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ABSTRACT

PRODUCTION OF TI-6AL-4V ALLOY BY 3D ELEC TRON BEAM
MELTING TECHNIQUE AN D DEVELOPMENT OF ITS POST
TREATMEN TS

D o j, Merve Nur
Master of ScienceMetallurgical and Materials Engineering
Supervigr: Prof. DrrAr can Fe h mi Dericiojlu
Co-SupervisorAssoc. Prof. DrZiya Esen

September 201942 pages

In this thesisthe effectof production variables in electron beam melting (EBM) and

postpr ocessing on the mat er i adAls4y allayrwdre me ¢ h a |
investigated by considering the microstructural change:alldy samples were

produced at 9 45> and 90 with respect to building plate. Surface polishing with HF

solution was applied to reduce the surface roughness. On the other hasdtgbost
treatments, namely2-step therméiydrogen processg (THP) and annealing, were

conduckd to improve the mechanical properties, i.e. hardness and tensile strength, and

to increase fatigue lifeProduction at different angles had no influence on texture
formation such t hat dphaseavaslcomsnaniy poncerdgratédh e t «
in (10p0) plane, which was parallel to building direction. The samples producéd at 0

had the coarsest and lowest microstructure hardness valugespectively, possibly

due to higher heat input during production; however, they possessed comparatively
higherdensity and lower surface roughness. Therefore, the samples displayed high
tensile strength and ductificomparable to standards. Likewise, fatigue life improved

by production at ©due to lower surface rohgess and defects. THP refined the
microstructwe and slightly increased the hardness by altering the texture. Although
tensile strength increased, ductility reduced possibly due to oxidation. Annealing



coarsened the microstructure and degraded the mechanical properties. On the other
hand, both post la treatment processes did not influence the fatigue life due to
predominant effect of high surface roughness. Despite the reduced surface roughness

by surface pashing, fatigue life decreasé@cause of dissolved hydrogen in samples.

Keywords: Ti-6Al-4V Alloy, Additive Manufacturing, Electron Beam Melting,
Thermaehydrogen Processing, Texture
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¥Z

TKAL-4V ALAKI MI NIN 3 BOYUTLU ELEKTRON DEM
YY¥NTEMKYLE ! RETKLMESK VE KKKNCKL KKL.I
GELKKTKRKLMESK

D o j, Merve Nur
Y¢ ksek,Meitsad nusr j i ve Mal zeme M¢ihend
Tez DanRRkbbraAmré an Fe h mi Dericiojlu
Ortak Tez:DbanZylibsem e

Eyl ¢ |,1429ayta9

Bu tezde, elektron demetiergitme (EBEY nt egni etdiem dej i kKkenl er i
I K1 eml-@AlK4 VW alliakéménén mal zemeetvki sme kia-ny &

dej i Ki mileekiincgelzeentenl a Kk Em. nlimunel er i0 ¢retin

45and90a - él arda ¢retil mi ktir. b4 axeHRp ar az |
-%zeillte sy¢gzey parl atma i k|l emi uygul anméck
dayanceé gibi mekani k °zellikler:i gel i kKt
b a s a ma kodhiérojetleene prosesi (THP)ile tavlamai k | e ki nci | éseél
olarakuygul anméexkt ér . Farkl é& a-élarda ¢reti mi

t¢em numunel erdemésedamée y@aokmepOpadagkbebmbhd
oj unl aRakeawt érl.e ¢retdd,e nmumhutmeumeell eer ¢ r et i

cksek éeéseée girdisi nedeniyle en kaba i-y

y

y

karkén numunelerin y¢ksek yojunluja ve d.
gor ¢l megkt gr . Bustyaadent | amlmankbekél akt er
ve s¢nekli k dejerl e@a-a@islt @r gni @ tnie rdegnkre rku i
yeézey perézl el ¢ éne ve hata mi ktaréna sat
°mr ¢ art méxkter. THP i kIl e mi numunel erde ¢

i ncel t miKk vV e sertlifji artteéermexkteéer . ¢ek
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oksitterme vy ¢z¢é¢nden s¢gnekli k ayné numunel erde dyg

kabal aktérmék ve mekani k ©°zell ikl eri kot ¢l e
pereéezl ¢l ¢] énéegn baskeén et ki si yézeéenden i kinci
bir et ki s Yemamewwted ¢zl ¢l ¢] ¢ Yyézey parl atm
rajmen, yorulma °mr¢ numunelerde -°9z¢nen hid
Anahtar KelimelerTi-6Al-4 V. al ak é meé Kat manl & Kmal at, El e

Termchidrojenleme prosesi, Dokulanma
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CHAPTER 1

INTRODUCTION

Ti-6Al-4V alloy § n t he c | a s)shasobken &ktefisively luded fprsthe
aerospace, defensamjtomotive petreachemical,biomedical, architecta, andsports
industriedue its high specific strength (especially for higher temperatures), excellent
corrosion resistance, comparativélygh temperaturgesistance, high cycle fatigue
strength and low density.-BAI-4V is one of the most preferred alloy in the aerospace
industry such as gas turbine engines and helicopters, where weight reduction is crucial.
Additionally, Ti-6Al-4V alloy has been also utilized in the biomedical industry as bio
inert materials in hip and knee joints, and dental implants due to itscargbsion
resistance, biocompatibility, biadhesdbn (osseointegration), processability,
availability (relatively low prices)and suitable mechanical properties (e.g. similar

Youngo6s Modul us with bone)

In order to manufacture BAI-4V alloy parts in any industry, more than one type
conventional fabrication techniques such as powder metallurgy, -casting,
welding/joining,machining, etc. are generally used together to produce only one part
although they are suitable for continuous production. Additionally, fabrication of very
complex geometries is not possible with conventional fabrication techniques.
Moreover, if thousandsf samples are not produced at a time and design of parts
changes constantly, they do not become cost effective. In contrast to conventional
fabrication techniques, additive manufacturing (AM) techniques make possible
fabrication of parts with complex gewtriesin one step byeliminating excessaw
materialusageandproviding energy and time savings fonited number ofTi-6Al-

4V alloy parts production. AM techniques are divided mainly into groups depending
on the feeding of raw materials, namely, pownated fusion (PBF) and directed energy
deposition (DED).



Among the PBF techniques, selective laser sintering (SLS), selective laser melting
(SLM) and electron beam melting (EBM) are some of the common methods used for
Ti-alloys part production. Althouglingé surface finish of SLM produced samples are
better, high residual stress and martensitic microstructure formed due to rapid cooling
are the drawbacks of the technique. On the other hand, SLS technique is suitable for
porous material production. EBM tedhune, created by ARCAM AB (Swedenjs
capable of producingomplex geometriewith relativedensities over 99%nd with
comparativelylower residual stressedue to higher energy input and slow cooling
rate. However, surfaces having high roughness shoeldtreated to improve
mechanical properties of the parts.

Nowadays, EBM is widely used to fabricate complicateebAl-4V alloy parts.

During the production with EBM, T6AI-4V alloy parts are produced layer by layer

by feeding microrsized Ti6AI-4V alloy powders on building stage and melting them

by electron beam using higlacuum (around 1®torr). Application of preheating

during the production eliminates high residual stresses and prevent martensitic phase
formation due to slow cooling of the commmts down to prlieating temperature,
which is above martensitic start temperature. Therefore, EBM produe@dl-aiv
partsd micromwefrlUcpuatesoandsnalmanamdéuntenof
structure grown along the build direction. In addition, comparatively denser parts can
be produced via optimizing process parameters such as layer thicksesmne
current, line offset, focus offset, and line energy.

Although EBM technique has many advages, the high surface roughness due to
partially melted powders on the surfaces, internal stresses developed during the
production due to temperature gradient, presence of defects (e.g. lack of fusion of
layers, porosity, delamination and balling) aftére production are common
drawbacks of the technique. Moreover, building direction of the part may cause
anisotropic mechanical properties and the density may be different depending on its

place and position on production plate.



Additionally, some of Aland V elements within T6Al-4V alloy may be lost during

production due to high vacuum in production chamber. Therefore, reused powder

(with low Al and V content) should be mixed with virgin powder before each
production step. All of these drawbacks cadsterioration of mechanical properties

of Ti-6Al-4V alloy parts produced by EBM. Accordingly, processing parameters need

tobe optimized and post processes shoul d |

its microstructure and reduce surface roughaegsast.

In Ti-6Al-4V alloys, which are produced conventional techniques, in order to enhance
mechanical properties, the alloy is plastically deformed above the recrystallization
temperature for grain refinement by dynamic recovery and recrystallizBfovever,
dynamic recovery and recrystallization is not suitdbfeEBM producedparts since

the part cannot preserve its geometry due to hot working. Therefore, there are several
postprocessing technigues applied to EBM samples. For exarhjghk, surfae
roughness can be improved by machining, blasting (i.e. wiBspImilling, chemical
polishing.On the other hand, for removal of residual streasipusheat treatments
such as conventional annealiagd hot isostatic pressing (H®hich isconducted to
decrease porosity and to obtain parts with 100% relative demsippliedHowever,
conventional annealing treatment reduces the strength of the alloy although it
increases the ductility. Although it is not possible to refine thengtaiicture by heat
treatment, it is possible to obtain finer microstructures. In this thesis, tHgmnogen
processlg (THP), which enables refinement of the microstructure in powder
metallurgy and cast titanium and titanium alloys produced by conwahtioethods
without use of deformation, was used te6Ril-4V alloy parts produced by EBM. The
purpose of THP is to enhance the mechanical properties of EBM produ6ad-aVv

alloy by refining the microstructure without deformation, which causes dimextsion
and shape changes. THP is based on alloying and dealloying of titanium and titanium
alloyswith hydrogenHydrogen having high diffusivity in titanium can be taken away
easily by vacuum annealing (reversible reaction) thanks to positive enthalpy of

soluion in titanium.



Microstructural refinement in THP depends on phase transformation during alloying

and dealloying with hydrogen. An EBM produced6Rl-4V alloy is consisted of

| amell ar structure containing U whend b phase
solubility | imits of jkphagenfaimsfalongte istetface eded new
region @hadeasndDmring deall oying, excess hyc

bphasesphaansde lis transformed to fine U by pre:

Therefore, THP is an alternative post heat treatment process to enhance mechanical
properties (increasing strength without reducing the ductility too much) because it

refines the microstructure and the alloy shape is preserved since the process includes

no plastic deformation. Hydrogen which is a unique alloying interstitial element for
titanium and titanium al | oy s-temsperatlbabcci zes t he
phase) and dest akdmpdrame Scp phase), add hpricesirecreasds | o w

th e U+b phase r a n gteansus Tempgerawire oande martehshee b
transformation temperatures reduces by hydrogen alloying. For example, 39 at. %

hydr ogen rteansusteengerature gomB32 to 300°C for pure titanium.

Accordingly, heatt r e at me n tphaserregiom can e conducted at lower
temperatures. Also, diffusion coefficients c
reduced with hydrogen addition, thereby causitogvert r ansf or mati on fr om €
Recently, THP was piarmed to Ti6Al-4V alloy produced by selective laser melting

(SLM). To the best-stepfTHR(allbyingpandddsalloyimanvdére d ge, 2
b-transus temperature) has not been applied f&AT#4V alloy parts produced by

EBM. Accordingly, in this tksis, 2step THP process will be applied to EBM

produced parts for improving mechanical properties (hardness, tensile and fatigue
properties) by refining the microstructure at relatively lower temperatures.
Determination of the success of THP process byparison the mechanical results

obtained from conventional annealing treatment is another target of the study. As a
postprocessing technique, the effect of surface chemical polishing on surface

roughness and mechanical properties was also studied.



Moreover, parts manufactured at different building angles, ?.e4® and 90, were
also examined microstructurally and tested mechanically to reveal texture formation

and differences in microstructures, and tensile and fatigue properties.

In this thesis, th&opics covered in the studyegiven into five main chapters. Chapter

2 involves the literature review, which gives detailed information about titanium and

its alloys, i.e. application areas, chemical compositions, types of heat treatments
applied andmicrostructuremechanical property relations. AM techniques and post
processes applied to AM parts are also presented in this chapter. Chapter 3 covers the
experimental procedure used for production of EBM6AI-4V alloy parts, their post
processing andesting. Experimental results about structural, microstructural and
mechanical tests and discussions on each result are given in Chapter 4. Finally,
Chapter 5 presents the important conclusions drawn at the end if study. Future works,
which are thought todhelpful in other works and thesis that will be conducted on

similar subject, are added to end of the thesis as well.






