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Abstract

Selective laser melting (SLM) has been shown to be an attractive
manufacturing route for the production of o/B titanium alloys, and in
particular Ti-6Al-4V. Post-process heat treatments are widely used to tune
the microstructure and improve the mechanical properties of the as-built
parts. However, conventional heat treatments cannot transform the coarse
elongated prior-B structure in a satisfying way, which limits the use of Ti-6Al-
4V produced by SLM. The principal aim of the present study is to investigate
how the initial microstructure formed in SLM can be exploited to achieve -
grain refinement via induction heat treatment. The microstructure and
tensile properties following such heat treatments are discussed. As well as
the microstructure evolution and recrystallisation phenomena responsible for

the refinement.

The effect of induction heat treatment on the tensile properties and
microstructure of the SLM specimens were initially investigated. It was found
that, after heat treated to a temperature around B transus via induction
heating (short time B annealing), a typical microstructure consisted of
equiaxed or quasi-equiaxed prior-p grains can be observed. In comparison to
the microstructure obtained after conventional heat treatment, a refinement
of the morphology of the prior-p grains can be observed. It was also found
that the width of the a lamellae is smaller than what was observed in
specimens subjected to conventional heat treatment. It was found that this
microstructure can provide tensile properties equivalent to or better than
what was obtained after conventional heat treatment, and also might
provide a potential to achieve isotropic behaviour and improve fatigue

resistance.

The microstructure evolution leads to the observed B grain refinement was
then investigated. It was found that a mixed morphology of prior-B grains

appears when the temperature approaches B transus. Such mixed

| X



morphology consists of both newly formed equiaxed prior-B grains and
original columnar prior-f grains. It was found that the equiaxed prior-B grains
grow from the recrystallised high angle boundary (HAB) B, which are
nucleated during the induction heat treatment. It was found that, since the
HAB has higher mobility, the equiaxed HAB B grain grows faster compared to
the original B grains. Therefore, the original columnar morphology is
gradually replaced, and the microstructure evolves toward the observed

refined morphology.

The nature of the observed recrystallisation phenomena was then
investigated. It was found that the recrystallised B is related to individual
adjacent a/a’ laths via Burger Orientation Relationship (BOR), and can be
nucleated either in the interior of the individual a phase, at the a/B boundary
or at the prior-B grain boundary. Therefore, the recrystallisation process is
identified as epitaxial recrystallisation. It can be assumed that the driving
force for the observed epitaxial recrystallisation origins from the stored
energy of deformation that is typically expressed by the high densities of
lattice defects found after SLM in the core and at the boundary of the
martensitic as-built microstructure. The induction heat treatment would
exacerbate such epitaxial recrystallisation and result in significant refinement

of the structure.

This study achieves for the first time the refinement of the B grain structure
of additively manufactured Ti alloys via simple heat treatment. Further, this
study investigates for the first time the microstructure evolution during the
annealing of Ti-6Al-4V produced by SLM, especially in its early stage. Lastly,
this study demonstrates for the first time how epitaxial recrystallisation

nucleate and progress in additively manufactured Ti alloys.

IV | X



List of publications

Zhiyi Zou, Marco Simonelli, Juliano Katrib, Georgios Dimitrakis, Richard Hague,
“Refinement of the grain structure of additive manufactured titanium alloys
via epitaxial recrystallization enabled by rapid heat treatment”, Scripta

Materialia 180 (2020): 66-70.

V| X



Contents

ACKNOWIEAGEMENTS ...
ABSTIACT ..o s 1
List Of PUDIICATIONS ..uvvvviiieiiei ettt eabeeeeee e e s essannees \Y
CHAPTER ... 1
L INTrOAUCTION Lot 1
CHAPTER 2. e 4
2 Literature FEVIEW . ...cceiieiiieiii ittt 4
2.1 Metallurgy of titanium and titanium alloys........cccceevvveeeeeeeiiiieiiirieeenen. 4
2.1, 1 INtrodUCTION ..ceiiiiiiiiie et s 4
2.1.2 Metallurgy of pure titanium .....ccccccceeeviieeiieieee e, 4
2.1.3 Titanium alloys classification ........cccoevuieeiiiiiiee e 7
2.1.4 Physical metallurgy of Ti-4AI-4V .....coouiviiiiieeierieee e 9

2.2 Metal powder bed fusion additive manufacturing............cccoeevvvrvvenn.n. 16
2.2. 1 INtrodUCTION ..eoviiieiiiieeeieeeeee e 16

2.2.2 Principles of laser-based metal powder bed fusion additive

MANUFACTUNING . .eeiiiiiiiei e e s 16
2.2.3 Selective laser melting of metal powders........ccccovveeveeiiiiiiinrnennen.. 18

2.3 Selective Laser Melting of Ti-6Al-4V and Post-process Heat Treatment

...................................................................................................................... 23
2.3. 2 INTrOAUCTION oottt e e e s ee e 23
2.3.2 Selective laser melting of Ti-BAI-4V .......ccoovvieeiiiiiieierieeeeeee e 24

2.3.3 Strategies and final tensile properties of post-process heat

LA (=T 100 0 1=] 0 ) AP 28

2.3.4 Microstructure and texture transformation in post-process heat

LA =T 100 0 1=] 0 ) AP 38



2.4 Induction Heating TechNiqUe........ccviiiiiiiiiii e 47

2. 4.1 INtrodUCHION ..coevieiiiieiiiie e 47
2.4.2 Principles of induction heating ......cccocceevviiiiiiiiniiieeeec e, 48
2.4.3 Typical equipment for induction heating system.........ccccceevvvveennn. 52

2.5 Summary and gap in KNOWIEAEE.........coovvcmiviiiiiiiiiieeeeeee e, 57
2.6 Aim and objectives of this study.......cccceccveiiiiiiiiiiiiiie e 58
CHAPTER 3.ttt st s s st 60
3. Material and Methods ............coueiiiiiiieiiecee e 60
3.1 Material used in this StUY .....c.eeeiiiiiiiiii e 60
3.2 Post-process heat treatments for the received Ti-6Al-4V ..................... 63

3.2.1 Conventional heat treatment: heating system and experimental

(oY o Yot T [V T N 64

3.2.2 Induction heat treatments: heating system and experiment

(oY o Yol T [V T N 65
3.2.3 Design of the temperature gradient heat treatment..................... 76

3.3 Tensile testing of the SLM Ti-6Al-4V under the different investigated

[o70] 1o 11 AT o L3P 78

3.4 Characterisation of the specimen microstructure and crystallographic

EEXEUN ..ot 79
3.4.1 Sample Preparation for Microstructural Characterisation............. 80
3.4.2 Techniques for microstructure analysis........ccccccceveevvvvveereeieeieennnnee. 81
3.4.3 Techniques for crystallographic texture analysis .......ccccccveeeinnnen. 82

CHAPTER ...ttt ettt et bee st be e s e e 89

4. Tensile properties of SLM Ti-6Al-4V under the different investigated

(7o) 11 [ A To ] K- T PP OO PR ORPRT 89

4.1 Tensile properties of SLM Ti-6Al-4V in the as-built condition............... 89

VIl | X



4.2 Tensile properties of SLM Ti-6Al-4V after conventional heat treatments

4.3 Tensile properties of SLM Ti-6Al-4V after induction heat treatment....92

4.3.1 Induction heat treatment above 980°C.........cuvvumeveeeeiierieiriiiiereeeeens 92
4.3.2 Induction heat treatment above 1005°C........ceuvuevereeeeerveerriiereeeeens 95
4.3.3 Induction heat treatment above 1030°C.....c..cevvieeeireeiiiereiiieeeens 98

4.3.4 Induction heat treatment above 1030°C without subsequent

A NG i 102

4.4 Comparison and discussion of the induction heating processes and the

corresponding tensile properties of SLM Ti-6Al-4V..........ccccovveeeeeeieiicccnnns 105
4.4.1 Consistency of the induction heating processes .........cccccevveeeennns 105

4.4.2 Tensile properties of SLM Ti-6Al-4V that were subjected to

different heat treatmMeNtS.......coviveeeeee ettt e et 106
.5 SUMMATIY oot e e e e e ee et e ee e e e eeseatt i aaeeeeeessseennnnnneaaaaens 110
(0 1 o I 2= T 112

5. Influence of heat treatments on the microstructure of SLM Ti-6Al-4V ....112

5.1 Microstructural constituents of SLM Ti-6Al-4V subjected to heat

LR 100 =] ) SN 113

5.2 Typical microstructure of SLM Ti-6Al-4V that were subjected to

different heat treatment .........oooooiiii i 117
5.2.1 Typical microstructure of SLM Ti-6Al-4V in as-built condition.....117

5.2.2 Typical microstructure of SLM Ti-6Al-4V that were treated with

conventional NEAtING «...ccvvveeeeee i 119

5.2.3 Typical microstructure of SLM Ti-6Al-4V that were treated with

INAUCEION NEATING ..ccieeiieieee e 123

5.3 Crystallographic textures and phase orientation maps of SLM Ti-6Al-4V

that were subjected to different heat treatment..........ccceevevvveeeieeieiiinnnns 128

VI | X



5.3.1 Crystallographic textures and phase orientation of SLM Ti-6Al-4V in

P2 o U1 ol a Yo [ AT Yo A PPRR 128

5.3.2 Crystallographic textures and phase orientation of SLM Ti-6Al-4V

that were treated with conventional heating .......ccccccveiivvveiiiivevenniennnn. 130

5.3.3 Crystallographic textures and phase orientation of SLM Ti-6Al-4V

that were treated with induction heating.......ccccevvvveeeiiiiiiciiiiiieenieenn, 131
5.4 SUMMANY o 136
(O 2 1 I =1 2 T 138

6.1 The evolution of microstructural morphology during the early stages of

B ANNEAIING..ccieieee ettt e e e 139

6.2 The evolution of crystallographic texture during the early stages of

ANNEALING ettt et e e s araaaeas 146
6.3 SUMIMAIY ettt e e e e ee e ettt ee e s e e e e e eara e e eeesseesannnannns 154
CHAPTER 7.ttt ettt ettt ettt e ettt e s et e e ettt e e e e st ee s s nnbaeeesnnnnes 155

7. Epitaxial recrystallisation of B grain in SLM Ti-6Al-4V during rapid heat

LU <E 10 0 1] o) SO PSP PPPPPPRROTN 155
7.1 Development of a and B phase in SLM Ti-6Al-4V during heating ....... 156
7.1.1 Microstructural evolution from room temperature to 800°C...... 156

7.1.2 Recrystallisation of B grain observed in the microstructure at 850°C

LA =T 100 0 1] 0 ) 170
7.3 SUMMAIY o 177
(00 1A o I = 22 7SN 179



8. Conclusions aNd FULTUIE WOTIK .....coveueiieieiee ettt e et eeveans 179

8.1 CONCIUSIONS ...ttt 179
8.2 FULUI® WOIK..eoueiiiiiiei ettt 182
APPENAIX A ettt s st e e s e re e e e e nreeeeane 184
F AN oY oYY a Yo LD PRt 193
REFEIENCES ...t 195

X | X



CHAPTER 1

1 Introduction

Thanks to a combination of high specific strength, corrosion resistance and
biocompatibility, titanium alloys - especially Ti-6Al-4V - have a wide range of
applications in the aerospace, medical, automotive and chemical industries
(Polmear et al., 2017). Moreover, additive manufacturing (AM) of Ti-6Al-4V
can provide unprecedented design freedom with a promising buy-to-fly ratio
and has attracted significant attention over the past decades (Dutta and

Froes, 2016).

It has been extensively shown that Selective Laser Melting (SLM), one of the
most promising AM techniques, can produce near net-shape fully dense Ti-
6Al-4V, which, after heat treatment, can achieve a mechanical property
comparable to its wrought counterparts (Beese and Carroll, 2016, Qian et al.,
2016). However, the as-built SLM Ti-6Al-4V possess limited properties such as
high residual stress, low ductility (elongation <10%) and mechanical
anisotropy (Leuders et al., 2013, Losertova and Kubes, 2017). Early attempts
have been made to improve the properties of as-built materials via various
in-situ heat treatments but, at present, there is no convincing solution that
has been universally accepted by the community (Ali et al., 2017, Li et al.,
2016, Liu et al., 2015). Thus, additional heat treatments after the SLM process,
also known as post-process heat treatments, are widely used to achieve a
better balance of mechanical properties (Chandramohan et al., 2018, Zhang

et al., 2018).

For the design of heat treatments for Ti-6Al-4V, B transus temperature is a
crucial parameter as, above this temperature, the alloy enters into a single B
phase region (Lutjering and Williams, 2007). Therefore, conventional heat
treatments of Ti-6Al-4V are typically divided into two groups, sub-transus

(below B-transus) and super-transus (over B-transus), depending on whether
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the soaking temperature is lower or higher than the B-transus temperature,

respectively (Zhang et al., 2018).

Research on the sub-transus heat treatment of SLM Ti-6Al-4V has established
a well-recognised theory to explain the texture formation during this process
(Ding et al., 2017a, Zhang et al., 2018). Current understanding based on what
has been established suggests that sub-transus heat treatment can achieve a
compromise between ductility and strength (ASTM, 2014a, ASTM, 2014b, SAE,
2016), however, sub-transus heat treatment cannot change the original
elongated columnar prior-B grain, which might result in mechanical
anisotropy and limited fatigue resistance (ter Haar et al., 2016, AmirMahyar

et al.,, 2017, Losertova and Kubes, 2017).

Super-transus heat treatment (also known as B annealing) of SLM Ti-6Al-4V
has been shown to have the potential to develop an equiaxed B grain
structure (Nandwana et al., 2019), however, conventional heat treatment
requires sufficient dwell time (exposure duration usually lasting several hours)
to achieve uniform heating, which leads to an uncontrolled coarsening of the
grain structure and a related loss in ductility and strength (Vilaro et al., 2011,
Vrancken et al., 2012). Additionally, there are currently only a limited amount
of studies on the mechanisms that describe the formation of equiaxed grain
structures during super-transus heat treatment. The lack of understanding in
this area further hinders the application and development of such heat

treatments.

In this study, a rapid volumetric heating method — induction heating — will be
applied to B anneal SLM Ti-6AL-4V, with the objective of achieving uniform
heating (temperature spread within 5%) above the B transus temperature
while limiting dwell times (range of a few seconds). By restricting the growth
of the B grain during B annealing, the aim of this work is to develop a
microstructure consisting of refined equiaxed or quasi-equiaxed prior-p
grains, with mechanical properties comparable or even superior to

conventional heat treated SLM Ti-6Al-4V. Such refinement of the prior-B
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grains after heat treatment will be the first time reported for additively

manufactured Ti alloys.

Additionally, this study aims to increase the understanding of the metallurgy
of SLM Ti-6AL-4V in two further aspects: firstly, the microstructure evolution
that happens during the proposed heat treatment will be characterised and
studied; secondly, the mechanisms that describe the formation of equiaxed
grain structures during super-transus heat treatment will be analysed and
discussed. To date, explicit knowledge and detailed information needed to

understand these aspects have never been revealed before.

A review of metallurgy of Ti-6Al-4V is reported in chapter 2, as well as
selective laser melting of Ti-6Al-4V and its related post-process heat
treatment, followed by an introduction of induction heating. The materials
used and the experimental procedures of this research are presented in
Chapter 3. Chapter 4 reports the temperature recorded in the heat
treatments and the tensile properties of the specimens investigated in this
project. The microstructure obtained after different heat treatments are
analysed in Chapter 5. The microstructure evolution during the proposed
super-transus heat treatments is further characterised and studied in Chapter
6. Chapter 7 tracks real-time microstructure transformation through high-
temperature EBSD and proposes a potential mechanism to explain the
observed texture evolution during super-transus heat treatment. Finally,

conclusions and suggestions for future work are reported in Chapter 8.
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CHAPTER 2

2 Literature review

2.1 Metallurgy of titanium and titanium alloys

2.1.1 Introduction

One of the main objectives of this study is to understand the microstructure
evolution of selective laser melted Ti-4Al-4V during early stage beta
annealing. In order to study the connections between the microstructure of
the alloy before and after heat treatment and to contextualise the results
presented in this research, a review of the physical metallurgy of titanium

and titanium alloys will be presented in this chapter.

This chapter starts with the metallurgy of pure titanium in section 2.1.2,
especially the relationship between its different crystal structures. A
classification of titanium alloys will be described in section 2.1.3, which
provides information about where Ti-6Al-4V stands in the Ti alloy family. The
rules of solidification and solid phase transformations of Ti-6Al-4V are

reviewed in section 2.1.4.
2.1.2 Metallurgy of pure titanium

Most metals are crystalline material, which means their atoms are arranged
in an orderly form when the material is in solid state. The smallest group of
atoms that constitute this repeating arrangement is called the unit cell, the
forms and the dimensions of the unit cells fully reflect the symmetry of the

crystal structure of the given material. (Froes, 2015)

Titanium, with a melting point of 1668°C, is an allotropic element that has
two different crystallographic forms in solid state, which are hexagonal close-
packed (hcp) structure and body-centred cubic (bcc) structure, as displayed

separately in Figure 2.1 (Froes, 2015). The hcp structure exists at room
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temperature, referred to as a phase as Figure 2.1(a) shows (Froes, 2015).
When pure Ti is heated up to 883°C, the original hcp structure will transform
to the bcc structure, known as the B phase as Figure 2.1(b) shows (Froes,
2015). For titanium and its alloys, the lowest equilibrium temperature that
maintains the entire material in the B phase is usually referred to as the B

transition temperature, or B transus (Lutjering and Williams, 2007).

(a) (b)

0.468nm ™

0.295nm 0.332nm

Figure 2.1. Crystal structure of pure Titanium, (a) Unit cell of a phase, (b) Unit
cell of 8 phase

In most cases, the transformation between hcp a and bcc B follows a well-
established Burger Orientation Relationship (BOR) (Burgers, 1934), which is

expressed in Equation 2-1:

{110}8//{0001}a

Equation 2-1
<111>pB//<2110>a
This relationship indicates that after phase transformation, one of the {110}
family of planes in the B phase remains parallel to one of the {0001} planes of
the a phase. Additionally, one of the bcc <111> directions remain parallel to

the one of the hcp <2 1 1 0> directions.

Since there are 6 non-parallel equivalent {110} planes and 4 no-parallel
equivalent <111> directions in the bcc structure, a maximum of 24 rotations

can be used to characterise different inherited a orientations for a given

5/206



parent B orientation. According to the commutation properties of the
rotation observed in the mathematical work (Humbert et al., 1995), these 24
rotations can be splits into two identical subsets of 12 rotations. Thus, only
12 possible new a orientations exist for a given B phase (also known as 12 a
variants). Vice versa, hcp a have 2 equivalents {0001} plane and 6 equivalents
<2 11 0> direction, which leads to 6 potential corresponding B orientations
(6 B variants) for a given a orientation, as demonstrated in Figure 2.2

(Humbert et al., 1995, Glavicic et al., 2003).

<111>

<111>

<111>

<111>

<111> <111>

d) e) )

Figure 2.2. Graphical representation of 6 potential corresponding 68
orientations for a given a phase (Glavicic et al., 2003)

Based on the BOR, a variants arise from a given B orientation are linked with
each other by six axis-angle rotation pairs as reported in Table 2.1 (Wang et
al., 2003). Vice versa, B variants that share the same corresponding a are also
linked with each other by specific axis-angle rotation pairs, as reported in

Table 2.2 (Cayron, 2008),

Table 2.1. List of six axis-angel rotation pairs that link the a variants arising
from the 8 to a transformation (Wang et al., 2003)

Type Axis-Angel Pair
A o°
B [1120]/60°
C [-1.377,-1,2.377,0.359] / 60.83°
D [10553]/63.26°
E [1,-2.38,1.38,0]/90°

6 /206



F [0001]/10.53°

Table 2.2. List of six axis-angel rotation pair operators that link the 8 variants
arising from the a to 8 transformation (Cayron, 2008)

Type Axis-Angel Pair

Oo

[011]/60°

[011]/60°

[011]/49.47°

[011]/10.52°

nmlolo|e|>S

[111]/60°

Effectively, for titanium and its alloys, the BOR links the a phase and the B
phase. It limits the possible orientations that can occur during phase
transformation. The BOR has an important implication that makes it possible
to predict the texture and phase orientation of titanium and its alloys in
different conditions (Pilchak et al., 2017). Additionally, this can also be used
to examine the relationships between individual a or/and B phases

(Balachandran et al., 2017).
2.1.3 Titanium alloys classification

Adding one or more alloying elements to pure Ti can significantly alter the B
transus temperature and the phase composition at room temperature
(Donachie, 2000). Elements that dissolve preferentially in the a phase further
stabilise the a phase at elevated temperature, thereby raising the B transus.
Among the alloying elements, aluminium, oxygen and nitrogen are found to
stabilise the a phase. On the other hand, elements that have a tendency to
stabilise the B phase at a lower temperature are classified as B stabilisers,
which can be divided into two groups based on their working mechanisms.
One group, referred to as B- isomorphous, includes the elements that are
miscible in the B phase, like vanadium, molybdenum and columbium. The
other group have a tendency to form a eutectoid system with titanium, such

as iron, nickel, copper and silicon (Polmear et al., 2017).
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Based on the typical phase composition at room temperature, titanium alloys

can be categorised into three groups:

e qa alloys, which generally do not contain beta phase at room temperature;
e a-B alloys, which contains both a and B phase at room temperature and all
composition will completely transform to B at elevated temperature;

e B alloys, which tends to retain the B phase at a lower temperature.

Figure 2.3 shows the classification of several commonly seen Ti alloys and the

effects of a/B stabilisers on the phase composition at room temperature.

$
)
) N
A Q
N ¢ & N
v \g "y @
®le S e & L $
o & . 0y o )
® B
2
e
-1
$
~
| L |
-1
B-Stabilizer Concentration
Ti-8Mn L Ti-13V-11Cr-3A1
Ti-6AI-25n42r-6Mo Ti-15Mo0-52¢-3A!
{-W6AFGMZ% Ti-11.5Mo-62r4.55n
L Ti6AI4V
— Ti-6AI-25n42r-2Mo
~Ti-8Al-1Mo-1V — Ti-10V-2Fe-3A/

— Ti-5A/-2.55n

Figure 2.3. Ti alloys classification and effect of alloying elements on phase
composition (Donachie, 2000)
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2.1.4 Physical metallurgy of Ti-4Al-4V

Ti-6Al-4V, the most commonly used titanium alloy, is an a-B alloy with a
nominal composition of 6 wt% aluminium and 4wt % vanadium. According to
ASTM B348-13, the acceptable chemical composition of Ti-6Al-4V bars and
billets are demonstrated in Table 2.3 (ASTM, 2013). ASTM F2924-14 states
that the selective laser melted Ti-6Al-4V products should follow the same

chemical requirements as commercial bars and billets (ASTM, 2014b).

Table 2.3 Chemical requirements of Ti-6Al-4V bars and billets according to
ASTM B348-13 (ASTM, 2013)

Composition, Weight Percentage

Carbon Oxygen Nitrogen Hydrogen Iron
max max max max

Aluminium Vanadium Titanium

5.5-6.75 3.5-45 0.08 0.20 0.05 0.015 0.40 Balance

Ti-6Al-4V shares a similar allotropic transformation to pure titanium, the
nominal B transus temperature under equilibrium heating is 995°C. However,
the real B transus may vary for specific Ti-6Al-4V materials, depending on
impurities and the content of alloy element, which can cause a deviation of +
28°C (Latjering and Williams, 2007, Welsch et al., 1993, SAE, 2014). For a
given Ti-6Al-4V material, the B transus is also subject to the chosen heating
rate. Research suggests that the B transus of Ti-6Al-4V shifts towards higher
temperature when the alloys are treated at a higher heating rate (Boivineau
et al.,, 2006). This phenomenon could be attributed to non-equilibrium
conditions under high heating rates (Boivineau et al., 2006, Kaschnitz et al.,
2002). Idhil Ismail et al. (2016) provide a series of experimental results for
mass fraction of B phase versus temperature under different heating rates, as
shown in Figure 2.4, which suggests the B transus increase from 1015°C
under equilibrium heating (0.25°C/s) to 1075°C under a heating rate of
200°C/s. It also reveals that, under a heating rate of 10°C/s, there is only a
marginal increase in the temperature of the onset a->p transformation
relative to equilibrium heating, while a significant increase on the onset

temperature starts to appear at a higher heating rate like 50°C/s.

9/206



In general, the microstructure of Ti-6Al-4V varies from case to case subject to
different conditions, but they all can be described by a combination of the

composition and arrangement of different phases.

110

.
100

9 -

20 Heating rate (°C/s)
=5 —025

70 —_— 10

w50
00 -

=100

50 —200
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30

Mass fraction 83 (%)

20

10

0 100 200 300 100 SO0 600 700 £00 000 1000 1100

['emperature (°C)

Figure 2.4. Evolution of mass fraction (6 phase) versus temperature at
different heating rates, ranging from 0.25°C/s to 200°C/s (Idhil Ismail et al.,
2016)

2.1.4.1 Phase transformation in Ti-6Al-4V

o and B phase are the only two equilibrium phases present in Ti-6Al-4V.
Nevertheless, rapid cooling of Ti-6Al-4V can introduce several metastable
phases. Figure 2.5 demonstrates the phase compositions that Ti-6Al-4V can
acquire when cooling from the B phase at different rates (Ahmed and Rack,
1998). When cooling at a very high rate, the B phase will transform into
martensitic phases. The most common titanium martensite is the hcp o’-type
with a lenticular or acicular morphology, which can be obtained at a cooling
rate between 410°C/s and 525°C/s (or above). In addition to martensitic
transformation, another composition-invariant transformation, B to a
massive happens at lower quenching rates from 20°C/s to 410°C/s, which
results in a patch-like a,, phase. The equilibrium transformation, B to a, only
occurs at slow cooling, when the cooling rate is lower than 20°C/s. (Ahmed
and Rack, 1998)
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Figure 2.5. Schematic continuous cooling diagram for Ti-6Al-4V, 8-solution
treated at 1050°C (Ahmed and Rack, 1998)

2.1.4.2 Texture formation in Ti-6Al-4V

While phase transformation is mostly correlated to the cooling rate, the
texture (appearance of phase arrangement) formation is a more complicated

situation, which is affected both by the work process and heat process.

The most commonly seen commercial Ti-6Al-4V raw material is semi-finished
casting products like ingots, billets, plates or sheets. Their original texture is a
solidification microstructure that normally contains equiaxed B grain or
columnar B grain developed from chill zones adjacent by either water cooled
or air cooled structures (Litjering and Williams, 2007). In traditional
manufacturing of Ti-6Al-4V components, a fabrication process normally
includes deformation and heat treatments (known as thermal-mechanical
process) (Salem et al.,, 2008, Fan et al., 2018). A typical processing route is
shown in Figure 2.6 (Litjering and Williams, 2007).
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Figure 2.6. The typical processing route for traditional manufacturing of Ti-
6Al-4V/(Liitjering and Williams, 2007)

Ti-6Al-4V is generally considered difficult to machine due to the high strength
(yield strength normally around 800Mpa), therefore forging is the principal
shaping process used for making Ti-6Al-4V components, others like extrusion

or rolling are also often applied (Litjering and Williams, 2007).

During the shaping process, deformation texture will form in the products.
(Salem et al., 2008, Fan et al., 2018). Research shows if the deformation is
conducted at a low temperature in the a+p region, it will directly induce a
preferred texture in the a phase; while when the deformation process
temperature is close to or higher than the B transus, the preferred texture
will be imparted in the B phase (Litjering and Williams, 2007). In the case of
unidirectional rolling, a so-called basal/transverse (B/T) texture would
develop at 800°C. While at higher temperatures (950°C), a so-called
transverse (T) texture would form instead, as demonstrated in Figure 2.7
(Lutjering and Williams, 2007).

After the deformation process, a heat treatment process is often applied to
tune the final microstructure of Ti-6Al-4V (Donachie, 2000). The typical final
microstructure of traditional Ti-6Al-4V normally contains equiaxed and/or
lamellar a phase plus residual B phase, as presented in Figure 2.8 (Donachie,

2000).
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Figure 2.7 Deformation textures in a+8 Ti alloys represented through {0001}
pole figures (Liitjering and Williams, 2007)

When the maximum heating temperature is below the B transus, some a
phase will not experience a to B transformation. Such remained original a
phase is referred to as primary a, as the equiaxed a phase that black arrows
indicate in Figure 2.8 (a) - (d). The martensites or a phase transformed from 3
phase during the cooling is called transformed B (or secondary a for newly
generated a), as the lamellar a phase red arrows indicate in Figure 2.8 (c) (d).
Although primary a and secondary a are both hcp structure a phase, they can
be easily recognised by different morphology due to their different formation
routes. In addition, secondary a has significantly higher vanadium content in
comparison to primary a since it transforms from the B phase which is

naturally vanadium-rich (Salem et al., 2008).

B grain, which is formed in the high temperature single B region, is normally
referred to as prior-B grain, since it exists prior to B to a transformation
(Donachie, 2000, Polmear et al., 2017). The prior-B grain usually contains
multiple a and B phase across the micromorphology, and sometimes its grain
boundaries can be plotted by the existence of grain boundary a, as black

arrows indicated in Figure 2.9.
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Figure 2.8. Optical microscopy images showing typical microstructure of Ti-
6Al-4V obtained via different heat process. (a)(b) Equiaxed primary o and
intergranular 8. (c)(d) Equiaxed primary o in a lamellar secondary o
(transformed 6) matrix, with residual 8 between the a phase. (Donachie, 2000)
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Figure 2.9. Optical microscopy images showing plate-like lamellar secondary
o (transformed 8) with continues grain boundary a. (Donachie, 2000)

The texture formed in the heat process relates to the grain growth and phase
transformation. The growth of primary a and prior-B grain is a diffusion
controlled growth, which is influenced by peak temperature and soaking time
(Meng et al., 2017b, Semiatin et al., 2003). On the other hand, the texture of
secondary a is controlled by supersaturation, diffusivity, and the cooling rate.
Among these three factors, supersaturation affects the nucleation of a nuclei,

while diffusivity controls the epitaxial growth of the nuclei, and the cooling
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rate rules the variants selection (Meng et al., 2017a, Semiatin et al., 2003). It
is found that the growth of primary a competes with the precipitation of
secondary a, as it will consume the supersaturation in the matrix (Meng et al.,

2017a).

