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ABSTRACT

OPTIMIZATION OF THE MECHANICAL PROPERTIES OF T i-6Al-4V
ALLOY PRODUCED BY THREE DIMENSIONAL
ADDIT IVE MANUFACTURING USING TERMOCHEMICAL PROCESSES

Bilgin, G¢gney Mert
M.S., Department of Metallurgical and Materials Engineering
Supervisor: Prof. Dr. Caner Durucan
Co-Supervisor: Assoc. Prof. Dr. Ziya Esen
January 2017, 14dages

Selective laser melting (SLM) is an additive manufacturing (AM) technology used
for aerospace and biomedical-@Al-4V alloys to produce parts with complex
geometry at one step with reduced production time, scrap and cost. However, parts
produced by SLM & lack of ductility due to microstructures similar to those cast
products and residual stresses generated during laser processing. In this study, Ti
6Al-4V alloys produced by SLM were treated by thesinydrogen process (THP) to
increase ductility and tofei ne t he microstructure witho
geometry as opposed to thesme&chanical processes. It has been observed that
conventional 4t ep THP d e ecnechamisak propeltiesodespitefined
microstructure because of grain boundaiyhase formation durinf-solutionizing

and eutectoid decomposition steps. Additionally, excessive growtb-gr&ins
occurred during-solutionizing was another drawback of thstép process. On the
other hand modified 2step THP, which was conductecelow Ub transition

temperatur e, was found to increase the



strength. Although similar microstructures were developed in samples treated by 2

and 4step THP, grain growth and grain bounddsyphase formation was not

encountered in samples treated bst@p THP Even thoughydrogen absorption of

the alloyhas not beechange considerably, initial microstructure of the alloy was

found to be effective on fmamalenpr operntoi €9 .nc¢
a n dphdses by significant increase in ductility, while it did not alter the type of

phases and dwuctility too much in samples <co

however, a discontinuous morphology was obtained.

Keywords: Additive Manufacturing (AM), Selgive Laser Melting (SLM), FBAI-
4V Alloy, Thermochemical Processes (TCP), Thermohydrogen Process.(THP)
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¥Z

1 ¢ BOYUTLU KATMANLI KMALAT Y¥NTEMK KLE
Ti-6AI-4V ALAKI MI NI N MEKANKK ¥ZELLKKLERK
TERMOKKMYASAL Y¥NTEMLER KULLANILARAK OPT

Bilgin, G¢gney Mert

Yé¢ksek Lisans, Met alurji ve Mal zeme
Tez Y°neticisi: Prof . Dr . Caner
Ortak Tez Y°neticisi: Do - . Dr . Z

Ocak 2017, 41 sayfa

Se-mel i | azer ergitme (SLE), HKauv d caéenléd ka n
kar mack éKk-6Arla\p ép &r -Tal arén tek bir basamakt
azal t arleikinysarpeétlinmas éné sajlayan kademanl é
bir tanesidir Ancak, SLE ile¢, r et i | en par - ad akrémreliln ek r o y a |

par - al ar én mbh &moegmrp®ll almg nma v e |l azer ergi
geril mel er ab-uéjpaars-gakleakrJéenk i ern d¢kektgr .
il e ¢r-6A-4Venl dackemlara s¢nekl iifyi lagkttiérr mea
i -1 n -ne&kramod K | K| epmalre-railnar &@klhsisnoen teredk i | i ni

hidrojen ikl emi GéleHdksel olargkguygulanania s taéna k | &

THKpidei I extiril miagenmifkr oeYyapéggr me ve ©°te
i kl eml eri séras@ntazéaberiskmésil asébdbiyl
dekmegBupna. ek -todmeladkr,d nfg md ¢br me i K1 e mi s é

b¢yembdbaisathakl & THKOnin bir bakk ®i dezavar
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taraftan Ub ge-i K &8 é caalktleéénrdeatent &lx & $ a 1 a mhideré y e

d¢zenl enmi k THKOnin mukavemeti azé&l t madan s
ve2basamakyeat @aBbK6 tutul an numunl erde benzer m
rajmbas2amakl @ THK sonucunda numuhai emda& t ane
U fazé birikmesi Adeayxkléamén egheimesenji ehrakt ang é -
mi kroyilepasel i oranda d&ejni kMmzdal lji k|l hali dda n b a
mi kroyapéséna bajl é , 0mmawufenzbiutliunimuaeé uyapdlHé
fazl aréenrmeld®°angme llrie] i ‘ngmprlbsamdpames ¢ @e @ 1
s¢nigkil ive f az9q rae ratkidg mlenmayareks ¢ r eksi z yapénén e

edi |l mesine sebep ol muktur.

Anahtar Kelimeler: Kat manl ¢ KKmal &e - mel i L E-6Ad-r Ergitme
4VAIl akémeki megasdl|TKRhehiindr omémHKKk L e
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CHAPTER 1

INTRODUCTION

Ti-6Al-4V alloy is a workhorse particularly in aerospace and biomedical sectors due

to its superior properties like high strength to weight ratio and outstanding corrosion
resistance whenompared to other metallic materials. This alloy is widely used in

the applications where high temperature strength is required along with weight
saving is essential for a product designr6Ai-4V weight share is more than 25 %

in the fan and compressi@ections of aero engine disks and blades, which have an
operating temperature about 500 AC. The
Ti-6Al-4V is exceptionally greater than aluminum alloys and its density is lower as

for that of steel and nickel alley Additionally, Tt6Al-4V can be used as artificial

implant in the body environment since it has good biocompatibility and great

corrosion resistance.

Compared to conventional fabrication techniques, additive manufacturing (AM) of
Ti-6Al-4V alloys offersvarious advantages including near net shape production of
complex structural designs without the need of expensive molds, dies and labor
force. An additive manufacturing method like selective laser melting (SLM) allows
direct production of a part from cqmter aided design model with short deferments.

Some properties like low time to market and high level of flexibility in SLM, attract
todayods manufacturing technology in whi
mandatory and cannot be provided by a congaat methods. Thus, in recent years,

SLM has become more popular in a wide variety of fields producing complex Ti
6Al-4V parts.



In the course of SLM process,-BAl-4V powders are formed layer by layer within

a chamber in a selective manner by a lasambainder an inert argon gas
environment. Optimization of process parameters such as laser power, scan velocity,
powder layer thickness is essential to ensure the high material density with less
residual porosity. Upon interaction of a laser beam with@afft power, TH6AI-4V
powders are heated and melted. Subsequent to removal of laser, the A Ti

4V solidifies very rapidly and fused powder forms a layer of the final part. The large
thermal input in SLM causes rapid solidification of molten pa&peeially when

laser irradiates different part of the metal at the same time.

It was found that rapid solidification in SLM gives rise some problems like
formation of norequilibrium phases in the microstructure. A very fine, acicular
martensite forms wdn Ti6AI-4V parts are fabricated by SLM. Moreover, laser
beam induced highly localized heat input leads to internal and residual stresses while
short interaction time of laser causes segregation in the structure. Numerous
mechanical properties such asesgth, ductility, fracture toughness and fatigue
resistance individually altered in the case of SLM o6Ai-4V. Also, melt pool
instabilities as well as porosity and high surface roughness might arise due to non
optimal scanning parameters. Thereforestparocessing of SLM parts is highly
needed to ensure desired mechanical properties that meet the specifications of the

standards particularly adapted to aerospace and biomedical fields.

The mechanical properties of-BAl-4V can be improved when hot wanl is

conducted at an elevated temperature. However, such treatment is not applicable
particularly to the complex geometries where abnormal and multifaceted parts are

required to be produced. In this study, thermochemical processes (TCP) were

utilized to SLM fabricated Ti6Al-4V parts by using hydrogen gas with the purpose

of refining the microstructure and improving the mechanical properties of the

sampl es without changing the samplesd shape
is a unique alloying elemertfior Ti-6Al-4V because of its reversible penetrability;

hence it both can be absorbed and removed by the fundamental processes at high

temperatures. The TCP treatment done with the concept of temporary alloying with



hydrogen is broadly known as thermohyglen process (THP) in the literature. In
this study, SLM fabricated T68AI-4V parts were alternatively post processed with
THP because of the toned for preserving the final complex shape. The most crucial
feature of THP is that of it does not deform thére material so that the mechanical
properties of SLM fabricated HBAI-4V parts can be improved without plastic

deformation.

Previous studies have shown that temporary alloying €fAT4i4V with hydrogen

has a remarkable impact on phase transformatsomse hydrogen promotes the
transformation of b phase and retards
transition temperature decreases sharply
concentration of hydrogen absorbed inte6Al-4V. Such a decreaseine b t r ansu
allows heat treatments made at lower temperatures. Temporary alloying with
hydrogen has been used several times in order to improve the working, machining,
sintering, et c. due to more plastically
effed of hydrogen. Hydrogen addition into-BAl-4V slows down the kinetics for
martensite transformation by lowering the nose temperature and critical cooling rate

as well. THP has been used by several authors because of its positive effeets on Ti
6Al-4V like refining the microstructure and improving the mechanical properties.
However, in the literature, this technique has not been applied to any kind of AM
produced parts yet, and these studies have only been focused on cast and wrought
Ti-6Al-4V parts. In thé regard, the present thesis approaches to SLM fabricated Ti

6Al-4V parts as a novel post processing technique with the purpose of obtaining
optimal mechanical properties conforming the ASTM standards for AM fabricated

parts.

This master thesis containsvd chapters to give information about the main
concepts of THP and THP of SLM-BAI-4V alloy. The literature review, given in
Chapter 2, consists of several sections so as to present theoretical background that
enlightens the main study. Firstly, propestof titanium and its physical metallurgy

are explained with its suitability to aerospace and biomedical fields. Next, AM

technology has been discussed by emphasizing metallic parts production. SLM



fabrication method, an AM technology, is explained indeatailed manner
particularly for Ti6AI-4V with its microstructural evaluation and mechanical
characteristics after production by SLM. Moreover, the various structural properties
and mechanical characteristics of THPeebAI-4V alloys are discussed in &puth
perception in Chapter 2. In Chapter 3, the experimentalfséd presented along
with the physical and chemical properties of initial SLM fabricated samples. The
principles of various characterization methods including compositional analysis,
metallggraphic examinations, Xay diffractions, mechanical tests and hardness
measurements are introduced within this chapter. Chapter 4 covers experimental
results and their discussions with respect to structural, microstructural and
mechanical doctrines. Casguently, conclusions with the future works are

presented in Chapter 5.



CHAPTER 2

LITERATURE REVIEW

2.1. Introduction to Titanium and Its Applications

Titanium and its alloys are used in a variety of fields includaeyospace,
biomedical, petrochemical, personal product and automotive industries due to their
superior properties such as high strength to weight ratio (specific strength) and
excellent corrosion resistance. High specific strength at elevated tempenadiiess

titanium an indispensable aerospace material. As it can be seen in Figure 2.1,
strength to weight ratio of ®AI-4V is higher than that of most metallic materials

upto 406550 AC operating temperature. Today,
for widespread use of titanium alloys in aerospace industry [1].

1 Pure titanium is 40% lighter than steel and nickel based super alloys,

1 The tensile strength of some titanium alloys are better than ferritic and
austenitic stainless steels and can be comparablihat of martensitic
stainless steel,

§ Titanium alloys are useful at temperature range of-3@®0 AC. Ti tan
aluminates have even higher strength at higher temperatures.

1 Their thermal expansion coefficients are less than half of aluminum and
lower thanthat of steel.

T When operating temperature exceeds 13

aluminum.



Although only composites have higher specific strength rather than any other
metallic materials at lower temperatures, their usage in aerospace appliikions

aero engine components is diminished by their limited operating temperature extent.

400 |-
Composite

Nimonic¢ 90 and
Ti-6 Al-4¥ Inco 901

0 L IMI685

U.T.S/density (MN/m*)/(g/cm?)

Aluminium

0 200 400 600
Temperature (°C)
Figure 2. 1: Comparison of specific strength vs. temperature for several different

materials [2].

For aerospace industry, primary séiec criteria of titanium alloys based upon their
lower density permitting weight saving compared to steels. The strength of titanium
alloys is higher than aluminum alloys even at higher temperature. Therefore,
titanium alloys offer greater resistance imgth temperature applications than
aluminum alloys. Moreover, weight saving can be maintained when titanium is

replaced with aluminum despite its higher density of about 60% [3].

The other most widely used area for titanium alloys is the biomedical Seide
titanium has high corrosion resistance, mechanical properties close to bone and good
biocompatibility in body environment, hard tissues of the body can be replaced with
artificial titanium implants. Therefore, they may be used in hip joints, tkedes,

artificial vascular stents, screshaped bone fixation devices and so on, Figure 2.2

[4].
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(b) hip joint, (c) vascular stent [5, 6].

2.2. Properties of Titanium and Its Physical Metallurgy

In Table 2.1 presents some physical and mechanical properties of titanium and

titanium alloys and other metals like Fe, Ni and Al.

Table 2.1: Some basic characteristicktbanium and its alloys compared to some

other metallic materials [7].

Figure 2.2: Various biomedical application of titanium alloys; (a) denfal implant,

Property Ti Fe Ni Al
Mel ting Temper al 1670 1538 1455 660
Al l otropic Tran 882 912 - -
Crystal Structure hcpYlbccY{ fcc fcc
Room Temperature E (GPa) 115 215 200 72
Yield Stress (MPa) 1000 1000 1000 500
Density (g/cr) 45 7.9 8.9 2.7
Comparative Corrosion Resistand very high low medium high
Comparative Reactivity with © very high low low high
Comparative Price of Metal very high low high medium

Even though titanium has relatively higher specific strength among other metals, its

price relatively

hi gher

7

because

of




process. The high price of titanium is mainly related to high reactivity with oxygen.
Due to high oxygen affinity of titanium, the use of vacuum or inert atmosphere is
required during the production process to avoid oxygen contamination. Conversely,
high oxygen reactivity leads to formation of immediate oxide layer throughout the
surface when titanium exposed to air. This thin surface oxide layer provides

excellent corrosion resistance, which is desirable in various applications [8].

