, d) Digital
model of the FF2 sample.
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(c)

(d)

Figure 6.20 — (a, c) Displacement map of FF2 made with the contour method. (b, d) Residual stresses map of
the FF2 calculated with the contour method.

6.3.4.3. XRD of FAST-forge (FF1, FF2)

The residual stresses measured with the contour method for FF1 and FF2 show a general idea
of the stresses expected in the sample. However, the contour method cannot resolve with
significant resolution the stresses across the bond, as observed in Section 6.3.2. with the as-
FAST material. Therefore, the XRD method was used to measure stresses across the bond

with more precision.

The XRD measurements were done before sectioning the sample with wire-EDM to avoid
modifying the initial residual stresses in the material. Hence, the measurements had to be
done on the surface of the sample. However, it was not possible to determine a clear peak in
the measurement because there was alpha case at the surface of the forged component.
Figure 6.21 (a) shows how the measurement should look in order to define the position of the
peak and Figure 6.21 (b) shows how the actual measurement looked. Therefore, it was not

possible to measure the residual stress for the forged components with the XRD technique.
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Figure 6.21 — XRD signal of a (a) good measurement and (b) an alpha case measurement.
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7. Machining of FAST-DB components

7.1.  Introduction

It has been demonstrated that dissimilar titanium alloys can be diffusion bonded successfully
with the solid-state processing technology - FAST. In Section 2.13.3 all the previous work done
with FAST to join dissimilar titanium alloys was reviewed. Then, in Chapter 5 it has been
shown that the failure of a FAST-DB component occurs in the lowest strength titanium alloy,
as opposed to the bond region, even if the orientation of grains at the bond are more
favourably orientated to resist dislocation slip compared to the bulk material. Furthermore,
Chapter 6 shows that joining dissimilar alloys with FAST induces low residual stresses, this is
a major advantage compared to other joining techniques such as fusion and friction welding.
Therefore, the use of FAST to create multi-material components has great potential in the
aerospace sector. However, the finishing production steps for most titanium components
involves significant machining operations to create final shape tolerances and ensure a good

surface finish, and multi materials components will be no exception to this.

Most of the studies concentrating on the machining of multi-material components are
focussed on drilling multi-material stacks: there has been minimal research on the effects of
turning operations on multi-material components, and no research has certainly been
published on multi-materials components made up of dissimilar titanium alloys. Matusi [227]
and Ullah [228] studied the forces of three bonds: Al (A1070) with CP-Ti, Al (A5052) with
ductile cast iron and stainless steel (SUS304) with mild steel (S15CK). These studies used a
turning operation with a strain gage-based data acquisition system to measure the forces.
Overall, different forces across the bond were observed and a directionality effect of
machining was identified. Although the study included force data, no information of the
surface or subsurface damage in the bond or parent material was included. In another study,
Ullah [229] observed a directionality effect in the surface roughness of a machined sample

consisting of Al (A1070) with CP-Ti. Again, this study only included a map of the surface
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roughness as the paper focused on the characterization technique itself, rather than the

actual surface finish.

There have been other studies investigating the machinability of a bimetallic pistons made of
Al and cast iron produced by die casting [230—-233]. These studies showed a difference in
forces between both materials and higher tool wear when machining multi-material
components. Additionally, Malakizadi et al [234] concluded that thermal cracking was the

main wear mechanism of CBN inserts when milling bimetallic engine blocks.

All the previous studies have analysed the force signal measured directly from the data
recorded during the test. However, this has limitations because they cannot locate the actual
position of the bond. Hence, it is difficult to really understand the effect of the bond during
the machining operation. The novel machining technique termed force feedback, enables the
microstructure to be created directly from the machining operation - creating digital
fingerprints [164]. The use of force feedback in multi-material components creates a map
with the actual location of the bond and the corresponding force for specific location on the
workpiece surface. An example is shown in Figure 7.1, where (a) shows a mosaic constructed
from optical micrographs of an etched FAST-DB sample made with six dissimilar titanium

alloys, and (b) shows the force feedback plot of the same sample.

Another important aspect to take into consideration from the previous research of machining
multi-material components is that the different materials were joined with inertia friction
welding (IFW) technology. IFW produces heat affected zones (HAZ) in the union as well as
high residual stresses [6]. These joints have to be interpreted as three material regions instead
of two because they are made of the two bulk parent materials and the plastically affected
zone, which has a length greater than a millimetre. The issues in the bond can be avoided
when FAST is used to create the components. As shown in Chapter 5, the diffusion in the bond

is very small and it is possible to observe grains that contain both microchemistries.

It is important to notice that none of the studies, mentioned above, have taken into account
the subsurface damage or the actual surface finish of the sample. The damage in the bond
can have a significant influence on the mechanical properties of the component, especially
when they are subject to fatigue loading [235]. An understanding of the actual damage
produced in the bond and adjacent regions from machining operations will be key to

determining the success and uptake of multi-materials components in industry.
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The focus of the work in this chapter is to understand the effect of the directionality when
machining multi-material components, so that companies such as Rolls-Royce plc know how
to obtain the best surface finish, if and when they decide to use this technology in a future.
In this study, several coupons made of multiple dissimilar alloys were machined and
characterized. The results include the analysis of forces as well as the characterization of the

surface finish and the subsurface damage in multiple titanium bond combinations.

(a) (b)

Figure 7.1 — Machined surface of a FAST-DB sample made of 6 dissimilar titanium alloys in the shape of the
Sheffield Titanium Alloy Research (STAR) logo. (a) Optical micrograph mosaic made with the Clemex software
after etching the surface of the sample. (b) Force feedback data recorded directly from the machining trials.