CHAPTER 2

LITERATURE REVIEW

2.1.General Information

Titanium wasexploral as an unknown metallic element by William Gregor in 1791,

and Martin Heinrich Klappoth entitled it
devel oped commerci al pr ocess ,produdgiichafy Kk now
titanium in1932. Titanium can be classified as nonferroustaebeaviest light metal

due to its density (4.51 g/&nshown in Figure 2.1. Titanium is commonly preferred

for the aerospace and naerospace (chemical, medical, automotivehiaecture,

sportsand etc) industries thanks to its most attractive propesdiesh aigh specific

strength (especially for higher temperatures, Figure 2.2) and excellent corrosion

resistancél, 2] .

| | | I | |
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Figure2.1. Densities of some metdlk].
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Figure2.2. Specific strength versus temperature graph for various nigtals

In 1940s, titanium anditanium alloys were particularlyenhancedior aerospace

industry in the United States, and worldwide titanium consumptiorowsaround

50% for aerospace market. Foetherospace industry (e.g. airframe, gas turbine

engines, helicopters etc.), the weight reductionciigcial when compared to

aubmotive industry. For instance, while ong keight reduction in aerospace

i ndustry causes about 01000 cost savings, t1l
than 010. Titanium and its all eignficarar e used f
weight raluction éubstitute fosteelsandNi-based superalloys), corrosion resistance

(substitutefor Al-alloys and lowalloyed steels)comparatively hightemperature
resistance(substitutefor Al alloys, Nibased superalloys, and steels), galvanic
compatibilitywith polymer matrix compositesiibstitutefor Al alloys) [3].

Nowadays, titanium anditanium alloys arealso commonly employedor other
industries (chemical, biomedical, automotive and eitt.)addition to aerospace
industry.Among them, medical industrg the most widely utilized area for titanium

andtitaniumalloys.



Especially, titanium anditanium alloys meet the biomateri@isequirementsand
preferred in load bearing applications suchhgsand knee jointsgentalimplants
because of their higtorrosion resistancg@rocessability (powder metallurgy, casting,
deformation, and etc.hiocompatibility, biecadhesion (osseointegratip@ndsuitable

mechanical properties (elgonelikeYoungos MBldul us)
2.2.Crystal Structure of Titanium

Titaniumpossesses two different crystal structure according to the temperature which
iscal ed U/ b tr ans uis 882 eqii ferrpared tisaniwrandaiféctech

by substitutionasindinterstitial elementsTheU p thavisghexagonal close packed
structure (hcp) is stable e | otransus temperature whitkeb  p thavegbody
centered cubic structure (bcc) is stable at déigbmperature (Figure 2.3. The
relative amounts oflandb phass in the structure determines the final performance

of titanium as crystal structure affects propertigs

(1011) —

0.468 nm

(1010)—

(0001) a
0.295nm %\
aZ

Figure23. Crystal structure of hcp (U phase) and

directions and plandg].
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2.3.Phase Transformations in Titanium and TtAlloys

Microstructural developmeruring production or post processing of titanium parts

plays a critical role in determining the desired properties. In addition te non
equilibrium phas descomnbdn eyulibriurb phashseesceusteredr e t
in most of the titanium products. Theagle, distribution and relative amounts of
equilibrium phases are adjusted using different processes commonly to reach desired

mechanical property.

The b phase accordingoor eU dpulcas d ebecause of having
systems. Hlcpstutture),ilattiice parameteasea=0.295 nm and ¢=0.468

nm with the ratio c/a=1.587, but c/a ratio is 1.633 for an ideal hcp lattice structure.

When substitutionabr interstitial atoms lésseratomic radii than titanium) are

di ssol ved ,i nthUeyt ienmlnarugre the c¢c/a ratio of t
increased strength and reduced ductility. Therefore, relative amounts of each phases

detemine the final mechanical property. In addition to relative quantity, fineness of

the phass alter strenptand the ductility of the alloy. Because of that transformation

of each phases to each other should be cont i
titanium (bcc slip planes) to U titanium (tF
accading to Burgers raltionship (Figure 2)4n which bcc can transform to maximum

12 hexagonal variantst Tt @ p p tand® @NO//G p@. During cooling from

b phase tmp rolang bransost densely packed planes) transforms to

1t Tt T plane hicpbasal planes)As demonstrated in Figure 2.basal planes ihcp

(Uphase)areslightly larger than corresponding distance betwgep 1planes irbcc

(b phase), and this situation causes a slight atomic distdftj6h There arenainly

two type of transfomations: martensitic and nucleation and diffusional

transformations. Ti and its alloys have two diffenaratrtensiticcrystal structures that

are hexagonal and orthorhombic martenfotenedby quenchi ng of b phas

from betatizing temperature b&ldVistemperatures.

10



In nucleation and diffusional growthansformationsTi-alloys are cooled from single

b region with slow rates into U+b phase
b grain d&cousrbylercioanp osi t i o n firalf micfostrycthra s e . T
consists of U col awhiches whthewdaéebaskained

[7].

Burgers Relationship
{0001}, ({110},

<1120>, || <111>;

Figure2.4. Burgersrelatons hi p during b/ U pha8.e transf or mz:

(110) * (0001)

A

Figure25. The t r ansf o racoading o Burgers relaionbhipflp U
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2.4. Classification of Titanium Alloys

Titanium alloys arecategorizedaccording to typgof equilibrium phases present in
the microstructure which actually depends on alloying elements present in the alloy.
The alloying elements of titanium alloys candategorizech s n e tstahilizets,, U

orb-st abil i zer s acc orthnsusgemperature firigurere.6ef f ect s on

T h estabilizingelementgcarbon, oxygen, nitrogen and aluminumy oaden t he U
phase field to highertep e r at ur es and develop two phase (U
be stable even at higher temperatuaesl among them,l@minum is the most

significant alloying elementhankstoi t s hi gh sol ubility in both
the otheh a n estabiliingelementsvh i ch ar e s dvidomarphoud(egd I nt o D
Ta,Mo andV ) a-eutkctibelements (e.g. Co, Fig,Mn, Cr, Qu, Si, and Hrause

to shiftb phase field to lower temperaturé@snong the interstitial elements, hydrogen

is onl vy esnteabbl i zing e | e me niransusatendperaiure. | ower s
Additionally,t he ef f ects of nteaosustemperamis eegligibled s on t he
since they donot change the phase boundary.

el ements (Sn anehagg9) strengthen the U

Poec
B
® hex
_P
Ti Ti
neutral a-stabilizing B -stabilizing
B-isomorphous pB-eutectoid
(Sn.Zr) (ALO,N,C) {Mo,V,Ta,Nb) {Fe,Mn,Cr,Co,Ni,Cu,Si,H)

Figure2.6. The effects of alloying elements on phase diagfdis
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By considering the effect of alloying elements mentioned abdaajum alloys can

be classifiedas neaU ,

inapseudd i nar vy

U, U+bb

secti

aned aBtabl eys

accordi

n

on t hr ough aaschbmaticallp mor p h

denonstrated in Figure 2.Some commontitanium alloyswhich belong to each

groupare listed with their critical mechanical properties in Table 2.

Temperature

]

o
Alloy

o + 3 Alloy

Metastable
B Alloy

Stable
3 Alloy

[ - Stabilizer Concentration

Figure2.7. Schematic binary section through isomorphous phase diagram to categeiloyS[iLO].
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Table2.1. Mechanical properties of some titanium all¢y/%].

Alloy To[°C] H"’Elzd\;‘]ess E[GPa] YS[MPa] TS[MPa] % El
U_ AL I «
high purity Ti 882 100 100145 140 235 50
Grade 1 890 120 170310 >240 24
Grade 4 950 260 100120 480655 >550 15
Near-U Al
Ti-6-2-4-2-S 995 340 114 990 1010 13
TIMETAL 1010 112 900950 10101050 10-16
1100
TIMETAL 834 1045 350 120 910 1030 6-12
U+b Al
Ti-6-4 995 300400 110140 8001100 9001200 1316
Ti-6-6-2 945 300400 110117 9501050 10001100 1019
Ti-6-2-2-2-2 110120 10001200 11001300 8-15
Ti-6-2-4-6 940 330400 114 10001100 11001200 1316
Ti-17 890 400 112 1050 11001250 8-15
Metastable-b
Alloys
SP700 900 300500 110 900 960 8-20
Beta lll 760 250450 83103 8001200 9001300 8-20
Beta C 795 300450 86-115 8001200 9001300 6-16
Ti-10-2-3 800 300470 110 10061200 10001400 6-16
Ti-153 76 300450 80-10 8001000 8001100 10-20

2410 and-UNA&t oys

Commercially pure (CP) titani-alapbecaase t ake a p
t hey ar e astabiliningercheutnai etetments, and they can maintain their hcp

crystal structures at room treasp ealalftawyse. Amon
the most corrosicmesistant but the weakest alloys. In order to increase strength of the

alloys, oxygen and nitrogemhich are interstitial elemengse used, and according to

oxygen content in the alloy, grade of CP titaniuas been determined

14



The tensile strength of CP titaniwwhangedetween 240 and 740 MPandthe lowest
strength and excellent cold formability belongs to Graadile the highest strength
value is observein Gr ade 4nearl alnldoys di splay good

excellentcreep resistant, but they cannot be strengthened with heat treafih2nts
242U0+b Al l oys

This group ofTi-alloyc ont ai ns mi xt(werMaotl B fiaeaVoring
and Mo)elementsU + b a | Lsedywsen dghe lealanced desired properties such as
high tensile strength vs fracture toughness, good creep resistance vs low cycle fatigue
andhigh tensile strength vs high cycle fatigue are requisétiough the name of this
group cont ai the micrastrucureicanmé changed andeguailibrium

phases can be obtainadth the help of heat treatments (e.g. solution treatmémt)

addition to changing types of phases, heat treatment can be used to alter the
morphology, relative quantity and distution of phases ankmellar, equiaxed and
bi-modal (duplex) microstructusecan be obtained by changing thermomechanical
treatmentvhich will be discussed in the following sectons Among t he U+b
Ti-6Al-4V alloy is the most commonly used titam alloy, and today more than 50%

of titanium alloy parts are based on@Al-4V alloy[10,13]

2.4.3.Metastableb and b Al Il oys

Metasableb and [enaldethé lighestspecific strength and very attractive
combinations ofatigue resistan¢strengthandtoughness at large cross sections, thus

these alloysire the most versatile class of titanium alldya wever , accor din
alloys,b al | oy serderaity,enodmate gdhdability, poor oxidation behavior,

high formulation cost and etfd4].
2.5.Ti-6Al-4V Alloy

Ti-6AI-4V all oy is the most commo.¥MdAyandised U+
wt. % V. Elemental compositions of cast@Al-4V alloy defined by ASTM F1108

14 standaréredemonstrated in Table2.

15



Table2.2. Chemical compositions determined by ASTM F11@8standard for cast ‘BAI-4V alloy

[15].
Element Chemical Composition (wt.%)
Al 5.50t0 6.75
Y 3.50to 4.50
Fe 0.30 max.
@) 0.20 max.
C 0.10 max.
N 0.05 max.
H 0.015 max.
Titanium Balance

Ti-6Al-4V alloy has been extensively utilized different fields such aaircraft gas
turbine disks, surgical implants, cases and compressor blades, and pressure vessels
due toits attractive properties such &sw density high specific strength, high

corrosion resistance, high cycle fatigue strength

The properties of the alloy change according to microstructtiemicrostructure of

the U+b titanium alloys changes according t
which are complex sequence of defornm@t solution heat treatment, aging,
recrystallization, and annealing for stress relief, and it is possible to obtain different
microstructures by tailoring the applied processes.