Pure titanium undergoes an allotropic phase transformation from hexagonal close

packed -phase; whichis Btable at the room temperature, to body centered

cubic -dbacxce Wwhen the temperature is raised
cell of hepU aneé bpchcases are given in Figure 2.3
constants. The hcp lditiceparameters ai a=D.295nm and| has tF
c=0.468nm, while the bcc b phase has a=0. 03232
systems and thus, It i's |l ess ductile when
Ssystems. The b phase is mbter ptaani a¢alel yU da
consequence of easier gliding of dislocations over slip systems and the higher

atomic density in bcc crystal [9].

0.468 nm

a
Figure 2.3: The wunit c el lp hoafs etphasef®)i uom; ( a)

Cc



The allotropict r ansf or mati on temperatur e, . e.
dependent on the amount of substitutional and interstitial alloying elements. The
effect of various elements on U to b tr.
phase given in Figure 2.4. Ahinum is the most commonly used substitutional

all oying el ement due to its high solubil
el ements such as B, Ge, Ga and rare eart
just as Al; however, their solid solubifiin titanium are far below as compared to

Al . Nitrogen, carbon and oxygen are the
el ement s. Especially oxygen has signifi
oxygen content increases the embrittlement ris&stitally and decreases the
ductility [10]. Only hydrogen has b pha:
el ements, thereby, |l owering the U to b t
Si el ements are the mos tionavelethentsy. Alloysngd b s
titanium with proper amounts of these el

at room temperature. Zr, Hf and Sn are the last group of alloying elements having no

stabilizing effect. Par t istahbiliziagrelement3nn i s
many commer ci al applications even if it
temperature. When Al is present in struc

the result of the replacement in hexagonal ordergdll phase [11.12].

uoli ‘ B
“_ B+ TixAy
a+ Tley "
Lo emmm——

Ti
a stabilizer [} stabilizer neutral
|} isomorphous | eutectoid

(AILO,N,C) (V.Mo,Nb, Ta) (Fe,Mn,Cr,Ni,Cu,Si,H) (Zr,Sn)

Figure 2. 4: Influence of some alloying elements on titanium phase diagrams [9].

The U and near U alloys are stable at th

of b stabilizing el ements, b phase becom



+ b alloys, U phase dominantly present in
amountd® b phase. I n gener al term, b titanium

100% b phase when they have been quenched fr

2.3. Titanium Alloys

There are various classes of titanium alloys such @sd neaa alloys,a+b alloys,

near b and b-alloys with different properties, which are classified according to

content and type of the alloying elements, Figure 2.5.

o alloys Unalloyed titanium -Higher density A
Ti-5A1-2.55n -Increasing heat treatment
response
Near-o. Ti-8Al-1Mo-1V -Higher short time strength
Ti-6Al-28n-47r-2Mo -Increasing strain rate
sensitivity
ot alloys Ti-6Al-4V -Improved fabricability
Ti-6Al-28n-6V
Near- Ti-6Al-25n-47r-6Mo -Higher creep
Ti-3Al-10V-2F¢ strength
-Improved
B alloys Ti-13V-11Cr-3Al v weldability

Ti-8Mo-8V-2Fe-3Al1

Figure 2.5: Properties of various classes titanium alloys [14].

2.3.1. U and near U alloys

Commercially pure titanium (GP i ) and the titanium alloyed
stabilizer element fall into this category. At lower temperatures, possessing 100%

hcp titanium is the main criteria to be cl as
alloying el ements (Al , Sn) and interstitial el e
phase. U tit ani-3AR.549, ITI5A132.5Sn,sTiBAlI-AMo-d\s Ti-T i

B6Al-2Sn4Zr-2Mo are widely used in variety of fields, where high creep resistance

is required like gs turbine components. Properties of such alloys cannot be altered

10



by a heat treatment and thus, they are u
b al | oy s-6A+-4aValloy. @rdy solution annealing treatment, just below the
100% b p hcarshe utilizecetb this type of alloys. They have excellent
corrosion resistance and good weldability with respect to other types of titanium

all oys. Some -08Mo@ | BNys cloinka@ai @i b phase st
amounts of Si to enhance the cremgsistance [13, 15, 16]. The mechanical
properties of U phase can be increased e
has significant effect on the strengthening mechanism of titanium with ensuring the

formation of hexagonal TAl phase.

2.3.42.b @Glloys

The alloys belonging to this category c
toget her . As a gener al t erm, to promot e
aluminum is added with one or two b st al

and Mo. Likewise, Ti6Al-4V alloy, which is a workhorse for titanium industry,
contains predominantly U phase stable al
Combined properties of U and b phases ar
alloy or bettercrgg r esi stance than b alloy is regq
treated and heat treating capability increases more readily with increasing content of

b favoring el ements. Solutionizing bel ow
widely performed heat r eat ment . Amount and type of t
alloy have strong influence on several properties ranging from hardenability,
strength to plastic deformability. Prope
Ti-6Al-4V alloys find applicéons in variety of working fields in industry and
academic researches as they possess prop:
The U + b all oys -6Al-4V, Ti-6A:7Nb, TH6AI-\62Ss, Tic h  a s
8Mn, Ti-7Al-4Mo, Ti-3Al-2.5V, Ti-6Al-2S1-4Zr-6Mo [1, 14].

11
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Ti 834

T |
Ti-6AI-2Sn-4Zr- [ Ti17
2Mo-0.8Si Ti-6Al-2Sn-4Zr-2Mo

TASE IMI 685 Ti-6Al-4V Betacez

=

Stain-rate sensitvity >

¢ Weldability > Heat treatment capacity

< High-temperature strength| | Room-temperature strength>

« alloys ! Near-u alloys { a + p alloys | Near- alloys ' B alloys

Figure 2.6: Main characteristics of titanium alloy family [1].

2.3.3. b alloys

A titanium alloy is considered as b alloy wl
100% b phase field without transformation t
stabilizer elements cause a high strength up to 1400 MPa after heat treatment. These
types ofalloys are more readily heat treatable and thus mechanical properties can be
varied in a broad range. Solution heat tre
temperature as a regular process. The room temperature strength is significantly

higher than othetitanium alloys. Good forming capability due to presence of bcc

beta phase, among other types of titanium a
all oys. However, b all oys are not wel dabl e s
to U all e¢yhe. nBenepi the phase is metastable at

transformation to U phase can be observed a
an elevated temperature [ 1, 141pV-2FeThe b al | ©
3Al, Ti-15V-3Cr-3Al-3Sn, Ti8Mo-8V-2Fe3Al, Ti-15Mo-2.7Nb-3AI-0.2Si, Tt
3Al-8V-6Cr-4Mo-4Zr.

12



2.4. T6Al-4V Alloy

The Ti6AI-4V al l oy is an U + b alloy which h
stabilizer and 4 wt. % vanadium as b phas
phase is stdbe a't room temperature along with
upon slow cooling from the high temperat
of heat treat ment and cooling rat e, t h
microstructure vary and may incled pr i mary or gl obul ar U
allotriomorph U, maWitemasn stivttures @Ths ket weav

The b transit i-6Al-4Vtakoympight bae alteredevitho by chariging

the interstitial el ement s, however, tran
100% b systeNn 206 A®o[ud] .99When the alloy i
abovehe B transition temperatur e, b phase
hi gher cooling rates, acicul ar U plates
Wi dmanst2atten which is a casfl8lng microst |

=~
25um
Figure 2.7: Optical micrograph showing/i d ma n sstrudturd resulted in a

casting where U phase in white and
The nucleation rate of U plates into pri
cooling rate thereby the width and | engt
the cooling regime [18]. Besides, -upon g

6Al-4V alloy gets through the Ms (martensgtart), the transformation fromt o U

13



phase (hcp martensite) is observed. The martensite in titaxists in two forms

including hexagonal martensiteandt t hor hombi ¢ martensite (U'"
of Uldde 'i 9 mainly dependent on chemical con
in the alloy. After quenching from 100% b p
formed 1 n either condition where O 10 wt. %
added [20]. The schaatic illustration of phase constituents of@Al-4V alloy upon

guenching from different temperatures is shown in Figure 2.8.

1200 1200
: 6wt% Al
i o’ +
o - ’
% 1000 R 100G~
g i o)
= i EEIEREINE RSN E
g : ................................. w
=
= ! 3 8
i o+ B B E
i i - E =
800 : 800 e 5
; EEEEHESRERRRRAEEN O B
| 2
| B 2
600 L1 L1 600

|
0 2 4 6 8 1012 14 16
Vanadium content (wt %6)

Figure 2.8: Phase constituents of-6Al-4V alloy upon quenching [8, 20].

The relationship between mechanical properties and microstructure6#l-Bv

all oy has been studied by L¢gtjering [17]. Ac
plates is the most important microstructural parameter effecting the mechanical

propertiesin Ti-6Al-4 V al | oy. With decreasing in U col
properties such as vyield strength, ductility, and crack propagation resistance

determining the low cycle fatigue (LCF) strength are enhanced. Only fracture
toughness and macro crack prgpt i on r esi stance are decrease
colony size. Therefore, texturing the microstructure is crucial for determining the

mechanical properties of the-68AI-4 V used i n various applicati

colony mainly depends on cooling raled m al | b phase field, t he
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microstructure determined by fabrication process and subsequent heat treatment
[17].

Ti-6Al-4V alloy, which the extensively used material in aerospace industry, can be
used in various forms in cast and wroughtdibans. Conventionally, F6AI-4V
components are fabricated by machining and hot working of wrought products. The
final microstructure, which determines the mechanical properties, is mainly affected
by the temperature and strain rate of deformation. lch stases, mechanical
properties are mainly defined during deformation at elevated temperature. However,
Ti-6Al-4V alloy is known as their hard plastic deformability with respect to steel
and aluminum alloys. Significant machining process and labor foeeneeded
when complex and complicated parts like porous hip joint disks are desired to

produce with a traditional method [8].

I n todayds processing technology there
efficient method to produce complex-8Al-4V pars [21]. One of the popular
techniques called AM mostly eliminates intermediate processing steps (deformation,
machining, welding, etc) and the need for dies and reduces production time

considerably.
Elemental composition and mechanical properties of easught and AM T46Al-

4V alloys are more or less the same; however, they may show a slight difference

shown in ASTM standards presented in Tables 2.2 and 2.3.
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Table 2.2: The compositions for cast, wrought and AMGAI-4V conforming

ASTM standards.

Chemical Composition (wt. %)
Element "ASTM F1108-14 | ASTM F136-13| ASTM F2924-14
(cast) (wrought) (AM)
Al 5.50106.75 5.50 to 6.50 5.50106.75
\% 3.50t0 4.50 3.50 to 4.50 3.50 to 4.50
Fe 0.30 max. 0.25 max. 0.30 max.
@) 0.20 max. 0.13 max. 0.20 max.
C 0.10 max. 0.08 max. 0.08 max.
N 0.05 max. 0.05 max. 0.05 max.
H 0.015 max. 0.015 max. 0.015 max.
Titanium 0.015 max. Balance Balance

Table 2.3: Minimum tensile properties of cast, wroughAi/ Ti-6Al-4V alloys.

Standard YS (MPa) | UTS (MPa) | Elongation % | Reduction of Area %
ASTM F110814 758 860 8 14
ASTM F13613 795 860 10 25
ASTM F292414 825 895 10 15

16




2.5. Additive Manufacturing (AM)

2.5.1. Introduction to Additive Manufacturing and 3D Terms

3D printing is popular term of additive manufacturing (AM) for what used to be
called as rapid prototyping (RP) [22]. The concept of printing a physical 3D object
involves extending of 2D processes into the third dimensions. Additive
manufacturing term is related to the fabrication process of components by adding
building materials (partially sintered or melted & solidified powders) in layers. This
technology differs from machining processes, which remove materials from a single
pieceof unibody, and the final form of the material is achieved in a single process

without any subsequent plastic deformation or material removal step [22].

Development the concept of AM was originated from utilizing computers, lasers and
controllers to upd date life. In 1980s, parallel patents were obtained by some
individuals including; Murutani (Japan), Andre et al. (France), Charles Hull (USA).
From beginning to these days, the principle of AM technology is to fabricate a
model with using computer aidedesign (CAD) without the need of complex
process planning including tools and additional fixtures as other manufacturing
techniques. Every each additional processing steps lead to additional labor force as
well as extra production time. AM only needs lbasnderstanding of materials and
machines that are used [23].

The AM of rely on adding building materials layer by layer in a thin cross section
derived from CAD model. Every each layer has its own thickness which determines

the final shape of the matdridhinner the adding layers promote fabrication of

more similar parts to the originals produced by a conventional method [24].
However, throughout the AM, layer thickness can be affected from several
parameters including thermal inputs and heating souwd@sh will be discussed in
further in the following parts. I n today

different kinds of materials differs from each other, thereby, commercialized AM

17



machines and related process requirements are varied sigiyfiogrthe materials

to be manufactured [24].

2.5.2. The Profits of AM

This technology is described as a revolution in manufacturing and product
development chain for many people. For some, AM technology is still in its growing
stage and in near futuiés ultimate consequences will bring us a new industrial
revolution [25]. The main benefit of AM is due to its structural freedom which
serves the purpose of manufacturing extremely complex parts in a single production
stage. By comparison with AM, convemal methods require multiple stages to
produce complex parts. Number of processes are reduced when AM is used instead
of any conventional manufacturing method [26]. For instance, 16 individual parts,
including screws and nuts, must be assembled to pecglu@ircraft ventilating slot

sample, however the part can be obtained in a single step when AM is applied [27].

Alongside the design flexibility in AM, following process advantages are unique to
AM [27];
Complexity in ShapeThe capability of shape cagiexity eliminates the need for

molding or hard tooling which can increase cost of the entire manufacturing process.
Complexity in HierarchyHierarchical complexity can be tailored with controlling

the laser power, cooling rate, scan velocity in a pdaiclocation in multiple size
scales including nano/micro microstructures, mesostructures and macrostructures.

