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ABSTRACT

AHMET ERDEM BOZGUL

THE EFFECTS OF BUILDING DIRECTION ON THE MECHANICAL
PROPERTIES OF TI6AL4V PARTS MANUFACTURED BY ELECTRON BEAM
MELTING

Baskent University Institute of Science and Engineering

Department of Mechanical Engineering

2023

In recent years, the additive manufacturing technology is used in many platforms like
helicopters, airplanes, cars etc. The additive manufacturing technology has widespread
advantages because of the low manufacturing costs and relatively short manufacturing time
compared with the conventional manufacturing methods. The materials, the manufacturing
technique and processes affect the material form that is used in proper platform. In the
industrial sector, there are different additive manufacturing technologies such as Electron
Beam Melting, Laser Beam Melting, Laser Metal Deposition, Laser Coating, and Additive
Manufacturing. Among them, the manufacturing technique which uses powder bed
technique like Electron Beam Melting technology is preferred in industry since the
manufacturing technique is more suitable to produce parts having better surface quality,
complicated geometric shaped products for the various designs. However, the additive
manufacturing methods have some disadvantages such as the presence of the residual

stresses and deformations of the end products.

In this thesis, both the static and dynamic mechanical properties of Ti6AI4V parts
that were produced in vertical and horizontal building directions by the electron beam
melting method were carried out experimentally and the results were compared with the
corresponding properties of Ti6Al4V parts produced by conventional methods. In order to
investigate the mechanical properties; the surface roughness tests; tensile tests and the Split-
Hopkinson high strain rate compression tests of the parts were carried out. The differences
in the mechanical properties of the samples manufactured in different building directions
were investigated and the effects of microstructure on these properties were studied by

examining the internal microstructure texture with a microscope technology.



As a result of this study, it is found that the manufacturing direction affects the static
and dynamic mechanical properties of the Ti6AI4V parts. The vertically manufactured parts
have higher Yield Strength, Ultimate Tensile Strength and Elastic Modulus compared to
horizontally manufactured parts. In addition, the parts that are manufactured by Electron
Beam Melting method have lower Rockwell C hardness value than pure Ti6Al4V parts and
also have some porosities inside the microstructure. Besides the manufacturing direction the

porosities and defects have also effects on the mechanical properties of the parts.

KEYWORDS: Additive Manufacturing, Electron Beam Melting, different building
direction, static and dynamic mechanical properties, Ti6AI4V



OZET

AHMET ERDEM BOZGUL

URETIM YONUNUN ELEKTRON ISINI ERITME ILE URETILEN TI6AL4V
PARCALARININ MEKANIK OZELLIKLERINE ETKILERi

Baskent Universitesi Fen Bilimleri Enstitiisii

Makine Miihendisligi Anabilim Dalh

2023

Eklemeli imalat teknolojisi son yillarda helikopter, ucak, araba vb. bir¢cok platformda
kullanilmaktadir. Eklemeli imalat teknolojisi, geleneksel imalat yontemlerine kiyasla diisiik
imalat maliyetleri ve nispeten daha kisa imalat siiresi nedeniyle yaygin avantajlara sahiptir.
Malzemeler, iiretim teknigi ve siirecleri, uygun platformda kullanilan malzeme formunu
etkilemektedir. Sanayi sektoriinde Elektron Isin1 Eritme, Lazer Isin1 Eritme, Lazer Metal
Biriktirme, Lazer Kaplama ve Eklemeli Imalat gibi farkli eklemeli imalat teknolojileri
bulunmaktadir. Bunlardan Elektron Isin1 Eritme teknolojisi gibi toz yatak teknigini kullanan
tiretim teknigi, ¢esitli tasarimlar i¢in daha iyi yiizey kalitesine sahip pargalari, karmasik
geometrik sekilli iirlinleri tiretmeye daha uygun oldugu i¢in endiistride tercih edilmektedir.
Ancak, eklemeli imalat yontemlerinin, nihai irilinlerin kalint1 gerilmelerinin ve

deformasyonlarinin varlig1 gibi bazi dezavantajlar vardir.

Bu tezde, elektron 151n1 eritme yontemi ile dikey ve yatay liretim yonlerinde tretilen
Ti6Al4V parcalarinin hem statik hem de dinamik mekanik 6zellikleri deneysel olarak
incelenmis ve sonuglar, geleneksel yontemlerle {iretilen Ti6Al4V parcalarinin karsilik gelen
ozellikleri ile karsilastirilmistir. Mekanik ozellikleri incelemek i¢in; ylizey piirtizliiliik
testleri; parcalarin gekme testleri ve Split-Hopkinson yiiksek gerinim hiz testleri yapilmustir.
Farkli bina yonlerinde iiretilen numunelerin mekanik 6zelliklerindeki farkliliklar arastirilmis
ve mikroyapinin bu 6zellikler tizerindeki etkileri mikroskop teknolojisi ile i¢ mikroyap1

dokusu incelenmistir.

Bu calisma sonucunda, iiretim yoniiniin Ti6Al4V parcalarinin statik ve dinamik
mekanik oOzelliklerini etkiledigi gézlemlenmistir. Dikey olarak tretilen parcalar, yatay

olarak iiretilen pargalara kiyasla daha yiiksek Akma Mukavemeti, Nihai Cekme Mukavemeti



ve Elastik Modiiliine sahiptir. Elektron Isin1 Eritme yontemi ile iiretilen pargalarin, saf
Ti6Al4V pargalara gore Rockwell C sertlik degeri daha diisiiktiir ve mikro yapi i¢inde bazi
gozeneklere sahiptir. Uretim yoniiniin yan1 sira gozenekler ve kusurlar da parcalarm

mekanik 6zellikleri tizerinde etkilidir.

ANAHTAR KELIMELER: Katmanl Imalat, Elektron Isin1 Eritme, Farkl iiretim yonii,
statik ve dinamik mekanik 6zellikler, Ti6A14V
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1. INTRODUCTION

Additive manufacturing technology is used in industrial technologies and it provides
manufacturing of complex products and low-cost products with less effort. In addition, the
industry demands the parts that are produced with additive manufacturing technology have
similar characteristics to products, which are produced with traditional methods. The metals
like titanium, steel, and aluminum can be used within this technology. Therefore, companies
try to use additive manufacturing technology to decrease both the cost and manufacturing
time of the products. Although additive manufacturing technology cannot compete with
subtractive manufacturing yet, its applications are rapidly spreading in many industries such
as the aviation industry, automobile industry, medicine industry, etc. [1]. Additive
manufacturing has some advantages according to subtractive manufacturing like design
freedom, integrated design, the flexibility of production without any product-specific tool,
and a decrease in production time [2]. The production can be made by using direct 3D data,
so it provides a reduction in tool designs, production time required in the requested time, and
effort to design. In addition, the 3D CAD data is broken down into 2D manufacturing steps
[3]. Therefore, complex products are produced without any difficulty. However, in some
situations, a number of support parts is required to build the products [3]. In addition, another
advantage of additive manufacturing is waste materials like burrs and sawdust which are
much less occur while manufacturing. Therefore, this technology is environmentally friendly

compared with conventional manufacturing methods.

Additive manufacturing has some disadvantages besides its advantages. Firstly, although
by using this technology, complex products can be manufactured, sensitive tolerances may
not be provided. Secondly, the surface quality cannot be compared with the conventional
methods. In addition, residual stresses, deformations, and porosities have also come into
existence. Therefore, additive manufacturing technology is still being tested to specify the
design limits and the improvement of complex designs. The test and manufacturing costs are
high because of the raw material costs, so before the manufacturing process, the products
need to be analyzed and optimized within the 3D design optimizations and simulations [3].



Modeling and simulation studies in the field of additive manufacturing have emerged in
parallel with the development of metal parts manufacturing technologies. The main reason
is the high price of parts made of metal materials, and researchers begin to need the foresight
to reduce experiments. Modeling studies, which are relatively new and have been seriously
studied for less than a decade, are supported by software using the general-purpose finite
element method (FEM). In this context, although basic studies have been carried out,
effective solutions have not been provided for complex and large-sized part geometries.
Since this situation is a necessity, special software for additive manufacturing simulations
has been developed and it has benefited from shortening the solution times. However, in
some situations, mathematical omissions and assumptions that are made during their
development cannot be understood properly by practicing engineers or researchers and this

prevents them to gain the formation of healthy knowledge [3].

1.1. Literature Survey

In the research reported in Reference [4], in aerospace applications Ti6AI4V titanium
alloy components are used for primary and secondary loading locations such as bearings,
support brackets, and fittings [4]. The brackets and fittings that are manufactured for
experiments for spacecraft applications are shown in Figure 1.1.

XY Tensile bars
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Figure 1.1: Ti6Al4V EBM detail parts [4]

The experimental results that are reported in Reference [4], most of the fittings and

brackets were designed for worst-case load conditions. The compression tests were



performed to obtain load data of brackets made of Ti6AIl4V that are manufactured with EBM
method.

The different types of specimens were indicating the Ti6Al4V end fitting assemblies
that are manufactured with EBM technology. The specimens were resulted in the failure load
at 711 MPa that is close to the specimens that are manufactured with conventional methods.
Therefore, the results of the test show that the additive manufacturing technology can be
used in aerospace industry because it shows same load results in the bracket and fittings’

compression tests [4].