The arrangemerindsizof t he U and b phasesateframr med accor
b phase region af fseck aslamelae egmaxedy lnsdalr uct ur es
martensite and WOAA-AvValogdemonsiraeath Figure 2i8laed T i

hence mechanical properties are affected from tF@AT#4V alloyd s mi cr.ostruct ur e
The lamellar microstructure having more oriented colowitsa gr eat er U/ b sur f
area IS formed when t he homogenandzati on tr

subsequently a stress reiiey heat treatmen{which is performedfor relieving

16



internal stresse occurred during rolling, welding etc. and it is a {@mperature

treatment (482 to 704C)) are applied to the alloy. Moreover, therm@chanical
process (i.e. rolling in b phase or U+ b
process prior to the homogenization trea
and the cooling rate during th@rmogenization treatment ggnificantbecause the

| amel |l ae size (U plates), the U colony s
and thethicknesocf U phase at grain boundaries ar
equiaxed microstructure havilkg uni f orm structure consi st
boundaries iIs generated after a recryst a
phase field, and then solution heat treat
microstructure). When the eunhanical properties of the lamellar and equiaxed
microstructures are compared, lamellar microstructure has lower tensile ductility,

lower strength, superior fracture toughness and better fatigue propagation resistance,

and equiaxed microstructure has eefatigue initiation resistance and poorer fatigue
propagation resistance. The bimodal (duplex) microstructure having equiaxed
(primary) U in lamellar U+b ma(ustbelow i s ob
t h dranbus temperatureand it is actally a combination of equiaxemhdlamellar
microstructures. Therefore, the wbklanced fatigue properties such as higher fatigue

crack initiation resistance and higher fatigue propagation resistance are observed for

the bimodal (duplex) microstructuree¢ause it combines the advantages of both
equiaxedand lamellamicrostructures. The martensitic microstructirb e x agonal
or orthorhombic, U&, with small amount o
al |l oy f r o ntrarsus teinmeraturétéhe énd of the rapid quenching, hard

and brittle alloy is obtained, and when the aging is applied at temperatures higher 400

°C, hardness of the alloy increases through the formation @ ITi 2) (phhse
precipitateg3,10,13,16]

17
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In addition to these microstructures, tf
microstructure which can be thought as a special type of lamellar microstructure
(parall el plates of U crossed out by the
alloy cookd from extremely high temperature with critical cooling rate.

Figure 29s hows t he formation of Wi dmanst?2atte
slowly <cooling from {11®21,22] Adddgianallp nhe t o U
microstructural changes of -BiAl-4V alloy obtained by annealing at different

temperatures with different cooling rates are illustrated in Figure 2.10.
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Figure29. Schematic representation of Wi
6Al-4V) [12].
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The | amell ar microstr uct udameter ofthlamellben i ckness
colonies strongly affect t he mechanical pro
stereological parameters of lamellar microstrucanedemonstratedh Figure 2.11

(a). Especially, the U colony size is signif
the size of U colonies influences the U and
affected by U colony size,disi@g mec Harrciod alnyp rsc
(Figure 2.11 (b)). When the cooling rate inc
decreases, and yield strength andhtuygcle fatigue (HCF) strength which is resistance

to crack nucleatiomcrease.

On the other hand, the necked slip length or colony size decreases the rate of

microcrack propagation and increases the material resistance against microcrack
propagation, and hence low cycle fatigue (LCF) strength also increases. Although, the

increment in ductility is observeditiv the reduction of colony size, in fact, this

i ncrement is resulted from the reduction in
the grain boundaries through with more rapid cooling. Additionally, ductility again

decreases when the martensitic micrasttuur e having smaller U colo
by rapid cooling. Also, the fracture toughness of the alloy changes directly

proportional to the colony si&0,16,23]
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Figure2.11. (a)Pr i mar y (stereglogialsparametergyrain size D),

size (d),andUlamellae thicknesft), and (b) Effect of slip length (a colony size) on mechanical
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There are some commonly used heat treatments such as duplex anmediling

annealingand solution treating and aging for commerciabAi-4V alloy. In order

to obtain relatively soft and machinable conditions, mill annealing process is applied,
and the alloy is heated at about ?80in theU + b

region for 4

hour s,

to room temperature in the furnace for mill annealing process, andhadtprocess,

the microstructureomprises

of

gl obul ar

crystals

duplex annealing is also applied with several variants, and the alloy is ¢t

°C for 10 minutes, then cooled in air, subsequently heated aboGC&d5 4 hours

of b i

and cooled again to room temperatirair. Another heat treatment applied for Ti

6Al-4V alloy is solution treating and aging, and the alloy is heated at®%&r 10

minutes, quenched with water, and then aged for 4 hours between 540i@] 6

subsequently, cooled to room temperatarair [12,16].

Ti-6Al-4V alloy partsare mostly produced with conventional techniques (casting,

powder metallurgy, welding/joining, forging and etc.) and to fabricate just one part

generally more than one conventional techniguesed together.
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Also, production of very complex geometriesnist possible in a single step with
conventional techniques which are not cost effective if thousands of samples are not
produced and design of parts change constamtlycontrast to conventional
techniques, additive manufacturing (AM) techniques proprdeuction of parts with
complex geometries in one step by minimizing the usage of raw materials and

providing energy and time savings for@Al-4V alloy [25i 27].
2.6. Additive Manufacturing
2.6.1.General Information about Additive Manufacturing

Rapid prototyping (RP) was firgtresentedo produce thredimensional (3D) solid

parts from computeraided design (CAD) in the 1980s. The first additive
manufacturing (AM) method was demordéd at the University of Texas 1986

with the improvement of RP techniques. AM is definediaa pr ocess of |
materials to make objects from 3D model data, usually layer upon layer, as opposed

to subtractive manufact ur i-12a28]maedvarious ol o g i ¢
synonyms such as additive fabrication, additive processes,ivaddéchniques,

additive layer manufacturing, layer manufacturing and freedom fabrication can be

used instead of additive manufacturing according to standard. Polyenamicand

metal parts can be fabricated with AM, and there are several AM teclmigsie
summarized in Figure 2.12 to produce polymer (e.g. stereolithography and ink jetting),
ceramic (e.g. binder jetting, ink jetting and stereolithography), atdlrfe.gdirected

energy depositioand powder bed fusigmarts[29i 31].

AM provides lots of advantages when compared to conventional fabrication
techniques. Production of very complex geometriea smgle step with neazero

waste material and minimum need for ppstcessingirepossible with AM.
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Additive Manufacturing (AM) Processes

Laser Based AM Processes
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Figure2.12. Categorization of additive manufacturing technigi&g.

This design freedom opportunity allows to create unique products fabricated at low
volumes in an economical way. If the cost of the manufacturing is considered, it
should be divided into fixed and recurring costs. While figests include tools, dies,
buildings, recurring costs are the cost of materials, labor etc. When production volume
of the parts is increased, conventional fabrication techniques become more
economical way of manufacturing. On the other hand, the usagéobetomes
possible, when production volume is decreased, and the design is changed constantly.
Therefore, it can be highly cesavings, and it has the potential to decrease the cost,
and energy associated with the transpmatkagingand storage of partén addition

to these benefits, AM reduces the energy consumpmiit has positive impact on

the environmeni29,30,32] AM technologies are utilized for lots of applications such

as biomedical, aerospace, automotive, military, sports, chemical, infrastructure and

construction industries and etc. due to their benefits.
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Biomedical applications (e.g. tools and instrumdatsmedical devices, prosthesis
customized implants, education and training, drug delivery and etc.) need unique
requirements such as high complexity, customization and papesgific necessities,
small fabrication quantities. AM providése design freedom opportunity to create
very complex parts, thus new biomedical implants, engineered tissues, extremely
complex shapes (e.g. lattice structures with intentional porous structures) can be
fabricated in a single step with AM technologiesdaAidnally, the main profit of AM

is freedom for customized and patiepecific implants. Therefore, AM can also be
used for improving the effectivenessd efficiencyand it can reduce the requirement

of further operation$or adapting the implant to ¢hpatienf33i 35]. Although, AM

has lots of benefits, there are a few drawbacks such as void formation between
subsequent layer of materials, anisotropic microstructure and mechanical properties

due to layeiby layer printing, and layeoy-layer appearandg6].

The aerospace industaccounting forl8.2 % of the total AM marketodayis the

most pronising fields in the near futureAerospace components need some
requirements such as complex geometries, diffimithachine materials, and high
buy-to-fly ratio, customized prodction Advanced and expensive materials (e.qg.
titanium alloys, higkstrength steel alloys or ultt@gh-temperature ceramicsnd
nickelbased superalloysare used in the aerospace industry, and these materials are
very difficult to produceand create a large amount of waste materials (up )95
Additionally, the aerospace industry is characterizetbiwywvolume production with
constant change in part geome#ys techniques can reduce waste materials during
manufacturing and also enable fabrication of very complex shapes with an economical
way [36,37]

The AM market is growing day by day and predicted that AM industry will grow to
$21 billion by the year 2020. The industries such as automotive, electronics, and
medical are the most rapid growth industriésccording to reports, total market of

the medical devices will be $1.5 billion by 2026, and also estintatgdM will be
utilized for 80% of the implants in the near fut{@a].
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2.6.2.Additive Manufacturing Processing Steps

AM is based on layer by layer production of objects. The process flow of AM is
clearly depicted in Figure 2.13. Firstly, Computer Aided Design (CAD) model of the
object is created and then, it is converted to Stereolithography (STL) file format.
Subsequetty, object is produced in AM system layer by layer. After the object is

removed from the building platform, various post processes are applied.

5\:3“’!/ 7

u\P |
End part
finishing

CAD-based .STL file Sliced layers AM syste
3D model

FINAL PRODUCT

Graphic: esaitte University Press | BUPress com

Figure2.13. AM process flow38].

2.7.Metal AM Techniques

Metal AM techniques utilize powder or wire as metaféedstock and electron beam
or laseras an energy source. The methods are based on partially or fully melting
metallicmaterial to produce fully dense or porous solid parts.

Directed energy deposition (DEDand Powder bed fusion (PBRye the most
commonly uilized metal AM techniques ensuring design freedom for fabrication of
complex geometries when compared to conventional manufacturing techniques.
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On the other hand, cold sprayitgnder jetting direct metal writing andfriction stir
weldingare some of other techniques that can be utilized for production of metal parts
[36,39,40] Among the metallic materials, titanium and its alloys (e.g6Al-4V
alloys), steel alloys (e.g. maraging steesistenitic stainless steels, tool steels,
precipitation hardenable stainless steels, and etc.), a few aluminum alloys (e.g.
AlSi10Mg and AlSil12 alloys), nickel alloys (e.g. Incomdl8 and625 alloys), some
cobaltbased (e.g. CoCr alloys) and magnesiumyalhave been used as raw materials

in AM techniques. In addition to these metal alloys, magnetic alligs;entropy
alloys, highstrength alloys,bulk metallic glasses (amorphous metalg)etal
compositesand functionally graded materials (FGMire a fev research field for
metallic AM techniqueq36,41 44].

2.7.1.Directed Energy Deposition (DED) Technique

According to feedstock type, DED technique can be classified as wire feedstock
developed from traditional welding and powder flow feedstock developed by Sandia
National Laboratory in 1996. Additionally, DED technique uses electron beam or laser

as an enengsource[45,46] DED technique mostly utilizes the related alloys for
aerospace applicatiorssich adnconel, titanium, aluminum, stainlesteel. DED is

relatively fast AM techniquecompared to other AM techniqyeand material

deposition rates of DED processes are higher than (PBF) processes, so that higher
build volumes can be produced with DED systems. The nature of the DED systems is
basel on adding new materials to the existing parts, so the starting surface of the
materialdesn 6t have to be flat. Thus, they can

damaged turbine components).

Moreover,CNC machiningand DEDin a single machine can lsembined as hybrid
systems that are created by CNC manufacturers such as MaasullMAZAK in
order to makexactfinish in a maching36,46,47]
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Electron beanbased DED systemstilize a metal wire feedstock melted with an

electron beam under the vacuum. These systems have the highest depositipn rate
to 9 kg/h. The electron beam which has higher energy than laser provides higher
accuracy with low deposition ratesd thinner layetrsNASA developed Electron
Beam Freeform Fabrication (EBF) procegenerally utilized for spacebased
applications andinstead of powder injection, a metal wire filament is using in this
techniqug46,48]

Laserbased DED systenfsstly developed in 1996 and named as Laser Engineered
Net Shaping (LENS) utilize wire or powder feedstock. Ldsesed DED technique

was schematically demonstrated in Figure 2.14. The powder spray nozzles and the

laser can move with together, if needauald the system can have one or more nozzles.
In this method, lasesubstrate relative velocity, beam diameted laser powehatch
spacing, powder feeding rate, and scanning strategy are important process parameters.