7.2.  Methodology

A total of three 80 mm FAST-DB discs were made using different processing conditions. One
of the discs had both faces machined in order to assess the directionality effect while the

other two samples had only one face machined.
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7.2.1. Powder

The powder used to make the FAST-DB samples are: Ti-6Al-2Sn-4Zr-2Mo_2 (Ti-6242), Ti-6Al-
4V _2 (Ti-64), Ti-5Al-5V-5Mo-3Cr (Ti-5553), Ti-3Al-8V-6Cr-4Mo-4Zr (Beta C) and Ti-3Al-2.5V (Ti-

3-2.5). More detailed information of the powder can be found in Chapter 4.

7.2.2. FAST

The 80 mm FAST-DB billets were processed at the University of Sheffield using an FCT Systeme
GmbH SPS Furnace Type HP D 25. The detailed procedure explaining how samples in FAST are

made can be found in Section 3.2.

Each billet produced for this work was made of five dissimilar titanium alloys. A 3D printed
polymer divider was used to separate the powders while they were being poured in the
graphite ring. Figure 7.2 (a) shows the distribution inside the graphite ring of the different
powders used to make the discs after the 3D printed divider had been removed. The
distribution of the powders was planned in a way that ensured that the alloys Ti-64 and Ti-
6242 had a bond with each of the remaining alloys. In addition to this, there is a region of Ti-
64 that is twice as large as the rest of the powders with the purpose to use it as an identifier
for the force feedback analysis. The powder was processed at a constant pressure of 25 MPa,
under vacuum and with the conditions shown in Table 7.1. Table 7.1 also lists the diffusion
bonds studied in this chapter with their corresponding disc. Figure 7.2 presents a schematic

of the process used to make and test the samples.

7.2.3. Machining

The machining operation selected for these trials was face turning for two main reasons:
firstly, there was a larger area to machine in the front and back faces of the disc than at the
outer wall of the disk. Furthermore, the tools machined the same bond multiple times before
completing the face turning operation, which allowed to study consistent bond effects in the
machining forces. Secondly, it was more stable to clamp a cylindrical sample through the

outer walls than through the flat faces. High stability is a critical requirement when measuring
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the feedback forces, otherwise there is too much noise within the raw data. For these tests,
a set of soft jaws (specifically manufactured for this study) ensured a rigid a stable system

(Figure 7.2 (c)).

Table 7.1 — Processing conditions and bond of the FAST-DB discs.

Temperature Time
Sample Alloy 1 Alloy 2
[°cl [min]
Ti-5553 Ti-64
Ti-5553 Ti-6242
Disc 1 970 25 BetaC Ti-64
BetaC Ti-6242
Ti-6242 Ti-64
Ti-5553 Ti-6242
Disc 2 1100 60
BetaC Ti-6242
Disc 3 1100 25 BetaC Ti-6242

The machining operation was conducted in a WFL M100 MillTurn CNC machining centre at
the Advanced Manufacturing Research Centre (AMRC) located in Rotherham. To record the
forces during the machining trials, a Kystler 9129AA dynamometer plate was used. The
dynamometer contained eight piezoelectric sensors that measured the forces in three spatial
axes. The voltage signal was collected through the multichannel charge amplifier (Kistler Type
5070) in combination with the Data Acquisition system (Kistler DAQ Type 5697A1) and it was
finally saved through Kistler’s Dynoware software. The dynamometer was connected directly
to the machine arm and supported the tool holder to obtain a direct measurement of the
machining forces. Figure 7.3 shows the setup of the dynamometer and the tool holder in the

CNC machine for these trials.
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The tool insert selected for this study was a CNMG 12 04 08 SM 1115 manufactured by

Sandvik Coromant.

(b) ()

Figure 7.2 — A schematic of the experimental workflow used in this chapter, were (a) is the distribution of the
powders inside the graphite ring, (b) represents processing the powder with FAST and (c) is a photograph of the
face turning operation.

The face turning operation was conducted at constant RPM (G97) instead of a standard
constant cutting speed operation (G96). One of the reasons for this is that with a G97
operation, the cutting speed decreases as the tool moves to the centre of the sample, hence,
the machining forces can be analysed at different cutting speeds. The other reason is that the
code used to analyse the force feedback response required constant RPM. More details on

the force feedback technique can be found in Section 3.6.

The acquisition rate of the data was 30 kHz and the machining parameters for these tests
were 0.15 mm depth of cut (ap), feed of 15 mm/rev (frev) and a constant value of 137 RPM.
The minimum number of points recorded with the dynamometer was 52.3 pts/mm, although

this amount increased when the tool moved towards the centre of the sample.
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| Dynamometer
S

Figure 7.3 — Photograph of Kistler Type 5070 dynamometer plate installed in the WFL M100 MillTurn
machining centre with the tool holder and insert in place prior to the machining operation. (a) Front and (b)

lateral view of the dynamometer and the tool holder.

7.2.4. Analysis Techniques

The analysis of the forces across the bond was done with MATLAB software, more details can
be found in Section 3.6. The surface roughness was measured with an Alicona microscope
and the data was postprocessed with the Alicona software to create a 2D map of the bond
surface. Moreover, the data in the scanned plane had to be corrected to ensure it represented
a flat surface. This correction is necessary because the Alicona has a vertical resolution of 100

nm and it is very difficult to ensure the scanned surface is completely parallel to the lens.