In the V. Chastand, et al. research [5], Ti6AI4V titanium alloy is also tested for the
fatigue performances according to ASTM F2924. The specimens are built in the Z axis to
reveal the built direction effect on surface roughness and the Hot Isostatic Pressing (HIP)
heat treatment [5].

Table 1.1 Test results in V. Chastand et al. research [5]

1

£ axis X-Y axis £ axis £ axis
Type of test 650°C/4h 650°C/4h 650°C/4h 650°C/4h + HIP
Machined/polished  Machined/polished As-built Machined/polished
HCF test 12 12 12 12
LCF test 8 8 8 8

The constant stress High Cycle Fatigue Test (HCF) was performed for fatigue and
the test results can be seen in Table 1.1. In the study reported in ref [5], the relative stress
values were compared with casted and wrought methods changing the different parameters

to obtain stress levels [5].

From the results, the observations can be made:
- The build direction has not to affect the fatigue limit of specimens.

- The roughness of the part surface has a crucial effect on the fatigue life of specimens. In

addition, the fatigue life is doubled after deburring and polishing process.



- Heat treatment (HIP) process has a crucial impact on the fatigue properties of the specimens.
The fatigue properties are increased by 90% after the HIP process compared with stress-

relieved specimens [5].

According to the LCH test results, the total strain A&t/2 shows the failure amplitude and it is
compared with the Agp/2 (plastic strain) and Aee/2 (elastic strain) relations that are indicated

in equation (1.1).

Ao _ D% 4 Ot (1.1)

2 2

The effect of the heat treatment process HIP can be clearly observed from tests. After
the heat treatment, the porosities and the zones that are unmolded are reduced. These samples
are going to have much more fatigue life than stress-relieved samples due to the low number
of defects [5].

In the work of Alok Gupta et al. [6], the tensile properties, strain rate dependence,
temperature, roughness and build direction of the Ti6Al4V EBM-processed specimens that
were studied. In their research [6], Ti6AI4V powder and ARCAM A2XX EBM machine
with standard process parameters were used. For the tensile tests, the vertical and horizontal
built direction was used. However, in the vertical direction, two different types of specimens;

as built and machined were used. The manufacturing directions are shown in Figure 1.2,

Vertical — as built Vertical - machined

= / Horizontal — machined
A7

Build Direction

Figure 1.2: Manufacturing orientation specimens in Alok Gupta et al. study [6]
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According to the experimental results of the Gupta et al. research [6], the 0.2% Proof
Strength assumption was used in tensile tests. YS and UTS and material ductility results are
shown in Table 1.2. The VM, HM and VA identification numbers represent vertically
manufactured, horizontally manufactured and vertically as-built respectively.

Table 1.2: Tensile results of specimens in Gupta et al. study [6].

Test Identification Number (#) Temperature (“C) Strain Rate (SR) - & (s~ 1) ¥S (MPa) UTS (MPa) Ductility (%)
VM1 20 0.0002 953 1013 8.4
VM2 20 0.0265 1020 1050 (%]
VM3 200 0.0002 708 802 16.6
VM4 400 0.0002 575 6491 121
VM5 400 0.0265 550 658 15
HM1 20 0.0002 w17 1007 126
HM2 20 0.0265 1022 1042 12.1
HM3 400 0.0002 506 658 14.5
HM4 400 0.0265 522 648 123
VAl 200 0.0002 652 711 36
VAZ 200 0.002 718 747 14
VAl 400 0.002 560 590 1.8
Vid 400 0.0265 547 580 1.7
Annealed Ti-6Al-4V Bar [42 20 - 861 930 10

In the research [6], according to the results of tensile tests, it was found that horizontally
manufactured specimens have higher ductility than vertically manufactured specimens.
From the results in Table 1.2, the vertically manufactured specimens have higher YS and
UTS values compared to the horizontally and vertically as-built specimens. Therefore, it was
stated that the mechanical properties of Ti6Al4V specimens were affected by manufacturing
direction. Alok Gupta et al. stated that the tensile results of the specimens were associated
with the crack path, porosities, and defects in the microstructure of the parts. It was seen that
the crack way was parallel to the loading direction. It caused deflections and strength

increases [6].

When the effect of the surface roughness was examined, the staircase effect that is related
to thickness, the melted powder surface, and the open pores which occur in the part surface
decreased the surface quality. Two different types of specimens were manufactured to study
the surface quality on mechanical properties. One of them was machined and the other was
as-built. The machining, polishing, and surface processes were done to machined specimens.
According to Table 1.2, it is seen that there is a decrease in YS, UTS, and ductility results

for VA (as-built) specimens. However, the corresponding values for the machined ones are



significantly higher than that of as-built parts. As a result, it can be concluded that the surface
quality has an effect on the mechanical properties of Ti6AI4V [6].

In the S. Gangireddy et al. research [7], the dynamic compression behavior of Ti6AlI4V
parts for different manufacturing orientations was studied. In this research, Ti6Al4V powder
with 15 to 45um was used and the parts were manufactured horizontally, vertically and 45°
for the Split Hopkinson Bar Tests. The manufacturing directions and locations are shown in
Figure 1.3.

Vertical - 90°

A

Horizontal -0*

Tilt - 457

1

Figure 1.3: (a) The specimens codes of S. Gangireddy et al. research, (b) different manufacturing directions
in each location [7]

In the research reported in ref [7], the Split Hopkinson compression test results
corresponding to the as-built, residual stress-relieved, and HIP’ped specimens with
horizontal, vertical, and 45° built are shown in Figure 1.3, with five different locations which
are rear left (X), rear right (V), front left (O), front right (D), and center (C) [7]. As it is seen,
both the as-built specimens and the non-residual stress-relieved specimens prove higher
strength values which were about 1600-1700 MPa because of their martensitic
microstructure. The HIP’ped Ti6Al14V alloy showed strengths values about 1300-1450 MPa
at 1000 s! high strain rate.

The vertically manufactured specimens that are parallel to the loading axis which are
same stresses in compression compared to the horizontally manufactured specimens. During

the uniaxial compression strength, the shear stresses were directed for the 45° plane due to



dislocation motion. Therefore, 45° built specimens that have slightly higher strength than
the horizontally and vertically manufactured specimens. To conclude, in the S. Gangireddy,
E. J. Faierson et al. research [7], horizontally and vertically manufactured specimens’
dynamic mechanical properties close to each other at higher strain rates, the 45° built
specimens’ dynamic mechanical properties seem to be slightly higher. In addition, the

location of the parts during manufacturing also affects the dynamic mechanical properties

[7]1

In the research reported in ref [8], the vertical and horizontal Ti6AI4V three
specimens were tested in tensile test machine. The average values of YS, UTS of vertical
specimens were 1025 MPa and 1130 MPa respectively. However, the average tensile test

results of horizontal specimens were 960 MPa and 1065 MPa respectively.

In the Everth Hernandez-Nava research [9], the quasi-static tension tests were
subjected to Ti6AI4V test parts manufactured by ARCAM S12 EBM machine to obtain
mechanical properties. The manufacturing process parameters of the ARCAM S12 are given
in Table 1.3.

Table 1.3: Process Parameters of Everth Hernandez-Nava research [9].

Theme Current  Speed SF  F(O  Line offset Line order  OC

(mA) (mms) (mA) (mm) {mm) (mm)
Net 1.7-3 200 1 0 0.2 1 0050
Melt 17 G 36 19 0.2 1 {0
Waler T 1500 0 a
Preheat 1 30 14600 a0 1.2 15
Preheat 11 38 14600 a0 1.2 15

In the research, vertically and horizontally specimens were used and tested with
Hounsfield TX0039 machine. The results of the tests were indicated in Table 1.4.

Table 1.4: Mechanical properties of the tensile specimens from Everth Hernandez-Nava research [9]

Samples 0.2% Y.5. U.T.S. Young Modulus Elongation

(MPa) (MPa) (GGPa) %
Horizontal 821+ 58 1040 + 6 110.0 £ 2.2 16+ 1
Vertical 023410 104249 116.5 £ 2.8 1441




Their results revealed that the YS, UTS, E and Elongation values were affected by

manufacturing orientation of the specimens.

In the Guillaume Mandil et al. research [10], the Ti6Al4V specimens were
manufactured by ARCAM Al EBM machine with a 60kV voltage, 50mA maximum beam
current, and 8000m/s scan speed. The tensile tests were done by using DY 35 tensile test
machine. The microhardness of the specimens was measured at 390 HV. The Young’s

modulus and the UTS value of the specimens reached 114 GPa and 1289 MPa [10].

In the research reported in ref [11], Haize Galarraga et al. use Ti6Al4V gas atomized
powder with between 45-150 um. The specimens were manufactured horizontally and
vertically built direction by using an ARCAM EBM machine. The Tensile specimens were
machined to obtain better surface quality. The tensile specimens were studied using an
Instron 5500R tensile test machine. The tensile test results were given in Table 1.5.

Table 1.5: Average tensile test results of horizontal and vertical test specimens [11].

Horizontal Vertical Cast+ annealed
Average RSD | %] Average RSD (%]

UTS [MPa] 1066 0.9 1073 2.6 Q30

Y5 [MPa) 1006 29 1001 2.5 855

el [E] 15.0 12.9 10.8 17.6 12

According to the results, the manufacturing direction has a slightly effect on
mechanical properties. In addition, the YS and UTS value of specimens seem higher than

traditionally manufactured Ti6Al4V titanium alloy.