Although there are 12 possible orientations when secondary a transform

from B, the variant selection across the material is not a random distribution.

When the high temperature B transform to secondary a during cooling, there
are 12 possibilities for the orientation of the secondary a according to BOR.
However, the variant selection among these 12 possibilities is not a random
process. There is a correlation observed between the cooling rate and
preferred variant selection (Shi et al., 2016). It is suggested that the local
stress can be developed during cooling since the thermal expansion of the
phase is different. Consequently, some variants are chosen preferentially in
order to minimise the elastic strain energy and the local strain (Qiu et al.,
2016, Shi et al., 2014, Shi and Wang, 2013). It is also reported that, since the
variants’ selection at the grain boundary can be affected by the adjacent
prior-B grain as well as the lattice defects (dislocations, twins etc.) at the
grain boundary, different variants selection rules may be applied at the prior-
B grain boundary, compared to what is inside the prior-f grain, which leads

to the appearance of grain boundary a (Shi et al., 2014).

Since limited B is retained at room temperature, the study of the original
texture in Ti-6Al-4V is complicated. Several studies suggest a method to
deduce the texture of original B phase from measured a phase texture
(Glavicic et al., 2003, Glavicic et al., 2004, Pilchak et al., 2017). In their
practice, the B phase texture is generated by back calculation (named
hereafter as reconstruction), where the texture of the B phase is deduced

from the orientations measured in the a variants at room temperature.
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2.2 Metal powder bed fusion additive

manufacturing

2.2.1 Introduction

Metal powder bed fusion (M-PBF) is one of the major metal additive
manufacturing (AM) technologies which can directly produce near net-shape
metal products, reduce raw material consumption and provide design
freedom (lan Gibson, 2015, Uriondo et al., 2015, Murr et al., 2012). Such
technology has attracted significant attention in the past two decades,
leading to enormous development and understanding about the technique
and the physical mechanism related to these technologies (De Formanoir et

al., 2016, DebRoy et al., 2018, Dutta and Froes, 2016).

The principles of general M-PBF AM will be introduced in section 2.2.2,
particularly the laser-based system. As the specific M-PBF technique used in

this study, selective laser melting (SLM) will then be explored in section 2.2.3.

2.2.2 Principles of laser-based metal powder bed fusion additive

manufacturing

The basic concept of M-PBF AM is to fabricate a product by sintering or
melting metal powder from powder bed additively, normally achieved
through layer by layer. All M-PBF techniques share some similar
characteristics, which include one or more energy sources to fuse powder
particles, a method to limit the powder fusion within a prescribed region at
each layer, and a powder spreading system to add and smooth powder layers

(lan Gibson, 2015).

In order to selectively promote the temperature within a prescribed area,
high energy beams are frequently chosen as heat sources. Currently, laser
and electron beams are the favourable options to be applied in commercial

equipment (De Formanoir et al., 2016, DebRoy et al., 2018). However, other
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choices, like pulsed plasma arc, also have the potential to be equipped in the
future (Lin et al., 2016). A schematic of the operating principle shared by all
M-PBF techniques is presented in Figure 2.10. During the manufacturing
process, the high energy beams scan the designated region on the top layer
of the powder bed to fuse the powder in the area. After that, a new layer of
powder will be spread onto the surface of the powder bed, and then the
fusing process continues. The whole process takes place in an enclosed
chamber filled with protective gas (normally nitrogen or argon) to minimise

oxidation of the powdered material (lan Gibson, 2015).

Protective High energy beam
atmosphere f
Powder
S spreader

e | \/'\

Building
platform Powder tank

Figure 2.10 Schematic of metal powder bed fusion additive manufacturing
operating principle

The M-PBF technique that uses a laser as the energy source to fuse loose
powders is known as laser powder-bed fusion, or more generally as selective
laser melting (SLM). Compared to other commonly used high energy beams,
laser is @ more concentrated energy beam. It usually has a focus spot with a
diameter of less than 100um (Vayre et al., 2012). Therefore, with a higher
processing accuracy, SLM normally has a lower building speed. Table 2.4
reports some typical building parameters of SLM. The typical building
parameters of the electron beam based system (known as EBM) are also

listed as a comparison (Vayre et al., 2012). By using multiple lasers, which
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achieves multiple scanning spots at the same time, SLM building speed can

be significantly increased (Wen et al., 2014).

Table 2.4 Building parameters of SLM and EBM respectively (Vayre et al.,
2012)

Technology SLM EBM
Manufacturer 3D system Arcam
Building speed (in cm?/h) 5-20 55-80
Layer thickness (um) 20-100 50-200

Dimensional quality (mm) 0.2 0.4

2.2.3 Selective laser melting of metal powders

As one of the most successful commercialised metal AM techniques, selective
laser melting attracted significant attention in the past decade, both in
industry and academia. There are many companies that provide commercial

SLM system in the market: EQS, Renishaw, Concept Laser, SLM Solutions etc.

Fibre laser is the key element of an SLM system. Solid-state Nd:YAG lasers are
the type of laser currently used in most of the commercial systems, and can
be worked either in continues-wave (CW) mode or pulsed mode. Research
suggests that the Nd:YAG lasers with a wavelength of 1.06um have a better
absorbability for metal powders, compared with other types of lasers, like
CO; lasers which normally have a wavelength of 10.6um (Kruth et al., 2003).
Meanwhile, the pulsed mode has certain potential benefits over CW mode.
For example, it has a tendency to form a flat molten region when melting

metal powders, instead of disconnected balls (lan Gibson, 2015).

Precise process parameter control is fundamental for successful fabrication.
For a modern SLM system, controllable process parameters can be classified
into four groups (Sutton et al., 2017, Fox et al., 2016, Parry et al., 2016, lan
Gibson, 2015):

e Laser-related parameters, which include laser power, spot size etc.
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e Scan-related parameters, which include scan speed, scan
spacing/hatch distance and scan pattern;

e Powder-related parameters, which include particle size, shape and
surface roughness, powder bed density, layer thickness etc.

e Temperature-related parameters, which include powder bed

temperature, baseplate pre-heating temperature etc.

These parameters are strongly independent but also mutually interact with
each other. These parameters can significantly change the width, depth,
shape and continuity of the melt pool, which is the fundamental element for
quality control (Yadroitsev et al., 2010, Criales et al., 2017). By in-situ
monitoring the absorptivity of metallic powder against 1070nm laser through
direct calorimetric measurements, Trapp et al. (2017) also describes the

influence of process parameters on the absorptivity.

During the SLM process, appropriate input energy density is crucial for melt
pool control and the stability of printing, as lack of laser energy input leads to
lack of fusion, while superabundant energy may cause disturbance or
vaporisation in the melt pool leading to the appearance of keyhole and
balling (Shipley et al., 2018, Leuders et al., 2013). A set of basic process
parameters, which include Laser power (P), scan speed (v.), hatching distance
(d) (distance between two successive scan tracks) and layer penetration
depth (h), can be used to determine the input laser volumetric energy density

(u), as indicated in Equation 2-2.

Volumetric energy density u = Equation 2-2

Vi*d+h

The acceptable combination of these four parameters, which will lead to a
preferred volumetric energy density, is known as the process window (Kruth
et al,, 2004). Figure 2.11 presents an example of the process window
developed for SLM of iron-based powder at different laser working mode
(Kruth et al.,, 2004). It demonstrates the appearance of balling or

disconnection of the scan track under unsuited parameter combinations.
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Figure 2.11. Example of process window developed for SLM of iron-based
powder: (a) continues-wave (CW) operation, (b) pulsed operation (Kruth et al.,
2004)

In addition to energy density, scan pattern and scan strategy (the
arrangements of scan tracks and directions) can have a profound influence
on the thermal stress (also known as residual stress), since different scan
path will introduce different local thermal environments (Parry et al., 2016,
Robinson et al., 2018). A large number of scan strategies have been
developed by researchers to examine such impact, some of which are shown
in Figure 2.12, in which the X-Y surface represent the laser scan surface of the
top powder bed layer (Zaeh and Branner, 2010, Haiko Pohl, 2001, Roberts,
2012). A common understanding has been accepted by the community that
dividing the entire scan area into small sections (for example, 5mm*5mm
squares (Carter et al.,, 2014)) then scanning them separately can help to

achieve lower residual stress (Robinson et al., 2018, Ali et al., 2018).

R %
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Figure 2.12. Examples of different scanning strategies (Zaeh and Branner,
2010, Haiko Pohl, 2001, Roberts, 2012)

Powder characteristics can also have an impact on the fabrication and the
density of the SLM products. Research suggests that both the particle size,

shape and surface roughness can affect the flowability and the spreading of
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the powder and, therefore has crucial influences on the packing density of
the powder bed (Sutton et al., 2017). Nowadays, powder bed densities
typically range between 50% and 60 % for most commercially available
powders (lan Gibson, 2015). Other than that, the microstructure of the
powder particles also has an impact on the part properties. Starr et al. (2012)
describe the final microstructures of 17-4 stainless steel samples produced by
different powders. Argon-atomised martensite powder produced fully
martensite products, while the parts produced by nitrogen-atomised
austenitic powder have retained the austenitic phase. It suggests there is a
possibility that the as-built microstructures of the selective laser melted Ti-

6Al-4V can also be affected by the microstructure of the raw powder.

In order to predict and control the printing process and product quality, the
physical mechanism involved in the process need to be studied (Das, 2003).
Using real-time monitoring and finite element method (FEM) simulation,
understanding of the fluid flow in the melt pool have been established in the
recent years (Khairallah et al., 2016, Bidare et al., 2018). Khairallah et al.
(2016) and King et al. (2015) suggest laser-induced recoil pressure and
Marangoni convection leads to a strong dynamical melt flow inside the melt
pools, which generates most of the defects observed in SLM process. Recent
research suggests that defects can also be introduced by the vapour driven
micro-particles carried out from the melt pool under the influence of ambient
gas flow (Ly et al.,, 2017). The development of understanding the related
physics can help to improve the current SLM system as well as to minimise

the workload of optimisation of process parameters.

The melt pool in SLM process has limited size (laser spot size normally has a
diameter around 10 -20um) and travels at a very high speed (varies from case
to case, from 200mm/s to 1000mm/s), where the material melts and then
solidifies in milliseconds, which leads to a high cooling rate and local stresses.
Criales et al. (2017) measured a heating rate between 600 °C/ms and

1000 °C/ms, and cooling rates of 150 °C/ms during the SLM process. A cooling
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rate close to 450°C/ms is also reported by Lane and Moylan (2016). Residual
stresses are often considered to be the most critical factor that leads to the
premature failure of the printing as well as the unacceptable performance of

the as-built green part.

In order to reduce the residual stresses in the printed parts, various in-situ
heat treatments are applied or proposed for the SLM system (Shim et al.,
2017, Vrancken et al., 2016, Schwarze and Schoeneborn, 2015, Porch and
Mcfarland, 2016). The mechanism is either pre-heating the baseplate
(Meiners et al., 2004, Vora et al., 2015, Li et al., 2016), heating top surface of
the powder bed (Philippi and Mattes, 2009, Jan et al., 2013) or spatial heating
of the entire (or large portion of) the powder bed (Flesch and Mottin, 2013,
Graichen, 2013).

Controlling the temperature-related parameters during the SLM process is
crucial to minimise the residual stresses in the printed parts. However,
current in-situ heat treatment attempts all have their limitations. They either
cannot achieve uniform heating within the printed part regardless of the
geometry, or risk of sintering powder particles at the unwanted area because
of holding the powder at elevated temperature (above 800°C) throughout
the entire printing process. Thus, currently, there is lack of a convincing in-
situ heating solution for SLM process, which makes post-process heat
treatments usually inevitable for metal SLM (Etter et al., 2015a, Facchini and
Magalini, 2012). It is now well proven that through appropriate post-process
treatment, SLM products can achieve mechanical properties equivalent or
better than its cast or wrought counterparts (De Formanoir et al., 2016,

Hossain et al., 2016, Vrancken et al., 2012, Beese and Carroll, 2016).

Similar to many traditional manufacturing processes like casting or forging,
post-process heat treatments usually are applied on as-built parts (as known
as green parts) after the SLM process. It can help to relieve the residual

stresses or tuning the microstructure, so the desired mechanical properties
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can be achieved (LeBrun et al., 2015, Etter et al., 2015b, Etter et al., 20153,
Totten, 2006).

Due to the significant similarities between these processes, most of the post-
heat treatment routes are applied directly from experience and knowledge
established on the traditional metal process. However, such designed routes
do not always lead to the best properties due to the unique microstructure
that SLM as-built products often owns (Baker et al., 2017). In order to make
the best use of post-process heat treatment, further studies on the heat
treatment process and its mechanism are required (Qian et al., 2016). Baker
et al. (2017) even suggest that new nomenclatures are preferred for AM Ti
alloys. They point out that the traditional designations do not clearly describe
the distinct microstructural features that AM products have, which can be
misleading in some situations. New nomenclatures can help to distinguish the

AM features from traditional heat treatments and microstructures.

2.3 Selective Laser Melting of Ti-6Al-4V and Post-

process Heat Treatment

2.3.1 Introduction

Selective laser melting (SLM) of Ti-6Al-4V has attracted significant attention
over the past decade, since its near net-shape manufacturing ability can
significantly decrease buy-to-fly ratio (the ratio between the weight of raw
material and the end-use component), and therefore reduce manufacturing
costs (Dutta and Froes, 2016, Yap et al., 2015). Extensive studies have been
done on related topics, especially regarding the fabrication and post-process
heat treatments (Simonelli, 2014, Fan and Feng, 2018, Thijs et al., 2010,
Shipley et al., 2018).

The progress made on SLM Ti-6Al-4V fabrication is reviewed in section 2.3.2.
Section 2.3.3 then summarises the post-process heat treatments applied to

Ti-6Al-4V produced by SLM and the related mechanical properties. Finally,
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section 2.3.4 describes the microstructure and texture transformations

during such heat treatments.
2.3.2 Selective laser melting of Ti-6Al-4V

It is widely proven that by applying an optimised process window, near fully
dense (>99%) Ti-6Al-4V components can be fabricated by SLM (Dutta and
Froes, 2017, Yang et al., 2016, Nazarova et al., 2015). An example of a good
process window for SLM of Ti-6Al-4V is shown in Figure 2.13. It is developed
by Gong et al. (2013) for Raymor Ti-6Al-4V powder.
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Figure 2.13. Process window developed for SLM Raymor Ti-6Al-4V powder by
Gong et al. (2013)

Due to the layer-to-layer characteristic of selective laser melting (SLM)
process, SLM Ti-6Al-4V has its unique microstructure, which is completely

different from the wrought or hot-rolled product (Thijs et al., 2010).

During the solidification of the melt pool, since the underneath pervious
solidified layer has a much higher thermal conductivity than surrounding
powders, most of the heat will dissipate through the solidified layer, which
means it dissipates parallel to the building direction (Rombouts et al., 2006).
This unidirectional heat dissipation leads to the growth of columnar prior-p
grain followed with the building direction, as shown in Figure 2.14 (a)

(Shunmugavel et al., 2017). The width of the columnar grain is positively
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correlated with the hatch distance in laser scan, and varies from approx.
10um to 200 um (Thijs et al., 2010). Meanwhile, the melt pool is driven by
the laser moving at a speed of hundreds to thousands millimetre per second,
which brings in an extremely fast cooling from melt to a domain around
10*°C/s (Xu et al., 2015, Yang et al., 2016). The cooling rate is so extreme that
upon cooling, martensite o’ phases form within prior-B grain in the
morphology of acicular shape, as shown in Figure 2.14 (b) (Thijs et al., 2010).
The variants selection during the B = a’ transformation is also ruled by the
extreme cooling rate. Therefore normally only 5 to 7 o’ variants can be

observed within each prior-B grain and also could not observe any grain

boundary a/a’ at the prior-B grain boundary (Yang et al., 2016).

Figure 2.14 SEM backscatter electron micrographs showing typical
microstructures of SLM-fabricated Ti-6Al-4V, (a) columnar prior-8 grain, (b) a’
martensite formed inside the prior-8 grains (Xu et al., 2015).

Some of the reported tensile properties (building direction 90° to the
baseplate, test direction parallel to the elongated direction of the columnar
prior-B grain) with such as-built microstructure are summarised in Table 2.5.
It is obvious the as-built parts can normally achieve vyield strength and
ultimate tensile strength surpasses 1000MPa with elongation around 7%.
Compared to the minimum requirements for Ti-6Al-4V products in ASTM
B348, which is 828 MPa in yield strength, 895 MPa in ultimate tensile
strength and 10% in elongation, it is clear that the low ductility hinders the
use of as-built products (ASTM, 2013). The low ductility is caused by the

nature of martensite a’. This metastable phase contains a high density of
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dislocations and twins (Zhang et al., 2018), which leads to a brittle
appearance with high strength and low ductility (Yang et al.,, 2016,
Shunmugavel et al., 2017). Besides the low ductility, it is also known that the
columnar shape is an anisotropy structure since the different amount of grain
boundaries (weak structure) need to be crossed under different loading
direction (W. Kurz, 1991). Therefore, the mechanical properties of as-built Ti-
6Al-4V vary with test direction, with the best loading direction parallel to the
elongated direction of the columnar prior-B grain. Such anisotropic behaviour
is commonly reported in researches (Chen et al., 2017, Simonelli et al., 2014,

Wu et al., 2016a).

Table 2.5 Reported tensile properties of as-built SLM Ti-6Al-4V with fully o’
martensite within the columnar prior-8 grain (building direction 90° to the
baseplate, test direction parallel to the elongated direction of the columnar
prior-8 grain)

Young's Ultimate
g Yield Strength Tensile Elongation
Source modulus ¢
E (GPa) oy (Mpa) Strength £ (%)
UTS (MPa)
Luca et al.
+ + + +
(2010) 110+5 990+5 1095 + 10 8.1+0.3
Vilaro et al. 105 + 5 1137 + 20 1206 +.8 Jets
(2011) - * t 6%
Vrancken et
+ + + +
al. (2012) 109.2 +3.1 1110+9 1267 £5 728+1.1
Simonelli et al. 113 +5 1075 + 25 1199+ 49 D eros
(2014) - = t .6+0.
Mertens et al.
+ + +
(2014) 112 1166+ 6 1324 +t6 2+0.7
Moletsane et
+ + + +
al. (2016) 11242 1098 + 2 1265+5 9.4+0.5
Shunmugavel / 964 4 2 Loa1 £ 95 Jea
et al. (2017) * t +
Xuetal. 105.8 £+ 20.1 1056 +20.1 1196 +18.8 7.0+1.8
(2017b) 0= e TV t 138. 0+1.
Guzanova et
+ + +
al. (2017) 110£15 1140 + 50 1290 + 50 7

26/ 206




The brittle a’ phase is formed under various thermal cycles. In the SLM
process, the melted layer soon will be covered by a new layer of power, and
then the laser works to melt the new layer. Thus the microstructure formed
during the laser fusion will be influenced by subsequent repeating heat
transferred from the above layer (Yang et al, 2016). Figure 2.15
demonstrates the thermal cycles a given layer would experience during the
SLM process. The peak temperature drops for each successive cycle since the
given layer moves away from the working surface (Yang et al.,, 2016). In
Figure 2.15, T, represents for the liquid line, Ts represents for the solid line, Tg
represents for the B transus temperature, and Ms represents for the
temperature that martensite o’ starts to decompose. The final remaining
microstructural constituents form at different cycles. Therefore the observed
o’ in the as-built microstructure (Figure 2.14) is a combination of primary,

secondary and tertiary o’.
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Figure 2.15 Schematic diagram illustrating the thermal cycles experienced by
Ti-6Al-4V during SLM. The temperature of a given layer is reported as a
function of the five successive layer depositions (Yang et al., 2016).

Recent studies suggest such subsequent heat can be used to decompose
martensite a’, so an a+f microstructure can be created in as-built status. Xu
et al. (2015) were the first to achieve such in-situ decomposition. They advise
that a lower energy density (33.74)/mm?®) tends to increase martensite

retention, while a higher energy density (50.62J/mm?®) can enable
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decomposition under suitable parameters setting. They achieved an ultrafine
lamellar o+B structure with a high yield strength (1106 + 6 MPa) and
improved ductility (11.4 + 0.4%) (Xu et al.,, 2015). The following work by
Barriobero-Vila et al. (2017) presents a similar finding. By using a narrow
hatch distance (40um), which leads to a high energy density (243J/mm?), they
obtained fine lamellar a + B microstructure with intermetallic a, — TisAl along
the building direction (Barriobero-Vila et al., 2017). The formation of a2
particles is believed to be the results of Al segregation during rapid cooling
and strongly affected by the intense intrinsic heat treatment, which is
intentionally imposed by the applied parameters setting (Barriobero-Vila et

al., 2017).

2.3.3 Strategies and final tensile properties of post-process heat

treatment

Due to the low ductility, anisotropy and high residual stresses presented in
the as-built SLM products, post-process treatment is often required in order
to achieve the desired mechanical properties. However, since SLM is a near
net-shape process, the thermal-mechanical treatment that is normally
applied for traditional Ti-6Al-4V components cannot be used, as it will
reshape the geometry of as-built components. Therefore, post-process heat
treatments are normally applied (Vrancken et al., 2012, Zhang et al., 2018).
Most of the reported post-process heat treatments are conducted by the
conventional furnace, while others via a technology called hot isostatic
pressing (HIP) (Qiu et al., 2013). Different from the simply heating, the HIP
process requires applying a uniformed high pressure during the soaking.

However, this technique will not be discussed in this section.

Since the B transus temperature is crucial for microstructure transformation,
the conventional heat treatment can be divided into two groups, sub-transus
(below B-transus) and super-transus (over B-transus) (AmirMahyar et al.,

2017, Zhang et al., 2018).
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Significant work has been done to study the post-process heat treatment of
SLM Ti-6Al-4V. Table 2.6 summarises some of the reported treatments and
their tensile properties. Based on the information provided in the literature,
variations between heat-treated result and as-built ones is calculated and
also listed in Table 2.6, so the comparison between different heat treatments

can be clearly explicated.

Some of the representative treatments and corresponding tensile properties
are plotted in Figure 2.16. In Figure 2.16, specified colour scheme are applied
to represent the soaking temperature used during the different heat
treatments: black stands for as-built condition, grey stands for soaking
temperature lower than 600°C, magenta stands for soaking temperature
between 600°C-750°C, blue represents soaking temperature between 750°C-
900°C, green represents soaking temperature between 900°C-990°C, orange
represents soaking temperature between 990°C-1015°C, and red represents

soaking temperature above 1015°C.
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Figure 2.16. Reported heat treatments and tensile properties of heat treated
SLM Ti-6Al-4V (WQ means water quench, FC means furnace cooling, AC
means air cooling and HT means heat treatment).

According to these studies, some common understanding can be established

regarding the heat treatment and related tensile properties.

For sub-transus heat treatment, a higher soaking temperature leads to lower

strength and better ductility (Vilaro et al., 2011, Thone et al., 2012, Vrancken
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et al.,, 2012, Becker et al.,, 2015, AmirMahyar et al., 2017). A treatment
temperature lower than 750°C usually cannot provide significant influence in
tensile properties, since martensite o’ normally fully decomposes at a
temperature higher than 800°C (Yang et al., 2016). Therefore, such heat
treatments are often applied to relieve the residual stresses, also known as

stress relieving process.

During sub-transus heat treatments, besides the different soaking
temperatures, cooling methods also have an impact on the tensile properties.
Air cooling (AC) and furnace cooling (FC) can provide better ductility compare
to water quench (WQ), because the high cooling rate in WQ can easily bring
in newly formed martensite a’ in the annealed microstructure (Vrancken et
al.,, 2012). The influence of dwell time on properties is limited since the
growth of either a or B phase is hindered by one another (Ter Haar and

Becker, 2018, Vrancken et al., 2012).

Those tendencies do not persist when the soaking temperature exceeds B
transus (super-transus heat treatment). In single phase filed, a higher soaking
temperature or a longer dwell time will always lead to a worse strength
and/or ductility, due to the growth of prior-B grain (Vilaro et al., 2011,
Vrancken et al., 2012).

Compared to sub-transus heat treatment, super-transus treatment
sometimes can provide a slightly better ductility (Vilaro et al., 2011, Thone et
al., 2012), but it always comes with an unacceptable sacrifice in strength
(Vrancken et al.,, 2012, Leuders et al, 2013, Leuders et al., 2014,
Chandramohan et al., 2018).

As a result of these studies and established understandings, several standards
were recently published to guide the post-process heat treatment for
additively manufactured Ti-6Al-4V, which are summarised in Table 2.7. In
order to achieve the best ductility with acceptable strength, a soaking

temperature above 900°C and below B transus with air cooling or furnace
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cooling is suggested in each standard (ASTM, 2014a, ASTM, 2014b, SAE,
2016).
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Table 2.6 Reported heat treatments and tensile properties of heat treated SLM Ti-6Al-4V.

Temperature | Dwell time Cooling Young's Ultimate | Variation in Yield Variation in | Elongation, | Variation in Source
(°Q) (h) modulus, tensile comparison | strength, | comparison € (%) comparison
E (Gpa) strength, to as-built, oy (MPa) to as-built, to as-built,
UTS (MPa) | AUTS (%) Ao, (%) Ae (%)
540 5 wQ 1126 1223 £ 52 -3.47 1118 £ 39 +0.72 5.36+2.02 /
30.2
705 3 AC 114.6+2.2 | 1082 +34 -14.60 1026 £ 35 -7.57 9.04 £2.03 +24.18
850 2 FC 114.7+3.6 | 1004+6 -20.76 955 +6 -13.96 12.84 +76.37
1.36
850 5 FC 112.0+3.4 965 + 20 -23.84 909 + 24 -18.11 premature /
failure
940 1 AC 1155+2.4 | 948 +27 -25.18 899 + 27 -19.01 13.59 + +86.68 | Vranckenet
followed by 0.32 al. (2012)
650 2 AC
1015 0.5 AC 112.8+2.9 | 90219 -28.81 822 +25 -25.95 12.74 £ +75
Followed by 0.56
730 2 AC
1015 0.5 AC 1149+1.5 | 87423 -31.02 801 +20 -27.84 1345+ +84.75
followed by 1.18
843 2 FC
1020 2 FC 114.7+0.9 | 84027 -33.70 760 + 19 -31.53 14.06 £ +93.13
2.53
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730 2 AC 110+29 | 1000 +53 14.24 900 + 101 6.44 19+08 +11.76 | Vilaroetal.
950 1 wQ 98 +3 1040 + 4 -10.81 925 +14 3.85 75+2 +341.18 (2011)
followed by
700 2 AC
1050 1 wQ 95 + 4 951 +55 -18.44 836 + 64 -13.10 79+2 +364.71
followed by
820 2 AC
750 2 FC 1062 167 3.7 +131.25 | Thoneetal.
800 2 FC 1040 3.70 5.1 +218.75 (2012)
850 2 FC 1009 6.57 5.2 +225
950 2 FC 972 -10 10.1 +531.25
1050 2 FC 945 12,5 11.6 +625
600 2 FC 1287 4.74 32 +1.91 AmirMahyar
750 2 FC 1185 12.29 34 +8.28 etal. (2017)
925 2 FC 988 26.87 12.2 +288.84
1050 2 FC 980 227.46 9.2 +192.99
Stress relief 1230 +6.49 7.0 +70.73 Becker et al.
950 1 FC 914 -20.87 10.3 +151.22 (2015)
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950 AC 871 224.59 11.5 +180.49
followed by
700 FC
1030 AC 1008 12.73 8.4 +104.88
followed by
630 AC
600 AC 1315 3.23 6.9 +12 Ding et al.
700 AC 1260 7.28 9.7 +57 (2017b)
800 AC 1147 15.6 10 161
800 FC 1040 3.70 962 456 5 +212.5 Leuders et
1050 FC 945 12,5 798 -20.83 11.6 +625 al. (2013)
800 FC 12281+ -6.60 8+15 +100 Leuders et
32.4 al. (2014)
1050 FC 986.4 + -24.98 13.8+13 +245
45.2
910 AC 1265 -1.63 1195 3.16 9.74 +86.59 Fan and
Followed by Feng (2018)
540 AC
950 AC 1206 6.22 1122 9.08 13.42 +157.09
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Followed by

540 AC
990 AC 1145 -10.96 1056 -11.63 9.32 +78.54
Followed by

540 AC

640 FC 1225+4 -7.27 1104 £ 8 -5.32 74+16 +270 Mertens et
al. (2014)

710 FC 1165+5.4 +6.30 1086 £ 1.5 +6.78 15+0.5 +25 Greitemeier

et al. (2017)

730 FC 113 +9 1057 £ 8 -7.52 958 + 6 -2.04 12.4+0.7 +5.08 Simonelli et
al. (2014)

799 AC 94.9+15.6 | 969 +14.4 -18.98 902 +16.2 -14.58 11.6+2.4 +65.71 Xu et al.

(2017b)

800 1090 -14.84 1000 -16.67 8.3 +245.83 Popovich et

al. (2015)
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Table 2.7 Suggested conventional heat treatments for additive manufactured
Ti-6Al-4V in published standards (ASTM, 2014a, ASTM, 2014b, SAE, 2016)

Standard Heating and Temperature Dwell time Cooling and
atmosphere °C atmosphere
1. ASTM N/A Stress N/A
F2924 - 14. relieving
(ASTM, 2h+0.25
2014b) 593°C
N/A Annealing
2. ASTM
F3001 - 704°C 2h+0.25 Air or furnace
14.(ASTM, cool
2014a) N/A Solution heat (1) 15min,
treatment and <2.5mm
aging thickness;
(2)add 1min for
each additional
2.5mm, 2.5mm Inert gas
to 25mm back-fill cool
954°C thickness; or air cool
Or 941°C (ELI) (3) add 20min
for each
additional
12.7mm over
25mm, >25mm
thickness N/A
Followed by
704°C 4h
Or 482°C Or 8h
3. AMS Solution heat
4999A. (SAE, Vacuum or treatment and
2016) argon and/or aging
helium Argon and/or
helium gas
899°C to 927°C 2h to 4h cool to below
427°C
Followed by 4h £0.25 Insert,
538°C vacuum or air
atmosphere
Air or furnace
coo
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2.3.4 Microstructure and texture transformation in post-process

heat treatment

Different tensile properties under different heat treatments are driven by the
microstructure and texture formed during the heating process. Thus,
understanding the transformation of microstructure and texture during post-

process is crucial for heat treatment designs.
2.3.4.1 Sub-transus heat treatment

A significant number of researches have been carried out on conventional
sub-transus heat treatment of SLM Ti-6Al-4V in recent years (Vrancken et al.,
2012, Wu et al., 2016c, AmirMahyar et al., 2017, Zhang et al., 2018, ter Haar
et al., 2016, Ding et al., 2017a). A shared understanding of microstructure

evolution in the a+ field during heat treatment has been established.