To characterise the machining surface, the discs were first sectioned in eight parts with a
Struers Secotom. Each part had one bond in the middle of the sample. Then, the samples
were cleaned with soap and isopropanol and then the machined surface was analysed using
scanning electron microscopy using both secondary and backscattered electron imaging
modes. These samples were then sectioned perpendicular to the bond, hot mounted and
metallographic prepared to characterise the subsurface damage. More information of the

analysis techniques can be found in Section 3.5.
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7.3.  Results

The results of the machining trials are presented in this section. The results are focused on
the alloys Ti-64 and Ti-6242, hence, all the bonds contain at least one of these alloys. Although
the discs contained Ti-3-2.5, as mentioned in Figure 7.2 (a), the analysis of this bond will not
be presented in this section because one of the samples did not have a straight bond and the
results measured are not conclusive. However, the remaining five bonds were straight and

are presented in this section.

7.3.1. Materials characterization

The microstructure of the majority of the alloys is very similar because the five bonds are
made of alloys that are o + B or B alloy type. Figure 7.4 shows the force feedback plot of disc
one with the corresponding backscattered micrographs at the bond locations. The
micrographs in (c) and (d) correspond to Ti-6242 with the B alloys Ti-5553 and BetaC, while
(e) and (f) correspond to Ti-64 bonded with the same B alloys. Finally, (b) shows the bond
produced between Ti-64 and Ti-6242.

The microstructure of Ti-64 and Ti-6242 is very similar: both alloys consists of a typical
equiaxial primary alpha grains (~20 um) with residual beta phase in between the alpha grains.
It is also possible to observe a more lath-type morphology between the equiaxial grains; this
is clearer in Ti-64. The microstructure of these samples is similar to the ones tested in Chapter
5. The beta alloys have a similar microstructure that consists of large prior § grains with a size
of 200-300 um. It is also noticeable that the grains size of the Beta C are larger than the ones

inTi-5553.

The microstructures of the bonds between an a +  with a B alloy are similar. All the bonds
formed a lamellar structure with a progressive reduction in lamellar width from the a +
alloys to the B alloys. Furthermore, the bonds involving Ti-5553 formed a fine secondary
alpha, like the one generated in Chapter 6. However, this cannot be resolved in these
comparative micrographs because it requires higher magnification micrographs. It is also

possible to observe some porosity in the B alloys.
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The bond between Ti-64 and Ti-6242 shows the formation of lamellar alpha, typical
microstructure expected for a supertransus processed material. It is possible that the
microstructure in the bond region is a result of the bond local chemistry being more heavily

beta stabilised and thus, resulting in supertransus processing in this region.

The diffusion of elements in the bond can be estimated from analysis of the microstructure
across the bonds. From the micrographs, the changes in the microstructure seem to be
between 50 — 150 um, which would correlate well with the diffusion measured in Sections
6.3.1 and 5.3.1. It is not expected to have diffusion distances greater than 400 um because
previous authors [9] have observed this diffusional distance when processing the samples at
temperatures 250°C higher with a dwell time 35 min longer. Therefore, it was considered not
necessary to measure the diffusion bond distance as a variation of 100 um was thought not

to affect the results of the machining tests.

The hardness of the bonds was measured and plotted in Figure 7.5. The plots (a) and (b) show
that the hardness profiles between the a + B alloys with Ti-5553 are very similar. Additionally,
Ti-64 and Ti-6242 have a lower value of hardness than Ti-5553 and there is a peak of hardness
in the bond. This result compares well with the work of Pope et al [10], whom observed the
formation of fine secondary alpha that increased the hardness in the bond. However, this
peak is not observed when Ti-64 and Ti-6242 are bonded with BetaC. Instead, there is a
smooth transition between both alloys. Finally, no major variation is observed in the hardness

profile between Ti-6242 and Ti-64.

7.3.2. Effect of forces in the machining direction.

The analysis of the forces in disc 1 is novel because this is the first time that force feedback
has been used before to assess dissimilar titanium alloy components. Figure 7.6 shows the
top and bottom faces of disc 1, with its corresponding machining direction. The maps
demonstrate that the force feedback plots are very accurate and can detect any irregularities
in the bond. In addition to this, the plots show a change of the forces on the bond when
machining different faces. This is very clear for the bonds that contain Ti-5553, because there
is a higher force when the tool goes into Ti-5553 and a reduction of force when the tool moves

out into the neighbouring alloy. This effect is clearer when the forces across the bond are
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averaged from the force feedback plots, as shown with Figure 7.7, Figure 7.8 and Figure 7.9.

More details on how the average force was calculated can be found in Section 3.6.

The forces show a clear directionality effect when machining a bond involving Ti-5553 and an
o + B alloy (Ti-64 or Ti-6242), as shown in Figure 7.7. When machining from an a + B alloy to
Ti-5553, there is an increase of forces in the bond. Nevertheless, there is a smooth transition
when machining from Ti-5553 to the a+p alloys. The forces in the bond when machining from
Ti-5553 and Ti-64 shows a flat section close to value 0, this will be explained in more details

in Section 7.3.4.

Figure 7.4 — Backscattered electron micrographs of the microstructure in the bonds for Disc 1.
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Figure 7.7 — Plots of the force response affected by the machining direction for Ti-5553 with Ti-6242 and Ti-64

bonds respectively.
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Figure 7.8 presents the average forces of the bonds made of BetaC with the a + B alloys. The
graphs show that the forces of BetaC are lower than those for the a + B alloys. In addition to
this, there is a similar trend of forces when machining in different directions. However, it can
be appreciated a small increase of forces when machining from Ti-6242 to BetaC. This

increase in force is not observed when BetaC is machined with Ti-64.
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Figure 7.8 — Force response affected by the machining direction for BetaC with Ti-6242 and Ti-64 bonds
respectively.

Figure 7.9 presents the average forces across the bond made of Ti-6242 and Ti-64. The results
show a minor variation of forces in the bond depending on the machining direction. There
seems to be a small peak in the force response when machining from Ti-64 to Ti-6242 and the
transition of the forces is also smaller for this bond. This peak is similar to the one observed
in Figure 7.8 when machining from BetaC to Ti-6242. Unlike the peaks of forces produced in

Figure 7.7, this peak is very narrow, and it appears to occur at the start of the Ti-6242 region.
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Figure 7.9 — Force response affected by the machining direction for Ti-64 with Ti-6242 bond.