Complexity in FunctionDuring the building of a functional part, it is advantageous

to construct multiple parts at the same time into compsnémt avoid post
processing.

Material Complexity: The opportunity of varying the material composition at

different locations is possible through some AM machines.

18



2.5.3. AM Processing Steps

AM basically involves some processing steps mainly indepericentthe type of

AM machine. From desktop sized simple 3D machines to larger industrial
processing machines, all manufacturing is based on several stages beginning with
virtual CAD model [28].

Computer Aided Design (CAD) Model
Conversion to STereolLithogphy (STL) file format
STL File Manipulation into AM Machine
Machine Setup

Building of Parts

Material Removal From the Building Platform

N o ok~ wDbd e

Post Processing

2.5.4. Types of AM Processes

AM processes use either laser or electron beam as an energy source to manufacture
components using the starting materials in powder or wire form. In the case of
production based on powders as raw materials, the laser/electron beam can be
directed to a stainary powder bed having a specific layer thickness on a building
platform or powder/powder mixtures may be fed to platform through a nozzle which
lies near the laser beam. These processes are called, respectively, powder bed fusing

process and directedengy deposition process [29].

2.5.4.1. Powder Bed Fusion Process (PBF)

In the method of PBF, schematically shown in Figure 2.9, the fusion is induced by
an interaction between thermal source and powder particles. The heat source is most

commonly proviéd by a laser or an electron beam. When the powder bed is
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irradiated by a thermal source, a layer of powder is melted or heated just below the
melting point and subsequently, the fabrication piston is lowered by one layer
thickness to add a new powder layeth a powder roller. During manufacturing,
oxidation is prevented with introduction of an inert gas such as nitrogen or argon or

by use of vacuum environment as in electron beam melting (EBM) technology [27,

30].
<
System

Laser Beam

Part
Base Plate

Roller .- Powder Bed

A

Powder Delivery Over Flow
System Container
J z
4
Fabrication
Piston

Figure 2.9: The powder bed fusion process using laser as a thermal source [30].

Laser Based PBF Systems for Metal Manufacturing:

The lasers are utilized thanks to their leading properties of providing highly
collimated beam energy and high intensity. By tmeans, lasers can be moved
rapidly in a specific location with using a scanning mirror. Once the laser makes
contact with powder bed, a layer of powder melts and subsequently solidifies very
quickly in a selective manner when the laser is focused to elifféocation, which

is a fundamental for AM of metallic materials [31].

Laser based PBF systems for sintering and complete melting of metallic materials
are commercially applied by several companies: Selective Laser Melting Solutions
(Germany), EOS (Germg), 3D Systems (France/USA), Renishaw (UK), Realizer

(Germany) and Concept Laser (Germany). There are several common terminologies
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for the technologies used by these companies such as selective laser melting (SLM).
The terms of selective laser sinteringSSand Laser Cusing are also used by some

manufacturers [27, 31].

Processing of metal powders are more difficult than polymer powders because of
their high thermal conductivity, tendency to oxidation, high surface tension, residual
stresses and laser mdlivity [32]. To overcome these inherent issues, selective
remelting approach has been developed by Fraunhofer Institute for Laser
Technology of Germany. Within the purpose of increasing absorptivity of laser
beam, they enabled NJAAG laser instead of CQ laser for easing better
wavelengths. Today, almost all machines, developed by the companies mentioned
above, use fiber lasers to obtain better beam quality and energy efficient lasers [33,
34].

Laser based PBF process machine manufacturers are awdre fdct that the
material properties are as important as the machine technology to determine the final
structure. So that, they developed some process parameters altered by the type of
material to be manufactured. These variables can be counted as ildyezdb, laser

power, laser velocity, build volume, scanning strategy, and more [32, 35].

Electron Beam Based PBF Systems for Metal Manufacturing:

Electron beam melting (EBM) is a specific technique that uses electron beam as a
heat source, which was camercialized by Arcam AB, Sweden, in 2001. Similar to
laser based systems, in the EBM process, an electron beam contacts with previously
laid powder layer which causes complete melting and solidification [36, 37].

There are several differences between waylprinciples of SLM and EBM due to

their energy source, Table 2.4. While powder particles are heated with absorption of
laser beams in SLM, in EBM heating is provided by the kinetic energy
transformation from electrons to powders. In EBM powder bed, ghehi

temperature is achieved than SLM powder bed, so that high melting temperature
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materials are manufactured in a short period of time. Higher temperature in EBM
leads to larger and more diffusive heat input and therefore, cooling rate is slower
than SLMprocess. In EBM, more similar microstructure to a cast microstructure is
obtained and less amount of porosity is achieved. Rapid cooling in SLM causes finer
grain sizes in the microstructure but larger heat input differences in a unit of time
lead to ariseof nonequilibrium phases. Moreover, the type of material to be
produced in SLM and EBM is different. EBM powder bed is required to be
conductive. Thus, EBM is only used to manufacture conductive materials like
metals; however, SLM can be applied to aype of material which has the
capability of absorbing the energy of the laser wavelength (e.g. metals, ceramics and

polymers) [38, 39]. An illustration of an EBM system is shown in Figure 2.10.

Table 2.4: Differences betweeSLM and EBM processes [31].

Characteristic SLM EBM
Thermal source Laser Electron beam
Atmosphere Inert gas Vacuum
Scanning Galvanometers Deflection coils
Energy Absorption Absorptivity limited Conductivity limited

Powder preheating sour( Infrared orresistive heate| Electron beam

Scan speed Limited by galvanometer| Very fast
Cost of energy High Moderate
Surface quality Moderate Poor
Feature resolution Excellent Moderate
Materials Polymer, metal, ceramic | Metals
Powder particle size Fine Medium
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Figure 2.10: EBM apparatus [36].

Outcomes of PBF Processes:

Laser and electron beam metal production systems are broadly used in biomedical
and aerospace industry because of their complex geometrical advantages and
material elated benefits. Despite some unique process advantages in PBF
technology, there are some drawbacks when compared to conventional
manufacturing processes. Apart from other technologies, in metal PBF processes,
supporting materials are required in orderkéep solidified powders fixed to the

build platform. These supports are also necessary to avoid warping during
solidification; however, an additional process is required to remove supports from
entire body of the part. When compared to traditional metahufaaturing
processes, the surface quality is far below in PBF. The roughness is mainly affected
by the process parameters such as powder particle size and scan velocity. Decreasing
the powder size and the scan velocity allow production of a smoothecesufiae
porosity was a vital issue for PBF processes when this technology has been
introduced newly; yet today, this disadvantage can be outfaced with ensuring
complete melting and optimizing process parameters in both laser and electron beam

technologiesBecause of the residual stresses andewpnlibrium phases present in
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PBF processed metals, a subsequent heat treatment is required before application [40
- 42].

2.5.4.2. Directed Energy Deposition Process (DED)

Directed energy deposition (DED) methades a heat source based on laser or
electron beam to melt powders before they are deposited to the substrate. A

schematic illustration of laser based DED system is shown in Figure 2.11.

Procass direction

Shielding Nozzle Powder Feed Nozzle

Laser Beam
Deposit

Substrate

Powder focus position

Figure 2.11: Laser based DED systegd3].

A basic DED machine consists of a deposition head which hosts a powder nozzle, an
inert gas tube and a heat source. Previously melted powder particles are deposited in
a certain direction controlled by substrate and deposition head movement.tin mos
DED systems, the substrate and the deposition head can be moved in x, y and z axes.

Laser Based DED Systems for Metal Manufacturing:

Laser based DED system was firstly developed by Sandia National Laboratories,
USA. The technology, called as LENS, wasmmercialized by Optomec, USA in
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1997 [44]. This process is usually referred as laser metal deposition (LMD) owing to
the fact that it is majorly applied to produce metal parts. Recently, like laser based
PBF processes, LMD technology uses fiber lasea dwat source after having
experience of N(YAG laser. Powders are deposited in an inert gas environment to
prevent oxidation. Apart from Optomec, there are number of companies using this
technology; POM Group, USA, was acquired by DM3D Technology, Aetdive,

USA, Accufusion, Canada and Controlled Metal Buildup (CMB), Germany, Trumpf
Group, Germany [27, 45].

Electron Beam Based DED Systems for Metal Manufacturing:

This technology was initialized by NASA Langley, USA, in order to manufacture
and repai their aerospace components, which is called Electron Beam Freeform
Fabrication (EBF). The process of EBF operates with very high electric current and
relatively slower deposition rates under vacuum. Moreover, different from laser
systems, electron beanrogesses use wire feeding instead of powder particles.
Another company which develops electron beam DED machines is Sciaky, USA.
Sciaky machines complete their manufacturing in huge vacuum chambers proving
very large build scales up to 6 m. This comparpeemlly focused on building large
metallic components with rapid depositing rates for the use of aerospace industry
[46, 47].

Outcomes of DED Processes:

Direct energy deposition technology is capable of manufacturing parts with full
density and stable ierostructural properties. Unlike PBF processes, the final
microstructure can be controlled as unparalleled distribution because of directional
solidification feature in DED. The DED products are very good candidates for the
replacement, repair and modezation applications. Due to deposition principle in
DED processes, corrosion and wear resistance thin layer coatings can be performed

[48]. Poor surface quality, slower scanning speed and very long building times are
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the major process drawbacks for DEDogesses. When compared to PBF
techniques, DED processes are not able to manufacture complex structural designs
because of the insufficient supporting between the substrate and the part. After
manufacturing step, a post processing is usually required td essdual stresses
[49-51].

2.6. Additive Manufacturing of Ti-6Al-4V Alloy

Recently, additive manufacturing (AM) technology is mainly focused on to produce
complex parts particularly used in biomedical and aerospace applications. Due to the
uniqueproperties of T6AI-4V alloy as pointed out in section 2.1, biomedical and
aerospace fields give close attention to manufacture this alloy with an alternative
process which allows structural flexibility and cost efficiency. For this reason,
number of meta AM processes (e.g. powder bed fusion and directed energy
deposition) has been developed to manufacture compl®A4V parts. In this
section, together with the additive manufacturing of6Al-4V alloy, various
structural properties such as densifimatphenomena, mechanical behavior and
microstructure are summarized based on a comparative analysis of different
production methods. The AM processes mentioned in this section are; selective laser
melting (SLM), selective laser sintering (SLS), electr@arh melting (EBM) and

laser metal deposition (LMD).

2.6.1. Densification Phenomena

In Table 2.5, a$uilt densities of T6AI-4V are summarized according to type of

AM processes including SLM, SLS, EBM and LMD. AM machines given in Table
2.6 are the masommonly used technologies to producesAi-4V aerospace parts.
As-built densities can be reached up to 99%, if the processes parameters such as
layer thickness, scan velocity, scan strategy, etc., are determined properly [52, 53].

Only in SLS technolog the theoretical density falls below 99% and mostly is
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around 95% because of the solid state sintering, which is lower than the melting

poi nt

i n t he

treatment like hot isostatic pressing (HIP) is required in order to increase the density.
HIP, which is a default processing after laser sintering e6Al+4V, allows an
alteration in microstructure and decreases thegity [35, 44, 45, 54 61]. The
capability of maintaining complete melting in SLM, EBM and LMD causes the
molten phase to fill the pores; thereby, fully dense parts can be produced by any of
these methods. Many authors have reported that in EBM protésgossible to
produce parts having more than 99% density by maintaining optimum parameters
[58, 62]. However, in SLM technology the theoretical density is about 99% which is

lower than EBM and LMD techniques due to rapid melting/solidification and

( 1 6 6AL-4X.0n) SLS processT sintering mechanism is completed
b phase

enrapped argon gas (more than LMD) [34, 63, 63].

Table 2.5: AM process variables and-asanufacturedi-6Al-4V densitied35, 44,

fa@pmdo xciomarteeslpyond13 @ AO©

45, 54- 61].
AM i Build volume _
AM Machine | Heat Source | Part Density
Method in mm (x/y/z)
400W IPG .
SLM SLM 280 HL | 280x280x350a 99 %
fiber laser (x2)
EOSINT 400W Yb
SLS _ 250x250x325 | < 99 %
M280 fiber laser
3000W e
EBM Arcam A2X 200x200x380 | > 99 %
beam power
5000W IPG
LMD LENS MR-7 _ 300x300x300| O 99. 9
fiber laser
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2.6.2. Microstructure of Additive Manufactured Ti -6Al-4V Alloy

In both PBF and DED techniques, a part is produced layer by layer via direct contact
of a heat source focused on powder or wire. In all AM techniques, solidification
occurs in very short time due to large thermal édlignts no matter what the process
type is. Also deposition of a subsequent layer is an important factor that affects the
resulting microstructure. While a layer is solidified, the latter is deposited with high
temperatures onto previously deposited laymteraction between these two layers
leads to microstructural alterations induced by heat exchanging throughout the
process. Prbeating of powders (or wires), substrate heating and building

temperature have strong impact on the final microstructures{§3,

Selective Laser Sintering:

SLS components are usually serviced after HIP is applied to increase the density and

enhance the final mechanical properties. Das et al.[56], reported that@Ad¢-aV

alloy which has been produced by conventional powdetallurgy (PM) has a

theoretical density as same that of SLS parts and thus in both processes, HIP is a

favorable subsequent method to reach a density above 99%. PM + HIP and SLS +

HIP resulting microstructures have simili d manst 2t t erststnrgu otfurle c o

(white) and b (grey) | amellas which is il ]l us

o RS

\F»\}: N.
\ F\‘??»x\{ ///

Figure 2.12 Optical micrographs o(a) PM + HIP, (b) SLS + HIFFi-6AI-4V[56].
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Selective Laser Melting:

SLM processing usually referred @asCol d Powder Beddé techni
deposition is occurred over a npreheated substrate [60]. Each layer of melted
powders solidified rapidly over the cold powder bed and this results the presence of
nonequi l i brium phases hihikshowmic Figurm2.13tTeensi t e
entire microstructure consists of acicular martensite phase, wkeil-AV alloy is

produced by SLM [57].
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Figure 2.13: Microstructure of SLM produced H&AI-4V alloy [57].