At a relative low temperature (about 200°C to 400°C), recovery of the
microstructure starts by annihilation or rearrangement of the defects
(dislocation, twins etc.) in the crystal structure, which leads to a reduction of
the stored energy and partial relief of the residual stress (Totten, 2006,

Latjering and Williams, 2007).

The martensite a’ starts to decompose at a temperature ranging from 400 to
800°C, depending on the level of impurities within the material (Gil Mur et al.,
1996, Wu et al., 2016b, Qazi et al., 2003). Zhang et al. (2018) stated that the
martensite decomposition starts with a phase nucleation at the boundary of
acicular o’ phase, pushing vanadium element to the boundary of the newly
formed a phase, then B phase will form at the vanadium-rich area. In that
way, the recovered a phase would share a similar parallel arrangement to the
original acicular a’, with B phase remaining trapped between those a laths.
Energy-dispersive X-ray spectroscopy (EDS) line scan of an a and B mix area
were used to verify the element partitioning, and Figure 2.17 demonstrates
the significant vanadium enrichment in the B phase. Such element

partitioning during the a’ decomposition is also observed by Vilaro et al.
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(2011) using SEM under the backscattered mode. The two phases exhibit a
slight chemical contrast. Scanning transmission electron microscopy (STEM)
images from Wu et al. (2016b) revealed that chemical contrast can be
observed at the place where the constitution can still be indexed as a’ phase
by electron diffraction pattern, which suggests the element partitioning may
even happen before a’ decomposition. A recent study suggests that during
the decomposition of a’, the B phase can also nucleate at the lattice defects

that within a/a’ (Haubrich et al., 2019).
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Figure 2.17. Element partitioning in the heat-treated SLM Ti-6Al-4V at
850°C/2 h/Furnace cool. The red line shows the EDS line scan position (Zhang
etal, 2018)

The martensite a’ is believed to be fully decomposed around 900 °C (Zeng
and Bieler, 2005). No original acicular o’ can be observed in samples that are
heat-treated beyond this temperature. Microstructure with a lamellar
mixture of a and B is present inside the columnar prior-B grain (Figure 2.18).
Without the hindrance of retained o', both a and B phase show noticeable
growth (Zhang et al., 2018). However, such growth is still limited even after
holding at high temperature for a long time, because of the competitive
growth of both a and B matrix (Vrancken et al., 2012). Figure 2.19 shows
samples heat treated at 940°C for 2h and 20h respectively, notice the limited

growth in a grain size, although the morphology of few a phases begins to
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form into an equiaxed structure as indicated by the arrows in Figure 2.19(b)

(Vrancken et al., 2012).

Figure 2.18. Microstructure of SLM Ti-6Al-4V (a) after 1h at 940°C followed by
2h at 650°C. After heat treatment, a lamellar mixture of a and 8 is present
inside the columnar prior-8 grain, by optical microscopy image. (b) after 2h at
843°C, Widmanstdtten pattern of lamellar a and 8 is presented, by
backscatter electron image. (Vrancken et al., 2012)
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Figure 2.19. Optical microscopy images showing microstructure after sub-
transus heat treatment for (a) 2 h and (b) 20 h with the arrows showing some

o has started to globularise (Vrancken et al., 2012).

Some universal findings can be summarised from different studies related to
sub-transus heat-treatment (Zhang et al., 2018, Wu et al., 2016b, Vrancken et
al., 2012, Vilaro et al., 2011, Baker et al., 2017, AmirMahyar et al., 2017, Xu et
al., 2017b, Chandramohan et al., 2018):

1. Sample processed at high temperature, close to the B transus-
temperature, have larger B-fraction, as well as larger a lamella width,
due to the a to B transformation and grain growth at high

temperature.
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2. The columnar prior-f grain structure remains unchanged during sub-
transus heat treatment, with no visible difference in columnar width
compared to the untreated state (Figure 2.18 (a)).

3. The soaking temperature is a key parameter to control the evolution
of the microstructure of Ti-6Al-4V. While soaking duration, heating
rates and cooling rates (as long as it maintains the equilibrium
transformation) have less significant influences in controlling the
microstructure evolution. Both a and B phase will tend to coarsen but
will hinder each other, resulting in limited grain growth. However,
such hinder effect rapidly diminishes as the temperature is close to B
transus, since the a- fraction decreases rapidly at this temperature

range.

2.3.4.2 Super-transus heat treatment

Different from sub-transus heat treatment, the researches related to super-
transus heat treatment are not only limited but also showing conflicting

understandings.

As temperature rises above the B transus, all a phase transforms into the B
phase. Single phase appears inside the heated sample. Under these
circumstances, both temperature, holding time and cooling rate have a

significant influence on the microstructure.

As the pioneers in Ti-6Al-4V super-transus treatment study, Vrancken et al.
(2012) heated SLM Ti-6Al-4V at 1050°C for 2h. Extensive growth of columnar
grain has been observed, showing a significant increase in width, while the
length of the columnar grain does not show noticeable growth (Figure 2.20).
They believed grain grows rapidly and unhindered in single-phase region that
several original prior-B grains merge to one large grain. Since the width of the
newly formed grain gets a significant increase, the length to width ratio drops,

the grain presents a semi-equiaxed structure, as shown in Figure 2.20 (b).
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Figure 2.20. Optical microscopy images showing the side view of SLM Ti-6Al-
4V (a) after 1h at 940°C followed by 2h at 650°C, furnace cooling (b) after 2h
at 1015°C, water quench, indicating the extensive growth of the columnar
grains(Vrancken et al., 2012)

Other researches studied the evolution of the microstructure of SLM Ti-6Al-
4V at a lower temperature (1000°C/2h) (Zhang et al., 2018) or a shorter time
(1050°C/1h) (Vilaro et al., 2011). The results reveal that the B grains do not
always keep the original length during the heat treatment. In both researches,
the length of the newly formed B grain has noticeably shortened in
comparison to the original prior-B grain. On the other hand, the studies
report a significant grain width growth after heat treatment (several times
the original) (Figure 2.21). The columnar features disappear and are replaced

with large equiaxed B grains. This transformation suggests that the original

columnar prior-f grain might therefore split during the treatment.

Figure 2.21. Optical microscopy images showing the side view of SLM Ti-6Al-
4V (a) after 2h at 1000°C followed with furnace cooling (Zhang et al., 2018) (b)
after 1h at 1050°C followed with water quench (Vilaro et al., 2011)
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Different mechanisms have been proposed to explain such split of the
columnar morphology. Vilaro et al. (2011) considered it as a shearing
mechanism in conjunction with crystallographic deformation (bcc B to hcp o).
Based on this assumption, they believed that such observed split of prior-p
grains could only be achieved under a high cooling rate, such as watering
guenching (Vilaro et al., 2011). Since the phase transformation happens more
rapidly under high cooling rate, watering quenching would lead to a more
intense shearing. However, other research presents evidence that challenges
this assumption, as Zhang et al. (2018) achieved similarly spilt of the

columnar grains under a much lower cooling rate (furnace cooling).

Zhang et al. (2018) suggested that such deformation may be driven by the
reduction of interfacial energy, but they did not give further explanation
about their assumption. However, it can be assumed that when entering into
the single phase region, the interfacial energy at the original prior-p grain
boundary will drop. Therefore the original columnar morphology cannot be
maintained and will transform into an equiaxed morphology, since the latter

one requires less interfacial energy to retain stable.

Recent research on super-transus HIP treated additively manufactured Ti-6Al-
4V revealed similar morphological changes in the prior-f grain (Nandwana et
al., 2019). By reconstructing the orientation of prior-B grain in as-built and
super-transus status, Nandwana et al. (2019) pointed out the significant
change in the prior-p grain orientation between the two conditions, as shown
in Figure 2.22. This observation indicates that the microstructure evolution
during the super-transus heat treatment is controlled by the recrystallisation
and growth of new B grains, rather than the general growth of the existing
columnar B grains. Three possible nucleation mechanisms for the
recrystallisation are also proposed in the research. One possible mechanism
is that the B phase generated from o' decomposition acts as recrystallised
nuclei. Since the Burgers orientation relationship provides multiple

possibilities, the decomposed B may not have the same orientation with the
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original parent B. These differently oriented B grains, growing competitively
with the parent B phase, would lead to the change in the overall texture. The
other two possible mechanisms are the nucleation induced by dislocations or

residual stresses.

Titanium (Alipha)

Build Direction ———>»

Figure 2.22. Pseudo colour IPF maps and relevant pole figures for the a and 8
phases in the as-fabricated and super-transus HIPed conditions on planes
parallel to the build direction (Nandwana et al., 2019).

The lack of understanding of the microstructure evolution during super-
transus heat treatment is due to an apparent reason. The contradiction
between sufficient uniform heating and fast grain growth makes it difficult
for conventional heating to achieve a relatively small grain size in the single

phase field.

It is known that the properties of titanium alloys strongly depends on the
grain size of the high temperature phase. Smaller grain size can lead to a
better property, as evidenced by the experimental results provided by
Ivasishin and Teliovich (1999). Such finding corresponds with the classic Hall-
Petch Relationship, that for a polycrystalline material, there is a quantitative
relationship between the increase in the yield stress and the decreases in its
grain size (Callister and Rethwisch, 2007). During the elastic deformation
stage, the grain boundaries hinder the further propagation of the dislocation,
since it requires more energy for a dislocation to change direction and move
into a different orientated neighbouring grain. Furthermore, the grain

boundary is also much more disordered/mismatched compare to the interior
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of the grain, which prevents the movement of the dislocations along a
continuous slip plane (Callister and Rethwisch, 2007). For a material with
smaller grain size, more prolonged grain boundary means more obstruction
on the dislocation movement. Therefore the onset of the plasticity will be
postponed, leading to increased yield strength (Callister and Rethwisch,
2007). Further than that, in the fatigue test, the resistance of the crack
nucleation is positive relative to the yield strength of the tested material
(Jeong et al., 2017), hence a smaller grain size can also results in a higher

fatigue resistance.

Meanwhile, coarse prior-B grain often leads to unacceptable mechanical
properties as noted in the experimental data presented in section 2.3.3. Such
predictable unfavourable results have made researchers reluctant to conduct

super-transus treatments in their studies.

When studying the mechanism leads to the microstructure evolution of SLM
Ti-6Al-4V during the super-transus heat treatment, researches on the B
annealing of traditional manufactured Ti-6Al-4V can be used as a guide.
However, caution should always be exercised when trying to apply the
established understandings directly to additive manufactured alloys, since
there is a clear difference in the staring microstructure between as-built SLM

Ti-6Al-4V and traditional counterparts.

Pilchak et al. (2017) recently conducted an enlightening research on the
evolution of the microstructure of Ti-6Al-4V in the earlier stages of B
annealing. Their study on the hot-rolled Ti-6Al-4V showed that the
microstructure evolution at this stage is not controlled by the general grain
growth, but rather by nucleation-and-growth events. In their study, samples
were soaked at 1012°C for a series of limited times, ranging from 0 to 12.5
minutes, which provided snapshots of the continuous microstructure
evolution. By reconstructing B grains, they pointed out that small amounts of
atypical B grains, which has a high-disoriented angle (misorientation at the

grain boundary higher than 10°) compared to the rest of B grains (as shown in
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Figure 2.23), worked as nuclei at the beginning of microstructure evolution.
The B grains grow from these nuclei will consume the nearby original  grains

via the migration of high angle boundaries.

Figure 2.23. Reconstructed normal direction (<001> direction) inverse pole
figure map of 8 grain in a Ti-6Al-4V sample annealed above the beta transus
for 31.5 s (Pilchak et al., 2017).

Even though currently there is lack of understanding about the mechanisms,
which lead to the observed columnar to equiaxed transformation of the
prior-B grain after B annealing of SLM Ti-6Al-4V, it is still safe to assume that
by limiting the grain growth involved in the single B region, there is potential
possibility to obtain refined equiaxed prior-B grain. A refined equiaxed
morphology of the prior-B grains cannot only improve the mechanical

properties of the material but also help to reduce anisotropic behaviour.

The idea of limiting grain growth in the single B region would be achievable, if
the exposure time of the material in that temperature region can be
controlled to a minimum. However, due to the slow heating rate inherited
from the heating mechanism, the conventional furnace is difficult to be

exploited to achieve limited soaking time.

Conduction heating and induction heating are the two commonly applied

approaches for volumetric rapid heating of solid metal. For conduction
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heating, the heating component is series connected to the electrode, heat is
then generated due to the loss of power caused by electric resistance (Liang
et al.,, 2015). However, such a heating method is usually restricted by the
geometry of heating targets and surfers from the problem of non-uniform
temperature distribution (Karbasian and Tekkaya, 2010). For induction
heating, which is widely used in metal processing, there is no direct contact
between the heat source and heated component. As a high efficiency and
non-contact heating method, it can deliver high energy into the material in a
short time (Rudolf et al., 2000). All of these make the induction heating an

ideal choice for this study.

It is also reported that, other than limiting the grain growth, there are other
mechanisms that can lead to further refinement of the high temperature
grain structure under the rapid heating (lvasishin and Teliovich, 1999).
Induction heating has been applied on austenitic steel to achieve grain
refinement (Scott and Spruiell, 1974). Researchers believed that the stress
relaxed from the rapid fcc structure to bcc structure transformation of the
austenitic steel would contribute to the formation of random orientations,
thus refine the austenite grains (lvasishin and Teliovich, 1999). Studies on the
induction heating of traditional Ti-6Al-4V suggests that the hcp to bcc
transformation of Ti-6Al-4V could not introduce enough relaxed stress that
leads to the same formation of random orientation (Ivasishin and Teliovich,
1999). However, it is still interesting to study how the SLM Ti-6Al-4V
microstructure reacts under rapid heat treatment, since there is lack of

previous studies on the related subject.

2.4 Induction Heating Technique

2.4.1 Introduction

In order to study early stage beta annealing of SLM Ti-6Al-4V, a rapid
volumetric heating method is needed. Induction heating is chosen in this

study. Induction heating takes place within an electromagnetic field. Energy
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is transferred to the part via electromagnetic waves, which can avoid direct
contact of the heat source and heated part. The targets of induction heating
are mainly metal. The frequency of the electromagnetic waves involved in
induction heating usually ranges from a few Hz to several MHz, which
belongs to the range of radio frequency (Ulaby, 2014). According to
frequency and wavelength, the entire electromagnetic waves family can be
presented in the form of a continuum, known as the electromagnetic
spectrum (Ulaby, 2014), as shown in Figure 2.24. In the vacuum, the
relationship between frequency f and wavelength A, can be described by
Equation 2-3, in which C stands for the speed of light in the vacuum (lda,
2015). The wavelength represents for the propagate ability of the
electromagnetic waves. Therefore, for achieving a longer propagate distance,

a low-frequency electromagnetic wave is preferred (Ida, 2015).

X-rays Visible
Medical diagnosis Microwave
Gamma rays Ultraviolet Infrared Radio spectrun
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night vision radio astronomy

1 fm 1 pm 1A Inm I mm I mm Im 1 km I Mm Wavelength (i

+—t i
10" 102 10" 10? 10° 10”° 1 10° 10° 10°

1 EHz 1 PHz 1 THz 1 GHz 1 MHz 1 kHz 1Hz Frequency (H2)

R e e e e e e e e e
10 10%! 10'% 10 102 10° 10 10° 1

Figure 2.24. The electromagnetic spectrum (Ulaby, 2014)

A= }Ec Equation 2-3

In this chapter, the principles of induction heating are explained in section
2.4.2, followed by the introduction of typical equipment required for an

induction heating system in section 2.4.3.
2.4.2 Principles of induction heating

Induction heating is commonly used to heat the whole or a part of solid
metals in industry. It has various applications include melting, mass heating
or heat treatment (tempering, annealing etc.) During the induction heating
process, for most metal material, the heat first appears within the limited

depth of the material. It is the joule heating caused by the eddy current. The
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remaining part of the material will then be conductively heated via the heat

from joule heating (Totten, 2006).
2.4.2.1 Heating induced by eddy current and magnetic hysteresis

During the induction heating, alternating current flows through the induction
heating applicator and generates an oscillating electromagnetic field in the
near space, which induces an alternating current in the metal part located
within the electromagnetic field. The induced alternating current, generally
known as eddy currents, would flow in the metal part and result in joule

heating (Zinn and Semiatin, 1988).

Eddy current heating is the dominant heating mechanism for non-magnetic
materials and the main heating mechanism for magnetic materials. For
magnetic material, especially for ferromagnetic material, a small amount of
heat comes from the friction of oscillating magnetic dipoles caused by
magnetic hysteresis (Haimbaugh, 2001). The magnetic dipoles will change
their direction following the change of magnetic field direction, with some
hysteresis, as shown in Figure 2.25. This kind of vibration will also create
some heat. However, its contribution is much less than eddy current heating,

therefore is typically ignored in theoretical analyses.

State1 B=0 M=0 State 2 B) M=Ms State3 B=0 M=Mr State 4 4_8_ M=0

ZS Q&‘)s Catbh= )P ¢§0
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Figure 2.25. Magnetic dipoles change their direction following with magnetic

field change

Therefore, for induction heating, calculating the distribution of eddy currents
is crucial for predicting the temperature distribution within the heated part.
A significant amount of theoretical analyses aimed to calculate eddy current

distribution in typical conditions has been conducted in the past (Dodd and
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Deeds, 1968). Based on these results, combined with computer-aided
numerical tools, the simulation of a much more complex situation can be

carried out (Kurose et al., 2009, Zanming et al., 2001).

2.4.2.2 The penetration depth of the electromagnetic wave and the skin

effect

Electromagnetic fields have limited penetration depth for metal materials.
Electromagnetic wave decays exponentially after penetrating metals due to
the presence of free electrons (Chen et al., 2006). Since the magnitudes of
the eddy currents are decreasing rapidly from the surface, the induced
current only flows within a limited depth, generally known as skin effect
(Mucha et al., 1987). Approximately 86% of joule heating occurs at a limited
depth from the surface of the material. This limited depth is defined as
penetration depth, also known as reference depth in some literature.
Penetration depth can be calculated through Equation 2-4, in which d stands
for penetration depth (cm), p stands for the electrical resistivity of the work-
piece (Q-cm), u stands for the relative magnetic permeability of the work-
piece and f stands for the frequency of the current in the induction heating

applicator (Hz).

d = 5000,/p/uf Equation 2-4

The value of penetration depth relates to AC current frequency and
workpiece material properties (Acero et al., 2006, Davies, 2007). According to
the literature (Zinn and Semiatin, 1988), the penetration depth of some
materials are shown in Figure 2.26. The penetration depth of some
commonly used SLM material can also be calculated based on Equation 2-4,
shown in Table 2.8. ( the data of Al and Ti are taken from Rudnev et al. (2002),
the data of 316L and Ti6Al4V are calculated by the author).
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Figure 2.26. The penetration depth of some materials as a function of

resonant frequency (Zinn and Semiatin, 1988)

With temperature increase, due to the increase of the metal resistance, the

penetration depth will also increase. However, Table 2.8 shows that such

increase is limited for most materials. During the heating process, when

penetration depth is smaller than the centre to the surface distance of the

heated part, the heat will be conductively transferred from surface to interior.

With sufficient time, uniform heating can be obtained (Haimbaugh, 2001,

Davies, 2007).

Table 2.8 Penetration depth (mm) of some materials as a function of resonant

frequency (Rudnev et al., 2002)

Temperature p Frequency (KHz)
Metal
(°C) (nQ-m) 0.06 0.50 1 4 10 70 200
20 0.027 10.7 3.70 2.61 130 0.83 0.31 0.18
Al 250 0.053 15.0 5.18 3.66 1.83 1.16 0.44 0.26
500 0.087 19.2 6.64 469 235 148 0.56 0.33
20 0.690 539 18.7 132 6.61 4.18 158 0.93
316L 800 1.150 69.6 24.1 17.1 853 539 2.04 1.21
1200 1.240 723 25.1 17.7 8.86 5.60 2.12 1.25
20 0.500 459 159 11.3 5.62 3.56 1.34 0.80
Ti 600 1.400 76.8 26.6 188 9.41 595 225 1.33
1200 1.800 87.1 30.2 213 10.7 6.75 255 151
Ti- 20 1.780 96.5 334 236 11.8 7.48 2.83 1.67
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2.4.3 Typical equipment for induction heating system

A basic induction heating system usually includes a power supply, an
induction coil, a heat station for matching and tuning as well as a cooling

system.
2.4.3.1 Power supply

The power supply for induction heating is essentially a frequency and phase
changer. It converts the input current, which usually is the three-phase
current from the utility power line (frequency of 50Hz or 60Hz), into the
required alternating current (AC). The most commonly used conversion

process for induction heaters based on a single coil is shown in Figure 2.27.

IH load

AC-DC DC-AC ;
EMC Filter '\
Filter M Converter Converter

Figure 2.27.Typical power conversion flow in an IH system (Luc et al., 2014)

First, an electromagnetic compatibility (EMC) filter is used to fix the
electromagnetic properties of input power, which can ensure that the power
delivered to the converter complies with the standards (Heldwein et al.,
2004). After that, a converter converts alternating current (AC) into direct
current (DC). This process is called the rectifier stage. It can be either a non-
controlled process or a controlled one. A diode rectifier is often used in non-
controlled stage. A controllable rectifier stage is usually achieved either by
using a controllable rectifier (Imaz et al., 2012) or by using a diode rectifier
plus a dc—dc converter (Luc et al., 2014). In some cases, a power factor
corrector block is equipped in the system. It connects to the AC-DC converter

to increase voltage and adjust current waveform. After that, the dc—ac power
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converter converts the direct current (dc) into medium or high frequency
alternating currents to supply the induction heating applicator. The operating
frequency of typical induction heating powder supply is usually between 20

kHz and 1 MHz, depending on the applications (Luc et al., 2014).

Power supplies are generally classified by the different elements applied in
the DC-AC convention process (as known as inversion process) (Luc et al.,
2014). Different types of power supplies fit different output power and
frequency demands, as Figure 2.28 shows (Konas, 1970, Frank and Der, 1982,
Haimbaugh, 2001). Power supplies equipped with inverters are referred to as
solid-state sources, while those equipped with oscillators are referred to as
radio frequency sources. In addition to that, inverters can be classified as
containing thyristors or transistors. Silicon controlled rectifiers (SCRs) are
thyristors, while isolated gate bipolar transistors (IGBTs) and metal-silicon-

dioxide field-effect transistors (MOS FETs) are transistors.
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Frequency
Figure 2.28. Power type used for induction heating (Zinn and Semiatin, 1988)

The most important factors for power supply are frequency (f), voltage (v),
current (I) and output power (P). For a certain power unit, the first three
factors determine the last one, output power. In practice, usually, only one of
the first three factors is adjusted to control the output power, and the
remaining two factors will be self-matched or self-tuned. Most of the
inverters used in the power supplies are voltage-fed or current-fed. Various
methods can be applied to control the output power, as shown in Figure 2.29

(Rudnev et al., 2002, Haimbaugh, 2001).
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Figure 2.29. Control methods of power supply (Haimbaugh, 2001)

2.3.4.2 Heat station

Before connecting to the induction heating applicator, the power source
needs to connect to a heating station, which can help to tune the frequency
and match the voltage or the impedance of the heating load (Zinn and

Semiatin, 1988).

The major part (in some cases, the only part) of heat station is a resonant
tank (Luc et al., 2014). The induction heating load (heating applicator with its
heating target) can be modelled as an equivalent resistor Req and equivalent
inductor Leg, as shown in Figure 2.30(a). Based on different models, the
resistor and inductor can be connected in series or parallel. These two
elements are coupled with external capacitors and/or inductors, which form
a complete resonant tank. The most used configurations of the resonant tank
are series resonant (Figure 2.30(b)), parallel resonant circuits (Figure 2.30(c)),
or the hybrid LLC series parallel resonant circuit (Figure 2.30(d)). The series
resonant RLC circuit (Luc et al., 2010) is commonly used in voltage-fed
inverters (Figure 2.29). The series capacitor can help to achieve zero voltage
across the device during the switching process, known as zero voltage

switching (ZVS), means nearly zero switching losses. In contrast, the parallel-
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resonant RLC circuit (Steigerwald, 1988) used in current-fed inverters, help to
achieve zero current through the device during switching, known as zero
current switching (ZCS). The hybrid series-parallel LLC circuit (Chudjuarjeen et
al.,, 2011) is a typical parallel resonance series with an inductor, which can
achieve short-circuit protection. Therefore, it is especially suitable for high
power industrial applications. (In this research, voltage-fed power supply and

series resonant RLC circuit were applied).

L = M-
¥
(a)
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—
(b) (©) (d)

Figure 2.30 (a) equivalent model of an IH load; Fig.4 (b)(c)(d) basic resonant
configurations: (b) series, (c) parallel, and (d) hybrid series-parallel LLC.
Besides the resonant tank, heat station may also include a transformer to

help to match the voltage.

Through matching or tuning, the system can deliver the designed maximum
output power from the power supply to the IH load. In order to minimise
system losses, the heat station is often located near the power supply. In
many cases, even in the same enclosure (as in this research) (Haimbaugh,

2001, Zinn and Semiatin, 1988).
2.4.3.3 Induction coil

Induction coils are the most commonly seen induction heating applicator.
They are the element where the alternating current induces a concentrated
electromagnetic field used for heating. In order to maximise the energy
conversion efficiency, most induction coils are made of copper, since its low

electrical resistance could help to minimise the energy loss. Thus the vast
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majority of electric energy could convert into potential energy in the

electromagnetic fields (Zinn and Semiatin, 1988).

The design of the induction coil is based on a large number of empirical
formulas, which deduce from theoretical analyses of several simple coil
geometries (Baker, 1957, Zinn and Semiatin, 1988). There are three basic coil
geometries, which are commonly used, as solenoid coil, pancake coil and
internal coil, as shown in Figure 2.31. For the solenoid coil, the space within
the coil has the most considerable flux, which can be used to heat the
workpiece. For the pancake coils, flux from only one surface intersects the
workpiece. For the internal coils, only the flux on the outside of the coil is
utilised. Generally speaking, the solenoid coil has the highest efficiency and
internal coil has the least efficiency. Though there are an immeasurable
amount of coil geometries, most of them can be considered as a deformation
or combination of these basic geometries (Haimbaugh, 2001, Zinn and

Semiatin, 1988).

(a) Pancake (b) Solenoid

(c) Internal

Figure 2.31. Basic induction coil geometries (Zinn and Semiatin, 1988)

Besides empirical formulas and accumulated experience, designers nowadays
also use computational techniques (like Finite Element Method, Finite
Difference Method etc.) as well as computer-aided numerical tools to
simulate and optimise the coil design (Boadi et al., 2005, Rudnev et al., 2002).
The most crucial part of coil design simulation and optimisation are the
electrical equivalent parameters extraction (equivalent resistor Req and
equivalent inductor Leq as mentioned in 2.1.2) (Acero et al., 2006), the
efficiency optimisation (Wojda and Kazimierczuk, 2013), and the heat

distribution optimisation (Candeo et al., 2011).
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2.4.3.4 Cooling system

During the induction heating process, the alternating current flows through
the copper induction coil, which will heat the coil considerably. Therefore, a
cooling system is required to prevent the coil from overheating. In practice,
water cooling is the most commonly used cooling method. Water flows
through the coil and carries excessive heat away, then exchange heat with air
at the cooling tower to form a loop. In some special circumstances, other
coolants, ones with greater heat capacity or higher vaporisation temperature,

will be applied (Haimbaugh, 2001).
2.5 Summary and gap in knowledge

The production of Ti-6Al-4V products via selective laser melting has attracted
significant attention during the past decade, due to its ability to provide high
design freedom as well as a high buy-to-fly ratio. It is proven that as a reliable
technique, it can produce near net-shape and near fully dense parts with
mechanical properties after heat treatment close to wrought parts. However,
unfavourable properties like high residual stress, low ductility and anisotropic
mechanical properties obstruct the use of as-built products. (Dutta and Froes,

2016, Shunmugavel et al., 2017, Shipley et al., 2018)

Recent efforts on the fabrication of Ti-6Al-4V by SLM have focused on
applying in-situ heat treatment, either through a refinement of process
parameters or by the use of additional heating sources. While localised heat
cycle can be used to induce the in-situ decomposition of martensite a’, which
leads to better ductility, applying additional heating sources have
demonstrated the possibility to reduce thermal gradients during
manufacturing, so that components with lower residual stress can be

fabricated. (Xu et al., 2015, Xu et al., 2017a, Deckers et al., 2014)

Nevertheless, currently, the attempts of in-situ improvement could not
completely tackle the unfavourable properties introduced by the printing

mechanisms (Deckers et al., 2014). Thus, the post-process heat treatment is
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crucial for SLM Ti-6Al-4V, as it will help to improve the properties of the
printed products. Researches on conventional sub-transus heat treatments
have established a well-recognised theory to explain the microstructure and
the texture formation during the process. It suggests that, after sub-transus
heat treatment, a balanced tensile property with improved ductility and
acceptable strength can be achieved (Chandramohan et al., 2018, Fan and
Feng, 2018, Ter Haar and Becker, 2018, Liu and Shin, 2019). However, the
morphology of columnar prior-B grain remains in the microstructure after the
sub-tansus heat treatments, which suggests the products will still present a

mechanical property with anisotropic behaviour (Zhang et al., 2018).