In the research of P. Edwards et al [12], the vertical and horizontal built specimens
were subjected to dynamic and static mechanical tests to obtain the mechanical properties.
The specimens were built by using the EBM method. In the research, it was stated that the
porosities and surface quality of the specimens had a directly impact on dynamic and static
mechanical properties. According to the results, the YS and UTS values of vertically
manufactured specimens were 818 MPa and 851 MPa respectively, however, horizontally
manufactured specimens were 783 MPa and 833 MPa. According to the research, the built

direction’s effect on both dynamic and static mechanical properties was observed [12].



In the research of Formanoir et al. [13], It was stated that the tensile properties and
elongation values were increased from 780MPa to 1130MPa and 2.3% to 20% according to
the building directions and surface quality processes. In the research, some of the specimens
were polished to increase the surface quality after building, to obtain whether the surface
roughness has an effect on the mechanical properties or not. The non-polished specimens’
YS value resulted in an average of 832 MPa, however, the polished specimens resulted in as
average of 1055 MPa. It is seen that the polished specimens resulted in higher YS values
compared to non-polished specimens. In addition, the HIP process was done after building,

and it was stated that it has a slightly effect on mechanical properties [13].

In the research reported in [14], Zhai et al. compared the LENS and EBM methods
for Ti6AI4V parts. The scan power of the LENS and EBM machines was also compared to
whether it affected the mechanical properties or not. The input laser power parameter was
taken as 330W, then it was increased to 780W. When the scan power was gone up, the YS
and UTS of the specimens built by LENS increased from 1005 to 1103 MPa and 990 to 1042
MPa respectively. In the EBM manufacturing trial, the horizontally built specimens changed
from 937 to 1006 MPa and 1032 to 1066 MPa, and the vertically built specimens changed
to 1001 to 1051 MPa and 1073 to 1116 MPa respectively (See Table 1.6). Zhai et al.
concluded that the vertically built specimens have higher YS and UTS values compared to

horizontally built specimens [14].

Table 1.6: Average tensile test results of horizontal and vertical test specimens [14]

Y5 (MPa) UTS (MPa) %EL
B1-horizontal as deposited 1006 1066 15
Bl-vertical as deposited 1001 1073 11
B2-horizontal as deposited E] 1032 12
B2-vertical as deposited 1051 1116 15
Solutionized and aged 1039 1294 10

According to the results, the vertically manufactured B specimens had higher
mechanical test (YS and UTS) values than the horizontally built B specimens [14].

The research of Hrabe and Quinn [15] investigated that the effects of building
direction had a slightly effect on the mechanical properties of Ti6Al4V. The results indicated



that the UTS and YS values of horizontal direction were 983 and 1030 MPa, and the vertical
direction was 961 and 1014 MPa. The horizontal building direction elongation was 30%
higher than the vertical building direction [15].

In Edwards et al. research [16] both the dynamic and static mechanical properties of
Ti6AI4V specimens, which were produced by the ARCAM Al EBM machine. The
horizontal and vertical built specimens have been located in the machine lathe as shown in

Figure 1.4.
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Figure 1.4: Specimen Orientation Schematic in EBM machine [16]

In the research the scan speed was taken as 3 m/s, the input power was taken as
3500W and the process temperature was 700°C for the vacuum chamber. No HIP process
was performed on the specimens after manufacturing. The vacuum temperature was adjusted
to the optimal value to decrease the residual stress and not to do stress relief processes.
However, it was stated that the porosities and defects in the microstructure still affect the
fatigue life of the parts [16]. The results of the tensile tests are shown in Table 1.7. It is seen
that the vertically built specimens have higher YS and UTS values than horizontally

manufactured specimens.
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Table 1.7: Average tensile test results of horizontal and vertical test specimens from Edwards et al. research
[16]

0.2% YS (MPa) UTS (MPa) Elongation (%)
Horizontal 833 783 27
Vertical 851 812 36

In the Wauthle et al research [17] the manufacturing direction effect on the static
mechanical properties of specimens was investigated. The three different orientations,
vertical, 45°, and horizontal direction, for lattice structures were studied. It was studied on
compression and the stiffness value of the 45¢ built specimens was 35% lower than the
vertical specimens, however, 45° had nearly the same stiffness value compared to horizontal

built specimens [17].

In the research reported in [18], Gong et al. compared the EBM and SLM methods
on the mechanical properties of Ti6AI4V specimens. In addition, the process parameters
were changed to indicate the parameter effect on mechanical properties. The process

parameters of machine were shown in Table 1.8 and Table 1.9Table 1.8.

Table 1.8: SLM process parameters of Gong et al. research [18]

Scan Speed (mm/s) Energy Density (J/mm?)
Parameter 1 960 42
Parameter 2 540 74
Parameter 3 400 100
Parameter 4 1260 32
Parameter 5 1500 27

Table 1.9: EBM process parameters of Gong et al. research [18]

Beam Current | Speed Function | Line Offset Focus
Max (mA) Index (mm) Offset (mm)
Parameter 1 21 98 0.1 3
Parameter 2 30 60 0.2 15
Parameter 3 20 180 0.2 5
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In the research, the Ti6Al4V Grade 23 spherical powder was processed for both
manufacturing methods DMLS and EBM by EOS M270 and ARCAM S400 machines. The
specimens were built in the vertical direction for both manufacturing methods. The tensile
and hardness tests were performed to specimens [18]. The results of the tensile tests are
shown in Table 1.10.

Table 1.10: Tensile Properties of Specimens from Gong et al. research [18]

0.2% YS UTS Elongation Young’s Modulus
(MPa) (MPa) (%) (GPa)
SLM Specimens 1011 1146 6.5 102
EBM Specimens 954 1012 89 121

SLM specimens showed higher YS and UTS values compared to the EBM
specimens. However, SLM specimens resulted in lower ductility than EBM specimens

although, their microstructure is not fully martensitic [18].

The research of S. T. Yigitbast [19] about the mechanical properties of the vertical and
horizontal built directions of Ti6Al4V specimens indicated that the vertically manufactured
specimens have better YS and UTS than horizontally manufactured specimens. The
vertically manufactured specimens have 1023 MPa UTS, 940 MPa YS, 158 GPa, E, and
10% Elongation. However, horizontally manufactured specimens have 988 MPa UTS, 895
MPa YS, 136 GPa, E, and 15% Elongation. It is clearly seen that; the overall results are
similar and, the built direction of the specimens in additive manufacturing definitely has an
effect on mechanical properties. However, the YS, UTS, and Young’s Modulus value in
Yigitbast’s research [19] is slightly higher. Although the manufacturing machine, process
parameters, and material are the same, the dimensions and the shape of the specimens are
different, and also the assumptions that were made during the tensile tests can be different

because different test machines were used in the research [19].

1.2. Thesis Purpose

The fundamental topic of this study is to reveal both the static and dynamic mechanical

properties of Ti6Al4V parts built by the EBM method and to analyze the manufacturing
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direction effect on static and dynamic mechanical properties. According to the literature
survey, the building direction affects E, YS, and UTS, and also Hardness (HRC) values.
However, there is not enough research about the mechanical properties at high and ultra-
high strain rates for the different building directions by using the EBM method. Therefore,
the effect of building direction at high-strain rates and quasi-static processes is also evaluated
in this study.

1.3. The Structure of the Thesis

In this study, the material properties, yield strengths, and endurance of the products are
studied to provide suitable usage of AM Technology in the industry. The AM techniques,
methods, and usage of these techniques according to the selected manufacturing technology
are reviewed in the thesis. According to the manufacturing technique, the pros and cons and
the working principle of each technique are specified. In addition, in this thesis, the EBM
method is used in the static and dynamic mechanical properties of the Ti6Al4V and the

properties are compared with the conventionally manufactured products’ properties.

In the literature section, the basic information on the process technology that is used in
additive manufacturing and its classifications are given. Along with these, the different
methods that are used in the manufacturing of the products are explained and compared with

the powder bed manufacturing technique.

In the results section, the results that are obtained within the purpose of the thesis,
and the knowledge and gained experience are summarized. In this direction, the limitations
and assumptions of the studies carried out for the thesis, the differences in evaluation caused
or possible by these are presented, and the potential uses of the information obtained as a
result of the thesis study are suggested. The possibilities of additional activities that will
advance the thesis work are evaluated, and the thesis report is concluded with reference to

future studies.
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2. ADDITIVE MANUFACTURING TECHNIQUES

Additive Manufacturing method is described by international standards as a
manufacturing method where designs are created from 3D data, by combining suitable
materials according to design in layers stacked on top of each other [1]. Additive
manufacturing technologies, which contain more detail than what is defined in the basic
terminology standards, build parts in accordance with different principles. However, some
process steps are common to the majority of different additive manufacturing technologies.
Files that will control the additive manufacturing systems that are created during the work
preparation stages, which start with the stereolithography (STL) file as a reference. The
preparation of these files, which will control the additive manufacturing systems, starts with
placing the part geometry on the building system. In the next stages, support structures are
created under the protruding or overhanging surfaces. If it is desired to produce more than
one of the geometries prepared in this way, reproduction is made and all the resulting
geometries are divided into layers in the direction of the desired thickness. As a result of
assigning process parameters, the production preparation phase is completed. At the last
stage of the process, the finished piece is separated from the system that built it. The details
of this stage also vary for different additive manufacturing methods. In the last case,
secondary operations are performed on the separated part. Here, it is possible to benefit from
many methods such as HIP, sandblasting, machining, polishing, and etching depending on

the part material, geometry, and desired tolerances.