Additionally, fully inert chamber isequired if reactive metals are u48a,49].

Disadvantages of DED Techniques

The shape of the DED produced parts are the near net shapes with low accuracy, lower
surfa@ quality and less complexity, hence final machining step is required after the
production. Therefore, generally large components with low complexity are produced
with DED systems, and also, they are used to repair turbine engines. Additionally, if
the fuly inert chamber is utilized for the production, large volumes of argon or
nitrogen are required, thus it takes time to get away oxygen from the chamber
[36,46,50 52].
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Figure2.14. Laserbased DED techniqué3].

2.7.2.PowderBed Fusion (PBF) Technique

PBF uses laser (heats the powder bed via photon absorption) and electron beam (heats
the powder bed by transferring kinetic energy) as a high energy source for melting or
sintering metallic powders. In this technique, firstlynthayer of metal powder is
spread onto the build plate, and powders are selectively melted according to CAD
data. After that, the build platform is shifted down in thdirection, and the process

is repeated until the 3D part is produced. Each layereoptbduced part is welded
because of the penetration of power source deeper than a single layer. PBF techniques
are categorized as electron beam melting (EBMllase powder bed fusion APBF)
according to power source used. The metal powders shoulghkecal, and their
particle size distribution should be optimized for better powder flow and packaging.
After the production, unfused powders are sieved to eliminate agglomerate particles,
and then they can be reused for the other production by mixthghé new powder
[46,54]
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LaserPBF AM systemsitilize powdergin the range of 18 5 )@nd NdYAG fiber

or ytterbium lasers as a power source. In addition to these laserfa$e@s are also

used, but they are not suitable for metal AM systems due to need for high powers. In
L-PBF systems, laser power ranges change between 50 W and 1000 W, and
galvanometers ahf-theta or dynamically using mirrors provide the focusing of the
lasers. During the production, machine parameters such as scanning strategy, laser
scan speed, laser power and the distance between each scan line are important and
they should be optimizedccording to produced materials. In order to prevent
contamination of the metals during the production, moishe®and inert atmosphere
(nitrogen or argon) is crucial. Powder recycling in this technique is also possible after
sieving the used powder¥Vhen compared to other metal AM techniques, this
technique is relatively slow. Although base plate is heated up t6Q@uring the
process, higltemperature gradients can cause internal stresses induced to cracking or
distortion in the produced parts. dnder to eliminate internal stresses, heat treatment
can be applied. Additionally, the surface of the produced parts is rough so that post
treatments (e.g. bead or grit blasting) are required for some applicgtiods,55

59].

EBM-PBF AM systeménvented by ARCAM AB (Sweden) are fundamentally a high

powdered scanning electron microscope (SEM) with magnetic coils, a filament, an

electron beam column, and these systems utilize powder in the rangddd 4 Om
and focused beam electrons as a powarcg The production is conducted under
vacuum with small amount of helium to eliminate electron deflection due to collision
and interaction with gas molecules. In these systems, the powder bed temperature is
higher than LPBF systems and can be up to 1000Additionally, internal stresses

are relatively low due to smaller temperature gradient because of scanning each
powder layer by the low power electron beam before they melt. Production in this

system is also faster due to faster scan and thicker payeermelting capability.
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These systems can be only used for conductive materials, and vapor pressures of the
alloying elements (in a heated vacuum) cause the losing of certain alloying elements
(e.g. Ti6AI-4V alloy suffers from losses of \and Al within the allowable
specification limits) during the production of some alloys. Thus, reused powder should
be mixed with virgin powder before each produc{i®®,36,46,6063].

Disadvantages of PBF Techniques

1 The surface roughness is high due to partially meltedrmelted powders on
the surfaces.

1 During the production, internal stresses are developed because of temperature
gradient differences, and post heat treatments are required to eliminate internal
stresses.

1 The support structures are added during theystion due to the lack of self
supporting structures.

1 The build parts can have defects (e.g. lack of fusion of layers, porosity,
delamination and balling) after the product[6t,63 66].

2.8.AM for Ti -6Al-4V Alloy

Ti-6Al-4V alloy parts are mostly fabricated with conventiofaddricationtechniques
such as forgingpowder metallurgycasting, and etc., and generally more than one
techniqueareused together to fabricate just one part. In addition to this, production of
very complex geometries with high precise cannot be possible in a single step with
conventional manufacturing techniques which are not cost effective andlaggalt
amount ofwaste material. AM techniques enable fabrication edAli-4V alloy parts

with complex geometries and nemsro waste material in a single step. In order to
produce Ti6Al-4V alloy parts with high complexity, various metal AM techniques
such as PBF and DEDave been used, but in this chapter electron beam melting
(EBM) and selective laser melting (SLM) techniques are summarized for production
of Ti-6Al-4V alloy part§10,12,31,41,6i771].
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2.8.1.Electron Beam Melting (EBM)

EBM is a PBF technique, and it was created by ARCAM AB (Sweden) and
commercialized in 2001. Although EBM was only suitable for tool steel at the
beginning, nowadays mamyetals that should be conductive such abaed alloys
(e.g. TiAlandTi-6Al-4V alloys), Cebased alloys, Nbased alloys (e.g. Inconel 625
and 718) and Cu can be produced with EBM technique. ARCAM has different EBM
models such as ARCAM Spectra H whichables faster builds and leading high
temperature production, ARCAM Q10plus which is for orthopedic implant
manufacturing, ARCAM Q20plus which is for aerospace components, ARCAM A2X

which is for aerospace production arrdearch and developmeR&D) materals.

EBM is also named selective electron beam melting (SEBM) due to selectively
melting of metal powder, and the operating system of EBM can be considered as
scanning electron microscope. The main components of ARCAM EBM machine are

schematically showm Figure 2.1972i 75].

In the EBM system, the electron lpes created by the electron gare focused by
magnetic lenses and accelerated with acceleration voltage (60 kW). The metal powder
which is fed from hopper and distributed by a rake is selectively melted by the
accelerated electron beam. The build plate Ezypically 200 mm x 200 mm x 350

mm, and the process is performed under vacuum (aroutictakf) in order to
eliminate electron beam and air interaction. Additionally, a small amount of inert He
gas is utilized during melting to provide thermal stability of the process gomdvent

the buildup electrical charges in the powder. Basically, pheductionprocess is
depicted in Figure 2.16. The start plate is preheated before the first layer is added. The
base part of the final part is obtained by the first powder layers melted which becomes
the support structure of the real gai,73,76 78].
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A series of defocused beam {ireat the powder bed by scanning selvenaes with

high beam current and high scan speed (e.g. up to 30 mA and abounh£) which

are lowered subsequent melting step. The metal powders are added when build plate
is lowered after melting of one layer of powder. After production is finishied,
pressure is increased to cool the build part, so electrical charging of the powder
particles is inhibited, and this pressure increase provides heat conduction and cooling
of the melt. The cooled build part, which consists of powders adhered to buiigl par
broken by sandblasting. The unused powder is sieved and used several times since
contamination is limited due to high vacuum utilized. In addition, more th&mn 99
density can be obtained with optimized process parameters by[EBR}41,72,76

82].

High surface roughness and internal porosity due to partially melted powders can be
reduced by decreasing the layer thickness, focus offset, line, tiéseh currentand

line energy. However, in most cases a post processing is needed to reduced surface
roughness and increase the density of the part. Figure 2.17 demonstrates the external
surfaces of the ggroducedri-6Al-4V alloy parts in vertical and hi@aontaldirectiors.

Partially melted and sintered powders adhering to the external surface creates high
surface roughnegg,5,31,59 61].

Since the cooling rate of the part during production is religtilev, equilibrium
structure can be found in the alloy. Therefore, mechanical properties of EBM
produced alloy is highly different from the alloys which dabricatedby SLM
technique. The microstructure of themeducedEBM Ti-6AI-4V alloy (Figure 2.8)
consi stes owhiUclpl att e ismuctarealsWicalledmsketwedve t e n
structure and small amount of b inside
building direction. Rafi et al[60] reported that during the proction, build chamber

is at 650700°C, so the build part cools from elevated temperatures down tG@50

°C which is above thenartensite statemperature, thus in contrast to production by
SLM, martensite formation is inhibiteHo we v e r m ois f@mepl aldngrtlaer y U

grain boundaries of prior beta grajhs33].
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Figure2.17. SEMimages of external surfaces of (a) a vertically built and (b) horizontally built EBM
Ti-6Al-4V alloy componentf60].

Figure2.18. Optical micrographs (d) and SEM image (c) of the-asoducedEBM Ti-6Al-4V alloy

samples(a) longitudinaldirectionand(b) transverselirection[60].
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Liu et al. [31] reviewed tensile properties of-ppoducedEBM Ti-6Al-4V alloy
samples at different conditions shown in Tablg Additionally, ASTM F292414
standard84] determined such as yield strength, ultimate tensile strength and strain at
fracture as 825 MPa, 895 MPa and 10 %, respectively, by forth@lasM Ti-6Al-

4V alloy.

The tensile properties of AM B8AI-4V alloy produced in horizontal and longitudinal
directions show significant difference due to anisotropy behavior of AlBIATH4V
alloy parts. Figure 2.19 demonstrates the AMBAI-4V anisotropy behavior when

the tension loads applied along the horizoatal longitudinatlirections.

Specimens testegerpendicular to columnar grain direction fail much more easily

compared to those tested in parallel directions to columnar gB®nause, short axis

o f b grains is exposed to tension |l oads and
adj acent tieothar mandnwhen th©tension loads are applied to longitudinal
specimens, columnar b grains[388,8] entire gr ai
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Table2.3. Tensile properties for T8AI-4V alloy produced by EBM in different conditions
[27,31,60,8792].

Specimen

Condition Direction UTS [MPa] | YS [MPa] EL [%]
As-built, not machined - 960 N 850 N 6.8 N
As-built, not machined | Longitudinal| 851 N| 812 N 3.6 R~
As-built, notmachined | Horizontal 833 N| 783 N 2.7 N

Aisr'ltt’::i'grm;?i'gsd’ Longitudinal [1032. 9/984. 1| 9.0
A:'Xtiz:r'it(’)rngsd’ Longitudinal | 10086 Nl 52| 961K7.1 | 7.1N3.4
Aisr-l?:rlilgrrlr;i(;r:ilgr?d, Horizontal | 1029.7R7 | 982.9K5.7 | 12.2R0.8
A:;(tiz:r'it(’)rm(;?igfd’ Horizontal | 1017 . 4 966.5|12. 2
As-built, machined | Longitudinal| 972 N| 845 N14. 2
As-built, machined Horizontal 976 N| 846 N15.0
As-built, machined Longitudinal 1045 970 10.9
As-built, machined Longitudinal | 10731116 | 1001 1051 11i 15
As-built, machined Horizontal 10321066 | 973 1006 12115
As-built, machined | Longitudinal| 928 N| 869 N/ 9.9 N
As-built, machined Horizontal 978 N| 899 Nl 9.5 K
As-built, not machined - 790 N| 740 N 2. 23K
Annealed, machined - 837918 741 842 3i9
HIPed, machined - 817918 723 817 3i9
Stress relieved, maching - 8851015 778943 319
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2.8.2.Selective Laser Melting (SLM)

SLM also known as lasdream melting (LBM), laserCUSING]irect metal laser
sintering (DMLY, industrial 3D printingor laser metal fusion (LMF)s a PBF
technique In this process, metal powdgéhin layer)is lad on a substrate plate in a
building chamberwhich is filled with inert gas (argoror nitrogen to prevent
oxidation, and selective melting is achieved by using laser power sources which are
CO. or Nd:YAG. Process parameters such as scanning sfzesnl, power, layer
thickness andhatch spcing, are optimized to produce high density metal. Particle
size of the metal powders is relai smaller, thereby yielding thinner parts with
lower surface roughness. Additionally, theoretical density oBAl4V alloy
components built by SLM (about 99 %) is lower than EBM. Figure 2.20 illustrates the
surface of the TFBAI-4V alloy component fabricated by SLM
[30,31,41,60,66,70,93,94]
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Figure2.20. SEMimages of external surfaces of (a) a vertically built and (b) horizontally built SLM
Ti-6Al-4V alloy componentf60].