Super-transus heat treatments have the potential to form equiaxed B grain in
the microstructure. However, conventional heat treatment requires long
dwell times to achieve uniform heating, which leads to undesirable
coarsening of the grain structure (Vilaro et al., 2011, Vrancken et al., 2012).
Furthermore, limited studies on the texture formation during the super-

transus heat treatment restrict the development of such treatment route.
2.6 Aim and objectives of this study

This study aims to control the size of the prior- B grains obtained in sub-
transus heat treatment of SLM Ti-6Al-4V and improve the understanding of

the texture formation during the heat treatment process.

Initially, this study aims to refine the size of prior-B grain in super-transus
heat treatment via limited dwell time and rapid heating rate, and study its
influence on tensile properties and microstructure of Ti-6Al-4V produced by
SLM. It is believed that the limited dwell time and rapid heating rates might
lead to a refinement of the overall grain size and, more particularly, a refined
equiaxed prior-B grain structure which might result in better tensile

properties.

In addition, this study aims to increase the knowledge regarding the texture

formation in super-transus heat treatments, especially the early stages of
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annealing. The understanding of the microstructural evolution of SLM Ti-6Al-
4V in early stages of B annealing might provide useful information, which can
help the design of new heat treatment routes for the realisation of superior

properties.

If all the aim and objectives of this study are achieved, a refinement of the
prior-B grains after heat treatment will be reported for additively
manufactured Ti alloy for the first time. In addition, the explicit knowledge
and detailed information related to early-stage B grain formation and growth

in the additively manufactured Ti alloy will be revealed for the first time.
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CHAPTER 3
3. Material and Methods

This chapter describes the experimental methodologies used in the present
study, including materials, experimental setup and methods, as well as
characterisation technologies. The sections are summarised as follow: Section
3.1 describes the materials used in the study, focusing on the chemical and
thermal characteristics of the received SLM Ti-6Al-4V. Section 3.2 gives a
description of the various heat treatments used in this research to post-process
the as-built materials. Two different types of heating methods are applied in this
study, conventional heating and induction heating. All the conventional heat
treatments are conducted using a commercial conventional furnace, while all
induction heating is conducted via a bespoke induction heating system. The
details of the bespoke set up for this system will be given, and the reliability of
the system will also be evaluated and reported. Section 3.3 introduces the
tensile test studies, which are conducted to examine the tensile properties of the
SLM Ti-6Al-4V after different treatments. Section 3.4 describes the techniques
used to characterise the microstructure and crystallographic texture of the
samples. The methodology used for the reconstruction of the parent B phase is
also reported in this section. Details on the code used to perform the

reconstruction of the parent  phase are provided in Appendix A.
3.1 Material used in this study

The material used in this study were Ti—6Al-4V (grade 23) cylinders of 9mm
diameter and 60 mm length produced by selective laser melting (SLM) at 90°
build angle to the build platform. Hereafter, the material will be referred to
as SLM Ti-6Al-4V. The produced cylinders were manufactured on an EOSINT
M290 system and provided by 3T Additive Manufacturing Ltd. Dimensional

errors of the received cylinders are less than 0.2mm.

60/ 206



Primary chemical compositions of the received material were examined at 3
random locations on the XZ cross-section of a randomly selected cylinder. At
each location, an area of approx. 1.5mm * 1mm was scanned by energy-
dispersive (EDS) detector equipped in a Hitachi TM 3030 scanning electron
microscope (SEM). The detected compositions that have a weight percentage
(wt%) more than 0.5% are reported in Table 3.1. EDS results suggest a
homogeneous distribution of the chemical compositions in the received
material. The ratio of Aluminium to Vanadium in the received material is
slightly in favour of Aluminium compared to the nominal value (6 Aluminium
vs 4 Vanadium). Since Aluminium acts as an o stabiliser (LUtjering and
Williams, 2007), it can be assumed that the B transus temperature of the
received material might be marginally higher than the theoretical value of

995°C.

Table 3.1. Primary chemical compositions of the received Ti-6Al-4V

wt% Location 1 Location 2 Location 3 Average
Titanium 90.76 90.87 91.03 90.89
Aluminum 5.81 5.75 5.61 5.72
Vanadium 3.43 3.38 3.36 3.39

The B transus temperature of the received material was ascertained by a
thermal analysis technique known as Simultaneous Differential Analysis (SDT).
SDT analyses the sample simultaneously via two different thermal analysis
techniques, thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). TGA tracked the changes in weight of the sample over
time or temperature, while DSC tracked the changes in heat flow (Xu et al,,
2005) during heating. A TA Instruments TGA-SDTQ600 analyser was used to
conduct the analysis. Four samples weighted between 10mg to 15mg were
prepared from the received cylinder. Each of them was heated at a constant
rate of 10.00°C/min from room temperature (25°C) to 1200°C in an argon

atmosphere. Measured results are shown in Figure 3.1.
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It can be noticed that, throughout the measurement, disregarding the initial
stage, two spikes of the heat flow appear in Figure 3.1. The first spike is
induced by the initial decomposition of martensitic o’. It happens at a
temperature between 500°C to 600°C. The second spike, as circled by the
black dash line, is induced by the completion of the a to B transformation.
The onset temperature and the end temperature of the second spike in
different measurements are summarised in Table 3.2. Among these two
temperatures, the onset temperature of the spike indicates that some part of
the test sample begins to be a phase free at the said temperature, while the
end temperature means that the entire test sample is a phase free at the said
temperature. Since the B transus temperature is the temperature where the
entire material enters into the single B phase region, it can be presented by
the measured end temperature, which has an average value of 1013.35°C.
This value has excellent consistency across different measurements. The

standard deviation of the average value is 4.59°C.
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Figure 3.1. Simultaneous Differential Analysis (SDT) results of the received Ti-
6Al-4V
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Table 3.2. Onset temperature and end temperature of the second spike in
different measurements

Onset Temperature End Temperature (B-

transus)
Sample 1 954.99°C 1019.72°C
Sample 2 934.47°C 1009.92°C
Sample 3 944.14°C 1013.67°C
Sample 4 930.27°C 1010.09°C
Average 940.97°C 1013.35°C £ 4.59°C

3.2 Post-process heat treatments for the received

Ti-6Al-4V

In this study, 5 different heat treatment routes were applied to post-process
the received Ti-6Al-4V. One of the heat treatment routes consisted entirely of
conventional heating processes, hereafter referred to as “conventional heat
treatment”, while the remaining 4 heat treatment routes consisted partially
or completely of induction heating process, hereafter referred to as

“induction heat treatments”.

For each heat treatment, a group of 5 received SLM Ti-6Al-4V cylinders were
heat treated at the same condition and procedures. The tensile properties
and microstructures of these heat treated samples are presented and
analysed in Chapter 4 and Chapter 5, respectively. The process route for each
heat treatment will be schematised by a time vs temperature chart in the

corresponding section.

Details of the conducted conventional heat treatment will be introduced in
section 3.2.1, while details of the conducted induction heat treatments will

be described in section 3.2.2.

Other than these heat treatments, a designed gradient heating process of the

received material was also conducted in this research, to study the
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microstructure evolution in the specific temperature range. The related
results are discussed in Chapter 6. Details of the applied gradient heating will

be presented in section 3.2.3.

3.2.1 Conventional heat treatment: heating system and

experimental procedure

An ML M5 bench top furnace was used to conduct all the conventional
heating processes involved in this study. This was a commercial muffle
furnace that could be heated up to 1200°C. It has a maximum output power
of 3kW. The furnace was controlled via a Eurotherm 3216 multiple program
controller. For all the conducted conventional heating process, a constant
heating rate of 10°C/min was applied. After the soaking, the specimens were
air-cooled. The average cooling rate of air cooling was measured at about
7°C/min. The process route for the applied conventional heat treatment is
shown in Figure 3.2. It is arranged according to the published standards. The
samples will first be annealed at 925°C for 2 hours then subsequently aged at

700°C for 4 hours (ASTM, 2014a, ASTM, 2014b, SAE, 2016).

In order to eliminate the risk of oxidation during the conventional heating
process, all the specimens were vacuum-sealed (O, level < 10 ppm) in silica

ampoules before any conventional heating process.
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Figure 3.2. The process route for the applied conventional heat treatment.

3.2.2 Induction heat treatments: heating system and experiment

procedure

3.2.2.1 Process route for the applied induction heat treatments

Among the 4 groups of induction heat treatments, 3 of them contained two
heating stages. The first stage was an initial rapid induction heating process
(at a higher temperature), and the second stage was a subsequent
conventional ageing process (at a lower temperature). The schematic of this
type of process route is shown in Figure 3.3. Since the induction heating
process had limited dwell time at the target heating temperature, it will
introduce a spike shape in the schematic. Therefore, the target heating
temperature will appear as the peak temperature in the temperature profile.
The subsequent conventional ageing process in the applied induction heat
treatments follows the same procedure as what has been described in the
conventional heat treatment. Depending on the target heating temperature
(peak temperature) of the induction heating process, these 3 induction heat

treatments are hereafter referred to as:

e Induction heat treatment above 980°C: target heating temperature
was set at 980 °C
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e Induction heat treatment above 1005°C: target heating temperature
was set at 1005 °C

e Induction heat treatment above 1030°C: target heating temperature
was set at 1030 °C
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Peak temperature
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Heating rate of ageing : 10°C/min
Air cooling rate of ageing:7°C/min
800 Ageing

700°C,4h
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Temperature (°C)
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Figure 3.3. Schematic showing the process route of the applied induction heat
treatments, which contained an initial rapid induction heating process (at a
higher temperature) and a subsequent conventional ageing process (at a
lower temperature).

In addition to these 3 induction heat treatments, another group of induction
heat treatment was also conducted in this study. It only contained the initial
rapid induction heating process, and did not include any of the subsequent
ageing processes. The schematic of this type of process route is shown in
Figure 3.4. The target heating temperature for this group of heat treatment

was set at 1030°C. This induction heat treatment hereafter is referred to as:

e Induction heat treatment above 1030°C without subsequent ageing
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Figure 3.4. Schematic showing the process route of the applied induction heat

treatments, which only contained a rapid induction heating process.

3.2.2.2 Induction heating system assembled for this research

A bespoke induction heating system was used to conduct all the induction
heating investigations carried out in this study. The apparatus used is shown
in Figure 3.5. This system consisted of 4 functional units including a heating
unit, a specimen fixture, an O, control/monitor unit and a temperature

record/monitor unit.

P .

Cooling tower

Figure 3.5. The system used for the induction heat treatments of the received
Ti-6Al-4V
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The heating unit includes a Cheltenham TR1 induction heater and a
customised solenoid coil. The induction heater came with a voltage-fed
power supply, which had a maximum power level of 1kW, and a fan assisted
cooling tower, which kept water circulating to cool the induction coil. The
customised coil was a 5 turn solenoid coil with 30mm outer diameter and 90
mm height, as shown in Figure 3.6 (a). The coil was made in house using a
5mm diameter copper pipe (thickness of the pipe was 1mm). This heating

unit can work stably at a resonating frequency of about 200 kHz.

A specimen fixture unit was designed to position the specimen in the centre
of the coil during the heating process, as shown in Figure 3.6(a). A schematic
of the fixture is presented in Figure 3.7. A retort stand and 2 retort clamps
are used to fix the position of the specimens, while 2 heat insulators made by
alumina were used to prevent heat dissipation through the solid support. The
drawing of the alumina heat insulator is presented in Figure 3.8. This support
features a 3mm deep shallow hole with a diameter of 9.2mm to

accommodate the Ti-6Al-4V cylinders produced by SLM.

Figure 3.6. Detail set up within the closed chamber: (a) side view; (b) top view.
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Figure 3.7. Schematic of the design of the specimen fixture.
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Figure 3.8. Drawing of the used alumina heat insulator (unit: mm)
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A closed chamber was set up to create a protective argon atmosphere, as
shown in Figure 3.5 and Figure 3.6. This helped to minimise the oxidation of
the specimen during induction heating. The feeding speed of the argon flow
was controlled by a variable area flowmeter, which could adjust the feeding
speed between 0.4L/min to 5L/min, as shown in Figure 3.5. During the
heating process, the O, level inside the chamber was monitored by a
Greisinger GMH 3600 O, meter, as shown in Figure 3.5 and Figure 3.6. The O,
sensor was placed at a location that is closer to the top of the chamber than
the upper surface of the coil, as shown in Figure 3.6 (b). Since the argon
(1.7838 kg/m>, at 0°C and 1 bar) is heavier than the air (1.2754 kg/m?, at 0°C
and 1 bar), the lower part of the chamber should have a higher argon
concentration. Such placement of the O, sensor could ensure that the actual

O, level around the specimen is lower than the value monitored by the senor.

To ensure the operator working in an environment that has sufficient O,, the
0, level in the laboratory room was monitored by a BW Clip O, detector, as

shown in Figure 3.5.

Prior to switching on the induction heater, argon gas was fed into the
chamber at a constant rate of 3L/min. After the O, concentration in the
chamber reached to a level lower than 1%, the feeding rate of the argon gas
was increased to a constant rate of 5L/min. Therefore, the O, level in the
chamber could be maintained. After that, the induction heater was switched
on to perform the induction heating process. Every induction heating
processes and subsequent cooling processes conducted in this research were

performed in an atmosphere with O, concentration below 1%.

Type K thermocouples shielded with a twin-bore alumina tube were used to
measure the temperature during the induction heating, as shown in Figure
3.9. Two wires of the thermocouple were separated with each other in the
tube. The twin-bore alumina tube can help to reduce the disturbance on the
temperature measurement, which is caused by the alternating

electromagnetic field (induced by the coil). The ends of the two wires of the
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thermocouple were welded to the surface of the Ti-6Al-4V cylinder. For each
thermocouple, the two welding points of the wires were separate but close
to each other. Therefore, the thermocouple could not be heated directly via
the induction heating, since no closed-loop for eddy current to be formed

within the thermocouples.

The other end of the thermocouples were connected to a 4 channel NI-9211
temperature input module. Through this module, the noise in the
measurement was reduced, and the temperature data was displayed and

recorded via LabVIEW software at a refresh rate of 2Hz.

The received cylinders were heated up during the heat treatment and then
machined to tensile specimens. The tensile properties of the gauge area
were then tested and recorded. Details about the tensile specimens will be
explained in section 3.3. The gauge area was machined from a 20.4mm
length area located in the middle portion of the Ti-6Al-4V cylinder. To ensure
the middle portion of the Ti-6Al-4V cylinder was uniformly heated during the
induction heat process, the temperature in that area was monitored. For
each cylinder, a total of 4 thermocouples were welded at different heights of
the middle region, each of them had a spacing of 7mm, as shown in Figure

3.9.

During the induction heating, an output power of 980W was used to heat
specimens to different target temperatures. Once the target temperature
was reached, the power supply was turned off, and the specimens were gas-
cooled in the argon environment. An example of the heating and cooling
profile recorded in the induction heating process is shown in Figure 3.10,
which shows the Ti-6Al-4V cylinder experienced a rapid heating process and
limited soaking time was applied at the target heating temperature. The
recorded heating and cooling profiles for each induction heating process are

reported in detail in Chapter 4.
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Figure 3.9. Thermocouples shielded with twin-bore Alumina tubes were
welded at different locations symmetrically distributed around the middle
portion of the specimens.
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Figure 3.10. Example of the heating and cooling profile recorded in the
induction heating process, which shows the Ti-6Al-4V cylinder experienced a
rapid heating process and limited soaking time was applied at the target

heating temperature.

3.2.2.2 Reliability of the point thermal analysis

In this study, a reproducible and uniform heating process was required to be
delivered to the middle portion of the Ti-6Al-4V cylinders by the induction
heating system. Point thermal analyses (thermocouples) were applied to

monitor the uniformity of the heating. The successful operation of this
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temperature monitoring system was built on the assumption that, during
induction heating, the temperature will be evenly distributed in the cross-
sectional area of the cylinder. In this way, the temperature measured at the
edge of the specimen could, at least in first approximation, represent the
temperature of the entire cross-section. Therefore, instead of monitoring the
temperature distribution of the entire area in the induction heat treatment,

the temperature at a few different heights were measured.

In order to support this assumption and prove the reliability of the point
thermal analysis, the uniformity of the temperature distribution at the cross-

section area will be examined in this section.

During induction heating, relatively uninform heating can be achieved, as
long as the Joule heating that occurred within the penetration depth can be
effectively transferred to the rest of the material. Therefore, a proper match
is required between the penetration depth and the diameter of the heating
target. As introduced in section 2.4.2, the penetration depth is closely linked
to the frequency of the induction heating system and the physical properties
of the target material. SLM Ti-6Al-4V specimens with cross-section size of
10mm * 10mm were used to examine the uniformity of the temperature
distribution in the cross-sectional area. Since the cross-section size of these
specific specimens is larger than that of the received cylinders, the uniformity
of the temperature distribution in these specific specimens could allow for
estimating the uncertainties related to the temperature distribution in the

cylinders.

The top surface of these specific specimens was polished prior to induction
heating for temperature monitoring. A FLIR T400 infrared camera was used
to record the temperature of the polished surface during the heating process.
This infrared camera could capture a thermographic image every 10s. The
thermography image was then processed by the analysis software FLIR

Tools+ to read the temperature data embedded in the image pixel by pixel
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(36 pixel * 36 pixel). The average emissivity of the polished Ti-6Al-4V surface

was calibrated prior to the heating, to a value of 0.32.

A total of 3 specimens were heated by the assembled induction heating unit
to estimate the uniformity of the temperature distribution in the specimens.
For each specimen, thermography images were captured every 10s after the
start of the heating process. The induction heating process typically lasted for
80 seconds. Therefore a total of 8 thermography images were generally
obtained from each process. The temperature distribution at every 10s was
read from the thermography image and demonstrated in a 3D map, as shown
in Figure 3.11. Each 3D plot presented in the figure represents a profile of the
temperature distribution obtained at different times. From bottom to top,
they were obtained from 10s to 80s of the heating process, respectively. For

each plotted point in the 3D temperature map, the specific location on the

samples can be read on the X and Y axis.
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Figure 3.11. Temperature distribution measured on the top surface of the Ti-
6Al-4V samples produced by SLM during induction heating: (a-c) show the
measured temperature distribution of Specimen Nol to No3, respectively.
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It can be observed from Figure 3.11 that temperature distribution at the top
surface the Ti-6Al-4V samples maintained an excellent uniformity at relatively
lower heating temperatures. At a higher temperature, abnormal disturbance
can be observed on the temperature distribution, appearing as peaks and
troughs in the temperature map. These anomalous measurements were
assumed to be caused by porosities and scratches on the sample surface. The
porosities were inherited from the SLM process, while the scratches were
introduced during the polishing process. Because of the absence of the Ti-
6Al-4V material in the porosities and scratches, the real emissivity in these
locations at relatively high temperature is significantly different from the
average value used in the measurements, which leads to an inaccurate
measurement at certain spots, as shown in Figure 3.11 (c) specimen No. 3.
Therefore, in order to examine the uniformity of the temperature
distribution, as well as to compare the temperature data obtained in
different heating processes, the average temperature and the standard
deviation at every 10s is calculated and presented in Figure 3.12. The
calculated average temperature at every 10s present a good consistency
across different heating processes, which proves the reproducibility of the
induction heating process. The standard deviation is always maintained at a
reasonable level, a value which is smaller than 5% of the average
temperature, which suggests a uniform distribution of the temperature in the
cross-sectional area. Therefore, the temperature measured at the edge of the
specimen can represent the temperature of the entire cross-section, and
thermocouples measuring surface temperatures could provide reliable
measurements of the temperature during induction heating. A further
discussion on the reliability of the induction heating process will be included
in Chapter 4, where the temperature measured during various induction heat

treatments will be presented and analysed.
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Figure 3.12. The average and corresponding standard deviation of the
temperature on the top surface of the Ti-6Al-4V samples produced by SLM.
The measurements were performed every 10s from the start of the induction
heating process.

3.2.3 Design of the temperature gradient heat treatment

Studying the microstructure evolution of SLM Ti-6Al-4V during early stage B
annealing is an essential part of this research. In the previously published
researches on the microstructure evolution during heat treatment,
traditional experimental methodologies are commonly applied (Vrancken et
al.,, 2012, Huang et al., 2015, Wu et al., 2016c, Fan and Feng, 2018). According
to these methodologies, the same batch of materials will be heated
separately to different temperatures. Therefore, a series of microstructure
will be obtained after the heating process. Each of the microstructures will
represent a specified stage in the microstructure evolution. Based on the
analysis of the observed microstructure, the reasonable hypothesis, which
can link all the characterised stage, will be proposed to explain the potential
evolution process. However, since the observation is a discontinuous process,

gaps exist between the characterised stages.

To overcome this gap, a different experimental methodology was designed

where the target material is heated with a specified thermal gradient.
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Hereafter, this experimental methodology will be referred to as “gradient
heating”. During a single heating process, due to the gradient heating,
different positions of the material will be heated to a different temperature.
Since the temperature distribution within the material is continuous, a
continuously evolved microstructure, therefore, can be obtained in the

material.

The gradient heating process was implemented via an experimental kit
modified from the induction heating system described in section 3.2.2. To
achieve the desired gradient heating, the bottom heat insulator of the
original fixture was replaced with a new one, which had a 10mm deep hole,
as shown in Figure 3.13. The heat insulator was made by alumina, which can
significantly reduce the penetration of the electromagnetic field. Therefore,
the material inserted into the insulator was unlikely to be heated by the
alternating electromagnetic field during the induction heating. Therefore, a
‘cold end’ was created in the bottom part of the Ti-6Al-4V cylinder, as
indicated in Figure 3.13 (a). However, the heat generated in other parts of
the material during the induction heating was conductively transferred into
this ‘cold end’. Due to this conductive heating, a thermal gradient was
created within the material. The material located near the bottom part
experienced a lower temperature, compared to the upper part of the

material.

The heating procedure of the gradient heating was similar to that which was
described in section 3.2.2 for the induction heat treatment. The gradient
heating was also conducted in an argon environment with the power supply
working at 204KHz and 980W. The power supply was turned off once the
target temperature is reached, and the specimens were gas cooled in an

argon environment.

By using this modified fixture, when the material was heated to a
temperature of about 1000°C, a temperature gradient of 20°C could be

created within the middle portion of the Ti-6Al-4V cylinder. Therefore, a
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continuously evolved microstructure could be obtained within the area. The

obtained microstructure will be presented and analysed in Chapter 6.
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Figure 3.13. The modified fixture used to implement the designed gradient
heating: (a) Schematic of the design, sectional view; (b) drawing of the new
insulator used to create ‘cold end’(unit: mm)

3.3 Tensile testing of the SLM Ti-6Al-4V under the

different investigated conditions

A series of tensile tests were carried out to examine the tensile properties of
SLM Ti-6Al-4V after different heat treatments. Heat treated SLM Ti-6Al-4V
cylinders were machined into tensile specimens with gauge dimension of
®4mm * 20.4mm (proportional to ASTM E8/E8M-16a) (ASTM, 2016). The

drawing of the tensile specimen is shown in Figure 3.14.

By removing a sufficient amount of material from the heated cylinder, the
potential oxidation layer, which may be produced during the heat treatment,

was completely removed. AMS2801B suggests a metal removal of 0.39mm
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for Ti-6Al-4V after heating at 1038°C for 1 hour in an air environment (SAE,
2014). Therefore, the metal removal (1.3mm) conducted in this research

should be more than sufficient.
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Figure 3.14. Drawing of the tensile test specimens used in this research

All the tensile tests were conducted at room temperature (20°C) on an
Instron 5969 at a strain rate of 0.14 mm/min. The strain rate was chosen
according to ASTM B348-13 (ASTM, 2013). A video extensometer was used to
track the initial elongation of the gauge area. After the elongation exceeds
the threshold value, which is 2.5% for as-built specimens and 9% for the heat
treated specimens, the rest of the elongation was tracked by the testing
apparatus up to the fracture of the specimen. The obtained tensile properties
of SLM Ti-6Al-4V under different condition are presented and compared in

Chapter 4.

3.4 Characterisation of the specimen

microstructure and crystallographic texture

Various characterisation techniques were used in this study to understand
the microstructure of SLM Ti-6Al-4V under the different investigated

conditions. Section 3.4.1 introduces the procedure for sample preparation,
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and section 3.4.2 reports the techniques used for microstructure analysis.
Finally, the techniques used to characterise the crystallographic texture are

presented in section 3.4.3.

3.4.1 Sample Preparation for Microstructural Characterisation

A mirror-like surface is normally required for microstructure and crystallographic
texture analysis. The specimens were first cross-sectioned using a silica carbide
cutting blade and then mounted in conductive Bakelite. Grinding and polishing of
the specimens were conducted following the protocol suggested by Struers for Ti

alloys. Details on the grinding and polishing steps are listed in Table 3.3.

Table 3.3.Grinding and polishing procedure used in this research

Process Wheel/Cloth Lubricant Force Speed Time
Plane Grit 400 Water 25N 300rpm  Until Plane
grinding

9 um diamond

Fine grinding MD-Largo paste

25N 150rpm 5 min

Polishing MD-Chem OP-S +10% H,0, 20N 150rpm  As needed

The final step was a chemical-mechanical polishing with a mixture of 0.03um
colloidal silica suspension (OP-S) and hydrogen peroxide (H,0,, 30% diluted)
on an MD-chem cloth (Struers). The addition of hydrogen peroxide allows
continuous removal of the reaction product between titanium and the silica
suspension, leaving the surface free of colloidal silica adhesive and
mechanical deformation. After the chemical-mechanical polishing, the
specimens were immersed in distilled water and ultrasonically cleaned for 15
mins. The specimens were then cleaned individually under tap water and

finally dried with methylated spirits and a strong stream of hot air.

Where needed, the specimens were etched using an etchant solution named
Kroll’s reagent. This etchant is a water-based solution containing HF and
HNOs, which is widely used for commercial Ti alloys (Donachie, 2000). The

Kroll’s reagent used in this research consists of:
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® 4ml HF (48% concentration)
® 10ml HNO;3 (68% concentration)

® 36ml H,0 (distilled)

3.4.2 Techniques for microstructure analysis

Observations of the microstructure of SLM Ti-6Al-4V under different
conditions were carried out using a Nikon Optiphot 100 optical microscope at
various magnification from x5 to x50. A detailed study of the microstructural
was performed using the following electron microscopes at various

magnification from x1000 to x5000:

® JEOL 6060LV SEM
® JEOL 7100F FEG-SEM
The microstructure, grain morphology and size was determined using

secondary and backscatter electron imaging.

The microstructural constituents of the material under different conditions
were carried out using X-ray Diffraction (XRD) via Bruker D8 ADVANCE with
the DAVINCI XRD system. As a powerful non-destructive characterisation
technique, XRD can provide various information about the tested crystalline
materials, like structures, phases and preferred crystal orientations (Kohli,
2012). The diffraction of the X-ray is caused by the elastic scattering of the X-
ray photons in a crystal lattice, as shown in Figure 3.15 (Chatterjee, 2001).
Such diffraction can be used to determine the lattice spacing via Bragg’s Law,

as shown in Equation 3.1 (Chatterjee, 2001).
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Figure 3.15. Schematic showing the diffraction of X-ray in a crystal
lattice(Chatterjee, 2001)

nA = 2d sin @ Equation 3-1

Where n is an integer called the order of reflection, A is the wavelength of x-
rays, d is the spacing between the crystal planes of the given specimen and 6
is the angle between the incident beam and the normal to the reflecting
lattice plane, as indicated in Figure 3.15. By measuring the angle 6, the
interplanar spacing d of every single crystallographic phase can be

determined (Misture and Snyder, 2001).

During the XRD scan, the full diffraction patterns of the tested specimen were
recorded. These data were then compared with the standard line patterns
available for various compounds in the Powder Diffraction File (PDF)

database.
3.4.3 Techniques for crystallographic texture analysis

3.4.3.1 Electron backscatter diffraction (EBSD) technique

Electron backscatter diffraction (EBSD) is an additional module to an SEM
that has the ability of mapping the crystallographic orientation across a

designated area in a polycrystalline polished sample (Rollett and Barmak, 2014).
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Since it can give microstructural and crystallographic texture information at
the same time, it is useful to the study of the microstructure of complex

alloys like Ti-6Al-4V.

EBSD is based on the interaction of a high-energy beam with the crystal plane.
When an electron beam is focused on a tilted specimen of 70°, the
interaction leads to a scattering of the electrons in all possible directions. As
the scattered electrons interact with crystallographic planes within the
crystal lattice, those satisfying Bragg’s law are coherently diffracted out of
the sample along the crystal planes, as shown in Figure 3.16. When the
scattered electrons collide with a phosphor screen placed close to the
specimen (detector in Figure 3.16), a form of band patterns can be captured,
as shown in Figure 3.17. Such a pattern is also known as an EBSD pattern.
Each band in the pattern, known as Kikuchi band, has a luminance that

depends on the intensity of the diffraction (Adams et al., 2013).

ND
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crystal plane detector

RD

Figure 3.16. Schematic of the generation of the EBSD signal (EDAX,2014)
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Figure 3.17. Example of EBSD pattern, obtained from single-crystal silicon
(Adams et al., 2013)

Two types of information can be deduced from the EBSD pattern.
Intersections of the Kikuchi bands can be used to determine the crystal
structure of the grain that has been scanned. The width of the Kikuchi bands
can be used to deduce the interplanar spacing of the grain structure.
Therefore, the EBSD pattern can provide all the angular information needed
to calculate the orientation of the investigated grain. It should be noted that
the calculated orientation is related to a fixed coordinate reference system.
Usually, a sample coordinate system (ND, RD, TD) as indicated in Figure 3.16
is used. Effective interpretation of the EBSD pattern hence allows the
identification of the phase in the material and the orientation of individual

grains with respect to such coordinate system.

In this study, the EBSD results are represented in two ways. The
crystallographic texture across an area are presented in inverse pole figure
(IPF) orientation maps, and the orientation of individual grains will be

presented in discrete pole figures (PF).

The IPF orientation maps are established based on the idea that each crystal
orientation relative to the user-defined reference frame is represented by a
specific colour. Each measured crystal orientation is reduced to a point on a

reference inverse pole figure (known as the unit triangle). A unique colour is
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then assigned to each point in the unit triangle. Therefore, different colours
are linked to different orientations. By matching the colour of the grain in
orientation map with the colour in the unit triangle, the orientation of the

grain therefore can be determined. An example is shown in Figure 3.18.