Parts with different purposes of use are manufactured with different methods developed
by different companies. The most common of these methods are direct metal deposition
(Direct Metal Deposition, DMD), electron beam melting (EBM), direct metal laser sintering
(DMLYS), electron beam free form fabrication (EBFFF), laser engineered net shaping

(LENS), selective laser sintering (SLS) and selective laser melting (SLM).
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2.1. Direct Metal Deposition (DMD)

The directed laser energy deposition process is known by the commercial application
as DMD. In the process, the powder or wire is transferred to the environment by means of a
guiding head, and in the meantime, the energy input is applied to the added material. In this
way, the added material first melts and then solidifies and forms the relevant part of the
piece. This process is repeated by means of a workbench with linear moving axes in a way
to follow the units of the whole part geometry is completed. In this process, inert gas is used

as a protective atmosphere [20].

This technology can be used to repair and rebuild damaged products and to produce
new products and it provides anti-corrosive resistant coatings [20]. The working system are

shown in Figure 2.1.

Figure 2.1: Direct metal deposition in action [20]

Direct metal deposition technology uses laser melting and a closed-loop system to
provide dimensional accuracy [20]. The working system of DMD can be seen in Figure 2.2.
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Figure 2.2: Schematic of DMD machine [20]

The Direct Metal Deposition closed loop system has an important role while
manufacturing the products. It has high-speed feedback sensors to collect data about melting
temperatures that directly control process inputs like laser power, dimensions, etc. (see
Figure 2.2) [20].

The Direct Metal Deposition technology has been used for the manufacturing of gas
turbine components, rebuilding tools like dies, cutters and remanufacturing, hard coating,
and complex products in the industry. Besides, the heat input can be controlled during the
direction metal deposition method so; parts can be manufactured with desired

microstructures [20].

2.2. Electron Beam Melting (EBM)

The EBM method was made by ARCAM Company in Sweden. It is a method similar
to DMLS technology as a solid pattern emerges from metal powders. The key difference is
that in EBM the heat source is electron beams. EBM technology is a manufacturing method,
which builds material layer by layer by melting completely dense metal powders with a

powerful electron beam. The EBM technology has been successfully used in the medicine,
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aerospace, defense, and automotive fields. It is a safe and environmentally friendly
technology [21].

The usage of electron beam melting technology provides higher build rates by higher
scanning velocities and higher penetration depths [21]. The basic working principle of laser
beam-based technologies and electron beam melting technology is identical. The electron
beam deflected the metal powder and processed the material powder thickness from 20 to
100 um [21]. The working principle of the Electron Beam Melting process is shown in
Figure 2.3.
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Figure 2.3: Working schmeatic of the EBM process [21]

powder deposition

The Electron Beam Melting technology has two critical processes namely melt ball
formation and delamination. When the melt pool shows instabilities, the melt ball develops
[21]. The melt ball occurs because of insufficient energy that is transferred from the electron

beam into material powder. (See Figure 2.4)
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Figure 2.4: Melt ball formation [21]

When the residual stresses occur in part surfaces, the delamination is observed. The

delamination depends on scanning strategy especially energy inputs. (See Figure 2.5)

Figure 2.5: Delamination [21]

Finally, in Electron Beam Melting technology the scan speeds are smaller than in
other technologies; however, it splits a single beam into multi-spots. Therefore, it is called
multi-beam melting technology. This provides a reduction in production time due to the
simultaneous melting facility [21].

2.3. Direct Metal Sintering (DMLS)

DMLS is an Additive Manufacturing method that use the method of spreading a

metal powder and transferring them to the laser beam. The laser power, layer thickness, and
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scan speed affect the mechanical properties of parts in DMLS technology [22]. The different
mechanical properties of the product are adapted by calibrate the input parameters. Thus, the
manufacturers do not need to make many trials on the machine [22]. The working principle

of the Direct Metal Sintering method is shown in Figure 2.6.
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Figure 2.6: Schematic diagram of the DMLS system [22].

In DMLS technology, a thin layer material powder is spread. Then, the printing chamber
of machine is heated. The laser processes the powder layer by layer and the part is sintered
[22].

The most important advantage is DMLS parts do not need manufacturing tools like
molds, manometers, etc. Therefore, initial part production time is reduced. In addition,
additive technologies such as DMLS offers design customization and exchange by providing
short-term ways and special products without incurring expensive tooling changes. The
disadvantage of this technology is offering a lower dimensional area to manufacture parts

compared to other technologies [23].
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2.4. Electron Beam Free Form Fabrication (EBFFF)

EBFFF technology is one of the methods of additive manufacturing that uses
advanced, complex manufacturing processes [24]. In the EBFFF process the deposition of
metal occurs layer by layer by melting of wire. Then, the part obtains its net shape. The

manufacturing process is shown in Figure 2.7.
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Figure 2.7: Schematic of EBFFF system [24]

The advantage of the EBFFF process is the deposition rate is higher than the other
methods. It rates up to 12 kg/h. The other additive methods cannot reach this deposition rate
value. In addition, this process allows fully dense and homogeneous products within
5000mm size [24].

The electron beam controls the voltage, current, distance and electron beam diameter,
and scan speed [25]. The wire feed system consists of feed rate and table velocity with as
regards the electron beam. In this process, the optimal values of these parameters are very
crucial to obtain high-quality products. The feedstock diameter controls the smallest detail
that is attainable in this process. The fine diameter controls the large details during bulk
deposition [25].

The translation speed controls the dimensions of the powder layer and the higher
translation speed provides cooling and results in a homogeneous microstructure like the one
shown in Figure 2.8. However, the lower translation speed causes the inhomogeneous

microstructure and larger grains [26].
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Figure 2.8: (a) Low Translation Speed inhomogeneous microstructure and larger grains (b) higher translation
speed produces more homogeneous microstructure and smaller grains [26]

The Electron Beam Free Form Fabrication process can be used in the repair of
products or parts that have bad tolerance. Moreover, the entire structure can be manufactured
by this technology without any casting and forging processes. Thus, the process parameters
such as deposition rates, efficiencies, material compatibilities, and qualities affect the entire
manufacturing stages, and the raw material costs and manufacturing times can be adjusted

according to input parameters [26].

The recent work with Electron Beam Free Form Fabrication is done by NASA
Langley Research Center and it is stated that 2219 Al and Ti-Al6-4V materials can be used
if the mechanical properties are optimized for this process because these materials have
excellent weldability, strength, and toughness [26].

2.5. Laser Engineered Net Shaping (LENS)

LENS method is based on the principle that the powders sprayed from the nozzles
are melted with the laser beam and knit side by side along the cross-section of the part in
that layer. Metal powders are sprayed with the help of gas from the nozzles to the focal point
of the laser where melting takes place. When the layer is finished, the table of the machine
goes down one layer height, the new layer is knitted and the process is repeated until the part
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is obtained. Parts obtained with LENS can be used directly as part of a machine. The method

can also be used in some repair operations [27].

In the LENS system that is shown in Figure 2.9(a) melted the laser beam with
scanning pulses and lines. It provides to produce high-quality products within control the
dimensional accuracy. LENS system comprises a laser, lens, powder delivery nozzle, and
adjustable laser head as can be seen in Figure 2.9(b). Unlike the powder bed systems, the
energy and material deposition have occurred in the same region that controls the material
feed. In addition, the laser beam can be moved in the Z direction; however, the platform
remains fixed [27].

. System
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Figure 2.9: (a) Powder bed fusion schematically, (b) direct energy deposition (LENS)

(c) photograph of a LENS MR-7 [27]

Rapid prototyping methods are important manufacturing methods in which any part
can be obtained without the need for a second process. LENS, one of these methods, gains
more importance than the other methods because it provides ease of application and can be
used as a functional part of a machine [27].
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The most important advantage over other methods is that high-density parts can be
obtained when the process parameters like speed, temperature, nozzle height, and powder
amount are set to optimum values. Physical properties such as grain structure and surface
quality can be very good. With the studies carried out, very important developments have
been achieved in the method. [27].

2.6. Selective Laser Sintering (SLS)

SLS is one of the layered production techniques that make use of laser energy. In this
method, the powder material is selectively sintered by a laser as a power source to form the
part. It allows manufacturing of complex CAD products by metal/plastic powder technology
[28]. The schematic process of Selective Laser Sintering technology can be seen in Figure
2.10.
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Figure 2.10: SLS Process Description [28]

In this system, alloy powder is piled up on a bed. With the help of a cylinder passing
over the powder bed or a leveling system, a constant thickness of alloy powder is placed in
the powder bed. Although the layer thickness of the material powder alloy layer is in the
range of 20-100 um in current technology, production with an average layer thickness of 0.1
mm is carried out. The galvanic mirrors located in the laser beam provide faster scan and
sintering speeds for the production of the designed parts. This cycle continues until the

production of the object is completed [28].
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The support structures do not necessary in the manufacturing of parts in SLS method
compared to other methods. However, in some polymer types, the need for a support
structure may arise depending on the solidification rate or the design of the object to be
produced. Only rough support structures can be used between the table and the object for

positioning the object relative to the table.