Furthermore pragss parameters have strong influence on solidification behavior in

SLM production. Once a | aser with high
plates precipitate throughout the microstructure because of very large undercooling
during solidification. Thedser power, the scan velocity, the scan strategy, the laser

spot diameter, the hatch spacing are the most important process parameters that
determine the final microstructure [34, 60]. Thijs et al. have reported the effects of
process parameter on micrasttural evolution of SLM produced -BAI-4V alloy

[53]. They produced their specimens in a zigzag pattern which was obtained by
rotating | aser beam 90A scanning direct
pattern is a widespread scanning parameter tmirobhigh density in SLM
production. Wavy b grain boundaries are |
scanning pattern and between these pri ma
Figure 2.14 (a) [53]. GraintWweemdpr iy mar )
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grain boundaries since rapid solidification occurs in SLM. In transverse cross
section to building direction, Figure 2.14 (b), dark horizontal bands are equal to
|l ayer thickness i n SLM production which

parameers used in the reported study made by Thijs et al. is given in Table 2.6.

dark bands

scan direction

elongated grains
direction

Figure 2.14: Micrographs of SLM asuilt Ti-6Al-4V; (a) front view,
(b) transverse cross section [53].

Table 2.6: SLM process parameters optimized by Thijs et al. [53].

Variable Process Parameters

Laser Power, P (W) 42

Velocity, v (mm/s) 200
Layer Thicknes 30

Scan Strategy Zigzag pattern
Hatching Spaci 75
Energy density, E (I10J nm?) 93

Relative Density (%) 99.6
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Electron Beam Melting:

Apart from the laser based PFB processes, in EBM, the cooling rate can be
controlled via preheating of the substrate. Also the cooling rate can be decreased
because of higher and more diffusithermal inputs derived upon energy
transformation from electrons to powders. Unlike SLM technique, continuous
primary b grains are observed upon r emel
higher temperature in powder bed throughout the processing 48} By
maintaining the substrate material as same as the solidified material, the wetting
angle (d) can theoretically be provided
solidification [65]. Figure 2.15 shows the microstructures of EBNbuak Ti-6Al-

4V components at two different directions and magnifications. The bulk
microstructure is mainly composed of U
within the primary b grain boundari es.

t he pr i mar g orientatbdota thed kaitdingedirection. Such a directional

columnar growth microstructure is reported by several authorsq6B

Figure 2.15: Optical micrographs of the EBM produced@Al-4V; (a) transverse
crosssection, (b) longitudinal cross section [61].

Laser Metal Deposition:

Recently, wire feeding is used instead of powder deposition in LMD techniques to

achieve larger building volumes and to overcome the problems of powder
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contamination and high price. faularly LENS technology is capable of building

huge components with high density while the geometrical freedom is limited when

compared to powder based technologies [55]. The microstructure, illustrated in

Figure 2.16, shows the heterogeneity withpnesee of U + b | amel | as an
phase. I n LMD process, no primary b grains
direction unlike SLM and EBM due to deposition in multiple axes. For instance

LENS MR-7 machine uses a laser deposition head that moveaxasj66].

.
NG )
4 e N
o\

W7  ; : 7'°'_\!.}""?'.‘)%mf,\ac o L SRESL | e
Figure 2.16: Microstructures of LMD produced HBAI-4V; (a) optical micrograph

il lustrating heterogeneity at the surface
acicular U') [67], (b)sIBEWM ngnaYiedmdngtramtsere:r
[68].

2.6.3. Mechanical Properties of Additive Manufactured Ti6Al-4V Alloys

There are numerous studies present in literature that compare the mechanical
properties of TH6Al-4V alloy obtained after several AM methods. Brandl et al. [62]
compared the tensile properties of AM processefAI+4V with forged Ti6AIl-4V
samples. Theyeported that SLM produced alloys have the highest strength along
with low elongation. Despite the poor ductility in SLM, elongation can be improved
reasonably by a subsequent annealing or HIP processing. EBM processed samples
have relatively higher elongah and yield strength compared to forged6hil-4V
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alloy while the yield strength of LMD processed sample is higher than EBM

processed sample [62].

Murr et al. [60] also compared the mechanical properties of EBM and SLM as built
samples with that of wraint Ti-6Al-4V alloys. Their experiments showed that SLM

produced parts are less ductile than EBM parts because of the resulted martensitic
microstructure in SLM. Therefore, a heat treatment is required to tailor the
microstructure; hence they treated SLMMpt s at 843 AC for 2 hol
cooled. EBM processed as built parts have 12% elongation while this value is 16%

in wrought T+6Al-4V [60].

Boufeld et al. [55] suggested that due to the heterogeneous microstructure in LMD
processed TBAI-4V samples, transverse grain boundaries to test direction act as a
potenti al failure source. Therefore, a

sufficient to increase the strain to failure for LMD processing [55].

In accordance with the previous studies the literature, yield strength and
elongation of additive manufactured-@Al-4V alloy is summarized with ASTM
F2922414 standard in Figure 2.17 [35, 44, 45,-3]. Mechanical values of SLS
specimen are given in hot isostatic pressed condition, beiraliezature HIP takes

place as a regular treatment after SLS [56].
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Figure 2.17: (a) Yield strength at 0.2% offset, (b) elongation of additive
manufactured F6AI-4V [35, 44, 4554- 61].

2.7. Heat Treatments Applied toAdditively Manufactured Ti -6Al-4V Parts

In literature, various heat treatments are utilized for the additively manufactured Ti
6Al-4V parts, particularly for the ones that fabricated by laser based powder bed
fusion (PBF) method since their instable mgtracture is required to refine [69

71]. Restoring a homogeneous stable microstructure can be achieved without a heat
treatment when directed energy deposition (DED) and electron beam used PBF
methods are performed for the production 6BAi-4V parts.However, as a result

of rapid solidification and extremely localized heat inputs, a heat treatment is
required in order to control the microstructure of laser based PBF fabricated parts
[69 - 71].

The heat treatments of SLM produced parts were conductenvo different

temperature strategies based on the study suggested by Vilaro et al [69]. They

applied | ow temperature strategy such as
relieving was essenti al wi t h o umartengité e ct i
phase was partially decomposed to U and
air to room temperature from 730 AC. The

done with the purpose of achieving high ductility. They held their specimens jus
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the D

consequently

(980

mi cr

bel ow transition temperature
fi
Moreover, they applied tempering treatments at the temperatures betwe800700
AcC
Vilaro et al. states that as the tempering temperature increases the hardness of the

they obtained a nall

af tleers swaaniper quenched from a temperat.
samples decrease subsequent to furnace cooling while higher temperature annealing

| eads t owthh girrmi W matori x [69].
In Table 2.7, various heat treatments are shown along with their yield strength and

el ongation values accordingtat ¢/0].tTheg st ud
performed several post processes to SLM fabricated initi@AT#4V samples so as

to illustrate their mechanical responses after heat treatments made at different
temperatures. It must be noted that all samples were furnace cooledusitise

each heat treatment. The qusfitic tensile test results shown in Table 2.7 indicate
the decreasing regime in the vyield strength with increasing heat treatment
temperature. Although the yield strength ofreseived sample was decreased by
12.5% the elongation of this sample was increased about 625% when a heat
1050 AC for 2

he i ncreasi

treat ment utilized at hou

anal ysis which notices t ng a

treatment temperature was atsmducted [70].

Table 2.7: The mechanical responses of the6Al-4V samples with increasing

heat treatment temperatures [70].

As- 1% 2" 3 4" 5"
received | sample | sample | sample | sample | sample
Temperatur - 750 800 850 950 1050
Time (h) - 2 2 2 2 2
Yield Strength (MPa) 1080 1062 1040 1009 972 945
Elongation (%) 1.6 3.7 5.1 5.2 10.1 | 11.6
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The similar study indicating the effect of various heat treatments and cooling
regimes on the final microstructure and mechanical properties were carried out by
Vracken et al. [71]. In Table 2.8, the mechanical properties of SLM fabricated Ti
6AI-4V alloysare shown with different heat treatments. The fracture strain basically
tended to increase with increasing heat treatment temperature when cooling was
conducted in furnace. However, under the same circumstance, the yield strength was
likely to decrease []. According to the microstructural observations made by
Vracken t he
resul ted
furnace cooling. With increasing treatméne mp er at ur e

than the treatments made at lower temperature [71].

et

wi t h

2

hours

decompositi ol

treat ment s
odhabeanfd!|bowha
U plate

Table 2.8: Mechanical properties of heat treated6Rl-4V SLM alloys [71]

o

Sample T (AC) T (h) Cooling 8y (MPa) U %
1 540 5 WQ 1118 5.36
2 850 2 FC 955 12.84
premature
3 850 5 FC 909 )
failure

1015 0.5 AC

4 801 13.45
843 2 FC

5 1020 2 FC 760 14.06

6 705 3 AC 1026 9.04
940 1 AC

7 899 13.59
650 2 AC
1015 0.5 AC

8 822 12.74
730 2 AC
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2.8. Thermohydrogen ProcessingTHP)

A heat treatment is required for many AM processeebAlt4V in order to
transform rapid cooling induced metastabl
to reduce residual thermal stresses. HIPping and annealing at an elevated
temperature aréhe mostly applied heat treatments to AM produced parts [60]. In

this study, an alternative heat treatment for SLM producegAT4V was done with

temporary alloying of hydrogen which is called as thermohydrogen processing
(THP). Thermohydrogen treatmeist usually applied cast and powder metallurgy

Ti6Al4V alloys produced by conventional techniques. However, in the literature,

THP has not applied to any of AM parts so far, therefore, the effect of THP is

discussed on cast-biAl-4V alloys.

2.8.1. Introduction to Thermohydrogen Processing

THP is a method in which hydrogen is used due to its positive impacts on the
microstructure and the processing techniques including hot/cold working,
machining, sintering and so on. Temporary hydrogen alloying ofiditaralloys
allows tailoring the microstructure and leads to improve the mechanical properties
[72, 73].

Hydrogen is a b phase stabilizer 1interst
i ncreasing hydrogen ¢ onc e nuterdecteasesnwhichb pha
allows the heat treatment at lower temperatures. Also increasing hydrogen content
widens the U + b coexisting phase range
for U titanium al | ®y6&. Alpying ttanifiri dpysrweh 2 . 2 0)
hydrogen, causes U phase softening and b
[74] have reported that the critical cooling rate to obtain martensite is decreased with
addition of hydrogen, this property of alloying with hydrogen leadsitongroving

in hardenability. Hydrogen content can also be used for controlling the phase

constituents and their specific volumes in titanium alloys [76].
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There are two main steps in THP; hydrogenation and dehydrogenation.
Hydrogenation step is done on tharpose of increasing hydrogen content which
results the new phase distribution with finer grains in the microstructure. Presence of
hydrogen prompts to an alteration in concentrations of other alloying elements
within the phases that were present prior ltydrogenation. Once the novel
microstructure is obtained, the hydrogen content must be lowered once again to
avoid the future hydrogen embrittlement [78]. Since alloying of hydrogen is a
reversible processing in titanium alloys, hydrogen removing canilized by using
vacuum or inert gas environment at an elevated temperature. Consequently, when
the alloy is dehydrogenated, the novel microstructure has been maintained and the
mechanical properties have been improved as shown by several researchers [79
82].

2.8.2. Hydrogen Absorption of Ti6Al-4V

The study made by Wasilewski et al. [83], suggested that the phenomena of
hydrogen absorption is mainly related to the hydrogen concentration and
hydrogenation temperature. Within this context, wher6AlF4V is heated to a
certain temperature in a hydragenvironment, hydrogen atoms start to diffuse until
Ti-6Al-4V reaches a solubility limit at that temperature. Another important
parameter that effect hydrogen solubility in-6Al-4V is the hydrogenation
pressure. The equilibrium hydrogen content is ddpeh on the hydrogenation
temperature and pressure of the hydrogen environment [83]. Hydrogen absorption is
a unique alloying technique for titanium alloys due to reversible property of the
hydrogenation unlike oxidation and nitridation processes. Wadilegtsal. also
proposed a hydrogen absorption rate equation depending on the variables of pressure

and temperature:

dy _ 05 -b
E_C(p) exp(?) (2.1)
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whereed ¥/ dt i s the hydrogen absorption rate,

the hydrogenatiotemperature, ¢ and b are the constants [83].

The effect of hydrogenation temperature and pressure on hydrogen absorption is also
studied by Zhang et al. [84]. In Figure 2.18, they illustrated that in 1 hour
hydrogenation, the hydrogen content does mateased significantly when the
hydrogenation temperature i s bel ow 400
drastically increased at 400 AC hydrog
hydrogenation temperature the tendency of hydrogen absorption decreases

continuously [84].

s
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Figure 2.18: Hydrogen content versus hydrogenation temperature diagram [84].
According to Zhang et al ., Silvertoés L ¢
mol ecul es i n a metal. e hydregernt [@ressurd s w ; S (
proportional to the solubility of hydrogen in metal [84]:

C=k.P>® (2.2)
where;hydrogen concentration in a metal is C; hydrogen pressure is P; k coefficient

related to hydrogenation temperature T and tla Qe
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k= koexp(_R—(_I?) (2.3)

Substituting k in Equation 2.2 to Equation 2.3:

logC=A- B/T, A=logk,+12logP, B=(Q/R).loge (2.4)

From the Equation 2.4, a linear relationship between lag€ 1/T is established.
The solution heat Q is a negative value so that B is also negative. This reveals that
with increasing hydrogenation temperature the absorption of hydroger6il-aiv

decreases [84].