In this study, all the calculated orientations are fixed to the sample reference
frame (ND, RD, TD), and all the IPF unit triangle are plotted along RD (known
as Z-IPF), as the RD of the sample reference frame is parallel to the building
direction of the SLM Ti-6Al-4V (Z direction of the original sample frame). The
location of the examined section (frontal plane) related to the original sample
frame is shown in Figure 3.19 (a), while the correlation relationship between
the sample reference frame (ND, RD, TD) of the EBSD measurement and the

original sample frame is shown in Figure 3.19 (b).

[1100]

A

[1210]

150pum

Figure 3.18. Example of Z-IPF map of SLM Ti-6Al-4V and corresponding colour
scheme unit triangle. In this map, a grains with [0001] plane normal parallel
to RD/building direction are shown in red.
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Figure 3.19. (a) Schematic showing the location of the examined section
related to the original sample frame. (b) Schematic showing the correlation
relationship between the sample reference frame of the EBSD measurement
(ND, RD, TD) and the original sample frame.

The discrete pole figure can be used to interoperate the orientation of
individual grains. In the discrete pole figure, the orientations are represented
in stereograms. The plots of the stereogram are formed by projecting each
plane of the investigated crystal cell onto a unit sphere, as shown in Figure
3.20. Due to the specific orientation of the crystal cell in the unit sphere, the
projected points have their unique positions on the southern hemisphere of
the unit sphere. Therefore, by reading the intersections with the equatorial

plane, a specific orientation of the investigated crystal cell can be determined.

(b)

Y

TD

Figure 3.20. (a) projection of the planes of the crystal cell, (b) corresponding
discrete pole figure (EDAX, 2014)
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3.4.3.2 SEM systems involved in this research to obtain the EBSD data

Two different SEMs were used in this research to obtain the EBSD data at

room temperature:

® JEOL 7100F FEG-SEM
® Helios G4 PFIB UXe DualBeam Microscopes

Prior to the EBSD scan, the investigated specimens were titled to 70° to
maximise the intensity of backscattered electrons. Step sizes varying from
0.3um to 1.5 um were used in this research based on the size of the

investigated area.

In order to track the microstructure evolution, in-situ high-temperature EBSD
scans were conducted in this research using JEOL 7100F FEG-SEM. Polished
thin plates were prepared to with dimensions approx. 3mm * 3mm * 1mm.
The specimens were then mounted on a Gatan Murano in-situ heating stages
using high-temperature carbon paste. This heating stage allowed for
controlled and progressive heating of the specimens (up to 980 °C) with the
simultaneous SEM imaging and EBSD capabilities. In this study, a heating rate
of 0.5°C/s was used during the in-situ high-temperature EBSD, and
nanoindentation marks were plotted on the sample surface to help to locate
the interested area. The SEM was vacuumed during the study to avoid any
oxidation. The results obtained from high-temperature EBSD will be reported

and discussed in Chapter 7.

The collected data from EBSD scan was analysed using HKL-Channel 5™, OIM
and the MATLAB toolbox MTex.

3.4.3.3 Reconstruction of the prior- phase

Most of the crystallographic texture was obtained at room temperature with
the limited amount of B phase retained in the structure. In order to study the
texture of prior-B grain, where needed, the high-temperature B-phase was
reconstructed from the room temperature o-phase via the Burger

Orientation Relationship (BOR).
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In this research, an in-house Matlab script was developed and used to
perform the automatic reconstruction of the § phase. The detail of the script
is introduced in Appendix A, and the validation of the script is presented in

Appendix B.

In practice, the reconstruction was carried out computing the common
grain for every 4 neighbouring a grains in the EBSD dataset. This method was
based on the theory described in the relevant literature (Humbert et al., 1995,
Humbert et al.,, 1994). The orientation of each a grain presented in the
measured dataset was initially imported into Matlab using a set of Euler
angles ¢1, ®, ¢2. Due to the crystal symmetry, rotational symmetry
elements were applied to the original orientation, so that the independent
orientations could be distinguished. In the script, the rotational symmetry
elements of the a and B phases (12 and 24, respectively) were described
using the equations established in previous related research (Humbert et al.,
1995). The BOR was described by a Bunge’s rotation matrix D (135°, 90°,
325°). By applying the rotation matrix on the independent orientations, for
each input a orientation, every possible BOR related B orientation could be
calculated. If 4 neighbouring a grains have a common B orientation solution
(misorientation smaller than 10°), then such orientation would be recognised

as the orientation of parent B.
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CHAPTER 4
4. Tensile properties of SLM Ti-6Al-4V

under the different investigated

conditions

In this chapter, the tensile properties of SLM Ti-6Al-4V under different
conditions are studied. The tensile properties of as-built samples are first
tested, which establishes a baseline on the starting material: the related
results are presented in section 4.1. Conventional furnace heat treatments
were then conducted following published standards: the results are reported
in section 4.2. The tensile properties of induction heat treated samples are
then reported in section 4.3, as well as the heating and cooling profile
recorded during these heat treatments. The heating and cooling rate of the
different induction heating processes are compared in section 4.5, followed
by a full comparison of tensile properties between different conditions. Any
deviation to the conventional baseline in tensile properties can be considered
purely related to the induction heat treatment, as the starting material was

the same.

4.1 Tensile properties of SLM Ti-6Al-4V in the as-

built condition

For three tested as-built condition samples, the tensile stress-strain curves
are shown in Figure 4.1 and the obtained results are summarised in Table 4.1.
All three samples started to yield at elongation of about 1.1%, and failed at
elongation around 5% after achieving a certain level of necking in the gauge
length of the specimens. According to ASTM B348, the minimum

requirements for Ti-6Al-4V products should be 828 MPa in yield strength, 895
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MPa in tensile strength and 10% in elongation (ASTM, 2013). The as-built
samples present an insufficient ductility with surplus strength, which
corresponds with other researches demonstrated in the literature (Zhang et
al., 2018, Vilaro et al., 2011, Guzanova et al.,, 2017, Ding et al., 2017b). The
relatively low ductility is clear evidence, which emphasises the necessity of

post heat-treatment.
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Figure 4.1 Stress-strain curve of tested as-built SLM Ti-6Al-4V samples

Table 4.1 Summary of the tensile test results of tested as-built SLM Ti-6Al-4V
samples

Specimen Young's modulus uTsS Yield stress Elongation
P E (GPa) (MPa) oy (MPa) £ (%)
Nol 123.78 1244.78 1129.54 4.99
No2 123.55 1234.88 1114.95 5.41
No3 125.82 1245.02 1124.27 5.17
Average 124.38 1241.56 1122.92 5.19
Standard 1.02 4.72 6.03 0.17
deviation
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4.2 Tensile properties of SLM Ti-6Al-4V after

conventional heat treatments

The procedure of conventional furnace heat treatment is established by
following published standards, i.e. annealing at 925°C for 2 hours then ageing

at 700°C for 4 hours.

For all five furnace heat treated samples, the tensile stress-strain curves are
shown in Figure 4.2, and the obtained results are summarised in Table 4.2.
The test results suggest that after the established conventional furnace heat
treatment, the tensile properties of SLM Ti-6Al-4V achieve the requirement

of ASTM B348 (ASTM, 2013).
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Figure 4.2 Stress-strain curve of tested furnace heat treated SLM Ti-6Al-4V
samples
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Table 4.2 Summary of the tensile test results of tested furnace heat treated
SLM Ti-6Al-4V samples

Specimen Young's modulus uTsS Yield stress Elongation
P E (GPa) (MPa) oy (MPa) £ (%)
Nol 119.07 919.62 837.72 16.55
No2 120.4 891.36 810.11 14.87
No3 121.71 905.2 827.42 15.1
No4 123.31 924.45 846.07 16.26
No5 122.05 925.3 844.8 16.67
Average 121.31 913.19 833.22 15.89
Standard 1.45 13.08 13.32 0.75
deviation

4.3 Tensile properties of SLM Ti-6Al-4V after

induction heat treatment

Four different induction heat treatments were applied in this study. In this
section, the heating and cooling profiles recorded during the specified
induction heating processes are reported, as well as the tensile properties

achieved after the corresponding heat treatments.
4.3.1 Induction heat treatment above 980°C

This section reports details on the heating and cooling profiles during the
specified induction heat treatment and the tensile properties of the

specimens that were subjected to this heat treatment.

4.3.1.1 Heating and cooling profile recorded during the specified induction

heating process

The heating and cooling profile experienced by the specimens during the
specified induction heating are presented in Figure 4.3. Figure 4.3 (a) to (e)

shows the recorded temperature-time curves at different locations along the
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gauge length of specimen Nol to 5, respectively. The average temperature
profile of different specimens are shown in Figure 4.3 (f). The curves overlap
with each other in all six figures suggesting a good consistency across the

induction heating experiments.
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Figure 4.3 Heating and cooling profiles of induction heat treatment above
980°C: (a) to (e), recorded temperature-time curve of specimen No 1 to 5,
respectively; (f) averaged temperature profile of different specimens.

For the specified induction heat treatment, the peak temperature achieved,
heating rate and cooling rate are the three key indicators. Detailed values of
such indicators in each heating process are summarised in Table 4.3. The
recorded peak temperature ranges from 986°C to 1007°C, the temperature
difference of which is 21°C. This temperature difference is within the
acceptable range for the heat treatment of Ti-6Al-4V parts (36°C), as
suggested in AMS2801B (SAE, 2014). For treated samples, the average
heating rate is 10.29 + 0.14 °C/s with an average cooling rate of 3.99 +

0.06°C/s. The standard deviation of heating rate and cooling rate are both
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smaller than 1.5% from the mean value, which indicates the conducted heat

treatment is a consistent process.

Table 4.3 Summary of recorded peak temperature, heating rate and cooling

rate regard to induction heat treatment above 980°C

Peak Temperature (°C)

Heatin  Coolin
g rate g rate

(°C/s)  (°C/s)

. Thermoc Thermoc Thermoc Thermoc (from
Speci peak
ouple ouple ouple ouple Average

men Nol No2 No3 No4 to
400°C)

Nol 991.13 997.94 1000.87 990.29 995.06 10.38 3.97
No2 989.59 992.49 998.85 986.77 991.93 10.04 4.06
No3 991.46 999.47 997.31 985.33 993.39 10.24 4.02
No4 989.98 1001.89 1002.53 995.54 997.49 10.35 3.89
No5 989.95 1002.42 1006.87  995.82 998.77 10.42 4.02

4.3.1.2 Tensile properties of SLM Ti-6Al-4V that were subjected to the

specified heat treatment

The tensile stress-strain curves are shown in Figure 4.4, and the obtained

results are summarised in Table 4.4. The test results suggest with a maximum

treatment temperature extremely close to B transus, under limited soaking

time and after ageing treatment, the tensile properties of treated SLM Ti-6Al-

4V can also meet the requirement of ASTM B348 (ASTM, 2013).
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Figure 4.4 Stress-strain curve of SLM Ti-6Al-4V samples induction heat treated
above 980°C followed by 700°C ageing for 4 hours.

Table 4.4 Summary of the tensile test results of SLM Ti-6Al-4V samples
induction heat treated above 980°C followed by 700°C ageing for 4 hours

Specimen Young's modulus uTsS Yield stress Elongation
P E (GPa) (MPa) oy (MPa) £ (%)
Nol 119.41 919.63 834.95 15.42
No2 117.47 917.30 833.81 15.10
No3 114.33 923.27 841.32 17.82
No4 117.91 894.41 812.12 14.98
No5 117.99 917.59 831.84 15.98
Average 117.02 940.19 830.81 15.86
Standard 1.62 10.24 9.87 1.04
deviation

4.3.2 Induction heat treatment above 1005°C

This section reports details on the heating and cooling profiles during the

specified induction heat treatment and the tensile properties of the

specimens that were subjected to this heat treatment.
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4.3.2.1 Heating and cooling profile recorded during the specified induction

heating process

Heating and cooling profile recorded during the specified induction heating

are presented in Figure 4.5. Figure 4.5 (a) to (e) are the recorded

temperature-time curves at different locations along the gauge length of

specimen Nol to 5, respectively. The averaged temperature profile of

different specimens are shown in Figure 4.5 (f).
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Figure 4.5 Heating and cooling profiles of induction heat treatment above

1005°C: (a) to (e), recorded temperature-time curve of specimen No 1 to 5,

respectively; (f) averaged temperature profile of different specimens.
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Table 4.5 Summary of recorded peak temperature, heating rate and cooling
rate regard to induction heat treatment above 1005°C

Heatin  Coolin

Peak Temperature (°C) g rate g rate
(°C/s)  (°C/s)
. Thermoc Thermoc Thermoc Thermoc (from
Speci peak
ouple ouple ouple ouple Average
men Nol No2 No3 No4 to
400°C)

Nol 1009.35 1024.97 1027.90 1015.76 1019.50 10.30 4.06

No2 1010.00 1012.58 1023.32 1007.34 101331 10.34 4.03

No3 1008.50 1016.58 1024.06 1009.73 1014.72 1041 4.10

No4 1007.96 1018.21 1023.78 1009.18 1014.78 10.35 3.99

No5 1011.33 101790 1026.94 1019.86 1019.01 10.73 4.18

The peak temperature recorded, heating rate and the cooling rate for this
group of treatment are summarised in Table 4.5. The recorded peak
temperature ranges from 1007°C to 1028°C, the temperature difference of
which is 21°C, within the acceptable range (36°C). For the treated samples,
the average heating rate is 10.43 + 0.16 °C/s with an average cooling rate of

4.07 £ 0.06°C/s. This group of heat treatment also presents good consistency.

4.3.2.2 Tensile properties of SLM Ti-6Al-4V that were subjected to the

specified heat treatment

The tensile stress-strain curves are shown in Figure 4.6 and the obtained
results are summarised in Table 4.6. The test results suggest for SLM Ti-6Al-
4V, which were short time annealed at B transus temperature and then
ageing treated, their tensile properties can also meet the requirement of

ASTM B348 (ASTM, 2013).
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Figure 4.6 Stress-strain curve of SLM Ti-6Al-4V samples induction heat treated
above 1005°C followed by 700°C ageing for 4 hours.

Table 4.6 Summary of the tensile test results of SLM Ti-6Al-4V samples
induction heat treated above 1005°C followed by 700°C ageing for 4 hours

Specimen Young's modulus uTsS Yield stress Elongation
P E (GPa) (MPa) oy (MPa) £ (%)
Nol 116.73 938.68 860.95 15.54
No2 117.49 959.20 882.96 14.52
No3 116.21 931.67 849.74 17.42
No4 121.67 931.65 853.93 15.48
No5 118.74 922.13 843.12 17.01
Average 118.17 936.67 858.14 15.97
Standard 1.95 12.44 13.70 1.07
deviation

4.3.3 Induction heat treatment above 1030°C

This section reports details on the heating and cooling profiles during the

specified induction heat treatment and the tensile properties of the

specimens that were subjected to this heat treatment.
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4.3.3.1 Heating and cooling profile recorded during the specified induction

heating process

Heating and cooling profiles recorded during induction heating are presented
in Figure 4.7. Figure 4.7 (a) to (e) are the recorded temperature-time curves
at different locations along the gauge length of specimen Nol to 5,
respectively. Averaged temperature profiles of the different specimens are
shown in Figure 4.7 (f). Peak temperature recorded, heating rate and cooling
rate for this group of treatment are summarised in Table 4.7. The recorded
peak temperature range from 1032°C to 1062°C, the temperature difference
of which is 30°C, within the acceptable range suggested in section 3.2 (36°C).
For treated samples, the average heating rate is 10.00 + 0.21 °C/s with an
average cooling rate of 4.22 + 0.05 °C/s. This group of heat treatment also

present good consistency.
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Figure 4.7 Heating and cooling profile of induction heat treatment above
1030°C: (a) to (e), recorded temperature-time curve of specimen No 1 to 5,
respectively; (f) averaged temperature profile of different specimens.
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Table 4.7 Summary of recorded peak temperature, heating rate and cooling
rate regard to induction heat treatment above 1030°C

Heatin  Coolin

Peak Temperature (°C) grate grate
(°C/s)  (°C/s)
. Thermoc Thermoc Thermoc Thermoc (from
Speci peak
ouple ouple ouple ouple Average
MmN No1 No2 No3 No4 to
400°C)

Nol 1037.53 1055.42 1061.49 1055.88 1052.58 10.12 4.18
No2 1032.05 1052.39 1055.61 1041.79 1045.46 10.30 4.19
No3 1033.42 1050.03 1056.63 1042.67 1045.69 10.01 4.18
No4 1041.08 1048.70 1058.56 1039.27 1046.90 9.92 4.23

No5 1032.81 1053.82 1057.29 1050.04 1048.49 9.66 431

4.3.3.2 Tensile properties of SLM Ti-6Al-4V that were subjected to the

specified heat treatment

The tensile stress-strain curves are shown in Figure 4.8 and the obtained
results are summarised in Table 4.8. The test results suggest that for SLM Ti-
6AIl-4V, which were short time annealed above B transus temperature and
then ageing treated, their tensile properties can also meet the requirement

of ASTM B348 (ASTM, 2013).
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Figure 4.8 Stress-strain curve of SLM Ti-6Al-4V samples induction heat treated
above 1030°C followed by 700°C ageing for 4 hours.

Table 4.8 Summary of the tensile test results of SLM Ti-6Al-4V samples
induction heat treated above 1030°C followed by 700°C ageing for 4 hours

Specimen Young's modulus uTsS Yield stress Elongation
P E (GPa) (MPa) oy (MPa) £ (%)
Nol 121.34 955.73 873.47 17.53
No2 122.03 936.67 856.89 15.61
No3 120.42 927.65 847.22 17.19
No4 120.07 925.55 845.21 15.90
No5 122.05 926.68 846.03 16.62
Average 121.18 934.45 853.76 16.57
Standard 0.81 11.34 10.71 0.73
deviation
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4.3.4 Induction heat treatment above 1030°C without

subsequent ageing

This section reports details on the heating and cooling profiles during the
specified induction heat treatment and the tensile properties of the

specimens that were subjected to this heat treatment.

4.3.4.1 Heating and cooling profile recorded during the specified induction

heating process

Heating and cooling profile recorded during the specified induction heating
are presented in Figure 4.9. Figure 4.9 (a) to (e) are the recorded
temperature-time curves at different locations along the gauge length of
specimen Nol to 5 respectively. Averaged temperature profiles of different

specimens are shown in Figure 4.9 (f).
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Figure 4.9 Temperature profiles of induction heat treatment above 1030°C
without subsequent ageing: (a) to (e), recorded temperature-time curve of
specimen No 1 to 5, respectively; (f) averaged temperature profile of different

specimens.
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The peak temperature recorded, heating rate and cooling rate for this group
of treatment are summarised in Table 4.9. The recorded peak temperature
ranges from 1031°C to 1062°C, the temperature difference of which is 31°C,
which is within the acceptable range suggested in section 3.2 (36°C). For
treated samples, the average heating rate is 10.20 + 0.16 °C/s with an
average cooling rate of 4.25 + 0.08 °C/s. The last group of heat treatment still

presents a good consistency.

Table 4.9 Summary of recorded peak temperature, heating rate and cooling
rate regard to induction heat treatment above 1030°C without subsequent

ageing
Heatin  Coolin
Peak Temperature (°C) grate  grate
(°C/s)  (°C/s)
. Thermoc Thermoc Thermoc Thermoc (from
Speci peak

ouple ouple ouple ouple Average

MmN No1 No2 No3 No4 to
400°C)

Nol 1036.95 1056.50 1061.47 1058.77 1053.42 10.18 4.19

No2 1031.19 1051.05 1054.66 1042.85 1044.94 10.29 4.19

No3 1037.72  1053.11 1050.66 1043.81 1046.32 10.40 4.22

No4 1036.67 1046.06 1044.69 1041.78 1042.30 10.22 4.41

No5 1041.76  1049.72 1060.34 1037.73 1047.39 9.93 4.22

4.3.4.2 Tensile properties of SLM Ti-6Al-4V that were subjected to the

specified heat treatment

The tensile stress-strain curves are shown in Figure 4.10 and the obtained
results are summarised in Table 4.10. The test results suggest with limited
soaking time beyond the B transus, the tensile properties of treated SLM Ti-
6AIl-4V can meet the requirement of ASTM B348 even without proper ageing
(ASTM, 2013).
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Figure 4.10 Stress-strain curve of SLM Ti-6Al-4V samples induction heat
treated above 1030°C, without subsequent ageing

Table 4.10 Summary of the tensile test results of SLM Ti-6Al-4V samples
induction heat treated above 1030°C, without subsequent ageing

Specimen Young's modulus uTsS Yield stress Elongation
P E (GPa) (MPa) oy (MPa) £ (%)
Nol 118.83 943.67 834.66 15.67
No2 116.54 931.64 823.41 14.57
No3 120.26 956.24 847.17 15.87
No4 117.83 941.78 831.15 16.53
No5 118.49 927.64 821.78 14.46
Average 118.39 940.19 831.63 15.42
Standard 1.22 10.03 9.12 0.79
deviation
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4.4 Comparison and discussion of the induction
heating processes and the corresponding tensile

properties of SLM Ti-6Al-4V

4.4.1 Consistency of the induction heating processes

In the presented study, four groups of specimens have been induction heat
treated via the bespoke induction heating system. Consistency between each
heating process is the key to achieving the intended experimental purpose.
The results reported in section 4.3 evidence such consistency within each
tested group. In addition, the average heating rate (room temperature to
peak temperature) and average cooling rate (peak temperature to 400°C) of

each group are compared in Table 4.11.

Two groups of samples were induction heat treated above 1030°, the group
that was experienced a subsequently ageing treatment (reported in section
4.3.3) will be referred to as group one, the other group that has not
experienced any ageing treatment (reported in section 4.3.4) will be referred

to as group two.

Table 4.11 Summary of the average heating rate (room temperature to peak
temperature) and average cooling rate (peak temperature to 400°C) of each
induction heat treated group

Test group Heating rate (°C/s) Cooling rate (°C/s)
Induction hea;cmg above 10.29 +0.14 3.99+0.06
980
Induction heatomg above 10.43 +0.16 4.07 +0.06
1005
Inductloon heating above 10.00 + 0.21 4.22 +0.05
1030° (group one)
Induction heating above 10.20 +0.16 4.25 +0.08

1030° (group two)

Table 4.11 shows each test group sharing a steady heating rate around

10.2°C/s and a similar cooling rate. The cooling rate of high target
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temperature group is insignificantly higher than the low target temperature
group (i.e. 4.25°C/s vs 3.99°C/s), since heat exchange with ambient
atmosphere for the former group is slightly more intense than the last one at
the beginning of cooling due to a higher starting temperature, and the
cooling rates reported in this research only counts the front part of the
cooling. Ahmed and Rack (1998) suggest that non-equilibrium transformation
of high temperature B only happens at a cooling rate higher than 20°C/s,
which means insignificant difference around 4°C/s in the cooling rate will

have limited influence on the final microstructure and tensile properties.

Thus, the recorded temperature indicates that the used induction furnace is a
reliable apparatus to fulfil the task. Any difference in the final microstructure
and tensile properties for different induction treated groups will directly be

linked to the set target temperatures.

4.4.2 Tensile properties of SLM Ti-6Al-4V that were subjected to

different heat treatments

All the tested stress-strain curves are summarised in Figure 4.11. A summary
of average tensile properties of each condition tested in this research is
present in Table 4.12, as well as the duration of each treatment. In addition, a

full comparison displayed in the histogram is shown in Figure 4.12.
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Figure 4.11 Summary of the stress-strain curves of SLM Ti-6Al-4V samples

under different heat treatments

Table 4.12 Summary of average tensile properties and duration of treatment

for each tested condition

r::;l:jr;gl;ss uTsS Yield stress  Elongation Treatment

E (GPa) (MPa) oy (MPa) € (%) duration (h)
pobyl  1203BEIUISEEL292: o0,
e 9B S g0nn
e ST
e O A R
e L I E N
Induction
Nl;)’a;(g)i":g 1118.'2329 * 94;(())%)5;1- 8391.':323 * 15.42 £0.79 0.33
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Figure 4.12 Comparison of average tensile properties for each of the
conditions tested.

The test results further strengthened the universal understanding that for
SLM Ti-6Al-4V, post-heat treatments provide a trade-off between the
strength and ductility. By sacrificing certain strengths, the original low
ductility existed in the as-built condition can be improved (Qian et al., 2016,

AmirMahyar et al., 2017, Fan and Feng, 2018).

SLM Ti-6Al-4V specimens after all five post-heat treatments can achieve
tensile properties that meet the requirement of ASTM B348 (ASTM, 2013).
None of the tensile properties obtained after induction heat treatment is
worse than that which was obtained after conventional furnace treatment.
Due to the advantage of volumetric heating, both of the four induction
groups enjoy much shorter process duration compared to furnace group. In
extreme cases, without the subsequent ageing, it only takes 20 minutes to
complete the specified induction heat treatment, while conventional

treatment needs 12 hours to complete the whole process.
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For samples that were first treated with induction heating to a temperature
of about 980 and then experienced ageing treatment, their yield stress, UTS,
and elongation are similar to the properties of the conventional heat treated
ones. Differences in all three values between the two groups are smaller than

0.5%, which can be considered as negligible.

For samples that were first treated with induction heating to a temperature
near or above the B transus (1005°C and 1030°C respectively) and then
experienced ageing treatment, they possess an elongation similar to the
conventional heat treated ones, but with higher yield stress and UTS. The
difference between the elongation of the induction heat treated ones and
the elongation of the conventional heat treated ones is within the range of
calculated standard deviations. However, the differences in yield stress and

UTS are beyond this range.

Compared to the conventional heat treated one, the improvements after
induction heat treatment are not significant, which is 2% in UTS and 3% in
yield stress. However, it clearly demonstrated that SLM Ti-6Al-4V after short
time beta annealing could achieve strength at least equivalent to
conventional sub-transus heat treatment, while conventional beta annealing
normally leads to an unacceptable reduction in strength (Vilaro et al., 2011,

Vrancken et al., 2012, Popovich et al., 2015).

For samples that were both treated with induction heating to a temperature
about 1030°C, those experienced subsequent ageing appear to have a higher
yield strength compared to the other one, which indicates the influence of
age hardening. Ageing is a process that allows the alloying element to diffuse
through the microstructure to achieve a more stable distribution. It can also
promote the formation of intermetallic precipitation (Totten, 2006). Possible
mechanisms for age hardening of Ti-6Al-4V are related to the a phase
coarsening and the precipitation of nanometre-sized a, (TisAl) particles inside

the a phase (Lee et al., 2004, Carreon et al., 2017).
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4.5 Summary

In this chapter, the tensile properties of SLM Ti-6Al-4V post-processed by
different heat treatments were examined. The as-built samples possess a
strong strength with low ductility, which cannot meet the requirements
requested by related standards. This corresponds to the similar findings
reported in the literature (Vilaro et al., 2011, Vrancken et al., 2012, Liu and
Shin, 2019). For these reasons, post-process heat treatments are necessary

for SLM Ti-6Al-4V components intended for industrial application.

It is shown that the induction heating apparatus used in this research can
provide stable and consistent heating at an average heating rate about
10°C/s for target heating temperature around 1000°C. Benefit from the fast
heating and the excluding of soaking at the target temperature, induction
heat treated samples experienced a reduced process duration comparing to

conventional heat treated samples.

It has been found all heat treated samples obtain tensile properties, which
meet the requirement of related standards (ASTM, 2013, ASTM, 2014b).
Samples treated with induction heating to a temperature below the B transus
possess the similar tensile properties as samples treated with conventional
heating, while the samples experienced short time beta annealing present an
improved strength with a similar elongation compared to the conventional
heat treated ones. The results suggest, on the tested size of SLM Ti-6Al-4V
samples (60mm length and 9mm diameter), short time beta annealing can
provide equivalent or improved tensile properties compared to conventional

heat treated samples with reduced process duration.

The effect of age hardening is also shown in this research. The literature
suggest the mechanisms are results of a phase coarsening and precipitation
of intermetallic nanometre-sized a5 (TizAl) (Lee et al.,, 2004, Carreon et al.,

2017).
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The short time beta annealed samples provide completely different tensile
properties compared to conventional beta annealed properties presented in
the literature (Vilaro et al., 2011, Vrancken et al., 2012), which indicates a
different morphology in the obtained microstructure. This will be discussed in

Chapter 5.
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CHAPTER 5

5. Influence of heat treatments on the

microstructure of SLM Ti-6Al-4V

The mechanical properties of the material are closely related to its
microstructure. According to section 2.3.3, SLM Ti-6Al-4V samples that are
heat treated conventionally above B transus will obtain a significantly
reduced strength compared to those treated below B transus. The samples
treated with induction heating in chapter 4 present a different situation to its
conventional heat treated counterparts (same target temperature above B
transus), which suggests the existence of some microstructural differences.
The microstructure of all heat treated SLM Ti-6Al-4V reported in chapter 4
will be characterised and analysed in this chapter, as well as their initial
microstructure (untreated as-built). Interpretation of how microstructure

influences the corresponding mechanical properties will also be discussed.

Microstructural constituents, identified by X-Ray Diffraction (XRD), subjected
to different heat treatments, are compared in section 5.1, following by the
discussion of their evolution. Typical microstructure observed under optical
microscope and Scanning Electron Microscope (SEM) are analysed in section
5.2, focused on distinct characteristics under different heat treatments and
their effects on mechanical properties. Phase orientation maps measured by
Electron Backscatter Diffraction (EBSD) are presented in section 5.3, as well
as corresponding reconstructed high-temperature B orientation maps. The
mechanisms that may lead to the microstructure evolution during short time

B annealing are also discussed in this section.
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5.1 Microstructural constituents of SLM Ti-6Al-4V

subjected to heat treatments

The XRD analysis of as-built material indicates the presence of the hcp phase
only, as shown in Figure 5.1. For Ti-6Al-4V, the hcp pattern can be a result of
either a-phase or martensitic a’, as they all share a same crystalline structure
and have similar lattice parameters (Luca et al., 2010, da Silva et al., 1999).
Considering the cooling rate of solidification inside the melt pool during SLM
processing — which is up up to 10%°C/s (Criales et al., 2017, Everton et al.,
2016) — the hcp microstructure here is interpreted as o’. Therefore, the
metastable martensite is the only phase present at room temperature for as-

built SLM Ti-6Al-4V, which is also the starting microstructure for all heat

treatments.
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Figure 5.1 Typical XRD spectrum obtained from Ti-6Al-4V specimens in the as-
built condition.