The microstructure of T6Al-4V alloy fabricatedoy SLM, Figure 2.21, is commonly
composed of martensitic (Ua) microstructt
cooling[5,60,93]

The tensié properties of aproducedSLM Ti-6Al-4V alloy samples at different
conditions are tabulated and summarized by Liu €B8al. SLM produced samples
have higher strength and low elongation due to martensitic microstructure seen in built
samples. Kasperovich and Hausm§®®l| reportedthatthe tensile properties (UTS,

YS and EL%) of asproducedand uamachined TH6AI-4V alloy samples produced

in longitudinal orientation as 104062 MPa, 66802 MPa, 11.32.7 %,
respectively. Additionally, Edwards and Ramu[@6] found the tensile properties
(UTS, YS and EL%) of asproducedand unmachined Ti6Al-4V alloy samples
produced in horizontal orientation ar@3b 29 MPa, 910 9.9 MPa, 3.3 0.76 %

respectively. Finally, differences between EBM and SLM are shown in Table 2.
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Figure2.21. Optical micrographs (d0) and SEM image (c) of the-psoducedSLM Ti-6Al-4V alloy

sample (a) transversalirectionand(b) longitudinaldirection[58,94].
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Table2.4. Differences between EBM and SLM proced&<}.

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

Powder preheating sour(

Electron beam

Infrared or resistive heater

Scan speed Very fast Limited by galvanometer
Cost of energy Moderate High
Surface quality Poor Moderate
Feature resolution Moderate Excellent
Materials Metal Polymer, ceramiametal
Powder particle size Medium Fine

2.8.3.Common Defects for AM Ti6AI-4V Alloy

Spherical gas pores and laokfusion (LOF) defects (Figure 2.22re the most

common defects for T6AI-4V alloy produced by EBM. Argon gas left between the
powder layers and entrapped gas in powders during powder production create pores
which degrade mechanical properties. Scanning parameters also affect the Idcation o
gas pores. The LOF defects called as-gpinerical, irregularly shaped voids result

from incomplete melting of powders due to raptimized building parameters. Post
process heat treatments can mitigate spherical gas pores and (LOF) defects.
Additionally, melt balling or layer delamination are derived from build failure. EBM
produced Ti6Al-4V alloysdsurfaces contain partially melted powders which increase

the surface roughness and reduce the parts strength and fatigue strength due to notch

effect created on the surfaj8¥,98]
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Figure2.22. Optical images of (a) a laai-fusion void and (b) gas porosit99].

2.8.4.Post Processes Used to-BAl-4V Alloy Produced by AM

High surface roughness causes poor mechanical properties6ai-4V alloy pats
fabricatedby AM due to microcracks initiate from surface defects. Therefore,
machining or vibreabrasive machining, blasting (i.e. witho8k), milling, chemical
etching, chemical polishing, and etc. are mostly used post processes after AM to
reduce surface roughness of the AM produced parts, and hence to improve mechanical
propertied100i 104].

In addition to surfee processesgeveraheat treatments are conducted foi6Al-4V

alloy produced by AM to tune the mechanical properties and eliminate the residual
stress by changing the microstructure of théwaitd part. Generally, three possible
forms of postheat teatments are utilized for -BAI-4V alloy. The first one is a
conventionalannealing heat treatment applied to remove residual stress above the
usual stresselief cycle temperature (48204°C) a n d b-teahsastempenaeure b

to prevent grain coarsening. In the second type of heat treatmernsiage heat
treat ment i's applied Dbtyansupsuempecaturie wigichisr om abov
foll owed b ytransus tapperaturen @theb typetreatment includes, hot
isostatic pressing (HIP) conducted over 9 under high pressure to decrease
porosity and residual stres484,63,97,99,105]
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In one of the study, Galarraga et [@9] analyzedthe effect of annealing time and
temperature by conducting experiments at €D0700°C, and 800C for 10 and 120

h. They concludedhatt he i ncrease i n temperature an
laths Another study of Galarraga et §.05] includes the effects afooling rate of

postheat treatment on the microstructure and mechanical propertieSAf-AV ELI

alloy fabricatedby EBM. Firstly, specimens were solution treated EH00°C for 30

minutes then they were cooled in furnace, air and water to observe the effect of
cooling rate. Also, they examined the effect of subsequent aging treatmeflC(925

1h solution treatment + air cooling + 480 / 4h aging treatment and 926 / 1h

solution treatment + water cooling + 4950 / 4h aging treatment) on microstructure

and mechanical properties. They coencl ude
cooling provides 31 % higher UTS and 86 % lower difgtilvhen compared to

| amel |l ar U+b phasmlingbt ai ned by furnace

Chern et al[97] examined the fatigue behavior ofGAI-4V alloy built by EBMafter
different post processes. They compared the effect of annealing aneraliszssg

heat treatment on the microstructure and mechanical properties of parts before and
after machining and HIPAccording to their study, annealing or streskef hea
treatments lead coarsening of microstructure, so that there was no enhancement of
fatiguelimit, andto enhance the fatigue resistance of EBM patrts, they offer the HIP

and machining together as the most effective method.
2.9. Thermo-Hydrogen Processing (THP)

Conventional posheat treatmentperformedto Ti-6Al-4V alloy parts produced by
AM discussed in the chapter 2.8.4. There is an alternative heat treatment called
thermehydrogen processin@HP) which is actually applied powder metallurggd

casttitanium and titanium alloys parts to refine the microstrucfd4e106,107]
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Bilgin et al.[94] used THP for the first time for AM T8Al-4V alloy parts produced

by SLM with the aim of microstructural refinement and improvement of mechanical
properties. To the best afu t hkaawl@dge, THP has not been applied fo6/Al-

4V alloy produced by EBMIn this study, unlike the most of the annealing heat
treatments, THP was proposed as an alternative heat treatment which increases the
ductility of the alloy without degradation of the strength as a result of refined

microstructure.
2.9.1.General Information about THP

THP enables refinement of the microstructure in powder metalurdycastitanium
and titanium alloygabricatedby conventional methods without use of deformation.
Itis based on alloying and dealloying of titanium and titanium alloys (beéahbesorb
up to 50 at. % at 60%) with hydrogen thanks to its high diffusivity in titanium and
reversible reaction of hydrogen with titaniublydrogen can be removed easily by

vacuum annealing due to positive enthalpy of solution in titanium.

In addition to microstructural refinement, hydrogen alloying is also used in titanium
powderproductiondue to hydrogen embrittlement during ball milling which is used

to obtain micron sized powders. Additionally, many processing such as working,

machinng, powder production, sintering, compaction, and etc. can be enhanced with

THP since hydrogen di starsusvtemperature, theréefareani um r e
makes it possible to work at relatively lower temperatures. Basically, THP is

composed of hydrogmtion and dehydrogenation processes, but there are many

different types of THP dssted in the studiegL06i 109].

2.9.2.Effects of Hydrogen in Titanium Alloys

The b phase (-‘mempedatui éeb®¢ gpbhase) is stabi
(low-temperature hcp phase) is destabilized with alloying of hydrogen which is a

uni que alloying interstitial e | -teansasn t in tit
temperaure (e.g. 39 at . -anshsyaemmpevatue fromB&cr eases t

to 300°C for pure titanium) and martensite transformation temperatahecewhen
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the U+b phase range becomes wider. Di f f u:
t h e deispmpdueed with hydrogen addition, thereby caudmgertransformation

f r o m .@dditiomallyl)hydrogen atoms occupy tetrahedral interstitial sites, and a
new phase cal |l edydide, TiEx) with foc ldttigedstructuresforrsi

on the free surfaces and at U/ b interface
phases Whi |l e t he st oi c kydddes 2,the monstoiahiomedric x ,
ratio, x, changes between 1.5 and -1.9.
hydride phase, volume expansion (about 17.2 %) oc@udscreatesigh internal

stteses in the U matrix. In addition to thi
the volume expansi of.fdhebsphrrase aingd &lowu
the U phase decrease and the properties
because thateractions of dislocations with obstacles are affected by hydrogen and
results in the strengtheni[l0§l0&110102] phase :

2.9.3.The Hydrogen Absorption Characteristics of Tt6AI-4V Alloy

The hydrogen concentration, hydrogenation temperature and hydrogen partial
pressure affect the hydrogen absorption characteristics of titanium and its alloys.
Hydrogen diffusion occurs when the-8Al-4V alloy is heated under hydrogen
atmosphere at a ceatemperature until the solubility limit of 96Al-4V alloy is
reached58,113]

Zhang and Zhanf.14] studied hydrogenation characteristics of casdAli-4V alloy,

and they concluded that increased hydrogen partial pressure results increasing the
hydrogen content of the specimen increases ataoinsmperature (Figure 2.23 (a)).
According to their study, hydrogen absorption which decreases with increasing the
temperature strongly depends on hydrogenation temperature (Figure 2.23 (b)), and the
temperatures between 400 and 1000°C enable the hydgen absorption of the

specimens.

45



~ 30
S
80 g !
325
E
40 %u'
= o ¢
£ s st OQO
o )
= S A\
L S wf )
~ >
A o
r 3
sf g osf
- =
K-}
I 5 i i :
4 0 200 400 600 800 1000 1200

12 1.1 1

1/Tx103 Hydrogenation Temperature (°C)

Figure2.23. Relationship(a) between hydrogen pressure and hydrogenation temperature for various
hydrogen contents and (b) between hydrogen content and hydrogenation tempktdjure

Bilgin et al.[94] applied hydrogenation for FAI-4V alloy built by SLM at diferent
temperatures (550, 600, 650, 700, 750, 800, &5)) and found the maximum
hydrogen solubility (1.19 wt.%) temperature as 86Gbove which the solubility of
hydrogen decreased. In addition to this study, Pushilina gtl&] reported that the
hydrogen solubility for TH6AI-4V alloy produced by EBM is about 0.90 wt. % at 650
°C.

2.9.4.Titanium -Hydrogen Phase Diagrams

The simple eutectoid type titaniuhydrogen system is composed of Hép -fbaodc

t-hydride phases (stoichiometric composition Jjildls demonstrated in Figure 2.24.

The maximum hydrogen concentrations infitp -fb ¢ a #hytiridd phases are 6.72

at. %, 39 at. % and 51.9 &b, respectively,a t the eutdransugsi d poi nt .
temperéure can be decreased down to 3 from 882 °C when hydrogen

concentration reaches 39 at. %. The-lcp phase has 2 octahedr al ar
sites,andthebeb phase has 6 octahedr al and 12 tetr

are predominantly dissodd inbceb p hase because they prefer t«
sites, so that hydrogen sol up08J1i6f vy i n b phas
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H (at.%)

Figure2.24. Binary phase diagram of -H systen{111].

The first phase diagram for-BAl-4V-H system (Figure 2.25 (a)) has been derived

by Kerr et al.[117]wh o have s Hransus temperataré dedreases with
increasing hydrogen concentration by using metallographic examination -aangd X

di ffraction analysis (XRD). According to
was s een -fhaasusotempdtuneavhidh was decreased from 10Q0to 800

° when the hydrogen concentration was 2C¢C
was found to decompose into U+l phase whi
higher than 15 at. % at 80C. llyan et al[118], who agreed about dyogen effect

o n-trdnsus temperature with Kerr et al., reported another phase diagram (Figure 2.25

(b)) for Ti-6Al-4V-H sy st em. | -transu$tengperatuyesiecreanes ddwn to
700 °C when the hydrogen concentration is around 32 at. % and uhBksystem
suggested by Kerr et al., the deC@3mposit

at. % hydrogen)

Recently, Qazi et a[109] expanded the work of Kerr et al. by using XRD, optical
microscopy and transmission electmiicroscopy (TEM). According to T6Al-4V-
H phase diagram creat ed -hygride(phazeis stahle ab | . (
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two different phase regions, namel
concentration. Moreover, the diffusion coefficienf al | oyi ng el
decreased by alloying of hydrogen,
slows[108].
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Figure2.25. Ti-6Al-4V-H alloy phase diagrams suggested by (a) Kerr ¢1&¥], (b) llyn et al.[118]

and Qazi et a[109].
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2.9.5.Microstructural Evolution during THP

The most common utilized THP consists of 4 stépey d r o g e soltiom o n , b
treatmenteutectoid decomposition, and dehydrogenation) as shown in Table 2.7 and
Figure 2.26. Firstly, hydrogen is loaded in-6Al-4V alloy under hydrogen or
hydrogen+ argon atmosphere at temperatures betweer8B00°C. The lower
solubility of hydrogen in U phase due to
phase having 4 tetrahedtatrahéeéae@salansi thes
hydride phase precipitation within the U
treat ment is performed at higher Wemper e
(hydrogen | oaded U phase) fmatrixthydlogedr i de

| oaded [HO07,ma18,5828])SYbsequently, specimens are cooled to eutectoid
decomposition temperature which is reported as°890y Fang et al119] and 600

°C by Guitaretalf121]i n t he same at mosphere. WAt t hi
transforms tolh andi hydr i de phases, ulaftsdue oortre! | am
vanadium el ement . During the transgfor mat
phase. At this step, duration of the eutectoid decomposition is important to obtain fine
precipitati@s hypydrilde phases. Mor eover, t
microstructural refinement, and refining mechanism of the cast microstructure
(schematically) is demonstrated in Figure 2.27, and also Figure 2.28 shows the
refining mechanism of the SLM HIPed mcrostructure. Finally, hydrogen is

removed at the dehydrogenation stdpch is conducted under high vacuum. During
dehydrogenation steth e U hydri de phase decomposes t
ang@phases r ansfor ms t o fphased58,107 416,118 ]JevdichU and

leadto refinement of prior coarse microstructure.
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Figure2.26. 4-stepTHP.