Similar to Zhang et al., in 2003, Lopez et alas found maximum hydrogen
absorption as 500 AC [85]. They used el astdi
reveal the relationship between temperature and hydrogen absorption and basically

they confirmed that hydrogen is not diffused until reaching Jjp®@0 AC [ 85] .

Another important parameter affecting the solubility of hydrogen is the hydrogen
partial pressure of the environment which was studied by Manchester et al. [86].
Figure 2.19 illustrates the hydrogen partial pressure solubility curves-@o&lI4V

alloys. To keep concentration of dissolved hydrogen constant, partial pressure of the
hydrogen gas should be changed with temperature. Hydrogen contentHin Ti
system increases with increasing hydrogen pressure while the hydrogen absorption

shows aecreasing regime with increasing temperature [86].
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Figure 2.19: Temperature vs pressure phase diagram for binak/ shistem [86].

In Ti-6Al-4 V the b phase predominantly dissol

occupyt et rahedr al interstitial sites. The

tetrahedral sites while the U phase has

The diffusion coefficients of hydrogen

Wasilewski et al. [8B

D, =1.95x10 % exp|(- 6640° 500)/ RT] cm?/s (2.5)

D, =1.8x10 % exp|(- 12380° 680)/ RT| cm? /s (2.6)

Where;R is the gas constant and T is the absolute temperature.
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2.8.3. Hydrogen Induced Phase Boundaries

Ti-H Binary Phase System:

The TiH binary phase diagram shown in Figure 2028 suggested by Samartin

and Manchester [88]. The phase constituentsdd Tisyst em are hcp U tita
b titanium and U titanium hydride. The U phe
composition of TiH, where the hydrogen atoms occupying the tetrahedral sites [88].

All oying pure titanium with hydrogen stabi/l
and decreases the b transition temperature

point. In addition, thepresnce of the hydrogen all ows <creat
At the eutectoid temperatur e, the hydrogen

are 6.72 at.%, 39 at.%, and 51.9 at.%, respectively. The maximum hydrogen

solubility i n t he%, Whietheatsrminalisslubilitynat pom6 . 72 a

temperature is about 0.04 at . %. The b phase
above 600 AC [89, 90]. The presence of hyd]
phases causes a lattice expansion. The volumeena s e i n b phase is abo

when its maximum hydrogen solubility is reached [91]. On the other hand, 17.2%
|l attice expansion is resulted when U phase

volume increase, high internal stresses might be followeditrpaonacks [92].

900
3
700 1\ ‘
- \ /I 'IIII
< 500 o+p Jpss/
a
| 3000 /

0 10 20 30 40 50 60
H (at.%)
Figure 2.20: The binary phase boundaries inrHisystem [88].
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Ti-6Al-4V-Hx Phase System:

In Figure 2.21 (a), the earliest phase diagram feBAl4V-Hx system is shown

which was suggested by William Kemr 1985 [76]. Later on, llyn et al. [80] was

proposed a new phase diagram, Figure 2.21 (b). Both authors agree on the point that

a decrease in b transition t enHoeava,t ur e W
these two authors disagree in their phas fiefinitions below the beta transition
temperatur e. Kerr et al ., refers a three
concentration and above. On the other hand, at the hydrogen concentrations between

0 at.% and 30 at.% llyn et al. proposes atwespea r egi on (U+b) bel ow
Besi des, Il 1l yn et al. suggested that a th
300AC. In 2001, Q a z-6Al-4&/Hx phdse gystein]basedeor p a n d
comprehensive XRD, optical microscopy and TEM analy@&zi et al. supported

Kerr et al . with adding b+0 two phase
concentrations between 800 and 900AC, t h
2.21 (c).
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Figure 2.21: The T+6Al-4V-Hx phasesystems; (a) Kerr et al.[76], (b) llyn et al.

[80], (c) Qazi et al.[81].
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2.8.4. Microstructural Refinement by Using THP

Ti-6AI-4V al |l oy <castings have coarse U and
morphology. A subsequent heat treatment is required-tasasTi-6Al-4V parts on

the purpose of refining the microstructure and leading to improvement in the
mechanical properties. Conventionally mechanical properties-6AF4V alloys

are improved by hot working in U + b ph
based on mechanical deformation is not applicable to the near net shaped complex
parts. THP allows a refining in the microstructure without any mechanical
deformation, therefore, this processing has been conducted by several authors [72,

93 - 96]. In Figue 2.22, ax a st |l amel | ar and THPO6ed fii
shown. White grains in optical mi crograp|
(a) and (b)), while white grains represent

2.22 (c) and (d). Becausé ©HP, lamellar initial microstructure is transformed to

one that has fine b precipitates in the |

3% ; ‘, 3‘1“ V:T%.' g 4 ¢ :
Figure 2.22: Ti-6Al-4V microstructures of; (a) asast optical micrograph (OM),

(b) OM after THP, (c) asast SEM imge, (d) SEM image after THP [723].
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2.8.5. Refinement Mechanism of THP

There are several types of THP methods reported in literature including Hydrovac

(HVC) and constitutional solution treatment (CST). Detailed information about

these and other various THP methods can be reached from the study made by Oguh

[ 97] . I n todayds commonly applied THP met ho
step treatment, hydgen is usually absorbed by-GAl-4V alloy at temperatures
between 508 00 AC, which is below the b transit:.i
heating is done above the b transus to dis
containing dissolved hydrogen. The dnggen treatment processes may differ

depending on the cooling from b phase regi:
shown in Figure 2.23 (a) and (b) is the coo
THP illustrated in Figure 2.23 (a) -BAI-4V is slowly coded to an isothermal

eutectoid decomposition temperature in orde
the primary b phase matrix in addition to b

in Figure 2.23 (b) contains water quenching to transform all mracistre to both

hcp (U') and orthorhombic (U'"') martensite
final dehydrogenation step is carried out to remove the hydrogen content and
decompose the hydrides [82, 95, 98].

(a)

P Solutionizing

Temperature

uuuuuu Deydrogenation

Eutectoid

Hydrogenation, .
Decomposition

Time

(b)

B Solutionizing

Temperature

Deydrogenation
Hydrogenation

Isoth 1
in;

Figure 2.23. THP methods; (a) eutectoid decomposition, (b) martensitic

decomposition [82, 95].
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Eutectoid Decomposition:

When a Ti6Al-4V alloy is being hydrogenated, hydrogen atoms start to occupy
tetrahedr al i nterstitial si t dosmationnof t he U
sat urpyaatnedgpblases are occurred along with
hydride phase. Once the alloy is heated
| owered with addjtandn Uofphlayg e syomgddixs,s oUv e
schematically shown in Figure 2.24 (a), [82, 99]. Fang et al, found that the full
t r ansf or nphase ioocompteted winen the alloy, which has 2 mm thickness,
is kept at 850 AC for 30 minutes [82]. A
the alloy is cooled slowly to a certain eutectoid decomposition temperature which
has been fig@ried tolud stsudyY Omalde byy Guit ar
phase is formed at the primary b grain I
Figures 2.31 (platesadiifuse at grain. bouhdariegiktie cdoling
rate is too slow [100, 101, 1P2At the eutectoid decomposition temperature, a
significamphaseun r apphasdatomysvithta slight content of
by phase reside in the microstructure because of the vanadium element [103]. As
Nelson et al. indicated, the maximum hydyen sol ubi l ity of U pl
and this solubility decreases continuously with decreasing temperature while the
hydrogen solubility is about 50 aty. % i n
t r ansf @phass, hydrogerUatoms distortsthe | at ti ce thereby t
| attice yoghaser separbdtes into U phase aro
and (e) [100, 101, 102]. The hydride precipitation results a volume expansion of
about 17.2% leading to a volume misfit [92]. Sharale reported that this volume
misfit causes a strain between hydride particles and surrounding matrix with
following results[101]:

1 Elastic and plastic deformation of the surrounding matrix,

1 Hydride twinning,

9 Strain induced martensite transformation.

The t r ansf or gta martensite ¢an loenobtained when theAl-V-Hx

alloy is cooled below the eutectoid temperature which is shown in Figure 2.24 (f).
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The transfor mati on of martensite can be ei

depending on hydgen concentration [100].

The eutectoid decomposition treatment time must be long enough in order to obtain

fine precdapnidt alt elsy dorfi dle phases. For many au
these phases is the main mechanism of the microstructural refinf8@e82, 95,

99].

Above B transus Below f transus Below B transus

© ‘.: ;prir.n-ary.gg.'
A \&

growth of / 0 ﬂ By
primary o. | ‘e JL‘

(a)

precipitation

of primary o

b ot Te,
. = "'
By~ 0+8
® '.: grim?.w.a_.-‘ © °.: rin.w?r): q..' (d) “. ;prin.'nary 0}_,-

A Wy | S ; 47\8
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Below eutectoid point Eutectoid Eutectoid point
point

rich in hydrogen zone

Figure 2.24: Microstructural evaluation during eutectoid decomposition [100].

During the dehydrogenation step, hydrogen concentration is lowered because of the

outward diffusion of hydrogen atoms in a vacuum chamber at an elevated
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temperature. While hydrogen atoms are t

p h as ey a nAll pfases lbse their hydrogen
ng fi

decomposes to equilibriurt

content by transfor mi ne, equiaxed U

Decomposition of Martensite:

Qazi et al. [103] reported that addition of hydrogen t6Ai-4V is slowed down the
the b The TTT d

the nose temperature decreases with increasing hydrogen concentration in the

transformatiork i net i cs of phase.
samples having 10, 20 and 30 at.% hydrogen contents, respectively. The following
equation defines the relatidnp between the hydrogen concentration and the nose
temperature for martensite decomposition with a regression coefficieAt0f9R6.

T,, =800- 5.92C, (2.7)

Where; ki s t he t e giptherhpdtogen eoncénkadion (aa%)d C

[103]. Mur et al. [105], found that when hydrogen content is increased from 0 at.%

nose

to 10 at.% the nose time for martensite decomposition increase from 6 seconds to 10

minutes.
(a) (b) (c)
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Figure 2.25: Martensite decomposition diagraries; (a) 10 at.% H, (b) 20 at.% H,
(c) 30 at. %H [103].
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hydrogen content upon quenchihgr om t he b phase field. The

absorbs 5 at. % H, while the U'"' martensite
about 36 at. %. -@Ah-4/ whkh the afioly laas lEgh €ontento§ i n T i

b phase stabilizeramdemehesU' Omat henswitther de¢
titanium alloys which has not been signifi
el ements (e.g. vanadi um, hydrogen). These 1t

different morphologies in microstructure due to theifedldnt lattice structures as
shown in Figure 2.26. The U'" martensite ha

narrow ones [103].

R

\ " e “/\“\*&\g%\ AR ..("f\
AR DA "’“‘é\%\g\; 50 um &
UM e
NN RN N

Figure 2. 26: Optical micrographs of T6Al-4V having; (a) 10 at.% H,
(b) 30 at% H [103].

2.8.6. Hydrogen Effects on Hot Working

Hydrogen absorption increases ductility and
along with | owering the b transition temper
temperature of softer and more deformable b
strain at redtively lower temperatures to deform the material plastically [106]. Kerr
[76] reported that TBAI-4V al | oy shows 30% decrease in fo
when hydrogenated with 16 at%. H. Many authors agree on the point that the flow
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stress decreases,aphes a minimum value and then increases with continuous
addition of hydrogen [81, 101, 107]. Figure 2.27 llustrates the hydrogen
concentration dependency of stress values at different temperatures. The dotted line
represents the bwhiramsi si eami ftéempderf atouwmr el
1023 K (750 AC) between 0 wt. % and 0
concentration[101]. From the diagram shown in Figure 2.27, it is remarkable that the
hydrogen softening occurs until particular hydrogen contentached for each hot
deformation temperatures. Further hydrogen absorbing leads to hydrogen induced

strengthening [101].

200
180 Beta transus
160 | 1023K
£ 140 |
E I
Z 120 | 1073K
':.—.) -
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o 1123K
= 80r : ¥ 1173K
60 1223K
- 1253K
40
20
L 2 1 1 2 1 " 1L 2 1 1 2 L 1 L

-0.1 00 0.1 02 03 04 05 06 07 08 09 1.0
Hydrogen content/wt. %

Figure 2. 27: Effect of hydrogen on hot working [101].

The reason of decreasing in flow stress vifiitreasing hydrogen concentration is

explained by the term of hydrogen induce
phase region, softening is associated wi
and transformation t o shydrogenrcondentrgiidnadss e . H
increased in the b phase region, b phase
di ffusion of alloying elements is retard:

phase hardeningnd reduces deformability [77].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

This chapter contains experimental procedures and techniques utilized during
hydrogen processing and characterization of titanium alloys.

3.1. Starting Materials

In the present study, ‘BAI-4V (grade 5) alloy specimens, which were previously
produced by selective laser melting (SLM), were used as starting materials. The
samples, supplied frolBD Systems Layerwise, Leuven, Belgium, were both in the

form of cylindrical bars and tensile specimens in dog bone shape. Second set of as
received samples, supplied fr&@nL M Sol ut i ons GmbHvasalsg bec k,
used during THP. However, these samples were pressed in hot isostatic conditions
(HIPped) after production witBLM. Shapes of the second setreseived samples

were as same as with those which were produced by Layerwise.

SLM processing parameters were confidential; however, it has been known that
parameters such as laser power, hatch spacing, scan velocityheridickness
between powder layers were kept the same to maintain volumetric energy density of
10.8 J/mmi for both samples produced by Layerwise and SLM Solutions companies.
Average applied energy per unit volume during scanning of each layer gives the

measure of volumetric energy density (E) [109].

E=—_ (3.1)
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where; P is the laser power )s, 3 i s the scéadnmtaich velocit.y
spacing) ighe distance between laser scanning lme®) and t is the powder layer

thickness (mm).

To achieve a good surface quality and to produce-tiggisity material, the layer
thickness was kept as | ow aHAl-pppvederb| e, ar our
with average particle size of 30asem were s
received alloys were observed to meet chemical requirements of ASTM-E2924

standard specification (Standard Specification for Additive Manufacturing Titanium

- 6 Aluminum- 4 Vanadium with Powder Bed Fusion) as presented in Table 3.1.