After production, the free dust around or inside the part is removed manually with
the help of a brush or vacuum suction after production. Since it has a rigid structure, it does
not need an additional process such as curing. Only metal parts can be annealed to increase
the strength of the part. The part should be left to cool after the production is finished [29].

In the Selective Laser Sintering method, parameters such as scan speed, powder
properties, pulse frequencies, laser power, scan properties, bed temperature, layer thickness,
and the ratio of powder mixture are also important in production. In addition, fabric
orientation and packing affect the optimization of the SLM machine [29]. The SLM process

description is shown in Figure 2.11.
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Figure 2.11: SLS System Description [29]
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The advantages of the SLS method can be stated as [29]:

- It is possible to manufacture metal parts with SLS,

- Parts having complex geometries that are very difficult to produce with traditional methods,
parts can be produced.

- Precision production of detailed designs can be realized.

- The quality of the surface of the part is high depending on the layer thickness.

- High-strength parts can be produced.

- Production can be carried out without the need for support structures.

- Post-production labor is less than other methods within the SLS method.

The disadvantages of the SLS method may be given as;

- Machines working with the SLS method are expensive.

- Compared to other production methods, the manufacturing cost (material, depreciation,
time, etc.) is higher.

- It is not suitable for mass production in current technology.

- There is a need to apply the final treatment (heat treatment, sandblasting, etc.) to the
manufactured parts.

- Depending on the part, it may take a certain period of time for the part to cool down after
manufacturing [29].

The desired properties of the products can be obtained by changing the material
properties and process parameters and then, the process will be optimized to manufacture
high-quality products [29].

2.7. Selective Laser Melting (SLM)

SLM is an additive manufacturing method in which a laser is used to melt and process

the metallic powders. [30]. The Selective Laser Melting process can be seen in Figure 2.12.
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Figure 2.12: SLM Process Description [30]

This advance is crucial for material industry, as it can not only create special design
properties but also reduce material excess and provide more facility with designs that other
techniques cannot provide [30]. Demands such as the need in fabrication material and special
applications that require complex products are common challenges in the industry. SLM not
only improves the process of creating and selling. The challenges with SLM are to have a
limit on materials, process parameters, and microstructural defects like crack and porosity
[30].

The difficulties are the inability to form 100% dense parts due to difficulties to use
metal powders. Aluminum powders are light and have high reflectivity, thermal
conductivity, and low laser absorption for the lasers used in SLM. These challenges need to

be developed by further studies [30].

The mechanical properties of metal alloys manufactured by SLM can diverge
significantly from its conventionally manufactured parts. The metal alloy strength produced
by SLM tends to be significantly poor then pure metals. The decrease in mechanical
properties of the manufactured parts is based on the defects and porosities in microstructure

occurred in the SLM process [30].
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A central feature of alloys produced with SLM is that the product may show great
anisotropy in mechanical properties. The grain size in cast metals is featured by uniform,
isotropic grains, while metal alloys show great grain elongation in the direction of the
structure. Anisotropy in grain size is interrelated with anisotropy of surface defects, crack
propagation direction, and mechanical properties, and there are significant decrease in
hardness, strength, and ductility under tension [30].

For the time being the industrial applications of the SLM is given below [30].

e Aerospace: Air ducts, fixtures, or complex structural assemblies for equipment.

e Manufacturing: Low-volume markets at competitive costs. Independent from

economies of scale and focus on optimization of products.
e Medical: For complex, expensive and high-value medical devices.

e Prototyping: Laser sintering can provide manufacturing the demanded design and
functional prototypes. As a result, the operational tests can be done according to the
design.

e Tool Machining: Direct machining eliminates tool need for production and various

machining operations.

The SLM technique is used to produce prototypes and build up final products. Some of

the current applications of Selective Laser Melting can be seen in Figure 2.13.

e

Figure 2.13: Current applications of SLM [30]

The design limits are important in SLM technology because the surface finish process

and the layer thickness result in the staircase effect after manufacturing. This causes a raise
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in the surface roughness and resistance of parts [31]. The CAD geometry shows the internal
gussets to overhang features, trusses with hollow elements, and bulkheads to provide
endurance and also reinforcement to prevent local buckling [31]. The optimized geometry

example of CAD can be seen in Figure 2.14.

Truss-like
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hollow elements
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features
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reinforcement

Figure 2.14: Parametric optimization geometry. Cutaways included Internal features [31].

The optimization process can be monitored to provide quality assurance for closed-
loop feedback control systems [32]. The SLM is a useful method for complex products from
metals and their alloys. The mechanical properties of materials are affected the strength and
plasticity of the layer thickness during manufacturing [33]. This technology is used globally
in industrial areas because of its benefits that offer ease of component design, short
production times, and manufacturability and it replaces the traditional manufacturing
technologies thanks to designed products and productivity with optimizing the suitable laser

powers for demanded design [33].

2.8. Metals in Additive Manufacturing

Additive manufacturing technology is rapidly evolving. The additive manufacturing
materials provide a summary of the processes of manufacturing [34]. The metals, graded
alloys, and refractory alloys are searched for understanding the outputs of the additive

manufacturing technology [34].
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The materials that are used in AM, their processes, structure, and the mechanical
properties of manufactured metals are explained in section 2.8. The Designing rules and

stages are explained in section 2.9.

Additive manufacturing technology uses materials such as powder, wire, or sheets by
melting and solidification with the laser, electron beam, or ultrasonic vibration according to
processes that are selected by the manufacturer [34]. The specific AM alloys and their

application area are indicated in Table 2.1.

Table 2.1:Common additive manufacturing alloys and applications [34].

Alloys Applications Aluminn Maraging Staimlasz Titanium Cobalt Nickel Precious

m Steel Steel chrome Super metals
Alloys

Aerozpace X X X X X

Medical ol X X X

Energy, oil and gaz X X

Automotive X X

Marine bl X bl

Machinability and X ol X X

weldability

Corrozion Resistance X X b X

High Temperature X X X

Toolz and molds X X

Conzomer Product= X X K

The DED and powder bed fusion technologies are compared in Table 2.2. The
additive manufacturing process is selected according to the product that has desired size,
quality, and complexity. The alloy powder-based processes are used to fabricate complex
products with a higher surface finish. However, this process is slow and the feedstock of
powder is expensive. Otherwise, the additive manufacturing processes that are wire and
metallic sheet technologies are fast but lack dimensional quality and causes poor surface
quality [34].
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Table 2.2: Comparison of two main categories of additive manufacturing processes for metallic components:
directed energy deposition (DED) versus powder bed fusion (PBF) [34].

Process DED DED Wire DED Wire Powder (PBF)
Feedstock Powder
Heat source Laser E-beam Electric arc Laser / E-beam
Power (W) 100-3000 300-2000 1000-3000 50-1000
Speed (mm./z) 5-20 1-10 3-13 10-1000
Max. feed rate (g/s) 0.1-1.0 01-2.0 02-28 -
Max. build size (mm 2000x1500x 2000x1500x750  3000=3000x1000 500=280x320
ImmXmm) 750
Production time High Medium Low Hizh
Dimensional 035-1.0 10-1.3 Intricate features 0.04-02
accuracy (mm) are not possible
Surface roughness 4-10 8-15 Meeds machining 7-20
(pm)
Post processing HIP and Surface grinding Machining iz HIP iz rarely required to

surface and machining essential to reduce porosity

grinding are i required to produce final
seldom achieve better parts
required finizh

References [35]. [36] [37]. [38] [39], [40] [41]. [42]

Steel is the most common material that is used in industry so, it is also commonly
used in additive manufacturing technology. The AISI 316L, AISI 304L, maraging steel
18Ni-300, and stainless steels 17-4 and 15-5 are used in Laser Based Methods [34].
However, the Electron Beam Based methods are mainly used steel H11, H13, and stainless

steel 316L. The material selection also depends on the application and method of design.

Aluminum alloys are also used in Additive Manufacturing technology because
Aluminum is easy to machine and the price is lower than other metals. However,
manufacturing aluminum is also harder because it is hardly weldable. In addition, Aluminum
alloys become stronger after precipitation hardening [34]. The most common Aluminum
alloys that are used in Additive Manufacturing technology are AISi10Mg and AlSil12. In

locations that need high-strength properties Al-Mg-Sc alloy can be used in these areas [34].

Titanium and its alloys are also used in Additive Manufacturing technology. It

provides high performance, and also lower production costs and production times with
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respect to conventional production methods. Therefore, additive manufacturing technology
provides cost and time advantages for Titanium alloys [34]. The Ti6Al4V is the most
common material used in the production of parts despite the fact that it is still being
investigated for industry [34]. Ti6AIl4V titanium alloys are used in the Laser Based and
Electron Based Methods because of the great allotropy of Titanium [34].

Other than Steel, Aluminum, and Titanium alloys, Nickel based alloys are also used

in Laser Based and Electron Based Methods for biomedical applications [34].

The various materials that are used in different additive manufacturing techniques
are shown in Figure 2.15. The Laser based techniques like SLS, SLM, DMLS, DMD, LENS,
SLC, and electron beam melting (EBM) use powder bulk material type. The Material jetting
techniques use Liquid bulk material type. However, Extrusion Thermal and adhesion
techniques use solid bulk material types [44].