Recently, Bilgin et al[94] developed Ztep THP which has only hydrogenation (650

°C for 1 h) and dehydrogenation (78D for 18 h) steps for T6AI-4V alloy produced

by SLM. They found that, as well as the microstructural refinemeste2 THP

inhibits the formation of grain boundary U p

and causes excessive grain growth.
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(a) As-cast (b) Hydrogenation
Hydride

© Solution Aging Dehydrogenation
c

Singe B phase

Figure2.27. Microstructural evolution during THP (a) the-@ast microstructure, (b) hydride
formation during hydrogenation, (c) b solution t
decompositia, and (e) removing of hydrogen at the dehydrogenation[Hd&th

Figure2.28. Microstructural evolutiomf Ti-6Al-4V alloy during THP (a) the SLM + HIPed
microstructure, (b) hydride formation during hydrogenation ®0 f or 1 h), (c¢c) b sol
(850°C for 15 min), (d) refined microstructure at the eutectoid decompositiorP(BiF 3 h), and

(e) removing of hydrogen at the dehydrogenation step{Zd6r 18 h)[58].
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CHAPTER 3

EXPERIMENTAL PROCEDU RE

3.1. Starting Materials

In the present study, -BAI-4V alloy specimens were produced using gas atomized
ARCAM Ti-6Al-4V alloy powdes (grade 5) by RCAM A2X Electron Beam
Melting EBM) machineat ASELSAN A. k. Defense System
Mechanical Design Department, Turkey. In total, six batches of the speciarens

various testsverefabricatedn threedifferentangleg90°, 45’ and 0). The tensile and

fatigue testsamples were builin dog bone shapewhile the cylindrical bars were
producedfor optimization of heat treatment applied after additive manufacturing

(Figure 3.). Chemical composition dhe starting alloy powders, which me&STM

F292414 standar(ll23], and their particle size distribution are given in Table 3.1 and

Figure 3.2, respectively. The size of the spherical alloy powders (Figure 3.3) were
found to bedistributed in the range @f1.6 and 2156 m wi t h a mean di &
76.6e m

1 céc
i

£¢

He

S¢

9¢

8¢

<
R e e e e e e

OE 62

Figure3.1. EBM produced T-6Al-4V alloy specimens.
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Table3.1. Elemental composition analysis of the alloy powders and ASTM F2823tandard
Specification defined fofi-6Al-4V Alloy [105].

Chemical Composition (wt. %)
Element
ASTM F2924-14 Arcam Ti-6Al-4V alloy powder
Aluminum 5.50t0 6.75 65 ™
Vanadium 3.50to 4.50 39 ™
Iron <0.30 0.19 m8tp
Titanium Balance Balance
er lj-: CTTINE T TIT Eiié: q 1
10 L HHY L Hi
g oL L L LT |
g | LI T T |
= BRI CTTIT T TTHT |
=) 4 S e I B | 1111 | | Il:‘ |
> ||| CUUIE T LT |
NGRS ey I8 I a1 1 12 I _L*‘_ = | |
21T | IR ‘ | ]
8.01 0.1 1 10 100 1000 3000

Particle Size (um)

Figure3.2. Particle size distribution of Arcam-BiAl-4V alloy powders.
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Figure3.3. SEM images of F6AI-4V alloy powders.

3.2.Experimental Techniques

Ti-6Al-4V alloy samples were produced via EBM. By keeping all the production
variables constant, the effects of both building direction and post processing on the
mechanical properties and microstructural evolution were investigated. The
relationship betwen building direction andcanningdirection for various samples is
shown schematically ifigure 3.4.Among the post processes, surface treatment by
acid etching was applied to reduce surface roughness and for alleviating the notch
effect. On the other hand, thershgdrogen processing (THP), which is based on
alloying and dealloying with hydrogen, and pos anneal i ng tr eat men
transus temperature were done to reveal the effect of various post processes on the
microstructural development and mechanical properties 6B6ATH4V alloy
specimens. Theetails of the production variables aagpliedpog processesand

characterization techniquaseshown in Table 3.2.
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Figure3.4. As-produced samples produced in different angle%; 4@ and 0.

Table3.2. Summary of the applied processesl characterization techniques

. Surface . . - - Phase | Texture
destion | TEEMeNt  THP | Annealing | 2 N ion | Test | Teat | Teat | Andlysis | Analysi
(etching) (XRD) | (EBSD)
Q° - - - + + + + + + +
45° - - - + + + + + + +
90° + + + + + + + + + +

3.2.1.Thermo-Hydrogen Processing (THP)

Thermehydrogen processing has attracted increasing research interest as it is an
effective way to modify microstructure and enhance the mechanical properties of
titanium alloys without deformation and heat treatment which include recovery and
recrystalliation. Several types of THP have been used, in genestkpd THP
(hydrogenation, b solution treatment, eutect

is commonly utilized for titanium alloyd.19].
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In the present study-gtep THP was modified to prevent possible grain coarsening
during b solution treat ment anetepeut ect
(hydrogenation and dehydrogenation steps bé&kkansus temperature) THP shown

in Figure 3.5 wasised as ithe study oBilgin et al.[94].

Temperature

Dehydrogenation

Hydrogenation

\

Time

Figure3.5. Modified 2step THP.

3.2.1.1.Sample Preparation for THP

Before THP, EBM produced AI-4V alloy samples (cylindrical, tensile and fatigue
test samplgsin 90°, 45’ and @ angleswere cleaned in an ultrasonic béhsoaking

in acetone for 10 minutes and cleaning with ethanol for 10 minGieganing in
different solutions was finalized ldyying in oven at 40C for1 h

3.2.1.2.Hydrogenation Process

In the first step of THP, samples were loaded with hydrogen tov allé  >f phased
formation which is the basis for microstructural refinement in THP pro€assly,
cleaned and dried specimens inside an alumibaatwere placed intoa horizontal

furnace at room temperature. Subsequently, the furnace was vacuilnmei2pel 0
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torr) with the help of turbenolecular vacuum pump. Next, the furnace was filled with
high purity argon gas (Ar 89.999%). After two degassing and purging cyclése
furnace was heated under flowihigh purityhydrogen (0.5 It/min) gas emenment

up to 650 °C, which was previouslydeterminedas optimum hydrogenation
temperaturdor Ti-6Al-4V alloy by Bilgin et al.[58]. When thefurnace temperature
reached to 650C, specimens were heldrf@ hour under hydrogen gas atmosphere.
The effect of hydrogen loading on the microstructure evolution and mechanical
properties, two groups of samples were hydrogenated. First group of samples were
cooleddirectly downto room temperature naturally (30/min) under thénigh purity
hydrogen gas atmospher®n the other hand, the second group of samples were
directly heated to dehydrogenation temperature after they had been hydrogenated as

explained in the following part.
3.2.1.3.Dehydrogenation Process

The hydrogen reaction with titanium is reversibleflsat hydrogen can be removed
at elevated temperatures wititcreasedliffusion rate[58,108] In this step, the aim
was to remove hydrogenn hydrogenated samples to eliminateydrogen
embrittlementand to allow phase transformatioffiom U  p h(farsmed during
hydrogenation) o f i n e gdifingp hiaostaucturammposed ob) + fihases. In
addition to phase transformation, dehydrogenation at elevated temperature was used
to reduce residual stress of the specinfenmed during cooling stage the additive
manufacturing For this purpose, feer hydrogenation of the samples as described
above thesamples were directlyeated to 700C underflowing hydrogen gas, and
thenthey were kept under higtacuum (approximately 2x¥aorr) for 18 lourswhich
was also optimizedly Bilgin et al.[58]. In the final stepthe furnace was switch off

andthe samplswerecooleddownto room temperature under high vacuum.
3.2.2.Conventional Annealing Process

Cornventional annealing process is a traditional post heat treatment process usually

applied to additive manufactured parts with the aim of eliminating residual stress and
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increasing the ductility. In the present study, conventional annealing heat treatment
process was conducted to compare and contrast its effects on microstructure,

mechanical properties and texture of the samples with respect to THP.

In this step, same cleaning and drying processes were appliedrtmdased samples

as in the samples uset ydrogenatiordehydrogenation stepThen, samples were
placed into the horizontal furnace at room temperature. Subsequently, the furnace was
heatedunder flowinghigh purity argorgas(0.5 It/min) environment up t840 °C at

which theywere held fo2 hoursunderargongas atmosphere. Afterwards, the furnace
was switcheebff, andthe samples cooled tdown toroom temperature naturally (10

°C/min) under th@rgongas atmosphere.
3.2.3.Surface Treatment with Hydrofluoric Acid

EBM technique results in specimarith high surface roughness due to presence of
partially melted powders stuck on the
roughness, EBM produced samples were chemically polished in 1% HF acid solution
for 1, 3, 5, 15, 30 and 50 minutes. After thag samples were ultrasonically cleaned
with distilled water for 10 minutes and then they weoaled in ethanol for 10

minutes. After ultrasonic cleaning, specimens were dried in an over?@tféol1 h
3.3.Experimental SetUp

All of the heat treatments (TH&nd conventional annealing) were performed in the
experimental setip shown in Figure 3.6. In the furnace, 1000 mm long quartz tube
having 45 mm internal and 48 mm outer diameters was used to conduct successful
heat treatment experiments and alumina bfeavas used to place the samples inside

the quartz tube. The furnace was sealed using flanges at both sides of the tube, which
contained nitrile @ings. The temperature inside the horizontal furnace was measured
with the help of Ktype thermocouple. Adtibnally, hydrogen and argon gas flow
rates were controlled with the help of digital flow meters. On the other hand, high
vacuum level in the furnace was maintained by a tumbtecular vacuum pump
(NancVak, Turkey).
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(1) Hydrogen and Argon Gases
(2) Gas Inlet Valve

(3)RGA

(4) Flow Meter

(5) Gas Outlet

(6) Vacuum Pump

(7) Vacuum Gauge

(8) Cooling Fan

(9) Furnace

(10) Quartz Tube

(11) Sample Holder Enclosure
(12) Thermocouple

Figure3.6. Experimental setip for heat treatments.