Table 3.1: Compositional analysis of asceived SLM and SLM + HIP fabricated
Ti-6Al-4V alloy and ASTM F2924.4 standard specification.

Chemical Composition (wt. %)
Element
ASTM F2924-14 | SLM fabricated alloy | SLM + HIPped alloy
Aluminum | 5.50t0 6.75 6.13 5.97
Vanadium| 3.50 to 4.50 4.03 4.16
Iron 0.30 max. 0.27 0.23
Oxygen 0.20 max. 0.15 0.12
Carbon 0.08 max. 0.076 0.044
Nitrogen 0.05 max. 0.042 0.036
Hydrogen 0.015 max. 0.0042 0.0139
Titanium Balance Balance Balance

Both types ofSLM fabricated Ti6Al-4V alloys were cut into 2 mm thick disks from
the bars having 50 mm length abd mm diameter in order to make microstructural
analysis. The aseceived SLM fabricated alloy had a fine microstructure containing

acicul ar fphase asashownedmFigire 31 (a) and (b). Due to large thermal
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inputs and rapid solidification experienced during SLM, formation of-non
equilibrium U was observed instead of (
phases in relatively slowly cooled-BAl-4V alloys and the density of this alloy was

measured as 4.40 gr/énOn the other hand, second set of SLM fabricated + HIPped
samples of which HIP parameters are presented in Table 3.2, were observed to

contain | amell ar str ucs, Bigue 3.2 @napdo(ts).eTde of U
density of HIPped alloy was found as 4.42 gricm
XRD spectrum of both types of-#sceived samples shown in Figure 3.3 also verify
the presenceofnemqui | i brium hcp U’ phase and equ
in Figures3.1 and 3.2.

Table 3.2: HIP parameters of T6Al-4V alloy produced by SLM.

Material Temperature Time Pressure

Ti-6Al-4V alloy 920AC 2hr 1000bar

In order to optimize the mechanical properties of SLM fabricated components
acicul ar U phase containing mi crostru

mi crostructure containing U + b phases

which will be discusseuh results chapter.

(@)

Figure 3. 1: Imagesllustrating microstructures of SLM agceived samples
(a) optical micrograph (b) SEM.
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Figure 3.2: Images illustrating microstructures of SLAHIPed asreceived
samples (a) optical micrograph (b) SEM.
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Figure 3.3: XRD patterns of aseceived samples (a) SLM fabricated (b) SLM
fabricated + HIPped.

3.2. Thermochemical Processing (TCP)

Thermochemical processing (TCP) is a technique used to modify the microstructure
for tuning the mechanical properties in titanium alloys. In our study, due to the
reversible alloying property of hydrogen in-@Al-4V, phase transformations in the
alloy sydsem were studied in hydrogen atmosphere at elevated temperatures.

Thermochemical process including hydrogen treatment with the aim of adding
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and/or removal of hydrogen from the alloy is known as thermohydrogen processing

(THP) [82]. Commonly used THP inaes various steps conducted at different

temperatures such

as

hydrogenati on

trea

decomposition and elevated temperature vacuum dehydrogenation as illustrated in

Figure 3.4(a). A different type of THP (Figure 3.4(b)high consists of only two

steps including hydrogenation and dehydrogenation treatments, was also conducted

as a part of the study. Purity and surface condition (i.e. presence of oxides) ef the as

received alloy determine the processing temperature andutiadon of each step.

Therefore, optimum processing variables, i.e. temperature and time of each step,

were initially determined to obtain desired microstructure.

(a)

p Solutionizing

Temperature

Eutectoid

Hydrogenation o
Decomposition

Deydrogenation

Time

(b)

_E Deydrogenation

Time

Figure 3.4: THP treatments with; (a) 4 steps, (b) 2 steps.

3.2.1. Sample Preparation for TCP

Before SLM fabricated T6AI-4V specimens were charged into the furnace, disk

samples, 10 mm in diameter and 2 mm in length, had been cut precisely from

cylindrical 3D-printed bars having 10 mm diameter and 50 mm lenbtien, both

sides of the samples were ground with SiC papers to remove possible surface

contamination and oxide layer that may be an obstacle during hydrogen penetration

and dehydrogenation. Subsequently, following cleaning cycles were performed in an

ultrasonic bath;
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Soaking in distillated water for 10 minutes,
Acetone bath for 15 minutes,

Immersing into ethanol and keeping for 15 minutes,

w0 NP

Cleaning with distillated water for 15 minutes.

Ultrasonically cleaned specimens were then charged intiuithace right after they

were dried in warm air.

3.2.2. Hydrogenation Process

Hydrogenation treatments were done to get information about the temperature

dependent hydrogen solubility of the specimens at constant pressure.

Before starting the hydrogemat treatment, the test pieces were placed into furnace

at room temperatur e. Ne x t 3.3.1t Hydrogbnation z ont al f
Sy s t wnderwent a vacuum approximately°1®rr. Next, the furnace was filled

with high purity argon gag99.999% puty, N2: 6.2 volume per million (vpm), £

2.2 vpm, humidity: 2vpmjo create an inert environment. Subsequent to repeating

two vacuum and argon purging cycles, the furnace was heated under flowing argon

(0.30 It/min) gas environment up to certain hydragen temperatures betwegs0

and 850 AC with 50 AC intervals.

When the furnace reached to targeted temperatures, hydrogenation temperatures, a

flowing gas mixture containing 25 vol. % hydrogen and 75 % vol. argon gases was

fed to the furnace (0.07 thin H and 0.21 It./min. Ar). After keeping the samples for

1 hour at each hydrogenation temperature under gas mixture, the furnace was

switchedo f f to cool down to room temperature n:¢
purity argon gas flow. The gas pressuredaghe furnace was kept constant at 2.64

atm . The method of pressure calculation is also presented in Appendix A section.
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3.2.3. b Solutionizing Process

After hydrogenation step for 1 h, the sample was heated up to a solutionizing
temperature withaéghat i ng rate of 10AC/ min and unde
used in hydrogenation step (25 vol. % a&hd 75 vol. % Ar). In this step, heating in

b phase r egi-6AR4AV-Exhpbasendiagram (Higure 2.21) has a major

i mportance t o asbforaccomplishin@ sulsequent pomogenous
eutectoid decompositiof.her ef or e, speci mens were held
15 minutes to determine the temperature
of subsequent transformation upon cooling. Aftatatizing treatment, all the

samples were cooled down to room temperature under argon gas flow with a cooling
rate of 10 AC/ min.

3.2.4. Eutectoid Decomposition Process

In order to obtain fine microstructure ¢
certain cooling rate i-phaseregipo Accadihgtdthe i ng
study made by Qazi et al., increasing hydrogen content favors the martensitic
decomposition with lowering the nose temperature and increasing the aging time in
Ti-6Al-4V alloy which previously shown in Figure 2.25 [103]. The cooling rate

f r o nphade region should be neither high enough to allow martensitic
transformati on nor s | o wphaseo forrsaton s[¥1]. gr ai n
Therefore, t o avoi dtgmio tdunddies ard arareensitici f f u s
decomposition, eutectoid decomposition t
respect to the previous studies [95]. After 100% p h a satutioaizing $tepthe
furnace was continuouslyl@odACédci dowpolion
under the same hydrogen/argon gas mixture and it was held at this temperature for 3
hours. Eutectoid decomposition temperature must be long enough to allow
decomposition of U0 phase [82]. Il ny t his

mai ntained to provide precipitation of @
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3.2.5. Dehydrogenation Process

Specimens were underwent a vacuum dehydrogenation at an elevated temperature in

order to allow transf or Beasidésochydrogeh colitentp hase t o
must be lowered due to avoid hydrogen embrittlement and to provide the ductility.

In this step, the aim is to lower the residual hydrogen content and to obtain fine
microstructure consisting ofherenghiiiyafixed U + b
hydrogen atoms at higher temperatures, the outward diffusion rate is higher at

elevated temperatures [104]. Therefore, various dehydrogenation treatments were

applied to observe the impact of time and temperature on hydrogen removal and

subsequent microstructure change. After hydrogenation, specimens were heat
treated at constant temperatures 600, 700 ar
10° torr vacuum level was maintained throughout the dehydrogenation step with

help of a turbemolecular vacuum pump, which is shown in Figure 3.6. At the end of

elevated temperature dehydrogenation step, the heating furnace was cooled down to

room temperature while vacuum pump was still operating.

3.3. Experimental SetUp

In order to perform safe nd effective hydrogenation and dehydrogenation
treatments for F6Al-4V samples, a THP apparatus was designed precisely to fulfill
safety and THP requirements. All of the components of THP apparatus were
consistently sealed from the external environmernirevent possible hydrogen or

oxygen leakages from furnace or surrounding air environment.

3.3.1. Hydrogenation System

To hydrogenate the samples, a completely isolated THP system was used. The
system had the capability of allowing controlled gas flamalyzing residual gases

and maintaining positive gas pressure inside the furnace. 1000 mm long quartz tube
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having 50 mm internal diameter was mounted into a horizontal furnace. To ensure a
successful hydrogenation, it is ultimately important to isolagegtnartz tube from
external environment. In this context, high temperaturen@ supported flanges
with cooling fans above were attached to both left and right hand ends of the quartz
tube. The temperature of the hydrogenation was measured with-typeK
thermocouple placed just over the sample in the hot zone of the furnace. The layout

of the heating furnace system is shown in Figure 3.5.

Figure 3.5: (a) Photos oflhe heating furnace arlde quartz tube; (b) Right hand

endenclosure flange.

At a particular temperature, the diffusion of hydrogen int®Ai-4V alloy is very
sensitive to the hydrogen flow rate and the partial pressure. Therefore, digital flow
meters, shown in Figure 3.6, were used to maintain 25 vayd®gen + 75 vol. %
argon during THP. Additionally, purging via argon gas before reaching

hydrogenation temperature was controlled by the argon gas digital flow meter.
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Figure 3.6: A photo of the djital flow meter

3.3.2.Dehydrogenation System

The desired vacuum level during dehydrogenation step was attained by using a
turbo-molecular vacuum pump (Nangak, Turkey), Figure 3.7, capable of reaching

down to 1@ torr.

Figure 3.7: A photo ofthe vacuum system consisting of rotary and tunbolecular

pump.
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3.3.3. Other Components Required for THP

Various linking components were used to carry hydrogen/argon gas mixture in and
out of the furnace and they used as connectors/flanges in furndceaanum
system. The following additional components are required to ensure a safe THP as

shown in Figure 3.8;

1 A valve attached to outlet of the turbomolecular vacuum pump which is used
for interrupting the vacuum,

1 A stainless steel hose between quartzetwand turbomolecular vacuum
pump,

1 A residual gas analyzer (RGA) to perform kinetic measurements via
outgassing differences in vacuum environment,

1 A gas controlling valve that makes connection between the flow meter and
rest of the system,

1 A gas outlet vale used under positive pressure to ensure the escape of
hydrogen and argon gases,
A vacuum gauge that detects the vacuum in front of the quartz tube,

1 9 pieces eaing and ringjoint gasket set for connection of stainless steel
parts,

1 Manually adjustablesupporting legs to carry the quartz tube and installed

flanges.
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1- Vacuum Gauge

2- Heating Furnace

3- Cooling Fan

4- Sample Holder Enclosure
5- Furnace Option Display
6- Flow Meter

7- Argon and Hydrogen Source
8- Gas Inlet Valve

9- Gas Outlet Valve

10- RGA

11- Vacuum Pump

Figure 3.8: Complete layout of the THP experimentalgpt

3.3.4. Safety Precautions

Some safety precautions are essential to prevent potential accidgkssamctions

since hydrogen is explosive and flammable at higher temperatures and pressures

when in direct contact with air. A coppeoiled cooling system was directly

attached to the outgassing valve of the system so as to ensure the critical temperatu

drop before hydrogen escapes to the atmosphere. A high precision hydrogen alarm

device is very useful to detect hydrogen leakages and for warning to prevent

potential destructions.
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3.4. Characterization
Several characterization techniques wdoee on both aseceived and THP treated

specimens. This section gives detailed information about all of the experimental
techniques used for characterization of samples.

3.4.1. Chemical Composition Analysis

Elemental Analysis

Inductively coupled plaseoptical emission spectroscope f{OEES) A Per ki n EI
Optima 4300DVO0 device was used in order
SLM produced T6AI-4V asreceived bars. This technique mainly based on the
emission of photons from atoms and ions tieate been excited using argon plasma.

The plasma has high temperature (10000 K) and high electron density to excite the
atoms. When excited atoms reach to low energy position, corresponding emission
rays (spectrum rays) of the photon wavelength are megswhile the element type
analysis is done with respect to position of the photon rays released from the excited
atoms, the element content is determined based on the photon rays intensity. Bulk
Ti-6Al-4V specimens were required to extraction or acidglige so as to present

in solution. Averages of three IGPES measurements were taken to calculate

elemental analysis results.

0O, H, N, C Contents

Quantitative analysis of elements ranging from ppm to weight percent levels,
especially hydrogen, is crutidor evaluation of the success of THP. Therefore,
oxygen, nitrogen and hydrogen contents ofrea®ived, hydrogen treated and
dehydrogenated 6Al-4V alloys were determined with LECO TCH600 using IR
and thermal conductivity. On the other hand, the cadmiment determination was

carried out with LECO CS230 using combustion method.
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3.4.2. Metallographic Examinations

For metallographic examination, specimens were firstly mechanically ground using

SiC papers up to 2000 grit sizes to prepare smoother saréae to remove possible

oxide layer. Subsequently, samples were polished using polishing diamond pastes
containing 6, 3 and 1 em size diamond partic

etchedfor18 0 seconds in Kroll éds Reagent (Tabl e 3

Table 3.3: The components of Kroll's reagent.