The XRD patterns of SLM Ti-6Al-4V subjected to different heat treatments are
compared in Figure 5.2. A considerable resemblance is recognised in this

figure as all XRD patterns share very similar waveform. Signal peaks are
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detected at identical 20 angles (2Theta) for different samples. Each signal
peak represents a reflection of a particular crystalline structure with creation
orientation, as demonstrated in Figure 5.3, using XRD pattern of samples
induction heat treated above 1005°C as an example. Apparently, all XRD

patterns in Figure 5.2 reveal a combination of hcp phase and bcc phase.
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Figure 5.2. XRD spectrum obtained from SLM Ti-6Al-4V subjected to different
heat treatments
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Figure 5.3. Interpretation of XRD spectrum with corresponding crystalline
structure and orientation, sample was induction heat treated above 1005°C

The bcc pattern represents the B phase, which is clearly characterised by the
(110) reflection. While the hcp pattern here should be interpreted as a phase,
considering the cooling rate experienced in all conditions, which is 7°C/min
for conventional heat treatment and 4°C/s for induction heat treatment. Thus,
no matter what kind of heat treatment SLM Ti-6Al-4V samples experienced in
the previous chapter, the final microstructure is always a mixture of a+p

phases.

As conventional heat treatments were conducted at a slow heating rate of
10°C/min, they can be considered as near equilibrium conditions. When SLM
Ti-6Al-4V anneal at a temperature, which is above the martensite start
temperature M (~800°C) and below the B transus temperature (~1000°C),
like 925°C in the present study, the starting structure, martensitic o', will
transform into a mixture of hcp a and bcc B (Sallica-Leva et al., 2016, Qazi et
al., 2003). On the air cooling after annealing, some high temperature B phase
transform into a while others remain as residual B. The following ageing at a
relatively lower temperature (700°C) does not alter the existing
microstructure at the micron-scale (Carreon et al., 2017). However, research

suggested the ageing can help to promote the precipitation of intermetallic
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nanometre-sized o, (TisAl) particles inside the a phase (Lee et al., 2004,
Carreon et al., 2017). Therefore, the room temperature microstructural
constituents of furnace treated SLM Ti-6Al-4V, as the XRD pattern reveals, are

a combination of a phase and B phase.

Compared to conventional heat treatments, induction heat treatments were
conducted at a much higher heating rate of 10°C/s. Ivasishin and Teliovich
(1999) reported an alternative decomposition route for metastable o’ in
titanium alloys under rapid heating, during which the a’ first transform into
metastable B then decompose to a+p, instead of directly decomposing into
o+B. However, for Ti-6Al-4V, such alternative route normally feasible at a
heating rate above 50°C/s (lvasishin and Teliovich, 1999), much higher than
that which has been applied in this study. Therefore the decomposition of o’

during the conducted induction heat treatment still follows o’ >a+p route.

During the induction heating, a’ starts to decompose when the temperature
exceeds the martensite start temperature M (~800°C). As the temperature
further rises, the material evolves towards the one phase field. Therefore the
o phase, which is decomposed from the o', gradually transform to the high
temperature phase, until reaching the point that the entire material consists
of only the high temperature phase. The XRD spectrum of the induction heat
treated samples suggest that, other than B phase, no additional high
temperature phases are generated during this heating process. Since any
potential additional high temperature phases are likely to introduce new
reflection in the XRD spectrum, during the cooling process, the evolution of
the B phase is similar to what happens in the furnace heat treatment.
Therefore, the final microstructural constituents of induction heat treated

SLM Ti-6Al-4V is also a mixture of a+p.
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5.2 Typical microstructure of SLM Ti-6Al-4V that

were subjected to different heat treatment

For metallic materials, like Ti-6Al-4V, different heat treatment routes usually
result in a diversity of the final microstructure. In order to interpret the
microstructure evolution during heat treatment, first of all, the initial
microstructure should be characterised. Therefore, the typical microstructure
of as-built SLM Ti-6Al-4V is described in section 5.2.1, followed by the
microstructure of conventional heat treated and induction heat treated

samples in section 5.2.2 and 5.2.3, respectively.

Without additional specification, all the microstructure images in this chapter
are analysed on the frontal plane of the specimens, in which the building
direction (Z direction) is parallel to the height of the image, as indicated in

Figure 5.4.

5.2.1 Typical microstructure of SLM Ti-6Al-4V in as-built

condition

Figure 5.4 shows the typical microstructure of the untreated as-built SLM Ti-
6Al-4V. Columnar prior-f grains with an average width of 83.81 + 8.25 um are
observed in Figure 5.4(a), prolonged along the building direction. The width
of the prior-fB grain is positively correlated with the applied hatch distance,
while the columnar shape is caused by the direction cooling as well as the
successive layer deposition during the printing (Wu et al., 2016c). During the
solidification of the melt pool, heat dissipates through the underneath
solidified layers, in a direction parallel to the building direction, which decides

the growth direction of the columnar grain (Shunmugavel et al., 2017).

Figure 5.4(b) — (d) show fine, acicular a’ needles filled within prior-B grains,
with average width close to 1um, which is the results of fast cooling as

discussed in the previous section. Interweaved pattern of o’ martensites
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suggests a concurrent growth of different variants during cooling (Wu et al.,

2016c).

As a’ martensite is a metastable phase that contains a high density of
dislocations and twins (Zhang et al., 2018), those metallurgy faults lead to a
brittle appearance for as-built specimens in the tensile test, as shown in
chapter 4. It is also known that the columnar shape is an anisotropy structure,
its mechanical properties vary with test direction, which would potentially
lead to premature failure under loading in an unfavourable direction (Zhang
et al.,, 2018). In chapter 4, the tensile tests were conducted in a direction
parallel to the growth direction of the columnar prior-B grain, which is the
most favourable loading direction of the columnar grain. Therefore, the
tensile properties exhibited in chapter 4 are likely to be the best results that
as-built material can achieve in all test directions (Guzanova et al., 2017, Yang

et al., 2017).

Figure 5.4. Typical microstructure of the as-built specimen: (a) optical

microscope image showing columnar prior-8 grains parallel to the building
direction; (b) optical microscope image showing fine acicular o’ martensite
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within the prior-8 grains; (c) (d) backscattered electron image showing the
details of the fine acicular a’ martensite.

5.2.2 Typical microstructure of SLM Ti-6Al-4V that were treated

with conventional heating

In chapter 4, a group of SLM Ti-6Al-4V was conventional heat treated
following published standards, soaking at 925°C for 2 hours then ageing at
700°C for 4 hours, which provides the reference tensile properties that can
be achieved by the conventional heat treatment at its best. The

microstructure after such heat treatment is exhibited in Figure 5.5.

Similarities are noticed when comparing the microstructures of the sub-
transus heat treated SLM Ti-6Al-4V with the as-built ones. The same
columnar prior-p grains are presented in Figure 5.5 (a), which grow along the
building direction with an average width of 87.09 + 10.94 um, similar to what
was observed in the as-built specimen. Multi-crossover a and B lamellas, as
characterised in Figure 5.5 (b) and (c), forms basket wave morphology.
Research suggests when martensite a’ decompose during the heat treatment,
a phase first nucleate within the acicular o’ phase, pushes vanadium in the
alloy to the boundary of the newly formed a phase (Zhang et al., 2018). The
elements partitioning then leads to the formation of B phase in the
vanadium-rich area between a lamellas (Zhang et al., 2018). The elements
partitioning can be evidenced by the different contrast showing in the SEM
images (Figure 5.5 (c) and (d)), where the vanadium enriched area has a
lighter appearance. Consequently, the observed interlaced arrangement of a
and B lamellas are expected to be inherited from the interweaved pattern of

the as-built @’ martensites.

Therefore, sub-transus heat treated microstructure is believed to be closely
linked to the as-built one. Sub-transus heat treatment only decomposes
original o’ into a+B with the inheritance of interweaved pattern, but will not
trigger any significant recrystallisation or grain growth that will lead to the

change of the size and shape of the original prior-B grain.
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a lamellas with an average width of 1.39 * 0.12 um can be clearly
characterised in  Figure 5.5 (c) and (d), which presents a significant
coarsening when compared with the width of the initial a’ martensite
(smaller than 1um). The observed coarsening is believed to be driven by the
reduction of interfacial energy and the competitive growth between a and
phase at high temperature (Zhang et al., 2018). This mechanism can also be
evidenced by the presence of equiaxed a grains, indicated by white arrows in
Figure 5.5 (d). The change in morphology of the a phase during heat
treatment has been the subject of ongoing investigations and might be

related to the globularising phenomena described in related literature

(Stefansson and Semiatin, 2003).

Figure 5.5. Typical microstructure of the SLM Ti-6Al-4V after furnace treated
at 925°C for 2 hours then ageing treated at 700°C for 4 hours: (a) optical
microscope image showing columnar prior-8 grains parallel to the building
direction, similar to what has been observed in as-built condition; (b) optical
microscope image showing interweaved lamellar a+8 within the prior-8
grains (c) backscattered electron image showing the details of the
interweaved lamellar a+8; (d) backscattered electron image showing the
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coarsening of a lamella and the appearance of globularised o phase, as
indicated by white arrows.

Nevertheless, it is believed that the decomposition of a’ martensites
eliminates most of the dislocations and twins stored in the metastable phase
via annihilation and rearrangement (Sallica-Leva et al., 2016). The heat
treatment also relieves most of the residual stresses stored in the as-built
material. These factors and the concurrent action of the two phases (a+B) all
lead to more balanced properties in ductility and strength. This explains why
the conventional heat treated samples have a much better ductility (15.89%)
compared to the as-built samples (5.19%), as well as the decline in strength.
However, the columnar shape remains unchanged after sub-transus heat
treatment, which means the sub-transus heat treated samples still present
anisotropy behaviours. In this case, the tensile properties exhibited in
chapter 4 are likely to be the best results conventional heat treated sample

that can be achieved in all test directions.

Contrary to sub-transus heat treatment, conventional super-transus heat
treatment of SLM Ti-6Al-4V often leads to unfavourable properties, as has
been reported in many places (Vrancken et al.,, 2012, Luca et al.,, 2010,
AmirMahyar et al., 2017). As a quick comparison, microstructure of SLM Ti-
6Al-4V that were conventional heat treated above B transus is presented in
Figure 5.6. It has been soaked at 1030°C for 2 hours to conduct uniform B
annealing. It can be observed that the original columnar shape of the prior-
grains develops to equiaxed or quasi-equiaxed shape, with vast increases in
grain size, some even have a diameter larger than 1mm, as shown in Figure
5.6 (a). Parallel lamellar a+B is dominated within prior-B grains, as
characterised in Figure 5.6 (b). This parallel assembly, which is different from
the interweaved structure in sub-transus heat treated specimen, suggests
growth from the same variant (Wu et al., 2016c). Lack of resemblance in
texture between super-transus heat treated specimen and sub-transus heat
treated ones indicates that significant recrystallisation or grain growth

happens in the single high temperature phase region. Continuous grain
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boundary a is observed in Figure 5.6 (b), located by a series of white arrows.
The grain boundary a, which cannot be seen in sub-transus heat treated
specimens (Figure 5.5), is thicker than the a lath inside the prior-B grain.
When cooling from the single B phase region, the a phase firstly forms at the
boundary of the prior-B grain (Kumar et al., 2015). Therefore, the grain
boundary a has a longer growth duration compare to the a lath inside the

prior-B grain, which leads to a thicker morphology.

Generally, a certain amount of soaking time (over 1 hour) is required for
conventional furnace heat treatment to achieve uniform heating within
specimens. However, Ti-6Al-4V grains grow rapidly once they enter into the
single phase region, which leads to the observed coarse grain structure after
conventional super-transus heat treatment (Figure 5.6(a)). Based on the Hall-
Petch Relationship detail explained in section 2.3.4, as well as the related
experimental evidence (lvasishin and Teliovich, 1999), is clear that the
properties of titanium alloys strongly depend on the grain size of the high
temperature phase, the smaller the grain size is, the better mechanical
properties the material can achieve. Therefore, the observed coarse prior-f
grain structure leads to a worse strength and ductility for conventional super-
transus heat treated specimens, when compared with sub-transus heat
treated ones, as reported in many researches (Vrancken et al., 2012, Luca et

al., 2010, AmirMahyar et al., 2017).

Figure 5.6. Typical microstructure of the SLM Ti-6Al-4V after furnace treated
at 1030°C for 2hours: (a) optical microscope image showing coarse equiaxed
prior-8 grain in enormous size; (b) optical microscope image showing parallel
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lamellar a+8 fill inside the prior-8 grain with continuous grain boundary o (as
indicated by white arrows) at the prior-8 grain boundaries.

5.2.3 Typical microstructure of SLM Ti-6Al-4V that were treated

with induction heating

Four different types of induction heat treatments were conducted in chapter
4. All the specimens were heated up to a temperature around the B transus
temperature. The main differences between them are the peak temperature
and whether they are with or without a subsequent ageing process. The
microstructures of these four group specimens are presented from Figure 5.7

to Figure 5.10.

It can be observed from Figure 5.7 (a), Figure 5.8 (a), Figure 5.9 (a) and Figure
5.10 (a) that, in every induction heated specimens, the prior- grains develop
an equiaxed or quasi-equiaxed morphology. This transformation is similar to
that which has been observed on the specimens that have been
conventionally heated above B transus (Figure 5.6). The specimens that were
subject to induction heat treatment however exhibit a much smaller average
grain diameter, as reported in Table 5.1. The difference in grain diameter
suggests that the recrystallisation or the grain growth of the prior-f grains
were suppressed to a minimal level. This is mainly due to the limited duration
these specimens were exposed in the high temperature phase region during
the induction heat treatment, which helps to preserve the fine structure of

the newly developed prior-f grains.

However, a certain level of elongated prior-B grain structure can still be
observed in specimens heated just above 980°C (Figure 5.7 (a)). Since the
temperature, 980°C, is slightly below the B transus temperature (~1000°C), it
can be assumed that the material has not fully entered into single phase
region during the heat treatment. The residual a phase may maintain some

of the original prior-B grain structure, as seen in Figure 5.7 (a).
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Table 5.1. The average width of the prior-6 grain and the average thickness of

the a lath in different tested condition

Average width of
the prior-B grain (um)

Average thickness of
the a lath (um)

As-built 83.81£8.25

Conventional heat 87.09 + 10.94
treatment

Induction 980°C 40.56 +9.46

Induction 1005°C 34,32 +5.13

Induction 1030°C 36.14 £+ 7.97

Induction }030 C 31.88 + 3.89
No ageing

/
1.39+0.12
0.66 + 0.06
0.56 +0.07

0.60+£0.02

0.59+0.07

Parallel lamellar a+p is identified to be the predominant texture within prior-

B grains, as shown in all four figures from Figure 5.7 to Figure 5.10. a lamellar

with an average width of approximately 0.6um can be clearly characterised in

both Figure 5.7 (d), Figure 5.8 (d), Figure 5.9 (d) and Figure 5.10 (d), detail

values are reported in Table 5.1. Continues grain boundary a with an average

width of about 2-3 um is also observed in all four figures, clearly plot the

boundary of prior-B grains, as marked by white arrows. These features share

certain resemblances to what is exhibited in the conventional B annealed

specimen (Figure 5.6 (b)).
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Figure 5.7. Typical microstructure of SLM Ti-6Al-4V after induction heated
above 980°C, captured at different magnification: (a) optical microscope
image, 5 x; (b) optical microscope image, 100 x, (c) backscattered electron
image, 1000 x, (d) backscattered electron image, 5000 x. The locations of the
continues grain boundary o are plotted by the white arrows.

Figure 5.8. Typical microstructure of SLM Ti-6Al-4V after induction heated

above 1005°C, captured at different magnification: (a) optical microscope
image, 5 x, (b) optical microscope image, 100 x, (c) backscattered electron
image, 1000 x, (d) backscattered electron image, 5000 x. The locations of the
continues grain boundary a are plotted by the white arrows.
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Figure 5.9. Typical microstructure of SLM Ti-6Al-4V after induction heated
above 1030°C, captured at different magnification: (a) optical microscope
image, 5 x, (b) optical microscope image, 100 x, (c) backscattered electron
image, 1000 x, (d) electron microscope image, 5000 x. The locations of the
continues grain boundary o are plotted by the white arrows.
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Figure 5.10. Typical microstructure of SLM Ti-6Al-4V after induction heated
above 1030°C without subsequent ageing process, captured at different
magnification: (a) optical microscope image, 5 x, (b) optical microscope image,
100 x, (c) backscattered electron image, 1000 x, (d) backscattered electron
image, 5000 x. The locations of the continues grain boundary o are plotted by
the white arrows.

Therefore, one of the most noticeable differences of the induction heat
treated specimens is the size of their prior-B grains, which is not only
significantly smaller than those that have been furnace B annealed, most
importantly, but also smaller than those soaking at a temperature below the
B transus. The observed refinement of the B grains has not been reported
before in AM specimens after heat treatment. This refinement is also
believed to be the reason that induction heated specimens exhibit tensile
properties are comparable or even superior to the furnace treated samples,
as reported in Chapter 4. It can also explain why specimens that been
induction heated at the temperature just below B transus (980°C) present a
tensile property slightly worse than short time B annealed specimens since it

still retains some of the original coarse prior-p grain structure.

Compared to SLM Ti-6Al-4V that been furnace treated at a temperature
below the B transus (Figure 5.5), induction heated specimens have two other
significate features: (a) the appearance of grain boundary a at prior-f grain
boundaries, which has a similar width to a lamella in furnace heated
specimens (2-3 um); (b) the fine structure of a lamella within the prior-B

grains (1 pum compare to 2-3 um in conventional heat treated one).

The two features are considered to be favourable for fatigue resistance.
Colony boundaries at the prior-B grain boundaries can act as microstructural
barriers for cracks to grow, thus improve the resistance to fatigue (Jeong et
al., 2017). A more packed parallel a lamella structure can further suppress
the crack initiated by slip band cracking, since the crack needs to cross
through more of the B ribs between a lamellas, again presenting more

microstructural barriers for cracks to grow (Peng et al., 2012). Similar yield
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strength for induction heated and conventional heated specimens suggest
they share the same level of resistance to crack nucleation (Jeong et al.,
2017). Therefore, it could be assumed that the induction heated-short time B
annealed-specimens can achieve a better fatigue property than furnace heat

treated specimens.

5.3 Crystallographic textures and phase
orientation maps of SLM Ti-6Al-4V that were

subjected to different heat treatment

Phase orientation maps and the following analysis can help to further
understand the observed microstructure, as well as the mechanism
associated with the development of the microstructure. Two types of phase
orientation maps are included in this section. The a-orientation map was
measured at room temperature (20°C) through Electron Back-Scattered
Diffraction (EBSD), while the B- orientation map was reconstructed from the

room temperature a-phase via the Burger Orientation Relationship (BOR).

Without additional specification, all the orientation maps in this section are
analysed on the frontal plane of the specimens, in which the building
direction (Z direction) is parallel to the height of the map, as indicated in
Figure 5.11. The orientation data are all mapped in Z-IPF with the colour

scheme presented in Figure 5.11 (d).

5.3.1 Crystallographic textures and phase orientation of SLM Ti-

6Al-4V in as-built condition

Figure 5.11 demonstrates the typical phase orientation maps in as-built
condition. It can be observed from the a-orientation map in Figure 5.11 (a)
that fine a martensites with various orientations interweaved with each
other inside the prior-B grain. Theoretically, there are 12 possible a/a’

orientations (variants) corresponding to a given B orientation (Qiu et al.,
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2016). However, only 5 to 7 variants can be counted within each prior- grain
in Figure 5.11 (a). The lack of existence for certain o’ variants suggests a
selection of variants happens during the solidification of the melt pool, which
may be a result of multiple factors, like the cooling rate and localised stress

(Sargent et al., 2012, Shi and Wang, 2013).

The reconstructed B-orientation map of as-built SLM Ti-6Al-4V in Figure
5.11(b) shows the elongated structure of prior-f grains with an average width
of 100-150 um, corresponding to what is observed in microscopy images
(Figure 5.4). Within each prior-f grain the reconstructed B is similarly
orientated across the length of the entire prior- grain with an orientation
spread within 10°. The distribution of calculated B grain boundary angles is
presented via the histogram shown in Figure 5.11 (c) as well as the colourised
boundaries in the orientation map of Figure 5.11 (b). The B grain boundary

angles spread in a range between 15° to 65°, with moderate concentrate

between 35° to 60°.

[1100]

[1210]

Frequency (%)

B [111]

0 10 20 30 40 50 J

60
Misorientations (°) [001] [o11]

Figure 5.11. (a) Typical a-orientation map in Z-IPF of SLM Ti-6Al-4V in as-built
condition; (b) Reconstructed B-orientation map in Z-IPF from the as-built
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microstructure; (c) The misorientation distribution at the prior-8 grain
boundary in the as-built condition; (d) Standard colour scheme used to map
the orientation data.

5.3.2 Crystallographic textures and phase orientation of SLM Ti-

6Al-4V that were treated with conventional heating

Orientation maps of sub-transus conventional heat treated SLM Ti-6Al-4V are
presented in Figure 5.12, which was soaked at 925°C for 2 hours. Coarsened
o lamellas clearly characterised from the a-orientation map, as shown in
Figure 5.12 (a), is distinct from the acicular feature of a’ martensite in as-built
condition (Figure 5.11(a)). The reconstructed B-orientation map in Figure 5.12
(b) demonstrates the inheritance of elongated columnar morphology for
prior-B grains after conventional sub-transus heat treatment. This inheritance
is further evidenced by the distribution of B grain boundary angles shown in
Figure 5.12 (c) since it shares a similar misorientation distribution with the as-
built condition. It also confirms the deduction from section 5.2.2 that such
applied heat treatment cannot trigger significate recrystallisation of the B
phase. The recrystallisation is driven by the movement of high angle
boundary (HAB). With the migrating of the HAB, the original low angle
boundary will be consumed, and new HAB will be introduced. Therefore, for
any Ti-6Al-4V samples that experienced a recrystallised process, the
distribution of the B grain boundary angle will be concentrated in the high

angle region (Pilchak et al., 2017).
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Figure 5.12. (a) a-orientation map in Z-IPF of SLM Ti-6Al-4V after furnace
treated at 925°C for 2 hours then ageing treated at 700°C for 4 hours; (b)
Corresponding reconstructed B8-orientation map in Z-IPF; (c) The
misorientation distribution at the prior-8 grain boundary; (d) Standard colour
scheme used to map the orientation data.

5.3.3 Crystallographic textures and phase orientation of SLM Ti-

6AI-4V that were treated with induction heating

Phase orientation maps of induction heated SLM Ti-6Al-4V are presented

from Figure 5.13 to Figure 5.16, respective to different conditions.

Instead of individual a/a’ laths observed in a-orientation map from as-built
and furnace heated conditions (Figure 5.12(a) and Figure 5.13(a) respectively),
a colonies are characterised in all four a-orientation maps subjected to
different induction heated conditions, as shown in Figure 5.13 (a), Figure 5.14
(a), Figure 5.15 (a) and Figure 5.16 (a). It confirms the deduction that the
parallel aligned a lamellas, observed in the microscopy images from section

5.2.3, indeed grow from the same a variants.
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The refinement and the morphology development of prior- grain, which is
described in section 5.2.3, can be confirmed by the orientation maps of the
phase, as shown in Figure 5.13 (d), Figure 5.14 (d), Figure 5.15 (d) and Figure
5.16 (d). Equiaxed or quasi-equiaxed prior-f grains with an average diameter

of 20 -100 um are noticeably characterised in these images.
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Figure 5.13. (a) a-orientation map in Z-IPF of SLM Ti-6Al-4V after induction
heated above 980°C; (b) Corresponding reconstructed 8-orientation map in Z-
IPF, white arrow indicates the existence of long continuous moderately
misorientated grain boundary, while black arrow indicates distinct small grain
located in the centre of the columnar grain ; (c) The misorientation
distribution at the prior-8 grain boundary; (d) Standard colour scheme used to
map the orientation data.
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Figure 5.14. (a) a-orientation map in Z-IPF of SLM Ti-6Al-4V after induction
heated above 1005°C; (b) Corresponding reconstructed B-orientation map in
Z-IPF; (c) The misorientation distribution at the prior-8 grain boundary; (d)
Standard colour scheme used to map the orientation data.
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Figure 5.15. (a) a-orientation map in Z-IPF of SLM Ti-6Al-4V after induction
heated above 1030°C; (b) Corresponding reconstructed B-orientation map in
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Z-IPF; (c) The misorientation distribution at the prior-8 grain boundary; (d)
Standard colour scheme used to map the orientation data.
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Figure 5.16. (a) a-orientation map in Z-IPF of SLM Ti-6Al-4V after induction
heated above 1030°C without subsequent ageing process; (b) Corresponding
reconstructed B-orientation map in Z-IPF; (c) The misorientation distribution
at the prior-8 grain boundary; (d) Standard colour scheme used to map the
orientation data.

The distribution of B grain boundary angles are severely concentrated in the
high angle region, as shown in both Figure 5.13 (c), Figure 5.14 (c), Figure
5.15 (c) and Figure 5.16 (c). Most of the B grain boundary angles are spread in
a limited range from 50° to 60°, with a preference towards 60°. Such evident
development in the boundary angle distribution suggests that a significant
scale of recrystallisation took place during the applied heat treatment, which
not only replace the original moderately misorientated B grain boundary with
HAB but also introduces new HAB. Such evolution can be evidenced by the

extensive increase in the total length of the  grain boundary.

Some elongated columnar B grain structures are still characterised in Figure

5.13 (b), which have been induction heated to a temperature just below the
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B transus temperature (980°C). As discussed in section 5.2.3, some of the
original prior-B grain structure can be maintained at such a temperature.
Furthermore, the existence of long continuous moderately misorientated
grain boundary, which is adjacent to these elongated structures, as pointed
by the white arrow, confirm the nature of elongated grain as the residual

original structure.

In Figure 5.13 (b), a distinct small grain can be observed, which is located in
the centre of the columnar grain, as indicated by the black arrow. A high
angle boundary (HAB) separates it from the surrounding B matrix, which
suggests it is a newly recrystallised grain. The location of this recrystallised
grain suggests it originated at the inside of the original columnar grain. Since
the HAB has higher mobility compared to the surrounding B matrix (W. Kurz,
1991), therefore, if the observed microstructure develops further, the
recrystallised grain will grow faster when competing with the surrounding
matrix for growth. In the end, it will lead to the breakdown of the original

morphology.

The current understanding associated to the nucleation and growth of the 3
phase during conventional heat treatment of martensitic Ti-6Al-4V is that,
after an initial recovery of the microstructure, the a+B—>B transition occurs
by movement of the a/B interface until only the parent B phase exists
(Ivasishin and Teliovich, 1999, Idhil Ismail et al., 2016). It is also believed that
nucleation of B grains of new orientations does not take place because the
shear stress associated to the HCP — BCC lattice transformation is too low to
induce recrystallisation of B grains with no BOR with existing a during the
a+B->B transformation (lvasishin and Teliovich, 1999, Idhil Ismail et al., 2016).
However, this theory does not explain the observed recrystallisation and

refinement of the B3 grains.

Additional data and information are required to understand the observed

refinement mechanisms, which will be presented in chapter 7.
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5.4 Summary

In this chapter, microstructures of SLM Ti-6Al-4V subjected to different

investigated conditions are thoroughly analysed via XRD, microscopy images

and EBSD. Features of each microstructure can be summarised as follow:

In the as-built condition, the typical microstructure consists of fine
acicular o’ martensites interweaved with each other in columnar
prior-B grains. The fine a’ martensites possess a width of around 1um,
while the columnar prior-p grains possess an average width of 83.81 +
8.25 um. The misorientation angle at the prior-B grain boundary
spread in a range between 15° to 65°, with moderate concentrate
between 35° to 60°.

After conventional sub-transus heat treatment, the typical
microstructure consists of interweaved a+B lamellas in prior-B grains
which maintained original columnar morphology, with an average
width of 87.09 £ 10.94 um. The a lamellas have an average width of
1.39 + 0.12 um. The interweaved arrangement of the a/B lamellas
suggests an inheritance from the original microstructure. The
distribution of the misorientation angle at the prior-B grain boundary
is similar to the distribution in as-built conditions.

After conventional super-transus heat treatment, the typical
microstructure consists of parallel a+B lamellas in coarse equiaxed
prior-B grains.

After induction heating to a temperature around the B transus
temperature, the typical microstructure consists of parallel a+B
lamellas in refined equiaxed or quasi-equiaxed prior-B grains. The a
lamellas have an average width of about 0.6 um, while the average
diameter of the refined prior-B grains varies between 30 - 40 um,
detail values for each tested condition are reported in Table 5.1. The
distribution of the misorientation angle at the prior-B grain boundary

is severely concentrated in the high angle region.

The observed refinement of the B grains has never been reported before in

AM Ti-6Al-4V after heat treatment. It ensures the induction heat-treated SLM

Ti-6Al-4V achieves tensile properties comparable or even superior to those
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conventional heat treated ones, as demonstrated in chapter 4. The
microstructure analysis also suggests that such heat treatment can achieve
improved fatigue properties than furnace heat treatment (Peng et al., 2012,

Jeong et al., 2017).

The refinement is believed to be the results of limited exposure duration in
the high temperature phase region and the recrystallisation of B grains during
heat treatment. The recrystallisation is evidenced by the analysis of the phase
orientation map. However, at this point, the mechanism leading to the early
stage recrystallisation is unclear and will be further elucidated in chapters 6

and 7.
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CHAPTER 6

6. Early stages of microstructural
evolution during beta annealing of

SLM Ti-6Al-4V

In Chapter 5, it was reported that the prior-B grains of SLM Ti-6Al-4V
transform from a columnar morphology to a refined equiaxed or quasi-
equiaxed morphology during short time beta annealing. In order to
characterise and understand the microstructure evolution, which leads to the
observed morphological change, designed gradient heating of SLM Ti-6Al-4V
were conducted. By creating a shielded cold end at one side of the SLM Ti-
6Al-4V cylinder during the induction heating as described in section 3.2.3, a
temperature gradient is created within the material. Since the original
microstructure at different locations within the heated cylinder should be
considered as the same, the final microstructure after heating is only subject
to the peak temperature the material experienced at the specified location.
Therefore, a continuous microstructure evolution corresponding to the

heating temperature range can be plotted within the material.