Additive Manufacturing (AM) Processes

" Laser Based AM Processes
E Laser Laser Extrusion Mate_rial Materllal Electron
2 Melting Polymerization Thermal Jetting Adhesion Beam
Laser source Material Wisesial
- Laser tource Lacersource aterial B beral 1
F i Pewtier, i i meltin ¢ jetting w 1 Cempactor | © entronheam'
8 g Powd supply Liguid noile ' -, LA <)
3 2 er qu J ¢ — cutting Powder
a bed resin — bad
SIS oMD SLA FDM pp LOM EBM .
r SLM LENS SGC Robaocasting up SFP
E % DMLS 5LC LTP UM
2
z LPD BIS BPM
HIS Thermajet

Bulk Material Type Powder - Liquid - Solid .

Figure 2.15: Materials category for AM technologies [44].

Additive manufacturing is not only used in the aerospace, and transport industries, it
is also used in the medical industry because the metals have been used in the medical industry
for more than 120 years ago. Titanium, cobalt, alumina and zirconium are most processed
materials in the medical industry. The list of the materials and the application areas are
specified in Table 2.3 [44].
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Table 2.3: Biomedical materials [44].

Implant material Abbreviation/notation Application

Ti and Ti alloys CP-Ti Bone fixation
Ti-6A1-4V Artificial valve, stent, bone fixation
Ti-6Al-7Nb Dental application, knee joint, hip joint
Ti-5Al1-2.5Fe Spinal implant
Ti-15 Zr-4Mb-2Ta-0.2Pd Dental applications
Ti-29Nb-13Ta-4.62r Dental applications
B3L-87ETI-13%-17%Zr (Roxolid) Dental application

Stainless steel 316L Dental, knee joint, hip joint, surgical tools

Cobalt chromium alloy

Shape memory alloy
Polymers

Co-Cr-Mo, Co-Ni-Cr-Mo

NiTi
PMMA, PE, PEEK

Artificial valve, bone fixation, dental
applications, knee joint, hip joint
Catheters, stents

Dental applications, articular cartilage, hip
joint bearing surface, knee joint bearing
surface, soft tissues

Bio-glass 510, /Ca0Na; O/P; 04 Dental applications, orthopaedic implants
Zirconia 2Zirconia Porous implants, dental applications
Alumina Al Oy Dental applications

Hydroxyapatite Cas (P04 )3(0H) Dental applications, implant coating material

The materials that are used in additive manufacturing technology have been explored
to provide high-quality products according to additive manufacturing techniques. The
developments of new materials provide new innovations in this area and provide a way to
study new production methods according to the technique that is used in additive
manufacturing [44]. After the trials, the mechanical properties of the alternative materials
can be understood and lots of development will be done in additive manufacturing and the

material industry.

2.9. Designing for Additive Manufacturing

AM technologies are employed for producing 3D products by adding the selected
material in machine table layer by layer. The manufacturing process needs design guidelines
and principles to design and manufacture high-quality parts [45]. The design process can be
handled under four stages such as task explanation, conceptual design, embodiment design,
and final design [46, 49]. Each stage requires a different guideline to show a pathway to
designers. The design guideline is also handled under three stages that are process
characteristics, design principles and rules. The design guidelines are primarily focused on
the AM processes, especially for SLS, SLM, and FDM [45]. A flow chart for designing a
part is indicated in Figure 2.16.
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Figure 2.16: A flow chart for design stages [45].

2.9.1. Process Characteristics

The working principle of the manufacturing process for a designer to design proper
parts by using Additive Manufacturing technology is summarized in the process
characteristic stage. The process characteristics have an impact on the design and also on
parts which are manufactured by additive manufacturing [48]. The different process features
of different Additive Manufacturing techniques can be taken from literature studies [48, 49].

2.9.2. Design Principles

The design principal stage is one of the important stages for additive manufacturing
designing because the design principle provides designers to turn their things into the
optimum design by reducing the manufacturing costs and increasing the part qualities. In
this stage, the designer has to learn the design principles of both conventional manufacturing
and additive manufacturing methods. Therefore, a designer can select which method is

suitable for the design to produce high-quality parts [45].
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2.9.3. Design Rules

The design rules consist of design characteristics and principles for a designer to
design producible parts for the AM process. The design rules are composed according to the
material of the part, the process, and also machine parameters. The initial machine
parameters can be taken from the similar researches; however, the design characteristic
parameters need to be chosen by the system that the designer is using. The design rules also
cover wall thickness values and roughness information that can be changed with process

parameters [45].

2.9.4. Part Orientation

In the AM process, the building direction and part geometry are crucial to
manufacturing high-quality parts. The manufacturing orientation indicates the build
direction of the part around the build axes during manufacturing [50]. The Additive
Manufacturing process requires support structures in the build direction to manufacturing
complex shapes. Therefore, the part orientation is significant in the design of demanded
product [50]. For example, the inner radiuses of a curved element need to be designed
according to design rules to provide part orientation during manufacturing [45]. The Part

Orientation percentage of SLM, SLS, and FDM are shown in Figure 2.17.
SLM SLS FDM

SES

O directly or indirectly depending on orientation
O not depending on orientation

Figure 2.17: Part Orientation percentage of AM methods [45].
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The part orientation is built upon different quality features such as dimensional and
design accuracy and surface smoothness, manufacturing costs and time etc. [51]. These
properties are dependent on the design geometry. After the final design of the part, the part
is rotated according to part orientation to achieve optimum quality. The result of this

optimization provides a balance in different quality features [52].

2.9.5. Manufacturing Constraints

There are two different constraints for additive manufacturing technology in the
literature. The first main constraint is the nozzle position. The nozzle has to located parallel
to the table axis and the product needs to be mounted on a rotating platter. The second main
constraint is the acceleration levels of the nozzle during the depositing of the material. The
repetition causes the stop of the manufacturing because of molten drops solidify. To avoid
this repetition, the design needs to be optimized by increasing the corner smoothness and
giving them a radius [53].

The powder usage at high temperatures can cause defects and porosities and poor
mechanical properties. Therefore, researches are conducted to finalize the usage of additive
manufacturing technology with other metal alloys. The results of these experiments are also

used in FEM analysis of the manufactured parts [53].

2.9.6. Manufacturing Capabilities

Additive manufacturing technology has the ability to manufacture complex
geometrical shapes by using different manufacturing principles. The scanning processes for
the manufacturing are given the design of part while the nozzle is still parallel to the
manufacturing surface [53]. In addition, the material is used according to the demand
contrary to the conventional manufacturing methods. The lattice structures can be used if the
parts need to be dense and rigid [54].

In the layer-based processes, the manufacturing starts at the plane surface, then the
material is deposited to substrate the complex surfaces. This capability provides multi-
functionality since different processes can be worked at the same time such as

remanufacturing or repairing the parts [53].
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The additive manufacturing technology decreases the price between different metallic
alloys such as titanium and aluminum because of the greater mechanical properties and lower
densities. Therefore, the designers can select the materials without any doubt. In addition,
additive manufacturing technology has the capability to produce new materials that are
reproduced by steel, aluminum, etc. [55].

2.9.7. Parametric Optimization

While designing a product for additive manufacturing technology, the manufacturing
time, raw materials, energy consumption, and manufacturing costs are related to the
production and design of the part. To minimize the part size optimizing for AM can be done
[54]. An example of CAD design that is manufactured on an EBM machine with titanium
alloy Ti6Al4V is shown in Figure 2.18.

Figure 2.18: Example of new design manufactured in Ti6Al4V on EBM machine [54].

The main aim of the optimization stage is to minimize the size of the part by
optimizing the boundaries and process parameters. The optimization can be done by using
modeling and simulations to obtain stiff parts. For the simulations, the finite element analysis
will be conducted to indicate parts boundaries when it is loaded. However, when parts are

manufactured by additive manufacturing technology, parts contain complex lattice
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structures, so the finite element analysis cannot indicate the real results because the number

of parameters is high [54].

3. MATERIAL AND METHOD SELECTION

The thesis study is conducted to determine the usability of Additive Manufacturing
technology in the aerospace industry. The properties of Ti6AlI4V are determined by the
transformation of the alpha and beta phases. In industrial applications, Titanium alloys are
selected according to the transformations of the phases, and phases close to o/f and B are
often recommended in biomaterial manufacturing. Ti6Al4V is frequently seen in the
literature as the material of choice for aircraft landing gear, gas turbine wheels, and implant
manufacturing. However, after the production of these alloys by casting method, the use of
machining processes leads to high costs with material consumption, along with machining
difficulties. Therefore, the production of parts from these expensive alloys necessitated the
use of parts production techniques close to the final shape.