7.3.3. Effect of surface finish in the machining direction.

Itis clear from Section 7.3.2 that the specific alloys joined and the machining direction directly
effects the force response. Furthermore, the Alicona microscope was used to map the surface

roughness and then compared with the corresponding force feedback maps.

Figure 7.10 shows the surface roughness and the force feedback maps of Ti-5553 joined with
the a+p alloys. The results reveal a correlation between the forces and the surface roughness
in the bond. When machining from Ti-5553 to one of the a+p alloys, the forces decrease in
the bond, which correlates well with a small valley produced in the surface of the bond.
However, when machining from a+f alloys to Ti-5553, the forces increase in the bond, which
correlates well with a formation of a peak in the bond region. It is noticed that when
machining from Ti-5553, there is a small peak in the surface just before reaching the small
valley. Nevertheless, when machining in the direction from the a+p alloys through to Ti-5553,

a small valley in the surface is observed ahead of the subsequent elevation in the surface.
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Machining Direction

Machining Direction

Figure 7.10 — Map of the surface roughness and force feedback for bonds made of Ti-5553 with Ti-6242 and Ti-
64 respectively.

Figure 7.11 shows the scanning electron micrographs of the surface finish for the bonds
between Ti-5553 and the a+f alloys. The micrographsin (a), (b), (e) and (f) were imaged using
the secondary electron mode to obtain a better detail of the topography of the regions. The
micrographs in (c), (d), (g) and (h) were imaged using backscattered electron mode to reveal

the exact location of the bond.

The surface finish, when machining from Ti-5553 to a+p alloys, presents clear damage at the
location of the bond. These results compare well with Figure 7.10 where a valley of the
surface was observed when machining in this direction. However, when machining from an
o+p alloy to Ti-5553, there is no evident surface damage caused by the bond, apart from pick-
up located randomly on the surface. This result does not correlate well with Figure 7.10 where
a peak at the surface was observed in the bond. The challenge with the topographical map
and the force feedback data is that it is difficult to determine the exact location of the bond.
The increase in the surface finish does not occur in the bond, it occurs at approximately 200

- 300 um away from the bond line, as depicted by the yellow boxes in Figure 7.12.
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Figure 7.11 — (a), (b), (e), (f) Secondary electron and (c), (d), (g), (h) backscattered electron micrographs of the
machined surface in the bonds made of Ti-5553 with Ti-6242 and Ti-64.
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Figure 7.12 — (a), (b) Secondary electron and (c), (d) backscattered electron micrographs of the bonds made
with Ti-5553 showing the location of the pick-up close to the bond.

Figure 7.13 shows the surface roughness and the force feedback maps of BetaC joined with
the a+pB alloys. As shown in Figure 7.8, there are no apparent peaks of forces for any
machining direction, there is only a small peak when machining from BetaC to Ti-6242.
Therefore, the surface roughness characteristics are very similar for the four bonds. The
general trend is the formation of a valley in the BetaC region and the formation of a peak in
the a+p alloys region. This behaviour is more obvious for the bond consisting of BetaC and Ti-

6242, which are at the extreme ends of the beta stability alloy range.
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Figure 7.13 — Map of the surface roughness and force feedback for bonds made of Ti-5553 with Ti-6242 and Ti-
64 respectively.

The micrographs of the surface finish for the bonds consisting of the alloy BetaC are shown in
Figure 7.14. The characteristics of the surface finish are very similar to the ones observed for
the bonds with Ti-5553. There is clear damage when machining from BetaC to an a+f alloy
but not in the other machining direction. The relation of the bonds with the surface roughness
maps and the surface finish is more complicated for the BetaC bonds than for the Ti-5553
bonds. The surface finish in the BetaC region is very poor, probably because the machining
conditions were outside the optimum parameters for this particular alloy. Therefore, it is very

difficult to determine a single zone of pick-up, similar to Ti-5553.
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Figure 7.14 — (a), (b), (e), (f) Secondary electron and (c), (d), (g), (h) backscattered electron micrographs of the
machined surface in the bonds made of BetaC with Ti-6242 and Ti-64.
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Figure 7.15 shows the surface roughness and the force feedback maps of Ti-6242 bonded to
Ti-64. The surface roughness exhibits no significant change in height across the bond
irrespective of the machining direction. Nevertheless, it is observed that in the Ti-64 region,
close to the bond, there is a small region with a valley in the surface finish of the material.
The force plot shows the force required to machine Ti-6242 is higher than Ti-64, similar to the

results observed in Figure 7.10.

IO ey
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Machining Direction

Figure 7.15 — Map of the surface roughness and force feedback for bonds of Ti-6242 with Ti-64.

The micrographs of the surface finish for the bond consisting of Ti-64 and Ti-6242 are shown
in Figure 7.16. The results shows that there is no surface damage created in the bond
irrespective of the machining direction. This is a significant difference in comparison with the

bonds with a B alloy.
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Figure 7.16 — (a), (b) Secondary electron and (c), (d) backscattered electron micrographs of the machined
surface in the bonds made of Ti-64 with Ti-6242.