3.4.Characterization Techniques
3.4.1.Particle Size

Particle size analyses of the ARCAM-GAI-4V powdes (grade 5) waslonewith
Malvern Mastersizer 2000 using red light (Helium neon laserce) for coarser

particles and blue light (soklistate light source) for finer particles size measurement.
3.4.2.Chemical Composition Analysis

In order todeterminechemicalcomposition of the ARCAM TFbAI-4V powdes
(grade 5)and asproduced Ti6Al-4V alloy parts,inductively coupled plasma optical
emission spectroscglCP-OES)(Perkin Elmer Optima 4300DMWvas utilized. The
average of three measurements was taken to caltiéaseerageomposition.
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3.4.3.0, H, C, N Contents

Hydrogen oxygen and nitrogenontens of EBM producedand pos{processedi-
6Al-4V alloy sampleswvere measured with LECO TCH 600 Simultaneous N, O, H
DeterminatoandC content was detectedingLECO CS 30 C, S Determinatoin
order to obtain accurate results from the analysis, three measuremento mefe

each specimen.
3.4.4.X-Ray Diffraction Analysis (XRD)

Phase constituents of -@soduced hydrogenated, dehydrogenated and annealed
specimens were measd by Xray diffraction (XRD) analysis using a conventional
X-ray diffractomete(Rigaku D/Max 2200/PC, Rigaku Corporation, Tokyo, Jajbgn
supplying CuKk U r a d i akV viacontiradus séabining betweer?2td 80 2 d

angles withascan speed of 0%min.
3.4.5.Microstructural Analysis

For microstructural analysis, specimens wereatufifferent directionso examine

their crosssectionsat transverse and longitudindirections.Initially, samples were
mechanically ground using SIiC papers up to 2500 sizé to obtain smoother

surface. After thattheywer e pol i shed usi ng ahdewhadb nd s u
with Kroll 6s Reagefid2m(HD)farRG4BHdecornds. Binalhy) HNO
specimens were rinsed with water and ethaamodl dried with hotir. In addition to

this, for Electron Back Scatter Diffraction (EBSD) analysipecimenswith 1 cn?
crosssectionalareawere electropolished using A3 electrolyte (600 ml methanol
(100% + 340 ml butioxyethand]100%9 + 60 ml perchloric aci§70%)) at 3 V for

25 seconds After electropolishing, samples were firstly rinsed with ethanol,

subsequently, they were washed with waterethdnol, and then dried with air
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In order to obtain macro images of the samples, Olympus Stereo Microscope was used.
Optical microstructural examinatiowascarried out using Huvitz HDS800 digital
micrograph and Scanning Electron Microscope studies were performed using FEI 430
Nano Scaning Electron Microscope equipped with an energy dispersivayX
spectroscopy (EDS) analysis system. In addition to this, EBSD analysis was done with

ZEISS Merlin Scanning Electron Microscope.
3.4.6.Mechanical Testing
3.4.6.1.Microhardness Test

The microhardness testgere carried out with Shimadzu HM®T microhardness
device (1000 g load for 20 seconds) to determine Vickers hardness values of the

samples10 measurements were performed for each €gesgBonin every sample.
3.4.6.2.Tensile Test

100 kN capacity Instron 558Pniversal Testing Machine equipped with video
extensometer was used to determine the sstess behavia of the EBM produced
and posfprocessedi-6Al-4V alloy samplegdimensions shown in Figure73(a)) at

a constant crossheagpeed of 0.5 mm/min

3.4.6.3.Fatigue Test

SM 1090 Rotating Fatigue Machine (dOtek, Turkey) was used to cormtating
bending fatigue tests at differestresse¢170-350 MPa) (f= 60 Hz, R=1) for the
EBM produced T6AI-4V alloy samplegFigure 3.7 (b)).
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3.4.7.Density Measurement

The density and porosity values of thepasduced samples were measured according

A

to Archi medes 6 palution CHG@Hs@Hs:) byPRECHSA XB2204 |
balance equipped with density deterntioi kit. Firstly, the samples were weighed in
air and then, immersed into xylol solution for 1 day in order to allow penetration of
xylol into samples. After that, samples were weighed in xylol solution and finally,
they were taken out of the solution &hd weight of xylol impregnated samples were
measured in air. According to equations-3.3, density and porosity values of the

samples were calculated.

6 —h R (3.1)

M - (3.2)

0 b prm 2 Fhn (3.3)
Where,
M : density of xylol 0.861 g/cm),

M : density of the wrought T6AI-4V alloy (4.43 g/cnd),

[ :mass of the specimen in air
[ & : mass of xylol impregnated specimen in air
I 5 : mass of xylol impregnated specimen in xylol solution

0 (%): percentage of total porosity
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CHAPTER 4

RESULTS AND DISCUSSION

In this section, surface morphology, density, chemical composition, struanadal
microstructural analysis and mechanical properties €§AI+4V alloy produced by
EBM arepresentedFirstly, the effects of building directions and acid treatment on
the suface morphology were examinddext, the effects ofheat treatmenisiamely,
modified 2step THP and conventional annealiaat treatmengn the microstructure

and mechanical properties§ EBM producedri-6Al-4V alloyswere dscussed.
4.1. Surface Morphology

The surface roughness of the6Al-4V alloy produced by EBM is relativellyigh
compared tavroughtTi-6Al-4V alloysdue to presence q@hartially melted powders

on the surfacdn order to minimize the surface roughness of the specimens produced
by EBM, process parameters should be optimemed/or post processing should be
applied. Sirface treatments (chemical polishing, machining and etc.) are commonly
used to reducthe surface roughness of tlEBM producedsamplesWysocki et al.

[104] reported that chemical polishing with different actde be usedor titanium
scaffolds produced by SLM.

4.1.1.Effect of Building Direction

Surface morphologiesf Ti-6Al-4V alloy specimens produced 90°, 45° and O are

presentedn Figure 4.1.All of the specimendad partially sintered powders on the

surfaces however,distribution and density of the partially sintered powders was
observed to be dependent on the producti
possessed the highest surface roughness \eitn appearance of spherical particles

stuck on the surface. On the other hand, less amount of partially melted particles were
observed on the surface of samples producd&°atHowever, the surface roughness

of the speci mens pr ondussuehdhatéhe sufade, whiahrswasr ot
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lastly exposed to electron beam, had lower surface roughness with smoother surface.
It wasbelieved that the high energy indor relatively longer durationdue to the
horizontal scanningaused nearly complete me{j of powders, thereby, resulting in

lower surface roughness.

Scanning | » 5. ) _' =i Buildi_ng
.. Direction i N : | A Direction

Figure4.1. Surface morphologies of BAI-4V alloy specimens produced by EBM at (ay,90) 45,
and(c) 0°.

4.1.2 Effect of Surface Treatment

High surface roughness in additively manufactured parts deteriorates the mechanical
properties due to notch effect created by partially melted powders on the surface.
Therefore, in this study, acid treatment was applied to reduce surface roughness by
chemtal polishing and the specimens produce@atvere chosen for acid treatment
since they had the highest surface roughr@gdrical samplesvereimmersedn

1% HF acid solution (balanced with deionized water) for 1, 3, 5, 15, 30 and 6{&min

to reducethe surface roughness (Figure 4.2). Unfortunattig surface roughness of
thesampleaf t er tr eat me nt.Theefore, clativd conparisomeass ur e d
made based on the surface images taken by SEM. Longer exposure to acid solution
was observed to reduce surface roughness by dissolution of partially sintered powders
on the surface. Although etching time was effectiveslucing the surface roughness,

higher mass loss occurred tine samples for prolonged exposure to acid solution.
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Therefore, 30 minutes etching was chosen as the optimal chemical polishing time
according to SEM images (Figure 4.2 (e)) and mass loeas@wments. The mass
loseswerel.48 % 0.02 for 30 minutes etching, aril40 % 0.13 for 50 minutes

etching.

Figured2. SEM i mages of the sampl esd s sohutfommtator aft er
(&) 1 min, (b) 3 min, (c) 5 min, (d) 15 min, (e¢) 30 min and (f) 50 min.

4.2.Density Measurements

Density measurements after additive manufacturing like EBM and Si&i
commonly used to test whether production techniques yield high densdycts or
not. Sometimes density measurements are conducted to determine the total porosity
as in the samples produced by SLS technique, which aims to obtain porous or

functionally graded sample3.here are several density or porosity measurement
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techngues such as Archimedes methaadgcroscopiccrosssectioral examination
computer tomography and-bay scanningechnique$95,124 127].

In this study, Archimedes method was used to measure theielens$ithe specimens
produced by EBMiue to its simplicity.

4.2.1.Effect of Building Angle

The density, relative density and porosity of &M produced specimens at different
angles 90°, 42, and 0) are shown in Table 4.1. According to literature, EBM
techniqueenableghe production of specimens with more thar¥®gelative densiés.
However,the average relative densities of the produced specimersobserved to
change between 97.8% and 98.73%, which were below 99 %. The difference
between the densities of specimens in the current study and literature was attributed
to production variables and density measurement technique used in this study. Since
the sampl esd6 sur f ac entainingearteally bintegdipdwgersr ough and
more Xxylol solution penetrated on the rough surface and caused lower density
measurement in the present study.the other hand, process parameters and location

of the specimens on the build platfoaiso affect the porosity and density of the
produced specimens. Galarraga ef28] reported that the porosity of the-BAI-4V

ELI alloy produced by EBM is greater in the center of the build platform when
compared tahose produced at threrige of thebuild platform (0.25% porosity for

center and 0.0% porosity for edge). When theiilding directions of the samplese
compared, the relative densitytbe sample producett’ was thelowest amonghe

three samples produced at different angles. Expostirthe powder layers with
electron beam at each scan has direct effect on the final density. If the exposed area in
each scan increases as in the sample producey titeOdensity of the sample is
expected to increase because of higher heat input. Apartthe production angle

and the location of the part in building platformusage of powders may also cause
lower density because of insufficient melting due to presence of agglomerated

powders which are produced at each production cycle.
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Table4.1. The density, relative density and porosity values of the EBM produced specimefs in 90

45° and 0.
SampleAngle Density (g/cn?) Relative Density (%) | Porosity (%)
o 4.343 0.031 98.04 0.69 1.96 0.69
45° 4.335 0.003 97.86 0.06 2.14 0.06
0° 4.345 0.029 98.07 0.63 1.93 0.63

4.2.2. Effect of Surface Treatment

To effect of sur face

were also measured after they have been polighematically. All other variables were

see the roughness or
kept constant and the density measurement was conducted on sample prodiced at 90
The density, relative density and porosity of #zample before and after chemical

polishingareshown in Table 4.2.

The relative dengy of the specimenaas observed to increase from 98.04 % to 99.01

% after surface polishing. Rough surfaces containing partially melted powders on the
surface (Figure 4.1) probably caused penetration of more xylol solution on the groovy
surface, which caed misleading results. Therefore, the actual part density should be

measured after chemical polishing or machining of the EBM produced samples.

Table4.2. The density, relative density and porosity valuethe asproduced and chemically

polished specimens in Q0

Sample Density (g/cn?) Relatn(/;) )D ensity Porosity (%)
9(P-As-produced 4.343 0.031 98.04 0.70 1.96 0.70
9(P-Chemically polished| 4.386 0.002 99.01 0.05 0.99 0.05
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4.3.Chemical Composition

Titanium and its alloysd properties are

O, H) contents. Among them, oxygen has the highest influence on mechanical
properties,andit increases the strength; however, the saiglactility decrases

when the dissolved oxygen increases in the sariiple final chemical composition

of the sample depends on the additive production technique used. For example, EBM
technique yields samples with lower oxygen contents since it uses vacuum during
producton. Therefore, additively manufactured titanium alloys chemical composition
should be compatible with standard (ASTM F292Y since each technique may
result in different composition. Table 4.3 presents the eleahenminpositionof Ti-

6Al-4V alloy definal by ASTM F2924and produced by EBM in the current study.

As can be seen, EBM produced-6Al-4V alloy in the current study meets the

chemical requirements defined by the standard.

Table4.3. Elemental composition analysis of the EBM produce@Ali-4V alloy and ASTM F2924
14 Standard Specification defined for@Al-4V Alloy [105].

Chemical Composition (wt.%)
Element
ASTM F2924-14 EBM produced alloy

Aluminum 5.501t0 6.75 58 0.1
Vanadium 3.50 to 4.50 39 ™
Iron <0.30 0.19 18t p
Oxygen <0.20 0.0027
Carbon <0.08 0.01
Hydrogen <0.015 0.0014
Titanium Balance Balance
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4.3.1.Hydrogen Contents of Hydrogenated and Dehydrogenated Specimens

Hydrogenation and dehydrogenation heat treatments were applie@Ad-4V alloy

after production by EBM as a thermochemical treatment so as to refine microstructure.
Hydrogenation process wasnductedinder high purity hydrogen atmosphere at 650

°C for 1 h, while dehydrogenation process was performed under high vacuum (about

2x10% torr) at 700°C for 18 h. For thermochemical procesg;i-6Al-4V alloy
producedat90° was chosenThe st arting sampl ebs hydr oge
was increased to 1.9vt. % as a result of hydrogenation treatment. Dehydrogenation

under high vacuum decreased hydrogen down to 0.0008 wt. %, which was well below

the maximum value defined by ASTRR92414 (Table 4.4).