3.1. Material Selection

Ti6AIl4V titanium alloy is widely used in aerospace and medical industries because of
its good mechanical properties, low density, and good machinability [56]. The Ti6AI4V
titanium alloy can be manufactured by using conventional methods like casting, forging, and
machining. This metal is most widely used in high-performance applications where products
are exposed to cyclic loading and fatigue cycles [57]. The studies indicate that the EBM and
SLS technologies provide lower surface roughness value but higher fatigue life. However,
still, additive manufacturing technology is improving in terms of fatigue life but the parts
produced still have lower fatigue life than the parts manufactured by conventional methods
[58]. Metal-based additive manufacturing technology, which has been developed recently
and uses laser-assisted Ti6Al4V powders, has been embraced by the aerospace industry. In
addition to being used in the fuselage of airplanes, engine companies manufacture complex
parts with this method [58]. In this thesis, Ti6Al4V Powder of GE Company that is used for

manufacturing of test specimens is shown in Figure 3.1.
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Figure 3.1: The Ti6Al4V Powder used in manufacturing

When the studies on the Ti6AIl4V titanium alloy were examined, it was seen that the
Ti6AIl4V titanium alloy is among the hard-working alloy and causes rapid wear of the tool

and poor machined surface quality [58].

In order to overcome these deficiencies, the following points should be considered.

- Since the cutting speed increases the processing temperature, it should be chosen at the
lowest value according to the catalog value of the cutting tool.

- Since the feed causes high deflection, vibration, and cutting force, it should be chosen very
low.

- In milling and turning operations, the depth of cut should be low.

- Cutting tools with high wear resistance and chemical stability should be used.
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- Pressurized coolants with lubricating properties should be preferred.

The mechanical properties of the Ti6Al4V Powder of GE Company are indicated in Table
3.1

Table 3.1: Mechanical Properties of Ti6Al4V Powder of GE Company [58]

Mechanical Properties Metric English
Hardness, Rockwell C 33 33

Tensile Strength, Yield 951 MPa 135000 psi
Tensile Strength, Ultimate 1020 MPa 148000 psi
Elongation at Break 14 % 14 %
Reduction of Area 40 % 40 %
Modulus of Elasticity 120 GPa 17400 ksi
Fatigue Strength 600 MPa 87000 ks1
Density 4.43 g/cc 0.160 Ib/in

3.2. Mechanical Modelling and Manufacturing Method

3.2.1. Specimen Dimensions in Quasi-Static Tests

In the thesis, the ASTM E8 standard was taken as a reference for the quasi-static
mechanical tests. As with other test methods, the sample has to be suitable for the test and
in ideal dimensions. In the scope of this thesis, rectangular specimens Ti-6Al-4V are

manufactured for mechanical tests.

The thickness, width, and length dimensions of the samples have restrictions followed
by a reference to the ASTM E8 standards as follows:

e In order to minimize the margin of error in the calculation of the shear modulus, the
width/thickness ratio must be greater than 5.

o All surfaces of the produced rectangular samples must be flat. Parallelism of opposite
surfaces along the length, width, and thickness of the sample rate should be within
0.1%.

e The length of the sample should be measured with a maximum difference of 0.1%
thickness and width and a maximum 0.1% difference in measurements to be made

from 3 different points is required.
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e There should be no large cracks or small cracks and defects on the specimen surface
and interior of parts that will be tested.

3.2.2. Material and Powder Characteristics

The specimens that are produced by Ti6Al4V titanium alloy are manufactured with
ARCAM Q20 plus machine shown in in Figure 3.2.

Figure 3.2: Arcam Q20 Plus [58]

The Ti6Al4V grade 5 powder is used for specimen manufacturing and the dimensions
of the powder is around 45-106 um. The chemical property of the powder is given in Table
3.2.
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Table 3.2: Chemical Properties of Ti6Al4V Grade 5 Powder of GE Company [58]

Titanium Balanced
Aluminum 6%
Vanadium 4%
Carbon 0.03%
Iron 0.1%
Oxvegen 0.13%
Nitrogen 0.01%
Hydrogen 0.001%

All samples are produced with the same production parameters within the scope of
the thesis. Production parameters that are recommended and implemented by ARCAM
Company are shown in Table 3.3, Table 3.4 and Table 3.5. To summarize the definitions of
production parameters: Layer thickness is one of the main production parameters and
depends on the size of the powder material. This parameter directly affects the quality of the

produced geometry.

3.2.3. Process Parameters

The beam current parameter is associated with the energy input of the manufacturing
process. The choice of this current depends on the geometry of the sample that is produced.
Low current ratings are used for thin parts, while high current ratings are used for large parts.
The focal offset is the offset from the zero position to the focal plane. Increasing the focal
offset decreases the energy density and melting depth. Thanks to the preheating temperature,
while the layers are being produced, the dust particles are easily sent away with the high

energy produced by the beam. This temperature is close to the main melting temperature.
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Table 3.3: Pre-heating Parameters of ARCAM Q20 Plus

Focus Offset 44 mA

Melting Focus Offset 100 mA

Max. Heating Time 60 =

Square Dimension 144 mm

Part Offset 4 mm

Maximum Current 48 mA
Pre- Heating Process 1/ Max. Beam Current 36mA /43 mA
Pre- Heating Process 2 Min. Beam Current 36mA /43 mA

Beam Speed

40300 mmy's £ 40500 mm/s

Repetition Number

3/3

Line Offset

0.4 mm /0.4 mm

Scanning Depth 0.09 mm /0.09 mm

Table 3.4: Melting Parameters of ARCAM Q20 Plus

Melting Surface 925 °(C
Temperature
Maximum Depth 65 mm
Contours Contour Number 3
Outer Contour / Inner Bundle Speed 450 mm/s { 450 mm/s
R Max. Bundle Current 9mA ./ 9mA
R 0.27 mm /0.18 mm
Focus Offset 6mA/6mA
Scanning Max. Beam Current 28 mA
Line Offset 022 mm
Scanning Depth 0.9 mm
Min. Current 35mA
Scanning Length 45 mm

Table 3.5: Support Structure Parameters of ARCAM Q20 Plus

Current 10 mA
Speed 1950 mm/'s
Focus Offset oOmA
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3.2.4. Specimen Orientations

As aresult of the literature review, the samples of the same size produced in different
construction directions by the EBM method that was placed on the same table can show
different mechanical properties [58]. Within the scope of this thesis, in order to examine the
mechanical effects of the building direction of specimens, two different construction
directions were chosen vertical and horizontal. Five samples were produced for each

orientation as shown in Figure 3.3.

Figure 3.3: Samples manufactured in different building directions

The support structure was used because the surface area of the samples produced in
the horizontal construction direction was too large to be built layer by layer. These support
structures prevent distortions that occur due to thermal expansion during production. The
support structure helps to dissipate heat. The support structure of the horizontal samples can

be seen in Figure 3.4 and Figure 3.5.
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Figure 3.5: Horizontal Sample Lower Support Structure

The static and dynamic mechanical properties of the manufactured specimens are
affected by the position of these samples on the table during production. The cooling rates
of the samples at different positions on the table are different. This is due to the fact that
samples of the same size are produced with different cooling rates.

The manufactured samples need certain cleaning processes after manufacturing. This
cleaning process varies according to the dimensions of the produced parts. The roughness is
too high on the surfaces where the samples produced in the horizontal direction come into
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contact with the table can be seen in Figure 3.6. Therefore, the surfaces need to be processed
before the mechanical tests.

Figure 3.6: Sample Surface Roughness after Manufacturing

After manufacturing the parts, the surface needs a surface finish because of the
support structure removal. The sandblasting process was carried out to minimize surface

defects and support structure remnants. The process can be seen in Figure 3.7.

Figure 3.7: Sandblasting of Manufactured Part

After the sandblasting process, the parts are located in sanding machine for stoning.
In the stoning process, the surface remnants were removed and the surface finishes were

optimized for demanded value.
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4. EXPERIMENTAL STUDY AND RESULTS

Three in horizontal and three in vertical building directions, a total the six samples were
produced by ARCAM Q20 Plus Additive Manufacturing Machine. During the process, all
of the manufacturing parameters were not changed except the building direction. The support
remnants and surface remnants were removed by using sandblasting and grinding methods
because the remnants decrease the both static and dynamic properties of the specimens. The
quasi-static tensile tests and hardness tests were performed on the manufactured specimens

to examine manufacturing direction effect on mechanical properties.

4.1. Density Measurements

The Ti6Al4V grade 5 powder is used for specimen manufacturing and the dimensions
of the specimens is around 45-106 um. The particle size and Volume graph is given in Figure
4.1.
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Figure 4.1: GE Company Ti-6Al-4V Grade 5 Particle Size and VVolume Graph [59]

After sandblasting and stoning of the specimens, the density was measured by
Archimedes Density formula. The density was measured with pure water (H20) with 1.0
gr/cm? by scales. Before the measurement, the temperature of the pure water was measured,
and then the weight of the specimen was measured in air. In addition, the weight of the

specimen was measured in pure water. Then, the results were used in equation 4.1.
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p= "iinb (po —pL) Py 4.1)

Mmq

where,

p = Specimen Density

ma= Specimen weight in air

mp= Specimen weight in pure water

po = Density of pure water (1.0 gr/cm?)
pL = Density of air (0.001223 kg/m?)

The densities were calculated both the vertically and horizontally manufactured
specimens. The Powder (Ti-6Al-4V Grade 5) and specimen densities are shown in Table
4.1.

Table 4.1: Density comparison of Ti6Al4V and Specimens

Specimen Density (g/cc)
Ti-6Al-4V Grade 5 4.43

Y (Z-direction) 4.39 (99.2%)

D (X-direction) 4.40 (99.4%)

There is 0.6-0.8% density difference between Ti6Al4V Grade 5 Powder density
value and the manufactured specimens. This difference occurs comes because of the
manufacturing method. In the additive manufacturing method, some porosities occur in the
microstructure. Therefore, the density values change according to the manufacturing
properties and methods and manufacturing direction.