The results found for the bonds containing a B alloy are consistent with other machining trials
carried out on FAST material processed in different conditions. An example of the bond made
of BetaC and Ti-6242 in discs 2 and 3 are shown in Figure 7.17. The bond in disc 2 shows a
high amount of pick-up generated in BetaC, however, all this pick-up accumulates in the exact
location of the bond. The bond in disc 3 has less pick-up generated than in disc 2, however,
there is evident damage in the bond, similar to the that observed in Figure 7.14. Although the
machining parameters were the same for both discs, the workpiece microstructure is
different. Therefore, the results show that changing the machining parameters for specific B
alloys can reduce the damage generated in the bond, although it may not be enough to avoid

damage altogether.
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Machining direction

Figure 7.17 — Secondary electrons micrographs of the machined surface in the bond made between BetaC and
Ti-6242 for (a), (b) Disc 2 and (c), (d) Disc 3.

7.3.4. Subsurface damage of the bond.

The machining process can generate subsurface damage in the material, which can cause the
failure of the component during in service [235,236]. In this section, the subsurface damage

generated in the bond due to the machining process is assessed.

The micrographs of the bond’s cross section made between Ti-5553 and the a+p alloys are
shown in Figure 7.18. As mentioned in Section 7.3.1., the microstructure for Ti-64 and Ti-6242

bonds is very similar: fine scale secondary alpha forms at the bond region and significantly

increases the local hardness levels.
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There is no distinct difference in the subsurface damage across the bonds, regardless of the
machining direction. When machining from Ti-5553 to a+B alloys, the deformation of the
microstructure is lower than when machining in the opposite direction. The bond between
Ti-5553 and Ti-6242 presents a small dip in the surface just at the beginning of the Ti-6242
microstructure in (a). Furthermore, there is a subtle increase of the surface level - in front of
the dip - that compares well with the results observed in Figure 7.10. The bond between Ti-
5553 and Ti-64 only shows a small amount of damage in (g), with the formation of a crack
initiation points in the surface. In addition to this, in Figure 7.7 one of the graphs shows a
constant value of force in the middle of the bond. That constant value is related with the
micrographs in (e) because it shows the formation of multiple bonds in that location and the

tool had to cross both alloys twice.

The subsurface damage of BetaC with the a+f alloys is shown in Figure 7.19. For these bonds,
there is a smooth transition of hardness across the bond, as shown in Section 7.3.1. The
subsurface damage in the bond between BetaC and Ti-6242 is similar to the one observed
between Ti-5553 and Ti-6242, with a higher subsurface damage when machining from Ti-6242
into Ti-5553. Furthermore, when machining in direction from BetaC to Ti-6242, it is possible
to observe an increase in the surface level in the location of the bond. This relates well with
the surface damage observed when machining in this direction. There is also some damage
in the bond when machining from Ti-6242 to BetaC, caused by the deformation of the finer
laths near the beta region. The bond made of BetaC with Ti-64 contains less damage
compared with the Ti-6242 bond. However, it has to be taken into account that these
micrographs only show a 2D cross the section of the bond, so there may be microstructural

information that has not been captured.

Finally, the subsurface of the bond made of Ti-64 with Ti-6242 is shown in Figure 7.20. The
deformation of the microstructure is very small and unaffected by the machining
directionality. Moreover, the surface across the bond has a constant surface roughness and
no damage is observed in it. Nevertheless, it is possible to observe some particles above the
surface that could be surface contamination in the sample because in Figure 7.16 there is no

obvious pick-up generated in the bond.
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Figure 7.18 — Backscattered electron micrographs of the subsurface damage for the bonds made of Ti-5553
with (a), (b), (c), (d) Ti-6242 and (e), (f), (g), (h) Ti-64.
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Figure 7.19 — Backscattered electron micrographs of the subsurface damage for the bonds made of BetaC with
(a), (b), (c), (d) Ti-6242 and (e), (f), (g), (h) Ti-64.
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Figure 7.20 — Backscattered electron micrographs of the subsurface damage for the bonds made of Ti-64 with
Ti-6242.

Figure 7.21 shows the bond between Ti-5553 and Ti-6242 in disc 2. The microstructure of Ti-
6242 in disc 2 is a classic fully transformed, large equiaxed grain structure and the bond has
the formation of fine secondary alpha, as shown in (d). The machining direction was from Ti-
5553 to Ti-6242 and as appreciated in (a) and (b), there is a high amount of pick up in the
bond. The cross section of the sample revealed that the formation of this pick up occurred in
the middle of the bond, in the region where the fine secondary alpha is formed. This example
demonstrates that even if the processing conditions of the material are different, the

machinability of the bond is similar to the results presented in this chapter.
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Figure 7.21 —(a), (b) Secondary electron and (c), (d) backscattered electron micrographs of the machined
surface and the cross section for the bond between Ti-5553 and Ti-6242 in Disc 2.

7.4. Discussion

The microstructural characterisation shown in this work, presents clear evidence of a small

amount of porosity in BetaC and Ti-5553, this is caused for three different reasons.

(1) The processing conditions were not ideal for these alloys, which require higher
temperatures or pressure to fully consolidate.

(2) The tap density of the B alloys is lower than the a + B powders. However, the powders
were filled to the same height, as shown in Figure 7.2. This means that the a +

powder fully consolidated before the P powders, which prevented its full

consolidation.
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(3) The beta powder had a higher amount of internal porosity, as shown in Section 4.6.

This type of porosity is very difficult to eliminate through sintering or HIP’ing routes.

Table 7.2 effectively summarises the results presented in Section 7.3 and shows information
about the bonds presented in discs 1,2 and 3 such as, if there was a peak in the forces; if the
surface level decreased; and if there was damage in the surface. Notice that the table does
not include the Ti-64 / Ti-6242 bond because there is no noticeable damage regardless of the

machining direction.

Table 7.2 shows that there is not a clear relationship between the peak of forces measured in
the Z axis and the damage found in the bond for discs 1 and 2. Furthermore, the surface
roughness maps correlate well with the damage found in the bond region that are made with
Ti-5553, but there is not a direct relationship for the bonds containing the BetaC alloy. The
only parameter that seems to correlate well with the surface damage is the direction of the
machining operation across the bond. Damage in the bond always occurs when machining

from a B alloy through to an a+p alloy.