Components Volume
Hydrogen fluoride (HF) 10 ml
Nitric acid (HNG;) 5mil
Distillated water (HO) 85 ml

After etching, surfaces of the specimens were rinsed with water and ethanol. Finally,
the specimens were dried in hot air.

Microstructural examination was carried out using both Huvitz 830 digital
micrograph and scanning electron microscopy (SEM).pogoaphical and
guantitative examinations in SEM were carried out using FEI 430 Nano Scanning
Electron Microscope equipped with an energy dispersivayXspectroscopy (EDS)

analysis system.

3.4.3. XRay Diffraction (XRD)
X-ray diffraction (XRD) was caied out to examine the differences between phase

constituents of the a®ceived, the hydrogenated and the dehydrogenated test pieces.

All specimens were ground using SiC papers prior to XRD analysis. XRD was
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performed using a Bruker D8 Advance EceRdyDi f f r act omet er supp
radiation. The scanning measurements were done under the following conditions:

Thehyscan angle between 25A and 85A,

1 The continuousxay generator scanned at 40kV,

T Scan speed was fixed at 0.5A/ min.

3.4.4. MechanicalCharacterization

Microhardness Measurements

The Shimadzu HMW2T microhardness device was utilized at a load of 500 g for 20
seconds to determine the Vickers hardnesses of the specimens. At least 15

measurements were done for each sample.

Tensile and Comression Tests

Two kinds of dumbbell shaped SLM fabricated tensile test specimens were used to
perform tensile tests. On the other hand, compression test samples having
height/diameter ratios of 1.5, which were cut from SLM fabricated bars, were used
during quasstatic compression tests. The dimensions of the tensile bars and the

compressive test samples were as follows:

1 Compression test specimen: 6 mm height and 4 mm diameter (Figure 3.9(a))
T 1%type of tensile specimen: 30 mm gage length, 6 mmeliar and 20 mm
in both ends to fix the specimen to the holding grips. (Figure 3.9(b)), Figure
3.10(a))
1 2" type of tensile specimen: 16 mm gage length, 2.5 mm diameter and 20

mm in both ends to fix the specimen to the holding grips. (Figure 3.10(b))
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The 100 kN capacity Instron 5582 Universal Testing Machine equipped with the
Instron 2663821 video extensometer device was used with a constant cross head
speed of 0.5 mm mihto determine the stressrain behavior during both tensile and
compression testg.

Both tensile and compressive yield strengths were determined by using 0.2% offset
method. Elastic modulus of the specimens was calculated from the slopes of the

linear regions of the stres$rain diagram.

Figure 3.9: Photos of the{a) ammpression test specimens, (b) tensile test specimen.
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3.4.5. Other Characterization Techniques

DensityMeasurement

Density and porosity measurements of SLM fabricateckesived specimens were

done according to Archimedesdé6 principle. F
(CHsCsH4CHs) with a density of 0.861 g/ctnwas used by PRECISA XB220A

balance with a density measurement kit. The specimens were firstly weighed in air

and then dipped into xylol for 24 hours to allow impregnation of xylol into open

pores. Subsequently, specimens were replaced to another cofili@devith xylol

and weighed when they were in the solution. Then, specimens were weighed in air

right after they had been taken out of the solution. Densities and porosities of the

samples were calculated using equations3384

v _ %ns,a/x " Mg xix 8 24
specimen ] (3.4)
X
Ms,a
} sp ecimen_ , (35)
\ .
specimen
a 3 Q
PY%(total)= %o & specimerd, 1oo§ (3.6)
C T|6AI4V ks s
aMg am - ms,ag
: @ 0861 O
Pos(open Volume of xy_IoI in pores_g¢ _ * 37
V(specimen V(specimen
P%(closed¥ P%(total} P%(open (3.8)
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where;

My : Mass of the xylol impregnated specimen in air
LN : Mass of the xylol impregnated specimen in xylol
mg o : Mass of the dry specimen in air

P% (total) : Percentage of the total porosity
P% (closed) : Percentage of the closed porosity

P% (open) : Percentage of thepen porosity

y .. =0.861 grfem®

xylol
— : : 3
} TiBAIAY =densityof wrought Ti6AI4V alloy (4.43 gr/cm®)
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Introduction

In this chapter, the experimental findings of hydrogen content measurements,
structural analyses, microstructural evaluations and mechanical property
examinations and discussions are given in detail. The effect of hydrogenation and
dehydrogenation steps anicrostructural evolution of SLM fabricated -BAl-4V

alloy is also presented.

As presented in experimental section, two different THP treatments (4 steps and 2
steps) were performed to SLM and SLM+HIP fabricated specimens. First type of
THP was condued in 4 steps as referred by Fang et al. [82]. In this treatment,
firstly, hydrogenation treatments were applied to samples to determine the
maximum hydrogen absorption temperature. Next, prior to dehydrogenation step,
specimens were undergone severaltineats such as solutionizing so as to get
100% b-phase and eutectoid decomposition to allow-&acand TiH, d phase
transformation fromb-phase. Finally, hydrogen contents of the samples were
reduced to desired level according to ASTM F2924 standarcefmement of the
microstructure viad- a phase transformation. In the second type of THP, the
treatment was done only in two steps, namely, hydrogenation and dehydrogenation.
In 2-step process solutionizing and subsequent eutectoid decomposition treatments
were eliminated to overcomb-phase grain growth problem. The mechanical
behavior of thermo hydrogen processed (THP) alloys were investigated by using

hardness testing, and quasatic tensile and compression tests to reveal the
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differences between mecheal responses of SLM and SLM+HIP processed

samples which were undergonea®d 4steps THP.

Initially, in this chapter, hydrogen contents and phase evolution by XRD during
hydrogenation and dehydrogenation processes afd 2step THP treatments were
presented. Next, the microstructural evolution at each step ahdl 2step THP
treatments was examined. Finally, the work about investigating the structure

property relation by mechanical testing was given.

4.2. Chemical Composition

4.2.1. Hydrogen Catent After Hydrogenation Treatment

Ti-6Al-4V specimens were kept under flowing hydrogen and argon (25%6713%

Ar) gas mixture at a constant pressure and temperatures. Figure 4.1 and Table 4.1
illustrates the LECO hydrogen contents of specimens afthoggnation treatments

at various temperatures for 1 hour. At least three hydrogen content measurements

were done for each sample in order to get accurate results.

The hydrogen concentrations ofr@seived samples were measured as 0.0042 wt. %
and 0.013wt. % for SLM fabricated and SLM+HIPped samples, respectively. The
responses of two samples to hydrogen containing atmosphere were more or less the

same such that they displayed similar hydrogen solubility at various temperatures.
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Figure 4.1: Hydrogen contents of hydrogenated samples.

Hydrogen measurements have shown that temperature dependent hydrogen
solubility was not changed notably until the hydrogenation temperature reached up

to 650 AC. Further mor e, a drastic increa
specimens were held iyhdr ogen gas environment at 65
concentration decreased continuously f o
decreasing regime of hydrogen concentration with increasing temperature is because

of low solubility of hydrogen in F6AI-4V alloy at higher temperatures as displayed

in Equation 2.4. Accordingly, hydrogen solubility tends to diminish after
hydrogenation temperature is increased above a certain temperature. This certain
temperature that corresponds to maximum hydrogen absorbedem¢atiars found

to be 650 AC in the present study. Simil
previous authors in the literature [78,-886].
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Table 4.1: Hydrogen concentrations of samples after hydrogenation at various

temperatures.

Hydrogen Concentration (wt. %)

As-
_ 550/600/650]700(750(800/850
received
SLM 0.0042 | 007 | 0.15 | 1.19 | 095 | 092 | 0.78 | 0.70
SLM +
0.0139 | 006 | 0.12 | 1.17 | 0.97 | 0.88 | 0.66 | 0.63
HIPped

4.2.2. Hydrogen Content After Dehydrogenation

According to ASTM F2924 standard (standard specification for

additive

manufacturing T6AI-4V with powder bed fusion), the hydrogen content of SLM

fabricated Ti6Al-4V alloy must not be higher than 0.015 wt. % in order to obtain a

structure without having r esi dual d hydride

phases and avoiding further hydrogen embrittlement are also maintained when the

hydrogen content is lowered below 0.015 wt. %. Additionally, microstructural

phase.

refinement of the alloy depends on ti@nsformation of Tik, d-phase tca-phase

via dehydrogenation.

As illustrated in Figure 4.2 and presented in Table 4.2, hydrogen contents of the

speci mens

whi ch had been

previously

considerably when specimens weddhat various temperatures (belaib phase

transition temperatures) for 6, 18, 24 h under 1@ vacuum. Starting samples

used in dehydrogenation step were the SLM and SLM+HIPped specimens which

wer e

previously

concentrations of 1.19 wt. % and 1.17 wt. %, respectively.
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Figure 4.2: Hydrogen contents of dehydrogenateebAi-4V samples fabricated
by; (a) SLM, (b) SLM + HIP.
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Table 4.2: Hydrogen concentrations aftéehydrogenation treatments.

SLM samples (wt. %)

SLM + HIPped samples (wt. %

Temp.
_ 6h 18h 24h 6h 18h 24h
ime
6 00A(Q 0.3807 | 0.0233 | 0.0176 | 0.4273 | 0.0327 | 0.0192
700AQ 0.1804 | 0.0019 | 0.0007 | 0.1854 | 0.0025 | 0.0009
800AQ 0.1586 | 0.0005 | 0.0001 | 0.1536 | 0.0012 | 0.0001

*1.19 wt. % H before

dehydrogenation

*1.17 wt. % H before

dehydrogenation

Al t hough

vacuum

outgassing of hydr ogen
600 AC did
in SLM samples nor in SLM+HIPped samples. Moreover, 6 h dehydrogenation time
600
the hydrogen concentration below 0.015 wt. %. However, the decrease in hydrogen
700 800 AC wher
18 and 24 hours mainly due to kireti of dehydrogenation process. After

dehydrogenation at proper temperature for sufficient time, hydrogen contents of the

wa s accomp

treat ment at

not resul t a

was not appropriate a n y

temperature between and 8¢

|l evel wa s

significant at and

samples were reduced even below those afeesived SLM and SLM+HIPped

samples, which were 0.0042 wt. % and 0.0139 wt. %, respsactivel At 700 A

| east
temperature and 18 hour operation is required with the purpose of lowering the
hydrogen content of the disk shape specimens below a critical value as determined

by ASTM F2924 standard.

78



4.3. Structural Analysis

In this section, plse compositions of a®ceived, hydrogenated and
dehydrogenated specimens are evaluated ustmay Xliffraction (XRD) data. Yet,

due to overlapping of e@'pecamd | fyadipha (
peaks at somegangles, the structural analysis and phase determination in THPed
Ti-6Al-4V samples became difficult. Additionally, peak broadening was observed at
various hydrogenation temperatures and time mainly due to increased amount of
dissolved hydrogen in hep and bceb solid solutions, which may create lattice
expansion. The lattice paramet@) of the bceb phase varied with increasing

hydrogen content according to Zhu et al. [110]. Hence, making interpretation on

diffraction patterns becomes more challengimghydrogenated samples.

The effect of hydrogenation at various temperatures for one hour on phase evolution

of SLM and SLM+HIP samples is shown inray diffraction patterns, Figure 4.3.

All the samples were furnace cooled after hydrogenation was completed. Although

only nonequi i b r i u mmartéhsite) ghas@ was observed irreaived SLM
sample, as ecei ved SLM+HIP sampl e, on bt he ot
equi l i brium phas e)sphasedaringrtgdrogenationasfcritidal ag T i H
the microstructure of the alloysi r e f i n eadphabeytrangfornhatton during
dehydrogenation step. The critical di sso
(TiH,) phase is close to 15 at.% (0.385 wt.%) between 600 afg 850t is seen in

the Ti6Al-4V-Hx phase diagram suggedtby Qazi et al, Figure 2.21(c) [81]. XRD
findings supported findings of Qazi et a
650 AC due to |l ow hydrogen concentration
peak broadening was observed particulatly a4 0 A f or sampl es hydr
and 600 AC and it became more evident
increased, Figures 4.3(a) and (b). According to the XRD patterns given in Figure

4.3, the peak broadenings were relatively greater in samplesdegythted at 650,

700 and 750 AC possibly due to relativel
presented in Figure 4.1. The hydrogen solubility of samples hydrogenated at
relatively |l ow (550, 600 AC) and high t
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compared to those of hydrogenated at moderate hydrogenation temperatures (650,

700 and 750 A@) .hydherdef prhea,sef dd d not appear
hydrogen content in the samples hydrogenat ec
amount ast dGepbhed its maximum value after tF
decreased continuously with increasing hydrogenation temperature. The LECO

hydrogen measurements displayed in Figure 4.1 were relevant to XRD findings.