Table4.4. Hydrogen concentrations of them®duced, hydrogenated and dehydrogenated

specimens.
Sample Hydrogen Concentration (wt.%)
9(Pasproduced 0.0014
90° hydrogenated 1.97
9(* dehydrogenated 0.0008

Loading of Ttalloy with the highest hydrogen leveliring hydrogenation is critical

to obta)nphiagd, Hwh i c-phase duringslehydmodemation and e U
plays a critical role in microstructural refinemenhe critical hydrogen conteifor

the formation ofi p h &isown to b&D.385 wt.%, belowwhicht her e i s no U
formation [109]. Hydrogen solubilityof Ti-6Al-4V alloy depends oriemperature

Bilgin et al.[94] conductedhydrogenation process for SLM produceebHhil-4V alloy

parts at different temperatures such as 550, 600, 650,7500,800 and 850C.

According to their study, hydrogen concentration did not change unti?@5and

maximum hydrogeirevel, 1.19 wt.%, was observedfter holdingat 650°C for 1 h.
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However hydrogen concentration of the samples decreabet theemperature was
increasedTherefore, the temperature for hydrogenation process was chosen as 650
°C in the present study and about 1.97 wt. % hydrogen was loaded in theralloy.
addition, recently, Pushilina et d4lL15] investigated that hydroganduced phase
transformation and microstructure evadutfor EBM produced FBAI-4V alloy parts

at different hydrogen concentrations such as 0.29, 0.58 and 0 @0adjusted by gas

reaction controller.

The hydrogen concentration of EBM produceebAi-4V alloy parts hato be lower

than 0.015 wt.% accordng to ASTM F2924 standard to avoid the hydrogen
embrittlement. Moreovegs mentioned previously,he t r ansf or mati on
phasetdineU phase i smidrastpucturateinenmentTransformation ofi

hydride phase tdine U p his gossiblewhen the hydrogen concentration is

minimized by dehydrogenation.
4.4.XRD Analysis

In this section, phase constituentsioé specimenproduced at different angles and
heat treated at different conditions are presented to reveal the effectevértiff

production angleand posiprocessingn phase evolution in 6AI-4V alloy.
4.4.1.SpecimengProduced atDifferent Angles

The phase present iTi-6Al-4V alloy specimens produced by EBM90°, 45 and
0° angles are given in Figure 4.3herewas no distinct difference betwedhe
specimens and all them were observed to contain equilibrium phases composed of

hcp-Uand bceb formed at relatively slower cooling rates during production
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Figure4.3. The XRD patterns of agroduced Ti6Al-4V alloy specimens produced by EBM at (a)
90, (b) 48 and (c) O.

4.4.2.Heat Treated Specimens

The phase constituents ofpoduced samples at ©9@ere compared with those heat
treated at different conditions to revéa effect of post annealing, hydrogenation and
dehydrogenation treatmentbhe XRD patternsof asproducedand heat treated Ti
6Al-4V alloy specimenare givenn Figure 4.4. The aproducedspecimen héonly
hcpUandbcech phases

Although post annealg heat treatment conductati840°C for 2hdid not alter the
phases present in the samphydrogenatiordehydrogenation changed the phase
constitution in the samples. Annealing oslyifted the phase angles slightly to the
right. In addition to this, ta XRD patters of the annealed specimevasrelatively

sharper thamthat ofasproducedspecimermainly due to thegrain coarsening effect
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of annealing The hydrogenation processused formation ai  ( 2y ds kxpected

(Figure 4.4 (c))The f or m@iHi) phasepoefa ki br oadeni ng of U ph
due to overl apoeghf U and U phases

° * 3-hydride (fcc)
0 g-Ti (bcc)
™ ® o -Ti (hep)
2 2 A2
*
. .
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Figure4.4. The XRD patterns of T6AI-4V alloy specimens produced by EBM arf9@) as
produced sample, (b) annealed at 820or 2h, (c) hydrogenated at 65C for 1h and (d)
dehydrogenated at 70C for 18h after hydrogenation.

Additionally, diffraction peaks of the hydrogenated specinséightly shifted to the
right (the most intense peak is around 40.79 and al so some U phase
angles of 63.48 76.8F and 78.13) were diminished.
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The dehydrogenation process the other hand, contained peakbad-Uandbccb
phase likeasproduced and annealed samples, @nd p Hdisappeared possibly due
to transformation ofi  p hoehepél phase since hydrogen is lowered bel®®85
wt. % by keeping the specimens under high vacuurthogh XRD patters
displayedthe existence anddarn s f or mat i ,omhichavés al§o spppoates] dy
LECO analysisdetailedTEM studies should be done in order to vetifg existence

ofi phase
4.5. Microstructural Examination

Microstructural examinations dfi-6Al-4V alloys producedht different anglesral
postheat treated in different conditions were conductedytindrical sample 1T 1 0
mm) in transverse and longitudindlrections Microstructural analysis was carried
out by using optical microscope, Scanning Electron Micros¢8gM) and Electron
Back Scatter Diffraction (EBSDgchniquesvhich was also used for texture analysis.
Before conducting the microstructural examination at higher magnification, the
samples were examined under stereo microscope to reveal the relatioetsiepn
grain orientation, scaning direction and builthg direction. BRiilding and scanning
directions(red lines)of the specimenare shown in Figure 4.5. In all of the samples,
elongated grains were observed to form parallel to building direction and
perpendicular to scangdirection.
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Figure4.5. Stereo microscope images of thepasduced specimerz different anglega) 90, (b)
45° and (c) 0.
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4.5.1.Specimens Produced at Different Angles

In this sction underlyingmicrostructures of the samplpsoduced a®(°, 45 and O

have been examined. Moreover, microstructural change in specimen prod@€ed at

was examined alortyreedifferentlocations namelybottom, middle and toportion

of the speciran. EBSD analysis was also conducted to reveal the effect of building

angle on texture formation. The optical micrographs taken from longitudinal
directions are given in Figures 4.6 and 4.7, and those taken from transverse directions

are shown in Figures4.8 and 4.9. According to optical micrographs, the
microstructures of thegsr oduced specimens consisted ¢
and b phase (dark regions) which were al
The asproducedalloys had basketeave( al so cal |l ed Wi dmanst 2tt
containing col umnar gpasllentahe bufldngodirectionr b p h
in whichrbtaphgatdein Widmanstatten struct ul
previous studie§60,83,99,128] Mor eover, the primary U p
t he pr-gramndouydaries of all samples produced indfdiferent angles (90

45, 7). It has also been determinigt thethickness oprimaryUphase changkin

each sample produced at different angles and also it chandéfikrentlocationsof
thesamesamplesPrimaryU p h as e wa 8speciméncwhile & was thinneso

in specimen produced at ©0rhe difference in the thickness of grain boundary or

primary alpha was attributed to cooling rate, which was different for each sample.

Rel atively sl ower cool i n gtionfcausesiformatipntofa s e r ¢
thick grain boundarydi n addition to relatively coa
c omp os e d bphisesUApatrramrimaryU phase, cooling rat
the fineness of the WidmanrFgurést.106.03. it r uct
which bright and dark regions correspond
finer Wi dmanst2tten structure?® moweerobt air
Wi dmansta2atten structur e waAccodioglyrsamplet i n
produced at 90was cooled relatively faster and it received less heat input due to

smaller crossectional area exposeebeam during scanning.
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Therefore, sample produced &tvdas cooled relatively slower and heat input was

higher due tdchigher crosssectional area interacted with the electron beam. On the

other hand, martensitic phase, which is the common phase in SLM produced samples,

was not observed in EBM samples due to slower cooling rate of EBM technique.

During the production witkEBM, Ti-6Al-4V alloy powders are preheated before each

scan to approximately 65000 °C, which is above the martensite start (Ms)

temperature of the T6AI-4V alloy. Although the scanned layers rapidly cool down

from melting t empe rloawtMs teraperatirendeeyto piebeatting ¢ o o | b
which preclude transf or tddhaseo Theradofe, EBMphase t o

samples contained equilibrium U and b phase:
samples with lower amount of residual stresses, the format of gr ai n boundart
which is deleterious to mechanical properties, cannot be eliminated easily. Apart from

the production direction, microstructure was observed to change slightly at different

| ocations of the same s athipkhessinbbtomtotex ampl e, p
sections of the sample produced @@mples was different (Figures 4.7, 4.9, 4.11 and

4. 13) . Both microstructure and primary U wer
the specimen. The electron beam provides the heatesétom top section of the

produced specimen during scanning and both the base of the build plate (lower part of

the sample) and deposited powder act as heat sink. Hence, bottom part of the sample

cools relatively faster, thereby, resulting finer micnosture, while top portion of the

specimen cools at a relatively slower rate.
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Figure4.6. Optical micrographs of the ggoduced Ti6Al-4V alloy produced by EBMt different
angles (a) 90, (b) 42, (c) @ (longitudinaldirection).

0°middle

100 pm

02 bottom

e

Figure4.7. Optical micrographs of the @soduced Ti6Al-4V alloy produced by EBM at different
locatiors; (c) (° top, (d) @ middle and (e) ©bottom (longitudinal direction).
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Figure4.8. Optical micrographs of the ggoduced Ti6Al-4V alloy produced by EBM different
angles (a) 90, (b) 42, (c) ((transversalirection).

= 2 bottom

Figure4.9. Optical micrographs of the ggoduced Ti6Al-4V alloy produced by EBM at different
locatiors; (c) (° top, (d) @ middle and (e) Dbottom (transversdirection).
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Figure4.10. SEM images of the gsroduced Ti6Al-4V alloy produced by EBM at different angjes
(a) 90, (b) 4%, (c) @ (longitudinaldirection).

Figure4.11. SEM images of the gsroduced Ti6Al-4V alloy produced ¥ EBM at different
locatiors; (@) 0° top, (B 0° middle and €) 0° bottom (longitudinatirection).
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Figure4.12. SEM images of the gsroduced Ti6AI-4V alloy produced by EBM at different angles
(a) 90, (b) 42, (c) @ (transversalirection).

B
p'phase-
7
W

Figure4.13. SEM images of the gsroduced Ti6AI-4V alloy produced by EBM at different

locatiors; (a) @ top, (b) @ middle and (c) ®bottom (transverse direction).
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EBSD studies were done to clarify the microstructural development in longitudinal
and transverse directions of the samples produced®at®@nd O (Figures 4.14 and

4.15). The inverse pole figure (IPF) maps for the samples in longitudinal and
transvese directions are demonstrated in Figures 4.24cjagnd 4.15 (ajc), and the

image quality (IQ) maps are given in Figures 4.14({dand 4.15 (d)f). IPF and IQ

maps revealed th&¢/i d ma n #asRet weave structures clearly, and also columnar
and @uiaxed structures can be seen distinctly. The colors in IPF maps with respect to
building direction display crystal orientations of the grains in the sanapldthe

normal planes of(0001)represented by red coldil(Qp0) represented by blue color

and (2pp0) represented by green colplanes are parallel touilding direction. IPF

maps of samplegroduced at 9 45’ and O show thatspatial distribution of grains
wasrandom and there was no distinct preferred orientation for the grains due to the
Wi d ma n #askRet weavenicrostructure and three colors were shown randomly.
Onthe otherhandy p has e wa sxactly usingthe phase mapsdshown in
Figures 4.14 (g)-(i) and 4.15 (g)-(i) since determiration o f b phase
Wi dmanst 2t eawennidioatsidtuest diffiault due to its relatively lower
amount. The red color represeit padse U
black lines represent the grain boundaries in the phase maps. When the phase maps
were examined, nearly greeolor was not observed due to the reason mentioned
above, and phaseftad ons of b phase shown in phase
0.008 for 90, 0.006 for 48and 0.007 for ©
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Figure4.14. EBSD maps for the gsroduced Ti6Al-4V alloy produced by EBMtdifferentangles
(a-c) IPF maps with respect to buifdy direction (d-f) IQ maps, (g) phase map@ongitudinal
direction).
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