Although the microstructure resultant of the processing conditions influences the amount of
pick-up generated and the severity of the damage, it does not change the damage
characteristics in the bond when machining from a 8 to an a+p alloy. This is demonstrated by
two supertransus bonds with different dwell times in Figure 7.17 or a subtransus bond in

Figure 7.14.

The location of the bond does not exhibit damage when machining from an a+f to B alloy.
However, the surface roughness (in Figure 7.10) reveals a very clear peak in the surface level,
which is correlates with an increase of forces in that region. This pick-up region is located at
approximately 200 - 300 um from the bond, which is greater than the expected diffusion
distance in the bond for a subtransus microstructure, as discussed in Chapter 5. The Z-contrast
brightness of the pick-up in the backscattered electron micrographs in Figure 7.12 shows that
the pick-up is not exclusively from the a+p alloy, and there is some blended pick-up from the

B alloy also.
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Table 7.2 — Summary of bond characterization presenting the relation between the directionality of the
machining, the microstructure, the force in Z, the surface roughness and the pickup in the bond.

Bonds Decrease of
Sample Peak force in Z Damage in the bond
(direction) surface

Disc1  Ti-5553/Ti-6242 No Yes Yes (low)
Disc 2 Ti-5553/Ti-6242 Yes - Yes (high)
Disc 3 Ti-5553/Ti-6242 Yes - Yes (low)
Disc 1 Ti-6242/Ti-5553 Yes No No
Disc 1 Ti-64/Ti-5553 Yes No No
Disc 2 Ti-64/Ti-5553 Yes - No
Disc 3 Ti-64/Ti-5553 Yes - -
Disc 1 Ti-5553/Ti-64 No Yes Yes
Disc 1 BetaC/Ti-6242 No Yes Yes (low)
Disc 2 BetaC/Ti-6242 Yes - Yes (low)
Disc 3 BetaC/Ti-6242 Yes - Yes (high)
Disc 1 Ti-6242/BetaC Yes Yes No
Disc 1 Ti-64/BetaC No Yes No
Disc 2 Ti-64/BetaC No - No
Disc 3 Ti-64/BetaC No - No
Disc 1 BetaC/Ti-64 No Yes Yes

The direction of machining has little impact on the subsurface damage. The subsurface

damage for all the bonds is shown in Figure 7.18 - 7.20 and the micrographs reveal similar
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damage in the bulk material and the bonds. Although there seems to be a higher subsurface
damage when machining from a B to an o+ alloy, the difference is only a few microns.
Therefore, it is possible to conclude that the machining directionality does not play a
significant role regarding the machining induced damage, at least for the testing programme

conditions presented in this chapter.

There has been previous research comparing the machinability between a B alloys and a+f
alloy. The machining of Ti-5553 tends to create higher forces compared to Ti-64 [237-239].
This is caused because the thermal conductivity of Ti-5553 (22 W/mK) is 30% higher than that
of Ti-64 (15 W/mK) at 700°C [239]. Lower thermal conductivities promote the formation of
chip segmentation, which reduces the reaction force. However, higher thermal conductivity
transfers the heat from the material to the chip, which reduces the degree of softening
occurring in the material during machined [239]. In addition to this, several studies have
shown that beta alloys, such as Ti-5553 and BetaC, tend to adhere more to the cutting face of
the tool compared to conventional Ti-64, which creates larger built-up edge chip thickness
[239-241]. This correlates well with Figure 7.17 and 7.21, where there is a large amount of
pick-up in the bond when machining from a  to an a+p alloy. Furthermore, Rashid et al [242]
observed the formation of built-up edge (BUE) in beta alloys is higher for more ductile
workpieces. In Figure 7.17, the sample processed at a higher temperature had a larger
amount of pick-up. There is no information about the tensile properties for both materials,
but it is expected that the disc processed at higher temperature will have larger grains,
therefore, the ductility between both alloys is expected to be different. From the stress-strain
curves in Chapter 5 (Figure 5.8), it is expected a higher ductility from the sample processed at

a higher temperature.

From all this information, it is clear that the effects observed when machining multi-materials
are influenced by the workpiece microstructure and or, the CNC machine. Some of the faces
were machined in two different CNC machines, in order to check that the trends in the forces
were consistent in different equipment. Although the same machining conditions, samples
and tools were used for both machines, the forces produced were larger for one of the
machines, as shown in Figure 7.22. The difference in force between the two machines is likely
to be caused by a calibration of the dynamometer because the same samples were used for

both tests. The tests occurred in separated machining trials and the dynamometer had to be
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calibrated for each trial. There is not a consistent method to calibrate the dynamometer, for
this reason it is likely that there was a difference of forces on that day. Nevertheless, the same
force trends were observed for all of the bonds tested, meaning that the directionality effects

are not linked to the CNC machine used for most of the tests.
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Figure 7.22 — Plot of the forces produced in two different CNC machines when machining the same bonds with
the same machining conditions and tool.