The work of Chapter 5 also showed that the morphological change of prior-p
grains can be clearly observed after heating at 985°C, but not at 925°C.
Therefore, the starting temperature of the described evolution should be at a
temperature between 925°C and 985°C. Test results suggest that gradient
heating from 965°C to 985°C can be used to characterise the early stage of
this microstructure evolution. Such gradient heating can also create a series
of microstructure, which is continuously transformed, thereafter refer to as
the “transformation zone”. The microstructural morphology of the

transformation zone is reported and analysed in section 6.1. The orientation
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maps of the interested areas within the transformation zone are presented

and discussed in section 6.2.

Without additional specification, all the microstructure images and
orientation maps in this chapter are analysed on the frontal plane of the
specimens, in which the building direction (Z direction) is parallel to the
height of the image, as indicated in Figure 6.1. The orientation data all

mapped in Z-IPF with the colour scheme presented in Figure 6.4.

6.1 The evolution of microstructural morphology

during the early stages of B annealing

The microstructure of SLM Ti-6Al-4V, which was gradient heated between
965°C to 985°C, is presented in Figure 6.1. The peak temperature, which was
recorded at different heights of the specimen, is indicated at the
corresponding height in Figure 6.1. During gradient heating, the heat
generated by the rapid induction heating is conductively extracted by the
shielded cold end. The cold end is set at the bottom of the heated SLM Ti-6Al-
4V cylinder. The closer to the cold end, the lower peak temperature the
material will experience. Therefore, within the recorded length shown in
Figure 6.1, the top side experienced the highest peak temperature of 985°C,
and the bottom side experienced the lowest peak temperature of 965°C, with
the peak temperature distribution gradually increased from bottom to top. At
the different height of the specimen, the microstructure evolved under a

different peak temperature.
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Figure 6.1. Optical microscope image showing a continuously transformed
microstructure demonstrates the progressive evolution of microstructural
morphology of the SLM Ti-6Al-4V during the early stages of 8 annealing.
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In the bottom side of Figure 6.1, a typical sub-transus heat treated texture is
observed after being heated to 965°C; the columnar morphology of the prior-
B grain remains unchanged and no other morphology of the prior-B grain
observed under this temperature. As the temperature rises, a weakening of
the original columnar morphology is observed. Fine quasi-equiaxed prior-
grains first appear in the microstructure generated at a temperature between
965°C to 975°C. Microstructure that includes a mixed morphological make up
of columnar grains and quasi-equiaxed grains starts to replace the original
columnar morphology, which lasts thereafter and is shown in Figure 6.1. It
can also be noticed that the ratio of quasi-equiaxed grain to columnar grain
within the mixed morphology increases with the temperature experienced by
the material. Only a limited amount of columnar prior-B grains can be
observed in the microstructure generated at 985°C, which corresponds to the
finding reported in Chapter 5. Detailed optical microscope images of the
microstructure obtained at 985°C in the gradient heating will be presented in

Figure 6.2 (e) and (f).

For a detailed observation, microstructure generated at different

temperatures are presented in Figure 6.2.

The microstructure generated at 965°C, as shown in Figure 6.2 (a) and (b), is a
typical sub-transus heat treated texture. In this microstructure, the columnar
prior-B grains are filled with interweaved lamellar a+B plates where there
does not appear to be any grain boundary a at the B grain boundary. All

features are strictly inherited from the as-built texture.

The microstructure generated at 975°C, as shown in Figure 6.2 (c) and (d),
already includes several refined quasi-equiaxed prior-f grains. Some of the
refined quasi-equiaxed prior-B grains are indicated by black arrows in Figure
6.2 (d). Other than that, large amount of continuous grain boundary a
appears in this microstructure at 975°C, as indicated by the white arrows in
Figure 6.2 (d). The grain boundary a is not the original feature presented in

the as-built texture. As a new feature introduced by the heating, it can only
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be transformed from the high temperature B generated during heat
treatment. The appearance of grain boundary a in the microstructure
obtained at 975°C suggest that the microstructure existing at such
temperature already has enough B phase in the matrix to support an a
variants selection process, when the material is cooling from the said
temperature to room temperature. Therefore, new features like the

observed grain boundary a will be introduced into the microstructure.

The observed mixed morphology of columnar and quasi-equiaxed prior-f
grains continues at 985°C, with an increase in the amount of quasi-equiaxed

grains, as shown in Figure 6.2 (e) and (f).
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Figure 6.2. Optical microscope images showing the microstructure generated
at different temperature: (a)(b) 965°C, (c)(d) 975°C, (e)(f) 985°C. Black arrows
in (d) indicate the refined quasi-equiaxed prior-8 grains that were newly
transformed. White arrows in (d) indicate the continuous grain boundary o
appeared at 975°C.

Further observation of the microstructure evolution and microstructure
generated at a higher temperature (near B transus) is present in Figure 6.3.
The columnar morphology of the prior-B grains can still be observed within
the matrix of refined quasi-equiaxed grains in the microstructure generated
at 1000°C, as shown in Figure 6.3 (a) and (b). The microstructure converts
into full quasi-equiaxed morphology at 1010°C, where no presence of any

columnar feature in the microstructure can be observed, as shown in Figure
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6.3 (c) and (d). Therefore, it can be considered as the end of the observed
microstructure evolution. The final temperature, 1010°C, is exactly the B
transus temperature of test material ascertained by Simultaneous

Differential Analysis (SDT), as reported in section 3.1.

Figure 6.3. Optical microscope images showing the microstructure generated
at temperature near 8 transus: (a)(b) 1000°C, (c)(d) 1010°C. The columnar
morphology of the prior-8 grains still can be observed at 1000°C, while the
microstructure converts into full quasi-equiaxed morphology at 1010°C

Optical microscope images evidence that the microstructure evolution, which
leads to the observed columnar morphology to refined quasi-equiaxed
morphology transformation of the prior- grains, is a progressive process. It
occurs with the existence of a mixed morphology of columnar and quasi-
equiaxed features at the early stage of the microstructure evolution, under
the temperature range from 975°C to 1010°C. The appearance of mixed
morphology suggests that the mechanism leads to the early stage evolution is
unlikely to be the shearing force induced by a—->B (hcp—>bcc) transformation,
as proposed by Vilaro et al. (2011). Since the proposed shearing will break

the columnar grains into several smaller grains, this means a direct
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replacement of the original columnar morphology with a quasi-equiaxed
morphology, without any intermediate transition. This proposed hypothesis

cannot entirely explain the observed mixed morphology.

The observed early-stage microstructure evolution completes synchronously
with the transformation of the a phase to the B phase, both of which also
occurs in a similar temperature range. It suggests that there is a relationship
between these two progressive processes. Idhil Ismail et al. (2016) suggest
that, at a heating rate approximately 10°C/s, the mass fraction of B phase in
Ti-6Al-4V is around 58% at 950°C, and 68% at 975°C. Considering that new
features like grain boundary a and quasi-equiaxed prior-B grains begin to
appear when the temperature approaches 975°C, it can be assumed that the
microstructure evolution accumulates sufficient B phase in the a+B matrix, at
least at a localised scale. The columnar feature does not eliminate until the
material reaches its B transus temperature, suggesting that the retention of

original features positively correlates to the remaining a in the a+p matrix.

The interpretation of the optical morphologies also suggests that the
microstructure of SLM Ti-6Al-4V responds sensitively to the high temperature
in the range from 965°C to 1010°C, where the different microstructure
corresponds to a different temperature. Therefore, in the conducted gradient
heating, microstructural morphologies can be used to interpret or represent
the peak temperature the material experiences. In Figure 6.1, the
microstructure located at the same height has no has no apparent or notable
difference difference. Therefore, it can be assumed that the material located
at the same height experienced a similar peak temperature during gradient
heating, which suggests a uniform temperature distribution in the material at
the same height of the sample from edge to centre during the induction

heating.
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6.2 The evolution of crystallographic texture

during the early stages of B annealing

The microstructural evolution is identified as a progressive process with the
existence of mixed prior-B grain morphology, as shown in Figure 6.1. In order
to further study the beginning of the microstructural evolution, an area of
approximately 6mm*1mm was scanned with EBSD, which was exposed to a
limited temperature range around 975°C. The approximate location of the
scanned area is highlighted by the black dotted line in Figure 6.1. The
measured a orientation map is presented in Figure 6.4, where material
located at a lower height in the map experienced a relatively lower

temperature during the gradient heating.

At the location where material experienced a relatively lower temperature
(bottom of Figure 6.4), it can be observed that, after cooling to room
temperature, most of the a phases are interweaved a plate (lamellar a) with
various orientations. This texture is similar to the typical a texture obtained
after the sub-transus heat treatment, as described in Chapter 4, which
suggests certain inheritance from the as-built microstructure. However, a few
a colonies with irregular shape can be observed in the a matrix. Such
features are distinct from the lamellar a. The observed a colonies are not
inherited from the original microstructure, indicating that they are most likely
transformed from the high temperature B. Therefore, it suggests the
existence of B colonies in the a+p matrix, when the material was heated to

the corresponding temperature.

Moving from the bottom towards the top in Figure 6.4, as the temperature
increases, an increase of a colonies can be seen. The area fraction of the a
colonies, as well as the size of individual a colony, are both increased. Such
increases correspond to the increase in the mass fraction of the B phase at
elevated temperatures (ldhil Ismail et al., 2016). The accumulation of B

phase eliminates the original a phase locally, leading to the formation of B
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colonies with irregular morphology. Coarsening of the remaining a plate can
also be observed as the temperature increases, which suggests a competitive
growth of a and B phase at a temperature lower than the B transus

(Vrancken et al., 2012).

In order to plot the texture of prior-B grains at the early stage of the
microstructure evolution, reconstruction of the B texture were conducted at
four specified locations highlighted by the black line in Figure 6.4. The
locations are numbered in the order of increasing temperature, as shown in
Figure 6.4. Therefore, the material in Area 1 experienced the lowest peak
temperature while the material in Area 4 experienced the highest peak

temperature.
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Figure 6.4. a orientation map in Z-IPF shows a continuously transformed
texture of the o phase at the beginning of the microstructure evolution
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Detailed a orientation map of Area 1 and the corresponding reconstructed
orientation map are presented in Figure 6.5. a orientation map in Figure 6.5
(a) presents an a microstructure consisting of various interweaved a plates
with a limited amount of a colonies, suggesting that Area 1 might capture the
initial stages of the microstructural evolution. The primary morphology of the
prior-B grains at this stage is still elongated and columnar, as shown in Figure
6.5 (b). However, some fine equiaxed or quasi-equiaxed B grains with high
angel boundaries (HABs) can be observed. Some of the fine B grains are

indicated by white arrows in Figure 6.5 (b).
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Figure 6.5.(a) a orientation map in Z-IPF of Area 1; (b) Corresponding
reconstructed B8-orientation map in Z-IPF, white arrows indicate some of the
fine 8 grains; (c) The misorientation distribution at the prior-8 grain boundary;
(d) Standard colour scheme used to map the orientation data.
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The misorientation distribution at the prior-B grain boundary in Area 1 is
reported in Figure 6.5(c). In section 5.3.1, the misorientation distribution at
the prior-B grain boundary in as-built condition was reported as spreading in
a range between 15° to 65°, with moderate concentrate between 35° to 60°.
A direct comparison between the misorientation distributions in these two
conditions suggests an increase in HABs for the specimens that experienced
heating up to a temperature just below 975°C. It indicates that the fine grains
with HABs might form new structures, which is not strictly inherited from the
original microstructure. This observation suggests that recrystallisation of f,
which was identified in the induction heat treated SLM Ti-6Al-4V in chapter 4,
might have already occurred at the initial stage of the microstructure

evolution.

a orientation maps of Area 2 to 4 and the corresponding reconstructed
orientation maps are presented in Figure 6.6 to Figure 6.8, respectively.
Compared to the initial stage a texture (Figure 6.5 (a)), an increase of the a
colonies can be observed in a orientation maps, as shown in Figure 6.6 (a) to
Figure 6.8 (a). Corresponding to that, an increase of HAB fine B grains can be
observed from the B orientation maps, which leads to the weakening of the
original coarse columnar morphology and the formation of a refined

morphology, as shown in Figure 6.6 (b) to Figure 6.8 (b).
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Figure 6.6. (a) a orientation map in Z-IPF of Area 2; (b) Corresponding
reconstructed B-orientation map in Z-IPF; (c) The misorientation distribution
at the prior-8 grain boundary; (d) Standard colour scheme used to map the
orientation data.
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Figure 6.7. (a) a orientation map of Area 3 in Z-IPF; (b) Corresponding
reconstructed B-orientation map in Z-IPF; (c) The misorientation distribution
at the prior-8 grain boundary; (d) Standard colour scheme used to map the
orientation data.

In all 3 areas, the misorientation distribution at the prior-B grain boundary is
highly concentrated in the high angles range around 60°, as demonstrated in
histograms from Figure 6.6(c) to Figure 6.8(c), suggesting the further
development of the recrystallisation. Therefore, one can assume that the
nucleation and growth of the recrystallised HAB B at the elevated
temperature near the B transus might result in the observed early stage

microstructural evolution and the refinement of the prior-p grains.
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Figure 6.8. (a) a orientation map in Z-IPF of Area 4; (b) Corresponding
reconstructed B-orientation map in Z-IPF; (c) The misorientation distribution
at the prior-8 grain boundary; (d) Standard colour scheme used to map the
orientation data.

Due to the large computational requirements, the reconstruction of 8 texture
was only conducted at limited areas in this chapter. Therefore, the
orientation maps from Figure 6.5 to Figure 6.8 are from quite local regions of
the sample, and might not reflect the entire story of the microstructural
evolution. However, the evolution of the a texture can be well characterised
by Figure 6.4, and the reconstruction of B texture was conducted at the sites
where the a texture is quite representative. Therefore, it is believed that the
conducted study can still provide useful insights related to the evolution of

crystallographic texture during the early stages of B annealing
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6.3 Summary

In this chapter, the early stage microstructural evolution during B annealing
was characterised. The study of these stages is particularly important, as it
could inform an effective strategy for controlling the original morphology of

prior-B grains, an unwanted signature of the SLM manufacturing.

It is observed that the typical sub-transus heat treated texture develops to a
mixed columnar and quasi-equiaxed morphology at a temperature between
965°C and 975°C. The microstructural morphology gradually develops with
increasing of the quasi-equiaxed structure as the temperature rises.
Eventually, it fully transforms to a refined quasi-equiaxed morphology when

it temperature reaches B transus temperature.

Nucleation and growth of the recrystallised HAB B are identified at the initial
stage of the microstructure evolution. This recrystallisation process weakens
the original coarse columnar morphology and results in the refinement of the
prior-B grains. The mechanism leads to observed recrystallisation, which will

be further discussed in the next Chapter.
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CHAPTER 7

7. Epitaxial recrystallisation of B grain
in SLM Ti-6Al-4V during rapid heat

treatment

In previous Chapters, recrystallisation of high angle boundary (HAB) B grain
was characterised and identified in SLM Ti-6Al-4V annealed at a temperature
near or above the B transus. The nucleation and growth of the recrystallised
HAB B grains weaken the original coarse columnar morphology of prior-f
grains and results in a gradual replacement of the columnar morphology with

refined quasi-equiaxed morphology.

The current understanding, which associates with the nucleation and growth
of the B phase during conventional heat treatment of martensitic Ti-6Al-4V,
does not explain the observed recrystallisation and the refinement of the 3
grains during the rapid heating of specimens produced by SLM. In order to
understand the mechanisms and the nature of this recrystallisation, high-
temperature EBSD investigations of the SLM Ti-6Al-4V were conducted. A
heating rate of 0.5°C/s was used for all the high-temperature EBSD

investigations in this chapter.

In this chapter, the initial high-temperature EBSD investigation, which only
scanned a relatively small area, is reported in section 7.1. The scanned area is
about 24pum in width and 18um in height. Through this investigation, the
development of individual a/B grain during heating can be observed. In
addition, the relationship between the newly formed B grain and the
surrounding a grains can be studied. Therefore, the nature of these B grain

can be identified and discussed.
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The following high-temperature EBSD investigation, which scanned a larger
area, is reported in section 7.2. The scanned area is about 350um in width
and 260um in height. Through this investigation, the recrystallisation of B can
be discussed from a more general view. The influence of the recrystallisation

on the original B texture is also analysed in this section.

Without additional specification, all the microstructure images and
orientation maps in this chapter are analysed on the frontal plane of the
specimens, in which the building direction (Z direction) is parallel to the
height of the image, as indicated in Figure 7.1 (a). The orientation data all

mapped in Z-IPF with the colour scheme presented in Figure 7.1 (d).

7.1 Development of a and B phase in SLM Ti-6Al-

4V during heating

7.1.1 Microstructural evolution from room temperature to 800°C

The room temperature microstructure of the observed area in the initial
high-temperature EBSD scan of SLM Ti-6Al-4V is shown in Figure 7.1. A fully
acicular o’ martensitic microstructure is observed, as shown in Figure 7.1 (a)
and (b), with no retained B in the structure, as shown in Figure 7.1 (c). Only
vertical prior-B structure can be identified from forescatter electron
micrographs. The boundary of the prior- B grain is indicated by white arrows
shown in Figure 7.1 (a). Multiple o’ grains of distinct orientations are visible

in the prior-B microstructure, and reveal a weak crystallographic texture.
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Figure 7.1. Room temperature microstructure of the observed area in the
high-temperature EBSD scan of SLM Ti-6Al-4V: (a) Microstructure image
captured by forescatter detectors; (b) Measured a orientation map in Z-IPF
overlaid on band contrast image; (c) Measured 8 orientation map in Z-IPF
overlaid on band contrast image; (d) Standard colour scheme used to map the
orientation data.

As the temperature rises, no visible microstructural changes can be observed
at 400°C and 500°C, as shown in Figure 7.2. At this relatively low temperature,
only recovery of the sub-grain structure occurs, which includes relaxation of
the residual stress, annihilation and rearrangement of the dislocations
(Callister and Rethwisch, 2007). This recovery process occurs without the
migration of any high-angle grain boundaries and will not trigger any
evolution in the microstructural constituents (Callister and Rethwisch, 2007,

Sallica-Leva et al., 2016). Therefore, no visible changes can be noticed in the

forescatter electron micrographs.
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Figure 7.2. Forescatter electron micrographs showing the microstructure of
the observed area: (a) at 400°C; (b) at 500°C.

Visible changes can be observed at a higher temperature. Coarsening of the
microstructure can be noticed at 600°C, as shown in Figure 7.3 (a), which
leads to emerging of the topographical feature in the image. At 700°C, the
forescatter detectors are completely saturated. The microstructure image is
captured by secondary electron detectors hereafter, as shown in Figure 7.3
(b). At this temperature, the grain structure appears more clearly and the
boundary of each a/a’ grain is well marked. Solute diffusion and elements
partitioning become significant at an elevated temperature, which leads to
the decomposition of o’ into a+f (Sallica-Leva et al., 2016, Zhang et al., 2018).
The visible changes of the topography of the grain boundary it is likely to be
associated to the nucleation and growth of the B phase, which takes place at

the boundary of the newly formed a phases (Zhang et al., 2018).
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Figure 7.3. Microstructure image of the observed area, obtained at an
elevated temperature: (a) at 600°C, captured by forescatter detectors; (b) at
700°C, captured by secondary electrons detectors.

Microstructure at 800°C is depicted in Figure 7.4. At this temperature, it is
expected that the original a’ is nearly fully decomposed (Wu et al., 2016c). A

further coarsening of the a phase is observed in the image.

The inserts in Figure 7.4 show the orientation maps of a and B phase of the
marked area, respectively. Both maps are overlaid with band contrast images
in order to distinguish different grains. Notable growth of B phase can be
observed not only at the a boundary but also in the interior of the a phase. A
recent study suggests that for Ti-6Al-4V, other than nucleation at the
vanadium enrich area located between a phases, the B phase can also
nucleate at the lattice defects (dislocations, twins, sub-grain boundaries etc.)
within o/a’ phases during heating (Haubrich et al., 2019). The observed
interior B could be one of those B, which have nucleated at the lattice defects

located within the a/a’ phase.
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Figure 7.4. Secondary electrons micrographs showing the microstructure of
the observed area at 800°C, with insets showing o and 8 orientation maps in
Z-1PF (overlaid with band contrast image) of the marked area respectively.

7.1.2 Recrystallisation of B grain observed in the microstructure

at 850°C

The o/B transformation continues at 850°C, as shown in Figure 7.5. At this
temperature, regions that consist of  phases, which can be identified from
the orientation map, are covered with a specific stepped topography in the
electron image. This topography might be the result of the bcc structure of

the B phase
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Figure 7.5. Secondary electrons micrograph showing the microstructure of the
observed area at 850°C, orientation maps in Z-IPF overlaid with band contrast
image showing the crystallographic texture.

Orientation maps of a and B phases at 850°C are enlarged in Figure 7.6. The
orientation maps show two distinct prior-B grains, both of which contains
multiple a variants. Within each prior-B grain, the dominant B is similarly
orientated across the length of the entire prior-f grain (orientation spread
<10°), as shown in Figure 7.6 (b). For the prior-B grain located at the left side
of the image (hereafter called as G,), the orientation of the dominant B (B.) is
colour coded in magenta. For the prior-f grain located at the right side of the
image (hereafter called as Gg), the orientation of the dominant B (B,) is
colour coded in slate blue. Other than two dominant B, few foreign B with
different orientation (HAB B) can be noticed in Figure 7.6 (b). Some of them
are colour coded in orange (B3) located at the boundary and interior of the a
grain (ag). Others are colour coded in purple-red (B4) or red (Bs), located at
the prior-f grain boundary. The average orientations of each marked grains

in Figure 7.6 are listed in Table 7.1.
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Figure 7.6. Detailed orientation map in Z-IPF showing the crystallographic
texture at 850°C: (a) a phases; (b) 8 phases.

Table 7.1. Average orientation of marked grains in Figure 7.6

ID Orientation in Euler angles
o, (150°, 112°, 194°)
a, (117°, 61°, 235°)
03 (38°,31°,198°)
oy (83°, 110°, 236°)
s (25°, 887, 205°)
O (37°,29°,188°)
ay (16°, 149°, 200°)
Og (6°,137°,239°)
Oy (1537, 97°, 183°)
Qo (110°, 145°, 219°)
Oy (84°,109°, 227°)
o1z (109°, 145°, 229°)
Qi3 (31°, 26°, 201°)
O (110°, 145°, 219°)
Qs (107°, 145°, 226°)
O16 (93, 88°,220°)
B. (118°, 150°, 226°)
B, (181°,135°,221°)
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Bs (94°, 165°, 194°)

Ba (240°, 166°, 232°)

Bs (215°,173°, 238°)

The further understanding the information embedded in Figure 7.6, the
orientation relationship between the individual B and adjacent a is expressed
in the corresponding pole figure presented in Figure 7.7 and Figure 7.8. In the
pole figures, the reflections of the orientations are plotted via the
representing colour of each grain. Therefore, for example, the light green
points in Figure 7.7(a) represent the orientation of a4 in Figure 7.6 (a), while

royal blue points represent a5.

The orientation relationship between the dominant B and the multiple a
variants across the prior-B grain is firstly expressed in Figure 7.7. The pole
figures of the dominant B in G, By, are compared with pole figures of a; to a,
which are also located in the G, as shown in Figure 7.7 (a). It can be noticed
that the (0001) a plane of each a lath is parallel to one of the (110) B planes
of B1, while one to three <1120> a reflections are parallel to one of the <111>
B. This parallelism indicates that the B; is the parent phase of a; to a7 and
that they are strictly related via Burger Orientation Relationship (BOR). A
similar orientation relationship is found in Figure 7.7 (b), which suggests B, is
the parent phase of ag, ag, a1g and ays. To further support this conclusion, the
theoretical value of the orientation of some parent B are calculated in Table
7.2. Each parent B corresponds to different a combinations, and calculation is
conducted based on the BOR. The calculated misorientation between these
theoretical values and measured B is also given in the table, which shows that
the differences are marginal. This indicates that the observed dominant f in
the B orientation map is the parent B, which is related to each a/a’ within the

prior-B grain via BOR.
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Figure 7.7. Pole figures representing the orientation of the investigated a/8
grains. These demonstrate the orientation relationship between the dominant
8 and a cluster of nearby o laths in the prior-8 grain: (a) a; to a7 vs 8, (b)

ag/0g/0t10/016 VS 8.

Table 7.2. Calculated parent 8 orientation for different o combination

N . Misorientation with
Combination of a Corresponding parent dominate B
(248.293°, 109.645°, .
a+0,+0; 338.438°) 1.1541
(165.621°, 70.5623°, .
O +0l5+0l 336.266°) 2.6683
Olg+0lg+01o (0.1845°,47.1474°, 228.963°) 2.3447°

The orientation relationship between the foreign HAB B and the
corresponding adjacent a is expressed in Figure 7.8. The analysis shows that
B3 and Bsare crystallographically related to individual adjacent a/a’ laths via
BOR, as shown in Figure 7.8 (a) and (b) respectively. Black circles are used to
mark the BOR relationship between the foreign HAB B and the corresponding
adjacent a. Both B3 and B4 have a ~60° misorientation with the surrounding
dominant B (B,). Such misorientation is not random but related to B, by
precise axis-angle rotation pairs, as shown in Table 7.3. Therefore B3 and B4
appear to be the nuclei of epitaxially recrystallised B, which is similar to that

recently observed in hot-worked metastable B titanium alloy (Balachandran
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et al.,, 2017). These sub-grains correspond effectively to one of the six

equivalent BOR transformations that link a to B phases.
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Figure 7.8. Pole figures representing the orientation of the investigated a/8
grains. These demonstrate the orientation relationship between the foreign
HAB 8 and corresponding adjacent a: (a) ag/og/ot19 vs Bs; (b) a13/0t14/0t15 Vs B4,
(c) az/a11/a12 Vs Bs.

Table 7.3. Misorientations of 83 and 8, to the surrounding dominant 8,

Grain Misorientation (axis/angle)
Surrounding dominant B, R
(1810’ 1350’ 2210) B3 [ 1, 1, 1]/6000
B, [-1, 0, 1]/60.00°

In addition, it is observed in Figure 7.8 (c) that there is another HAB B (Bs)
that does not show any apparent orientation relationship with adjacent a/a’

laths. The misorientation of Bs relative to dominant B (both B; and ;) cannot
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be described by any meaningful axis-angle rotation pair. However, it cannot
be excluded that s originates from similar recrystallisation mechanisms
originating under the plane of investigation, as it will be discussed later in

section 7.2.

The analysis indicates that three types of B grains are identified in SLM Ti-6Al-

4V at 850°C, a temperature that is below the B transus:

e Dominant B within the prior-B grain, which is related to the whole
cluster of adjacent a/a’ laths via BOR, located only between a/a’ laths.
This is the parent B, and hereafter will be referred to as Ba

e Recrystallised B, which is related to individual adjacent a/a’ laths via
BOR, located in the interior of individual a/a’, between a/a’ lath or at
the prior-B grain boundary. It is the epitaxially recrystallised B, and
hereafter will be referred to as Bs

e Recrystallised B, which does not show any apparent orientation
relationship with adjacent a/a’ laths, located only at the prior-f grain
boundary. The nature of this recrystallised B needs further discussion.

This type of B will be referred to as B¢ hereafter.

The recrystallisation phenomena that lead to the formation of HAB B are
significantly different from the recovery of the a+p microstructure and the
grain growth of the parent B phase (Ba) (Zhang et al., 2018, Idhil Ismail et al.,
2016) and, to the authors knowledge, have not been reported before in any
Ti alloys produced by any AM process. Drawing an analogy with the
recrystallisation of deformed Ti alloys, it is assumed that the driving force for
the observed epitaxial recrystallisation derives from the stored energy of
deformation that is typically expressed by the high densities of lattice defects
found after SLM in the core and at the boundary of the martensitic as-built
microstructure (Wang et al., 2017). Haubrich et al. (2019) recently reported
the observation of B nucleated at lattice defects within individual a grain in
SLM Ti-6Al-4V. The substructure of the martensitic o', like low angle

boundary, dislocations and twins, could therefore act as a nucleation site for
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epitaxial recrystallised B allowing the formation of new variants during the

a+B—B transformation.

Previous research indicates that under similar heating rates of ~10°C/s, there
is only a marginal increase in the temperature of the onset a—->pB
transformation (ldhil Ismail et al., 2016) and therefore the high-temperature
EBSD (near equilibrium conditions) experiments presented in this study can
capture the range of temperatures at which the phase transformation occurs
during the applied rapid induction heat treatment. It is also well understood,
however, that rapid heating processes (like induction heating) can retain the
substructure of the martensitic phase to higher temperatures and promote
higher nucleation rates of HAB grains (lvasishin and Teliovich, 1999), which
would exacerbate epitaxial recrystallisation and result in observed significant

refinement of the structure as reported in Chapter 5 and Chapter 6.

7.1.3 Microstructural evolution above 850°C

As the temperature increases from 850°C and approaches towards the
transus temperature, more and more a converts to the B phase. The
microstructure at 900°C is shown in Figure 7.9, an increase of area covered by
stepped topography can be observed when compared to Figure 7.5, which

evidences the increase of B phase in the a+B matrix.
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Figure 7.9. Secondary electron micrograph showing the microstructure of the
observed area at 900°C.

At 950°C, only a limited amount of a is remained, as shown in Figure 7.10.
The substructure within the a grain is so apparent at this temperature that
can be directly identified in the electron image, as pointed by the white
arrow. Recrystallised HAB B can be observed at the prior- grain boundary,

which colour coded in orange as pointed by the black arrow.
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Figure 7.10. Secondary electrons micrograph showing the microstructure of
the observed area at 950°C, orientation maps in Z-IPF overlaid with band
contrast image showing the crystallographic texture.
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The observed region at 950°C is slightly shifted compared to the starting
position. It is because the focusing and adjusting are affected by the
extremely high temperature, which reaches the limitation of the apparatus.
However, by matching the orientation of the remaining a with the a
orientation map obtained at 850°C, the relative position can still be
determined, as shown in Figure 7.11. In Figure 7.11, the a grains with the
same orientation at 850°C and 950°C are marked with the same number. By
comparing the locations of the same orientated a grains, it can be noticed
that the original prior-f grain boundary remains unchanged at 950°C, which

corresponds to what was reported in Chapter 6.