However, further TEM studies must benducted in order to verify the presence of

fccU phase for both hydrogenated and dehydrog

l ncreasing hydrogen <content promotes the b
hydrogen solubility in SLM sw@mpMup®mai s restri
critical temperature since starting sampl e
(Figure 3.1(a)). However, after certain temperature, by increasing hydrogen content,
formation of b phas e gamgles. Inmddiian teffeetdf at 39 A a
hydrogen, it i s Known t h a t-phasepad mighgs r ol onged
temperature, close beta transition temperature (abaoyé fbirmation temperature,

550 AC), ia+teh. p2ndaste, miixnewre is formed. As ¢
4. 3(-phaseé ap pratensitic matrix with 'high temperature hydrogen

treat ment probably due to combined effect h
phase. On the other hand, starting SLM+HIP samples were composed of lamellar

structure containing equilitum a andb-phases as seen in Figures 4.3(b) and 3.1. In

both types of samples, namely, SLM and SLM+HIP samples there was a

pronounced shift in @values ofa andb-phases towards lowgzangles depending

on the hydrogenation temperature. The shifts wayeeravident irb-phase peaks in

both samples and they reached their maximum value especially between the
hydrogenation temperatures of 650 and 750
containing relatively higher hydrogen, Figure 4.1. Therefore, the shiftsighro

| ower 2d angles were attributed to crystal
hydrogen. On the other hand, the shiftsaiphase was not as evident as those

observed ilb-phase mainly due to rel at-phase.l' y | ow hy

The solublity difference between these phases can be seen in the phase diagram

80



shown in Figure 2.20. At the eutectoid t
solubility of hcpgU aneé Ipcheases are 6.72 at.% (0. 17
wt.%), respectively [88]Moreover, according to Paton et al., the terminal hydrogen
solubilityofhcpU phase is not more than 7 at. % a
binary TTH phase system and the hydrogen cont
with decreasing temperaturThe hydrogen contentinthe idp phase i s abou
at.% (0.001 wt.%) which is quite negligible [89]. In contrast, the maximum
hydrogen solubility without formation of hydride (f¢c) phase is about
(1.28 wt.%) inthe becb phase @apehagheestabove 600 /
studies reveal considerable hydrogen sol
phase, which is consistent with the presenta)X diffractions showing the
broadening in the peaks which correspond tefbcc p h aowewer, sdrhe peaks of

U and U' phases were also broadened poss

induce internal stresses.

As previously stated, hydrogen -phade i t i on
transition temperature, thereby making preseance b phase possi bl
temperatures. Furthermore, the nose temperature in continoolisg
transformation (CCT) diagram decreases and the critical cooling rate (CCR)
increases for U (hcp martensite)nand U’
with addition of hydrogen as shown in Figure 2. 25 [103]. As Figure 4.3(b)
illustrates, although aceived SLM+HIP samples contained only equilibriam

andbp hases, hydrogenation treatments at e
martensite formationPossibly, at specific temperatures due to effect hydrogen
additionalb-phase formation occurred in the matrix and subsequent cooling of the

samples resulted parti aklmattensdiopbdseor mat i on
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Figure 4.3: XRD analysis of hydrogenated-BAl-4V samples fabricated by; (a)
SLM, (b) SLM + HIP.
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I n the dehydrogenation step, SLM and SLN
with hydrogen contents of 1.19 wt.% and 1.17 wt.%, respectiwadye underwent a
dehydrogenation treatment at various temperatures and times within a vacuum
chamber. The dehydrogenation process in vacuum was followed by furnace cooling
down to the room temperature.-rdy diffraction patterns of dehydrogenated
specim@s are shown in Figure 4.4luring dehydrogenation due to decreased
hydrogen contentd (TiH>) t-phaseUtransformation is expected as well as the
decreased hy dauagghasesl Taes ceticas level bf hydrogen for the
formation of d-phase is15 at.% (0.385 wt.%) as shown in-@Al-4V-Hx phase

diagram suggested by Qazi et al [8Therefore, below the critical hydrogen

content, transformation ofd (TiH,)-phase toa-phase is expected. All the
dehydrogenation tr eat nresulteda sgnificaatpécrease 6 0 0
in the hydrogen contents below 0.385 wt.% (Table 4.2). Although, vacuum
processing at 60%C for 6 h decrease the hydrogen level to 0.3807, close to limit for

formation ofd, nod-phase peaks were detected in XRD patterns.

Dehydrogenation treatments which were pe
hours were not very effective in lowering the hydrogen contents. However,
increased dehydrogenation temperature and time induced lower hydrogen contents

as expected, (Table 4.2) herefore, with a few exceptions, both peaka @ndb-

phases shifted to higher 2d values mai n
decreased hydrogen content. As in the hydrogenatioayXesults, the shifts were

more evident inb-phase as it isapably of dissolving more hydrogen. Although

dissolved hydrogen may affect the peak widths and cause broadening, there was no

clear difference between the peak widths.

Once sufficient dehydrogenation temperature and time are maintained under

vacuumselt paasformsa, tb phadvasel osma@dits h

As dehydrogenation temperature was incre
phase peaks were slightly increased due
temperatures.
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Figure 4. 4: XRD analysis of dehydrogenated-@Al-4V samples fabricated by;
(@) SLM, (b) SLM + HIP.
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Hydrogen desorption was accomplished more effectively when dehydrogenation
was conducted at higher temperatures for longer duosatidHowever, with

i ncreasing temperature and ti me, more U
Grain boundary U and U gr6Ai4N dug toothet h i s
decreased ductility and strength. Therefore, moderate temperature dehydoogenati
temperature and time should be determined so as to eliminate the drawbacks of high

temperature dehydrogenation.

4.4. Microstructural Evaluation

4.4.1. Microstructures of Starting Materials

The initial microstructures of additive manufactured samples affect subsequent
phase transformations during THP and the final microstructure. In the present study,
SLM and SLM + HIPped starting materials were fundamentally differs from each

other due to tbrmal background of the materials that have been derived by
fabrication processes. Upon slow cooling during solidification of-@AT+4V alloy,
primarily b phase precipitates and subse
the microstructure. The pg and relative amounts of phases in the starting material
changes the type and amounts of phases and their hydrogen solubility at
hydrogenation temperature. Therefore, although the starting chemical composition

of the alloys may be the same, their phasmdformation kinetics and resultant

mi crostructure may differ. The approxi ma
slowly cooled cast F6AI-4V alloy are 90:10 percent [13]. Likewise, equilibrium

cooled wrought TF6AI-4V alloys also display similar ti@a of phases with a

significantly higher amount oh-phase. However, because of large thermal input

and rapid solidification during SLM process, a f®n u i | i -martensitio pHase
needl es formed instead of U andratebis phase
needed to prevent formation of equilibr

boundary U. CCR was “&/sactordiagte\arcebal. [63. ar ou
Although the yield strength is higher in SLM fabricateebRil-4V alloys, the initial
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met astable U mi crostructure | eads to a dec
compared to conventionally manufactured-6Ril-4V alloy. This fact will be

discussed further in the mechanical properties part. A microstructure which consists

of U' itensundesirabke due to loss of ductility; therefore, SLM fabricated Ti

6Al-4V parts must be subjected a post process to transform the starting metastable

microstructure to stable phases to increase ductility.

)
a' phase # Y
P 2 \\\

>

)

The SLM fabricated and subsequently HIPped sample (HIP parameters were given

in 3.2) shown in Figure 4.6. This sample has a lamellar microstructure which
contains U avimd mb ersstuattree B thé aptical micrograph, the

bright regions correspond t oWildnmamasse tarda t h
pl at es are b phases. Subsequent HI Ppi ng i n
elimination of residual porosity left from SLM processdato convert non
equilibrium U to equilibrium platbes. HI Ppi |

-

phase boundary, c¢ au s andnutleatton d-plase bmeawteenon of U

a-plates.
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ated and HIPped starting-@AIl-4V

alloy.

SEM images shown in Figure 4.7 reveal the phases in both types of samples more
c | e a r-raytensitic phase appears as white needles in SLM fabricated samples,
Figure 4.7 (a), lamelthr sttuctaenin SLK+HIPped sammges i n
correspond to dark and bright regions respectively, Figure 4.7 (b).

\

&

\

*16.4 mm |12 000 x| 20.0kV |24.9 miM%—WI]:_m— Bt egvi’m 12%?)%x ZO%VkV 2?gwm}7mslgrmmau
Figure 4.7: SEM images of starting; (a) SLM, (b) SLM + HIPped6Rl-4V
alloys.
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Although elemental distributiomi SL M s amp | e-martensitic phases ng U’

was more or less homogenous throughout the samples, alloying element partitioning

was observed in SLM+HIPped sample. The differences in elemental composition

distribution also affect the response of samplethéwmaehydrogen treatment and

phase transformation kinetics. Elemental analysis of each existing phase in
SLM+HIPped sample is shown in Figure 4.8. EDX analysis revealed that dark
regions (U phase) shown in Figurinem 4. 7(b) cCo
content and | ess amount of vanadium (Figure
phase) seen in Figure 4.7(b) contained more vanadium and less aluminum elements,

(Figure 4.8(b)).

Ti T
[
(a) (b)
|
|
v
Ti
V 1)
Al Ti al ‘ ’
Ti !’\ \ Ti ! ( "
Ti il Ti | ‘
)J\ -»JL —— J} \j\" g“\_‘.__,ux-“‘ - —— - JJ U}I\\v
1.00 2.00 3.00 4.00 5.00 keV 1.00 2.00 3.00 4.00 5.00 kev
Element Wt. % At. % Element Wt. % At. %
Al 7.24 12.19 Al 5.12 10.57
v 2.03 1.81 \'% 10.06 9.02
Ti 90.72 86.00 Ti 84.82 80.41

Figure 4.8: EDX results of SLM #HIPped Ti6AI-4 V s ampl e consi sting o
phase, (b) b phase

In SLM, laser scanning parameters affect various features including microstructure,
texture, porosity content and surface roughness of the sample. In order to develop

nonporous and fine miostructure for the samples of the present study, the
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volumetric energy density (E) was kept as 10.8 Jmifme volumetric energy

density is determined by several scanning patterns which were previously discussed
in Chapter 3.1. The hatch spacing, whichbasically defined as the distance
between adjacent laser scanning tracks, is one of the critical process variables
effecting the E. In Figure 4.9, an optical micrograph (200x magnitudes) of SLM
fabricated Ti6Al-4V can be seen. The scan track width betwaeighboring layers

was roughly measured about 72 em which
because of the zigzag scanning strategy,
each layer (Figure 4.9). The hatch spacing determinesaftvecolony sizeand

s o me t iphasesmaylbe formed in the boundary of each regions due to oxidation

of layers. Although THP changes the microstructure of each layer it is ineffective on
changing the directional layered structure. On the other hand, the SLM + HIPped
sampé does not exhibit a track trace in the microstructure mainly due to post

treatment including hydrostatic pressure and high temperature.

\l/ | T I scan direction

'e' $

track width

Figure 4.9: Optical micrograph illustrating the hatch spacing on SLM fabricated
specinen.
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4.4.2. Microstructural Evaluation of Hydrogenated Samples

In this part, microstructural evolution is presented for SLM and SLM+HIPped

hydrogenated at temperatures between&®0 AC with 50 AC interva
types of samples, the hydrogenatiogatments conducted at 5350 and 600 AC di d
not change the microstructure significantly, Figures 4.10 and 4.11. The SLM
samples contained U’ needl es, Figures 4.10
consisted oWi d ma n sstrugture watimlamellaa andb phases similar to starting

sample, Figures 4.11 (b) and (c). Therefore, hydrogen treatments ‘& 860

600AC for 1 hour did not have significant |
alloys. These treatments c oindlicedotmattbn at 550 A
of phases that is different from starting samples as presentedag diffraction

patterns, Figure 4. 3. However, introducti or
drastically changed both the microstructure and hydrogen content. The rglativel

high diffusivity of hydrogen at the temper
revealed by previous LECO hydrogen measurements (Figure 4.1). The effect of

hydrogen is also clearly seen in the microstructures of various hydrogenation
temperatures, Figuresld (d}(h) and 4.11 (d{h). The starting fine needlike

morphology of SLM samples were coarsened especially at the temperatures of 650,

700 and 750 Adf. Adeording to XRay résults (Figured)3 (a));

phase nucl e a-matensitiw matrix passibly Hue to Bxceeded hydrogen

sol ubi | it ymartensititi ghaseo Additioriallygd-phase formation was

observed as hydrogen level reached a critical level in the alloy. However, neither

optical microscope nor scanning electron nmécope was able to distinguish each

phase. Therefore, HigResolution Transmission Microscope (HEM)

examinations are needed to correlate microstructure aRdyXesults. Although the

types of phases at 800 and &s@vere similar (XRD patterns in Figa4.3(a)), at

800 AC, needle | i ke morphology disappeared ¢
relatively finer with the formation of nearly equiaxed grain boundaries. On the other

hand, hydrogenation at 850 AC a-pdsesubsequen

regions together with very fine martensitic structure within large equiaxed grains.
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As stated previously, increasing hydrogen content lowersbtpbhase transition
temperature of the alloy. When hydrogen solubility of the alloy reaches to 15 at.%
(0.385 wt.%), the temperature for 100%-phase formation decreases to a
temperature between 800 and 850 AC (Fig
hydrogen contents of the SLM samples hy
wt.% hydrogen. This hydrogen concextion also corresponds to the samphase

transition temperature of between 88® 0O AcC. Therefore, S
hydrogenated at 850 was possibly composed of ordyphase (hydrogen loaded) at
hydrogenation temperature. Because of that, substamipiag grain growth

occurred as can be seen by previous beta phase grain boundaries in Figure 4.10 (h).
Upon cooling of the hydrogen loadedphase, due to alloying element partitioning

a-phase nucleates along the grain boundaries and within the graimphase.

Further cooling causes formationaphase ora-phase boundaries due to decreased
hydrogen solubility of hca as shown in Figure 2.24. However, since increased
hydrogen <content of the alloy 1increases
martensitic strutire as detected formation of neetike structure in Figure 4.10

(h). Therefore, the microstructure obtained at 850 hydr ogenati on i s
mi crostructure of sampl e when it was a
conversely, it is the microsttture obtained by the transformation of hydrogen

loaded high temperaturb-p h as e . A imartersite gMas observed in the
samples, there were untransfornieghase regions as well due to shifted beta phase
composition, which changes martensite startpeenature. If the alloy were in the

100% b-phase region, the microstructure would contain 100% martensitic phase.
Therefore, it can be concluded that 850vas high enough to form mainly beta

phase, but not 100%.
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Figure 4.10: Optical micrographs after 1 hour hydrogenation of SLM fabricated
specimens at various temperatures; aeasived, b6 50 A®,0 9G,0 dA)C,
e)700 AGO f8®0 ¢§EAC. h)
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Figure 4.11: Optical micrograps after 1 hour hydrogenation of SLM + HIPped
specimens at various temperatures; agasived, bp 50 A®,0 §G,0 dA)C,
700 AGO0 D0 ¢8G,0. hA)C
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