In previous investigations, it has been observed that there are multiple factors affecting the
surface roughness of titanium components in machining operations, such as; tool shape,
geometry and tool wear, temperature, tool coating, feed rate, cutting speed, depth of cut and
BUE formation [243]. Some of the parameters such as tool geometry, tool coating and tool
wear can be discarded as a factor, because the two alloys were machined with the same tool
during the same machining operation. The rest of the parameters cannot be discarded
because there is not enough data or the data is difficult to measure while processing. For
example, the feed rate, cutting speed and depth of cut should be the same for both alloys,
but the machinability of a+p alloy and B alloys is different, so it is possible that the Numerical
Control (NC) of the equipment used, had to adjust the settings to maintain the same
parameters. If the tool decreases the speed during the initial stages of B alloy machining, it
could take a fraction of a second for the machine to increase the power to maintain the same
speed. In that fraction of second, as the machine is adjusting the settings, the speed decreases
and both the pick-up and reaction forces increases. All this relates well with the observations

from the Alicona and force feedback maps, as well as the pickup generated in Figure 7.12.
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However, this will not be possible to demonstrate without being able to obtain the data of

the actual speed of the machine.
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8. Conclusions and Further Work

8.1. Conclusions

This thesis exploits that the use of FAST to diffusion bond dissimilar titanium alloys from

powder has the potential to become a disruptive technology in the aerospace sector, when

multi-material components are required. Furthermore, the work has demonstrated the key

advantages of the solid-state process and highlighted the best ways to work with these

materials.

Three main areas have been investigated in this thesis; (1) the deformation of a diffusion bond

between two similar alloys, (2) the residual stresses generated in FAST-DB material and (3)

the machinability of a FAST-DB component. The conclusions of this work will be presented in

this section.
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8.1.1. Integrity of the bond

The bonds made with dissimilar titanium alloys have shown excellent mechanical
integrity. The diffusion of alloying elements across the bond varied depending on the
processing conditions, but the dwell time and hold temperature were particularly
dominant on the bond characteristics.

The level of diffusion measured in the bonds ranged from 50 to 350 um. However, the
major difference was observed when the powder was processed above or below the
beta transus temperature. For subtransus conditions, the diffusion observed ranged
from 50 to 150 um, while for supertransus conditions the diffusion ranged from 150
to 350 um. This is caused by the allotropic phase change from an HCP to a BCC crystal
structure when processed below and above the beta transus, respectively.

The bonds generated in the thesis show no evidence of defects or cracks in the

diffusion bond region.



In chapter 7 it is possible to see some porosity in the bulk material of the B alloys. The
porosity is a consequence of the initial compaction of the powder because the B alloys
used in this work had less efficient tap density compared to the a+p alloy powders.
This means that, for the same volume, powders that compact better will have less
initial porosity between the particles and more mass will be used. Therefore, the
displacement of the ram stopped when the a+B alloy powder(s) were fully

consolidated without allowing time for the B alloys powder to fully consolidate.

8.1.2. Mechanical properties and deformation of the bond

The first experimental chapter of the thesis studied the deformation behaviour of a FAST-DB

bond between the alloys Ti-64 and Ti-6242.

The work showed consistently that the failure of FAST-DB bonds, with these two
alloys, occurs in the lowest strength alloy (i.e. Ti-64), far away from the bond location.
This observation occurred regardless of whether the sample was processed above or
below the beta transus.

The distribution of the strain in the samples during the tensile test varied for different
processing conditions. The subtransus sample had a smooth transition across the
bond, with a higher strain in the Ti-64 region. Meanwhile, the supertransus sample
had a more homogeneous distribution across the sample, but there was still a
difference of strain between the two alloys.

The work proved that the strength of the FAST-DB samples is similar to a
conventionally processed monolithic titanium sample. This will give further
confidence to those designers who are looking to exploit FAST-DB technology for
parts.

For a bond made of two similar alloys, the crystal orientation from the EBSD maps
does not show any significant changes in microtexture across the bond. Therefore, it
is difficult to determine the exact location of the bond line just by observing the EBSD
maps, it is necessary to also use band contrast or backscattered electron imaging

maps.
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The results at a mesoscale level showed that the deformation occurs in the Ti-64
region, even if the bond has more favourable oriented grains for the prismatic slip.
This is caused by the local microchemistry and an increase of the solid strengthening
across the bond when transitioning from the Ti-64 to the Ti-6242 chemistry.
Consequently, it is very clear that most of the strain occurs outside of the diffusion

transition zone.

8.1.3. Residual Stresses in FAST-DB and FAST-forge material

The thesis also studied the residual stress profiles of FAST material, FAST-DB and forged multi-

material component.
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From the X-ray diffraction and the contour method results, it can be concluded that
the FAST material has very low residual stress. The low residual stress is thought to be
caused by the homogeneous heating of the sample in the graphite dies and a relatively
slow cooling rate.

The addition of a diffusion bond made with similar titanium alloys, such as Ti-64 and
Ti-6242, does not show significant changes in the residual stress profile of the
material. It was possible to observe a small increase in the stresses close to the bond
location, but the overall stresses are still very low.

There can be chemical misfit when bonding two extreme dissimilar titanium powders
such as CP-Ti and Ti-5553. These alloys generate a new microstructure in the bond
region: The fine secondary alpha laths generated increases in the residual stresses in
the bond due to the stresses that the alpha lath produces in the matrix.

The residual stresses measured with the contour method of closed-die forged FAST-
DB material showed similar stresses to conventional forged titanium in the bulk
material. Additionally, there was a smooth transition of the stresses across the bond,
which means that there are not deleterious changes in the residual stresses close to
the bond.

The conform method struggles to resolve the stresses in the exact location of the
bond. Therefore, further work is required to fully understand the stresses generated

in the bond for forged materials.



8.1.4. Machineability of FAST-DB components

In this work, the machineability of FAST-DB material with dissimilar titanium alloys have been

investigated. The force feedback [164] technique showed the changes of force when

machining these samples: this was correlated with the surface roughness maps made with a

microscope. Furthermore, the surface and subsurface damage was investigated using optical

and scanning electron microscopy.

When machining o+ alloys bonded to [ alloys, the direction of the machining
operation affected the generation of damage in the bond. The force measured in the
bond was affected by the directionality, however, there was not a clear link to the
damage.