(b) 950°C

Figure 7.11. a orientation map in Z-IPF of obtained at different temperatures,
the observed region is slightly shifted between the two observation: (a) 850°C;
(b) 950°C. a grains with the same orientation at different temperature are
marked with the same number. Therefore, the relative position can still be
determined.

With the specimen approaching the B transus temperature, the amount of
retained o decreases significantly (Idhil Ismail et al., 2016). Therefore, a
phases could be locally eliminated in some areas. The microstructure of the
observed region at 980°C is presented in Figure 7.12. No a phase is presented
in the observed region at this temperature as suggested by the stepped
topography evident in the micrograph. It can be seen that the original prior-$
grain boundary is also eliminated from the observed region. Since the
remaining a and original prior-B grain boundary are eliminated

simultaneously, it can be assumed that during the heating process, the
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original prior-B grain boundaries is pinned by the remaining a. Should be
noted here that at this stage, the instrument has already reached its limit.
Therefore, it is possible that the recorded temperature of 980°C is not an
accurate measurement, the real temperature may be higher than that value,
which could also be the reason why a phase is eliminated in the observed

area.

Figure 7.12. Secondary electrons micrograph showing the microstructure of
the observed area at 980°C.

7.2 Development of the recrystallised B in SLM Ti-

6AIl-4V during heat treatment

In the initial high-temperature EBSD investigation of SLM Ti-6Al-4V, which is
reported in section 7.1, the recrystallisation of HAB B at 850°C are detail
identified and analysed locally. The mechanism that may induce the
recrystallisation is also discussed. In order to investigate the recrystallisation
phenomena of SLM Ti-6Al-4V from a more general view, and its influence on
the original B texture, further high-temperature EBSD investigations ware

carried out.

In the present high-temperature EBSD investigation of SLM Ti-6Al-4V, a

relatively large area of approx. 350um*260 um was scanned. The measured
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room temperature a orientation map and the reconstructed B orientation
map of the observed area are revealed in Figure 7.13, which show the
starting microstructure. A typical as-built microstructure is presented in the

images.

Figure 7.13. Room temperature microstructure of observed area in the
present high-temperature EBSD scan of SLM Ti-6Al-4V: (a) Measured «
orientation map in Z-IPF; (b) Reconstructed 8 orientation map in Z-1PF.

As the temperature rises, the microstructure at 850°C is shown in Figure 7.14.
By comparing the B orientation map at 850°C (Figure 7.14 (b)) with the room
temperature ones (Figure 7.13 (b)), parent B grains and recrystallised B grains
can be easily identified. Four of the recrystallised B grains are marked and
numbered with black arrows in Figure 7.14 (b), their relative positions in the
a orientation map are also circled out with black dotted lines. Among these
four grains, B, is located in the interior of prior-B grain, while the remaining

three are all located at the prior- grain boundaries.

The orientation relationship between these four recrystallised B grains and
their corresponding adjacent a grains are analysed in Figure 7.15. The pole
figures show that both of the two types of the recrystallised B, which are
summarised in section 7.1.2, can be identified in this dataset. Both B,1, B2
and B,4 are related to individual adjacent a/a’ laths via BOR, as shown in
Figure 7.15 (a), (b) and (d) respectively. Therefore, they belong to the

category of Bg. While B,3 does not show any apparent orientation
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relationship with adjacent a/a’ laths, as shown in Figure 7.15 (c), can be

categorised as B..
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Figure 7.14. Microstructure of the observed area at 850°C: (a) Measured a

orientation map in Z-IPF; (b) Measured 8 orientation map in Z-IPF. Four of the

recrystallised 6 grains are marked and numbered with black arrows, their
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relative positions in the a orientation map are also circled out with black
dotted lines.
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Figure 7.15. Pole figures representing the orientation of the investigated a/8
grains. These demonstrate the orientation relationship between the marked
recrystallised 8 and corresponding adjacent a: (a) 8,1, (b) 82, (c) B23; (d) B24.

When the temperature is further increased to 925°C, more B phase is
transformed from the o phase, as evidenced in Figure 7.16. As the
temperature is increased from 850° to 925°C, comparing Figure 7.16 (b) to
Figure 7.14 (b), an increase in the amount of recrystallised HAB B can be
observed. Other than that, it is observed that the recrystallised B grains grow
competitively with the surrounding matrix (Ba) and that some of the newly
formed grains grow faster than others. In addition, these grains grow with no
preferred grain growth direction aligned to any of sample coordinate system
(as the heating is uniform as opposed to the directional heating imposed by

SLM). The retained a laths pin the original prior-B grain boundaries locally,
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and therefore the overall B morphology remains unchanged during heat
treatments below the B transus temperature. Subsequently, as the heating
approaches towards the B transus temperature, no a-pinning could take
place. It is plausible that the HAB, of higher mobility than the surrounding
matrix Ba, could migrate at a higher rate (Pilchak et al., 2017) and thus
change the original columnar morphology to an equiaxed or quasi-equiaxed

morphology, as reported in Chapter 5 and 6.

(a) (b)

&=

100pm

100pm

Figure 7.16. The evolved microstructure of the observed area at 925°C,
showing an increase in the amount of recrystallised HAB 8 comparing to the
microstructure at a relatively low temperature: (a) Measured a orientation
map in Z-1PF; (b) Measured 8 orientation map in Z-IPF

In order to examine the possible evolution of the texture during heat
treatment, the pole figures of the reconstructed as-built B texture are
compared to the B texture measured at the elevated temperature, as shown
in Figure 7.17. Above the B transus temperature, abnormal grain growth
occurs, so it was not possible to directly observe changes in texture via EBSD.
Below the B transus temperature, the dominant texture is that of the parent
B phase (recrystallisation during slow EBSD heating below the B transus
temperature is limited). Minor texture components derived from the
epitaxial recrystallisation could only be identified through discrete pole

figures.

In Figure 7.17 (a), the reflections of the calculated B phase (referred to as Ba,

i.e. the parent phase of the martensitic o’ observed at room temperature)
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and those of the measured B at 925°C are overlaid. It is observed that all the
parent B orientations that present in the pole figures measured at 925°C are
within an orientation scatter of 10°. As adoes not show a large spread in
orientation along the vertical axis of the columnar grain, it is unlikely that this
possesses boundaries with high mobility capable of causing the refinement
observed after the rapid induction heat treatment. On the other hand, the
HAB recrystallised grains can be clearly observed as extra reflections at 925°C

and marked in the figure via black arrows.

By overlaying the reflections of the B phase measured at 850° and 925°C, as
shown in Figure 7.17 (b), insights on the growth of the B phase can be
evinced. It is noted that as the temperature increases from 850° to 925°C,
there is an apparent decrease in the orientation scatter. This is due to the
fact that several B sub-grains isolated at 850°C are merging as one at 925°C,
which appears in the discrete pole figures as reduced in the number of
reflections. No further new B orientations appear during the growth of the B
phase from 850 ° to 925°C as no additional HAB reflections are observed in
Figure 7.17 (b). This implies that most likely the recrystallised B, which we
categorised as B. in the previous content, is not formed with random
orientations to the surrounding phases but with BOR with a laths underneath
the plane of observation. Because if B. is formed with random orientations,
the increase in the amount of B, is likely to bring in new orientations, which
would appear as extra reflections in the discrete pole figures. Therefore, all
the recrystallised HAB [ appeared in heat treatment can be recognised as a
result of epitaxial recrystallisation, and are related to individual adjacent a/a’

laths via BOR.
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Building direction Building direction

Figure 7.17. (a) Overlaid discrete pole figures of calculated parent 8 (black)
and measured 8 at 925°C (red); (b) Overlaid discrete pole figures of measured
B at 850°C (green) and 925°C (red/black). Black arrows indicate the HAB
recrystallised grains existed at 925°C.

7.3 Summary

In this chapter, the recrystallisation of high angle boundary (HAB) B in SLM Ti-
6Al-4V is studied via high-temperature EBSD and, for the first time, the
mechanisms and the nature of this recrystallisation is discussed. The analysis
shows that it can be considered as epitaxial recrystallisation, which is similar
to that recently discovered in hot-worked metastable B titanium alloy
(Balachandran et al., 2017). The recrystallised B is related to individual
adjacent a/a’ laths via BOR, and can be located in the interior of individual

o/a’, between a/a’ lath or at the prior-B grain boundary.

It could be assumed that the driving force for the observed epitaxial
recrystallisation derives from the stored energy of deformation that is
typically expressed by the high densities of lattice defects found after SLM in

the core and at the boundary of the martensitic as-built microstructure.

It was observed that the recrystallised B grains grow competitively with the
surrounding matrix (Ba) below B transus temperature, while the retained a

laths pin the original prior-B grain boundaries locally. When the heating
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temperature approaches or is above the B transus temperature, no a-pinning
could take place. As the HAB has higher mobility than the surrounding matrix
Ba, it might migrate at a higher rate (Pilchak et al., 2017), which leads to a
change of the original columnar morphology. Since under the uniform
heating, grains would grow with no preferred grain growth direction aligned
to any of sample coordinate system, an equiaxed or quasi-equiaxed grain

morphology is encouraged during induction heat treatments.

The high-temperature EBSD (near equilibrium conditions) experiments
presented in this chapter can capture the range of temperatures at which the
phase transformation occurs during the rapid induction heat treatment
applied in previous chapters. However, it is well understood that rapid heat
treatment can retain the substructure of the martensitic phase to higher
temperatures and promote higher nucleation rates of HAB grains (lvasishin
and Teliovich, 1999). Therefore, the applied induction heat treatment would
exacerbate the observed epitaxial recrystallisation and result in significant

refinement of the structure, as reported in Chapter 5 and Chapter 6.
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CHAPTER 8

8. Conclusions and future work

Over the course of this study, new information and knowledge have been
generated. Hence, a brief summary of these results will be presented with
the corresponding conclusions in section 8.1. In addition to what has been
studied, there are still further areas of research can be built based on this
knowledge. A summary of these areas of future work will be presented in

section 8.2.
8.1 Conclusions

In this research, SLM Ti-6Al-4V specimens were heat treated to a
temperature around the B transus (~ 1010°C) using a bespoke induction
heating system. The tensile properties and microstructure obtained after
such heat treatments were compared with those in the as-built condition and
those after conventional heat treatments. Based on these comparisons, the
results of the conducted induction heating treatments and their potentialities
was evaluated. A refined microstructure was observed in the specimens that
were treated with induction heating. By using gradient heating, the
microstructure evolution results in such refinement were characterised. The
mechanisms behind the observed microstructure evolution were studied via
high-temperature EBSD. The major findings obtained from this research are

summarised as follow:

e The typical microstructure in as-built SLM Ti-6AL-4V consists of
columnar prior-B grains filled with fine acicular a’ martensites in
various orientations. Such microstructure results in a tensile property
with high strength and low ductility. This microstructural arrangement
also implies mechanical anisotropy as demonstrated in several related

studies (Vilaro et al., 2011, Wauthle et al., 2015, Liu and Shin, 2019).
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After conventional sub-transus heat treatment, the typical
microstructure consists of prior-f grains filled with interweaved a+p
lamellas. The prior-B grains, however, maintained the original
columnar morphology, which is consistent with the morphology of the
prior-B grains in the as-built condition. This microstructure provides a
balance between strength and ductility in terms of tensile property,

but it also suggests an inheritance of the anisotropy behaviours.

After conventional super-transus heat treatment (also known as
annealing), the typical microstructure consists of coarse equiaxed
prior-B grains filled with parallel o+B lamellas. Extensive [ grain
growth occurs during the conventional B annealing, which would

result in an unacceptable loss in strength and ductility.

After heat treated to a temperature around B transus via induction
heating (short time B annealing), the typical microstructure consists of
equiaxed or quasi-equiaxed prior-B grains, which are also filled with
parallel a+B lamellas. In comparison to the microstructure obtained
after conventional sub-transus heat treatment, the morphology of the
prior-B grains appears refined. The width of the a lamellae is also
smaller than what was observed in specimens subjected to
conventional heat treatment. This microstructure provides tensile
properties equivalent to or better than what was obtained after
conventional heat treatment, and also might provide a potential to

achieve isotropic behaviour and improve fatigue resistance.

The observed refinement of the prior-B grains after induction heat
treatment is the first time reported for additively manufactured Ti
alloys. The refinement is believed to be the result of the
recrystallisation of the B phase. Due to the recrystallisation process,
high angle boundary (HAB) B are nucleated during the induction heat
treatment. The nuclei can grow with no preferred grain growth

direction aligned to any of the sample coordinate systems, as the
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heating imparted by the induction system is uniform. This results in
the appearance of a mixed morphology of prior-B grains when the
temperature approaches B transus. Such mixed morphology consists
of both newly formed equiaxed prior-B grains and original columnar
prior-B grains. Since the HAB has higher mobility, the equiaxed HAB B
grain grows faster compared to the original B grains. Therefore, the
original columnar morphology is gradually replaced. In that way, the
microstructure evolves toward the observed refined quasi-equiaxed

morphology.

The nature of the recrystallisation process is identified as epitaxial
recrystallisation since the recrystallised B is related to individual
adjacent a/a’ laths via Burger Orientation Relationship (BOR). The
recrystallised B can be nucleated either in the interior of the
individual a phase, at the a/f boundary or at the prior-B grain
boundary. To date, these have never been demonstrated in additively
manufactured Ti alloys. It can be assumed that the driving force for
the observed epitaxial recrystallisation origins from the stored energy
of deformation that is typically expressed by the high densities of
lattice defects found after SLM in the core and at the boundary of the

martensitic as-built microstructure.

Rapid heating processes, like the applied induction heat treatment,
can retain the substructure of the martensitic phase to high
temperatures and promote the higher nucleation rates of HAB grains
(Ivasishin and Teliovich, 1999). Therefore, the applied short time B
annealing and induction heat treatment would exacerbate the
observed epitaxial recrystallisation and result in significant refinement

of the structure.
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8.2 Future work

As this research provides lots of new information for the additively

manufactured Ti alloys, there is great potential for future research and

exploitation. Some of the work in this research can be continued further, as

described below:

Testing for anisotropy/isotropic behaviour

Microstructure analysis reported in chapter 4 suggests that, after the
applied induction heat treatment, there is a potential that the
mechanical properties of SLM Ti-6Al-4V can exhibit isotropic
behaviour, while the mechanical properties of those treated with

conventional heating still exhibit anisotropy behaviour.

In order to verify such analysis, Ti-6Al-4V specimens should be built at
various orientations (different build angle to the build platform), and
then post-process treated with different heat treatments, like sub-
tansus heat treatment or induction heat treatments. In the end, the
resulting microstructure and tensile property should be compared to

examine if there is any preferred testing direction.
Fatigue test

Microstructure analysis also suggests that, after the applied induction
heat treatment, the SLM Ti-6Al-V can obtain improved fatigue

resistance.

To verify such analysis, a fatigue test should be conducted. Ti-6Al-4V
specimens manufactured at same build angle should be grouped for
different heat treatments. The fatigue property after different heat
treatment then will be compared. Different fatigue resistance will

lead to a different crack growth rate.
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Further refinement of the morphology of the prior-f grains

From what is established in this research, it is safe to assume that by
exacerbating the epitaxial recrystallisation process, the morphology of

the prior-B grains can be further refined.

Based on the classic recrystallisation theory, such a process can be
exacerbated by increasing the nucleation rate of the recrystallised
nuclei. One possible method to increase the nucleation rate is to
provide more nucleation sites. Therefore, more lattice defects need to
be retained at a high temperature. There are 3 possible approaches to
achieve this goal: a) a higher heating rate for the induction heat
treatment; b) optimise the process parameters for SLM Ti-6Al-4V, so
that a higher density of the lattice defects could be obtained in as-

built status; c) adding alloy elements in the Ti-6Al-4V material system.
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Appendix A

The 3D orientation of a crystal cell could be described by defining the
rotation of the crystal coordinate system relative to the sample coordinate
system, and then applied with the symmetry of the crystal. Such rotation is
usually expressed via a triplet of angles, (¢ 1, @, ¢ 2), which also known as
Euler angles. It means the rotation about the axis that is needed to make the
crystal coordinate system overlapped with the sample coordinate system. In
this study, the crystal coordinate system used to describe the measured
orientation was defined by the MATLAB Toolbox MTex. Through Bunge’s
convention, the Euler angles therefore can be further described in the form

of a matrix. Such convention is defined as follow:

cos@picos@2 -sinp1sing2cos® singlcosp2+cos@ising2cos®  sing2sin®
R(p1,9,92)= | -cos@ising2-singicosp2cos® -singising2+cos@icosp2cos® cosep2sin®
sing1sin® -cos@1sin® cos®

Due to the symmetry of the crystal system, multiple rotations can lead to an
equivalent 3D orientation of a certain crystal. Therefore, the rotational
symmetry elements need to be applied, so that the independent orientations
can be distinguished. The rotational symmetry elements of the a and B

phases used in this research are listed in Table 1 and Table 2.

The orientation of the a phase and the orientation of the corresponding
parent B phase are related via Burgers orientation relationship (BOR). Such
relationship can also be expressed by a rotation matrix D (135°, 90°, 354.74°).
Previous researches have shown that, by applying the rotation matrix, it is
possible to determine the orientation of the parent B phase from the

orientations of a cluster of a phases (at least 3).
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Table 1. Rotational elements of the cubic symmetry (B phase)

Rotational elements of the cubic symmetry

E (0,0, 0) Caxs(0, /2, 0)
Cax(0, T, 0) Cay+(T/2, /2, 311/2)
Cay(, 70, 0) Cas(/2, 0, 0)
Ca:(m, 0, 0) Cax (T, /2, )

Cs1( /2, 11/2, 0) Cay(31/2, /2, T1/2)
Cs2+(3 /2, /2, ) C42(31/2,0 ,0)
Cs3:(3 /2, /2, 0) C2a(11/2, T, 0)
Caar( /2, /2, T0) Ca(31/2, 1, 0)

Car( T, /2, 1/2) Caclm/2, /2, 11/2)
Cs2( 0, 71/2, 311/2) Caq(TT, /2, 0)
Cas (M, /2,3 1/2) C2(311/2, /2, 31/2)

Caal( 0, 11/2, 1/2) Car(0, /2, T0)

Table 2. Rotational elements of the hexagonal symmetry (a phase)

Rotational elements of the hexagonal symmetry

E (0, 0, 0) "C’y(m, m, 0)
HCee(rt/3, 0, 0) e pa(m, T, Ti/3)
HCs,u(211/3, 0, 0) "Cga(m, m, 21/3)

"Cu(0, 0, M) HC”5i(m, 1T, )
HCs(41/3, 0, 0) e pa(m, m, 4m/3)
HCer(-T/3, 0, 0) e s, T, 511/3)
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The orientation of the parent B phase is computed from the angular
information of a texture measured at room temperature during EBSD
analysis. A Matlab code is created to conduct the back calculation. In order to
provide the information needed to conduct the reconstruction, 3 input files
are exported from the OIM data analysis software. The name and the content

of these three exported files is specified as follow:

e neighbors.txt
Each row contains ID_grain_n (identification of the a grain_n),
number of adjacent grains to the grain_n, identification of adjacent
grains.

e average.txt
Each row contains an identification of grain_n, three Euler angles that
define the average orientation of ID (Bunge convention).

e pixels.txt
Each row contains the spatial information (“x” and “y” coordinates) of

each a grain_n and the corresponding identification.

The Matlab script used to conduct the B reconstruction is presented as follow,

the reliability of this script will be validated in Appdienx B:

function [ebsd] = auto (threashold)
$startup
m=dlmread ('neighbors.txt'); % ID grain, number of neighbours,
ID neighbours
angoli=dlmread('average.txt'); % ID grain , three average euler
degree
m(isnan (m))=0;
readl=m;
[totgrani, ncolonnel=size(readl);
% initizializza
dovesono=1;
storer=1;
cs=crystalSymmetry ('cubic');
ss=crystalSymmetry('triclinic');
beta=orientation('Euler',0,0,0,cs,ss);
% fine inizializza
for rigan=1l:totgrani
granol=readl (rigan,1l) ;% numero intero
nneigh=readl (rigan, 2);
contatore=0;
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if (nneigh>=3)% devono esistere almeno 3 grani comunicanti
per ric beta
numerocolonne=nneigh+2;
numerocicli=numerocolonne-4;% numero tripplette
esaminate
for add=1:numerocicli

grano2=readl (rigan, 2+add) ;
grano3=readl (rigan, 3+add) ;
grano4=readl (rigan, 4+add) ;
[solutionbeta,minimo] =
arturo(granol, grano2, grano3, grano4,angoli,threashold);

if (minimo<threashold)
contatore=contatore+l;
storer (rigan, 1l)=granol;%
sempre lui
if (contatore==1) % ti serve 1
info di 3 grani
storer (rigan, 2)=grano?2;
storer (rigan, 3)=grano3;
storer (rigan, 4)=granod;
else

storer (rigan, contatore+2)=grano3;
end

%beta (rigan)=solutionbeta;

[phib, thetab,psib]=Euler (solutionbeta, 'Bunge') ;
phibeta=rad2deg (phib) ;
thetaneta=rad2deg (thetab) ;
psibeta=rad2deqg (psib) ;

angles=[phibeta, thetaneta, psibeta, storer (rigan, :)];

dlmwrite('info beta.txt',angles, '-append', 'delimiter','\t");

solutionbeta=0;
phibeta=0;
thetaneta=0;
psibeta=0;

else
bananas=999999;

end

end

else
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% nn fai nulla
end

end

m=dlmread('info beta.txt');
pixels=dlmread('pixels.txt'); % x and y and ID
m(isnan (m))=0;

fileEBSD=m;

[totgrani, larghezzal=size (fileEBSD)
IDdistinti=fileEBSD(:,4);
IDpixels=pixels(:,3);
matrice=zeros (totgrani, 5);
for rigan=1: totgrani

ID=IDdistinti (rigan);

[righeconID, colonneconID]=find(fileEBSD==1ID) ;

molt=size (righeconlID) ;

molteplicita=molt(1,1);

for ind=1: molteplicita
phi(ind)=fi1eEBSD(righeconID(ind,1),1);
theta(ind)=fileEBSD (righeconID(ind, 1), 2);
psi(ind)=fileEBSD (righeconID(ind,1),3);

end

phi medio=phi (ind) ;
theta medio=theta (ind);
psi medio=psi (ind);

phi=0;

theta=0;

psi=0;

[indicex y]=find(IDpixels==ID);

molt2=size (indicex) ;

molteplicita2=molt2(1,1);

for scorri=l:molteplicitaZ2
posx(scorri)=pixels (indicex (scorri,1l),1);
posy(scorri)=pixels (indicex (scorri,l),2);
phi (scorri)= phi medio;
theta (scorri)= theta medio;
psi_ (scorri)=psi medio;

end
matrice=[phi ;theta ;psi ;posx;posy]';
dlmwrite ('ebsd file.txt', matrice, '-
append', 'delimiter', "\t")

’

matrice=0;
posx=0;
posy=0;
phi =0;
theta =0;
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psi =0;

end

fileebsd=dlmread('ebsd file.txt');

[col size,raw _size]=size(fileebsd);

ones row=ones (col size,1);

m=size (ones_row) ;

ebsd raw=[fileebsd, ones row];

ebsd file=unique (ebsd raw, 'rows', 'stable’);
dlmwrite ('ebsd organised.txt', ebsd file, '-
append', 'delimiter', "\t");

cs=crystalSymmetry ('cubic'");
ss=crystalSymmetry('triclinic');
ebsd=1lo0adEBSD generic('ebsd organised.txt', 'CsS', cs,

'ColumnNames', {'Eulerl', 'Euler2', 'Euler3', 'y',K6 'x',

'Bunge') ;

% compute grains

'Ss', ss,
'phase'},

[grains,ebsd.grainId]=calcGrains (ebsd, 'Eulerl', 'Euler2',

'Euler3', 'y','x', 'phase', 'angle',5*degree);

% remove small grains

ebsd(grains(grains.grainSize < 25)) = [];

% and repeat the grain computation

[grains,ebsd.grainId] = calcGrains (ebsd, "angle', 15*degree) ;

%smooth grain
grains = smooth(grains,10);

%$fill voids inside the grains

F = halfQuadraticFilter;

F.alpha = 0.01;

F.eps = 0.001;

ebsd smoothed = smooth(ebsd,F,"'fill',grains);

figure

plot (ebsd smoothed('l'),ebsd smoothed('l').orientations)

hold on

% plot the boundary of all grains
plot (grains.boundary, 'linewidth', 0.75)

% stop overide mode
hold off
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function [soluzione,minimo] = arturo (granol, grano2, grano3,
grano4, angoli,threashold)

read2=angoli;

indl=find(read2(:,1)==granol);

phil=read2 (indl, 2) ;

thetal=read2 (indl, 3) ;

psil=read2(indl, 4);

ind2=find(read2(:,1l)==grano?2);

phi2=read2 (ind2, 2) ;

theta2=read2 (ind2, 3) ;

psi2=read2 (ind2,4);

ind3=find(read2(:,1)==grano3);

phi3=read2 (ind3, 2) ;

theta3=read2 (ind3, 3) ;

psi3=read2 (ind3, 4);

ind4=find(read2 (:,1)==granod) ;

phid=read2 (ind4, 2);

thetad=read2 (ind4, 3) ;

psid=read2 (ind4, 4);

var=rotation('Euler',phil*degree, thetal*degree, psil*degree,
'Bunge') ;

var2=rotation('Euler',phi2*degree, theta2*degree, psi2*degree,
'Bunge') ;

var3=rotation ('Euler',phi3*degree, theta3*degree, psi3*degree,
'Bunge’) ;

vard4=rotation('Euler',phid*degree, thetad*degree, psid*degree,
'Bunge') ;

cs=crystalSymmetry ('hexagonal');

ss=crystalSymmetry ('triclinic');

ori l=orientation(var, cs,ss);

ori 2=orientation(var2, cs,ss);

ori 3=orientation(var3, cs,ss);

ori 4=orientation(var4, cs,ss);

s=symmetrise (ori 1);

s2=symmetrise (ori_ 2);

s3=symmetrise (ori 3);

sd=symmetrise (ori 4);

d=rotation('Euler', 135*degree, 90*degree,

354.74*degree, 'Bunge') ;

beta=s*inv (d) ;

betaz2=s2*inv (d) ;
beta3=s3*inv (d) ;
betad=s4*inv (d) ;

cs=crystalSymmetry('cubic');
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ss=crystalSymmetry ('triclinic');

for j=1:3
ori (j
ori2(

orid (
end

for j=4:6
ori(j)=
ori2 (J)
ori3 (J)
orid (j)

end
beta l=ori;

orientation (beta (3)

cs,ss);

)= ’

j)=orientation (beta2(j), cs,ss);
ori3 (j)=

j)=orientation (betad (j), cs,ss);

orientation (beta3(j), cs,ss);

orientation (beta(j+3), cs,ss);

=orientation (beta2 (j+3), cs,ss);
=orientation(beta3 (j+3), cs,ss);
=orientation(beta4d (j+3), cs,ss);

beta 2=ori2;
beta 3=o0ri3;
beta 4=ori4;

for i=1:06
for j=1:6
misl2(i,j)=angle(beta 1(1i),beta 2(j
misl3 (i, j)=angle(beta 1(i),beta 3(j
mis32 (i, j)=angle(beta 3(i),beta 2(j
misl4(i,j):angle(beta_l(1),beta_4(j
end
end
misl2;
[x,y]=find (misl2==min (min(misl2)));
value=misl2 (x(1),y(1));
if (value < threashold)
betal=beta 1(x(1));
beta2=beta 2 (y(1));
[xx,yyl=find(misl3==min (misl1l3(x(1),:)));
value?2 =misl3 (xx(1),yy(1l));
if (value2 < threashold)
beta3=beta 3(yy(1l));
value3=mis32 (yy(1l),y(1));
if (value3 < threashold)
valued =min(misl4d (x(1),:));
if (valued < threashold)
soluzione=betal;
minimo=threashold-1;
else
annulla=0; %non fa nulla
minimo=threashold+1;
soluzione=0;
end
else

annulla=0; %non fa nulla
minimo=threashold+1;
soluzione=0;

end

)) /degree;
)) /degree;
)) /degree;
)) /degree;
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else
annulla=0;
minimo=threashold+1l;%non fa nulla
soluzione=0;

end
else
annulla=0; %non fa nulla
minimo=threashold+1;
soluzione=0;
end
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Appendix B

The high temperature EBSD dataset presented in section 7.1 will be used to
validate the reliability of the Matlab script presented in Appendix A. This
script is aimed to reconstruct the crystallographic texture of the parent B
phase. The reconstruction will be conducted based on the crystallographic
texture of the o phase measured at the room temperature. The
reconstructed results then will be compared with the B orientation map
measured at 850°C, to examine the consistency and accuracy between the

computed results and experimental results.

The crystallographic texture of the o’ phase measured at the room
temperature is presented in Figure 1. The orientation data is mapped in Z-IPF
with the colour scheme presented in Figure 1 (c). As discussed in section 7.1,
a total of two prior-B grains locates in the observed area, with the prior-$3

grain boundary across the middle of the image.

LT i g -
N S

[1100]

[0001] [1210]
[001] [111]

Figure 1. The crystallographic texture of the a’ phase measured at the room
temperature: (a) band contrast image; (b) measured a orientation map; (c)

Standard colour scheme used to map the orientation data.
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The reconstructed parent B orientation map is presented in Figure 2, and the
B orientation map of the same location measured at 850°C is presented in
Figure 3. By comparing both of the orientation of the parent B and the
location of prior-B grain boundary in two images, consistency can be

observed. Therefore, the reliability of the Matlab script has been validated.

S L m

Figure 2. Parent 8 orientation map reconstructed from the crystallographic

texture of the room temperature a’ phase

Figure 3. 8 orientation map of the same location measured at 850°C
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