Surface damage always occurred when machining from the B through to the a+f
alloys, and the severity of the damage was determined by the machining parameters
used or the microstructure of the workpiece.

The most common damage generated in the machining surface of the bond was
smeared titanium from one of the alloys, which is caused by titanium sticking in the
tool and then being deposited in the surface while machining the sample. This is also
known as “pick-up”, and it was always detected in the exact location of the bond.

No subsurface microstructural damage was observed in the bond, regardless of the
machining direction and the microstructure of the workpiece.

It is believed that the damage observed in the surface occurred due to two main
reasons: the first one is related to the machinability of each alloy and the second
reason is linked to how the CNC machine responds to the sudden change of alloy
chemistry.

The diffusion bond of titanium alloys with similar mechanical properties and
machinability do not cause issues in the bond during machining operations, regardless

of the machining direction.
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8.2.  Future work

The recommended future work can be divided in three main sections, each one related to

one experimental chapter.

8.2.1. Mechanical properties and deformation of the bond

This work has characterised the deformation mechanisms in the bond between two dissimilar
titanium alloys with similar mechanical properties. However, there is still further research to

be done to fully understand the mechanical properties of the bond.

The change of microstructure across the bond between some titanium alloys could potentially
affect the deformation behaviour of the bond, showing a different performance to the one
observed between Ti-64 and Ti-6242. For example, when joining Ti-6242 with Ti-6246, only
the amount of Mo is the primary difference in the alloy chemistry, but the microstructure is
transformed from a fully lamellar to a Widmanstatten as FAST-DB material transitions from
Ti-6242 to Ti-6246. In addition to this, the optical DIC technique has helped to elucidate the
deformation at a mesoscale level, however, this technique was not able to fully resolve
individual slip bands inside the grains. The study of the diffusion bond deformation with HR-
DIC techniques [192] would help to fully understand the deformation slip behaviour close or
at the bond. It would be of great interest to study an area that has a single grain (and parent
beta orientation) containing both alloy chemistries, similar to the one shown in Figure 5.1.
This would provide interesting data about the effect of Mo on the propensity for slip. This
would have a wider impact for new titanium alloys in addition to the upscaling of the FAST-

DB technology.

All the mechanical properties presented in this thesis and previous work done by other
researchers have used as FAST material [9]. Although the use of a FAST-forge [104] route has
the potential to be used for industrial applications, there has been very little research that
looks into the mechanical properties of FAST-forge material. Further research should be done
in order to fully understand the potential advantages or issues of forging a bond with the

mechanical properties.
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All the tests conducted on FAST material have been at room temperature. Yet, most of the
titanium components inside the jet engine operate at medium to high temperatures. Before
FAST-DB material can be used inside a jet engine, it is important to see if the results observed
at room temperature are the same at the expected operational temperatures. The creep
response of the bond region could be worse than the bulk material and there is also a risk on
the formation of different phases in the bond caused by the increase of temperatures.
Furthermore, it would be important to study the corrosion behaviour and ballistic behaviour
of the FAST-DB material because the components could operate in maritime and defence

environments.

8.2.2. Residual stresses of FAST-DB and FAST-forge material

This thesis has presented the residual stresses generated in FAST and FAST-DB of several
titanium alloys combinations. Nevertheless, there is still some parts that require further

research.

The stresses generated in a forged FAST-DB component were only studied with the contour
method, which showed a smooth transition between both alloys. However, it has been
demonstrated that the XRD method has better resolution in the bond. For that reason, it

would be necessary to further study the forged components using the XRD method.

The results presented in this thesis also showed differences in the stresses generated in the
bond processed from CP-Ti and Ti-5553 with different conditions. To further understand if the
differences are caused by the processing conditions or it is linked to a limitation of the
technique, a comparison of the mean angular deviation (MAD) value could be done between
both values. The MAD will not show the exact value of residual stresses because it measures
the averaged angular misfit between the measured and expected Kikuchi bands. However, a
similar trend in both samples would increase the likelihood that the difference in results is
caused by the limitation of the technique. Furthermore, the use of transmission electron
microscopy (TEM) could reveal in detail if the secondary alpha phase generated in the bond
causes stress in the matrix, which, could be linked to the high residual stresses measured with

the XRD method.
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To fully exploit the FAST process, it will be required to produce larger samples than the 60
mm discs used in this study. There is a risk of heating heterogeneities when producing larger
samples using FAST, which could cause higher residual stresses than the ones presented in
this study. Therefore, the residual stresses of larger samples should be studied before using

this material for industrial applications.

8.2.3. Machining of FAST-DB material

The machining of multi-material components has been studied in this thesis. The results have
presented a clear machining directionality effect, but further work is required to fully
understand the causes of this directionality. The following further work recommendations

will help to better understand the machinability of multi-material components.

One of the greatest unknowns in this work, is the response of the control unit when machining
two dissimilar alloys. In theory, the control units are designed so the response is always
constant and immediate. However, this has not been studied when machining two dissimilar
alloys. Therefore, it is possible that there is a reaction time across the bond that causes some

of the damage observed in this work.

In addition to this, the work has presented the results of forces for multiple microstructures
machined under the same machining conditions. Changing the machining conditions could
affect the forces generated in the bond, as well as the damage generated. Further work is
required to understand this relationship. Then, the next step would be to develop an
adaptative machining code that changes to the optimal machining conditions in each part of
the component, in order to minimise the amount of damage generated in the bond. Given
the difficulty of testing and analysing the forces and the damage generated in the bond, the
use of machining simulations could help to identify the optimal machining conditions before
doing the (relatively expensive) machining trials. This study would be similar to the study

Dredge et al [244] carried out for single titanium alloy components.
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