4.2. Surface Roughness Test of Specimens

For surface roughness measurements, Mahr Marsurf GD25 that is shown in Figure
4.2 was used. The rotary probe is adjusted according to the manufacturing plane with respect
to the specimens’ surface. A complete revolution causes an inclination modification of 6

pm/mm; one scale division corresponds to an inclination modification of 0.1 pym/mm.
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Figure 4.2: Mahr Marsurf GD25 Surface Roughness Test

The surface roughness measurements were taken from three different locations on
each specimen. The measurement direction is selected as perpendicular to its horizontal
length linearly and the average surface roughness values Ra are measured via a computer
program that is connected to the tester. The measurement directions (1, 2, and 3) are shown

in Figure 4.3.

Figure 4.3: Surface Roughness Measurement Directions
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During the measurement, the three measurements were done between the gauge
length of the specimens. The vertically (Y specimens) manufactured specimens have higher
mean surface roughness values compared to horizontally (D specimens) manufactured
specimens. The results of the surface roughness measurement are shown in Table 4.2. The
D specimens have lower surface roughness; therefore, the elongation rate that is shown in
Table 4.7 is higher for the Y specimens. The surface finish quality of the specimens affects
the elongation rates, YS, and UTS values and these mechanical properties increase with

improved surface finish values.

Table 4.2: Surface Roughness Results of Specimens

Specimen Code First Trial Second Trial Third Trial Mean Value
[nm] [nm] [nm] Ra
[pm]
Y (Z-direction) 0.58 0.80 0.56 0.65
D (X-direction) 1.04 0.70 0.14 0.63

The support removal process is also different for D and Y samples because the
manufacturing direction is different. Therefore, each specimen has its own support structure.
These supports are removed with grinding, stoning, and sandblasting processes. However,
the support structure effects occur in each specimen. Therefore, the roughness results differ

in specific locations.

In Alok Gupta, Chris J. Bennett, and Wei Sun's research [6] it was reported that the
surface roughness affects the YS and UTS values and also changes the ductility of the
material. Therefore, the elongation rate changes according to the surface finish process.
When the full of internal pored specimens are machined, the pores will move to the surface

and decreases the fatigue performances, and cause detrimental effects [6].

4.3. Hardness Test of Specimens

A Hardness Test is a useful method to examine the static strength of the materials. In
this thesis for the hardness test, the BMS 200-RBOV hardness tester machine was used. The
machine is shown in Figure 4.4 and Figure 4.5. In addition, the diamond cone probe was
used for the measurements. The test machine can determine the average of 50 Rockwell

(HRC) with a diamond indenter and 200 Brinell with a 2.5mm ball bearing indenter. For this
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test, Rockwell (HRC) value was measured because of the limitations of Ti-6Al-4V
mechanical properties. The Ti6Al4V Grade 5 Powder has 36-41 Rockwell (HRC) and 379

Brinell values. Therefore, the tester cannot provide Brinell value but can measure Rockwell
(HRC) value.

= <
{
\ [ ' /
,

Figure 4.5: Dimond Cone Indenter
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The hardness test was done according to 1SO 6508-1 standard. The preliminary force
of 10kg (98.07N) was maintained for a duration of 2 seconds. Then, the total test force of
150 kg (1.471kN) was maintained after 1-5 seconds. Then, the measurement was read. The
three measurements were done from the gripping area of both vertically and horizontally
manufactured specimens. The measurement points can be seen in Figure 4.6. The hardness
test results are shown in Table 4.3.

Figure 4.6: Hardness measurement points

Table 4.3: Rockwell Hardness Results of Specimens

Specimen Code  Measurement Measurement2 Measurement3 Average

1
D (X-direction) 28 HRC 28 HRC 28 HRC 28 HRC
Y (Z-direction) 31 HEC 31 HRC 31 HRC 31 HEC

According to the measurements, the vertically built specimens (Y) are a higher
Rockwell C hardness value than the horizontally built specimens (D). These results support
the YS and UTS values of the vertically and horizontally built specimens that are shown in
Table 4.7. The vertically built specimens (Y) have better YS and UTS values than the
horizontally built specimens (D). However, both of the specimens have lower Rockwell C
values than the pure Ti-6Al-4V Grade 5 (36-41 HRC). Therefore, EBM-built specimens
become softer than the pure Ti6AI4V alloys.

The lower HRC value of the Ti6Al4V Grade 5 that is observed can be ascribed to the

existence of the porosities and o and [ phases or related artifacts during manufacturing.

51



However, for the pure Ti6Al4V, the Rockwell Hardness value was marginally higher than

the additively manufactured specimens [58].

4.4. Microstructure Texture

Before the investigation of the microstructure texture of the parts, the cutting, surface
quality, and preparation processes need to be done according to demanded texture quality.
The first process of microstructure texture is the sensitive cutting process. This process was
done in the sensitive cutting machine Brilliant 220 which is shown in Figure 4.7 and the

view of the specimen after cutting process is shown in Figure 4.8.

Figure 4.7: Brilliant 220 Sensitive Cutting Machine
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Figure 4.8: Sensitive Cut Point of Specimens

After the cutting process, the pieces are located into the Bakelite in Ecopress 50
machine which is shown in Figure 4.9. This process is required for the grinding and polishing
process because the dimensions of the cutting pieces are very small, so Bakelite makes it

easier to polish the pieces. The piece in Bakelite is shown in Figure 4.10.

Figure 4.9: Ecopress 50 Bakelite Machine
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Figure 4.10: Piece of Specimen in Bakelite

The third process of the microstructure texture is the sanding and polishing process.
In this process, the pieces surface quality in Bakelite is increased within the polishing
process. This process provides better surface quality and also minimizes the effect of
manufacturing remnants. Within this process, the microstructure texture of the parts can be

seen well. The Sanding and Polishing machine is shown in Figure 4.11.

Figure 4.11: Struers Tegramin 25: Sanding and Polishing Machine

The Final process of the microstructure study is Chlorine analyzing process. In this

process, the pieces are exposed to Chlorine for 10 seconds. This process provides a better
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microstructure analysis opportunity because chlorine opens the pores of the microstructure
of specimens. After this process, the pieces are studied in a microscope LEICA DM2700M
which is shown in Figure 4.12. While scanning the microstructure of the specimens’, the

yellow-colored filter is used to take clear images in the microscope.

Figure 4.12: LEICA DM2700M - Microscope

The mechanical properties of Ti6Al4V, which is manufactured by the EBM process
change among the sources. The process parameters like scanning speed, pre-heating, beam
current, and also building direction has a direct effect on the final static and dynamic

mechanical properties because of the anisotropic microstructure of the products.

The microstructure of Ti6Al4V Titanium Alloy includes o and § phases that have a
crystal structure with hexagonal close-packed and body-centered cubic respectively. For this
Titanium Alloy, Aluminum is used to balance o phases at higher temperatures; however,
Vanadium is used to balance the § phase at lower temperatures [60]. The microstructure of

the specimens can be examined when the planes are parallel oriented to building directions.

The specimens that were manufactured with 185x20x2.5mm are cut from the

midpoints vertically and the microstructure of the specimens that were manufactured in two
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directions is studied. When the microstructure of the Ti6Al4V is examined, o + 3 phases are
dominant, however, the a phase seems less than the 8 phases in the middle regions of the
specimens. o + 3 alloys like Ti6Al4V can be controlled by HIP to adjust the B phases of the
parts. This provides some advantages in the mechanical properties of the parts and also the
o + B materials show good manufacturing properties, high strength in the room, and
moderately elevated temperatures [61].

In Figure 4.13 and Figure 4.14, the dark places represent a phases and the light places
represent 3 phases. The grain size of the Ti6Al4V differs in different locations because of
the a + B pattern. The vertical grains can affect the specimens’ mechanical properties because
of the building directions. The Y specimens have lower elongation rates. In addition, the
grain direction of the specimens can be associated with the tensile properties of the Ti6AI4V.

The a and B phases of D and Y specimens can be seen in Figure 4.13 and Figure 4.14.

a phases (dark)

B phases (light)

Prior B grains

Figure 4.13: Y Specimens o and 3 Phase Texture
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o phases (dark)

B phases (light)

Prior B grains

Figure 4.14: D Specimens a and B Phase Texture

Y (Vertically Manufactured) specimens have higher hardness values than D
(Horizontally Manufactured) specimens. When the microstructures of these specimens are
examined, the a phase seems thinner in the Y specimens’ microstructure and o phases

support the higher hardness value of vertically manufactured specimens.

The prior B grains symbolize the manufacturing direction of the specimens. For D
specimens the grain direction seems as vertical, for Y specimens the direction seems as
horizontal to the manufacturing direction. The a + B microstructure transition was seen in
the prior  grain microstructure. The Y specimens have lower elongation rates compared to

the D specimens because the grain direction of the Y specimens is parallel to the tensile load.
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Porosity

Figure 4.15: Y Specimens Porosity Texture

According to the microstructures of the Y and D specimens, the porosities can be
indicated in texture. Therefore, these porosities in the structure decrease the strength
properties of the parts. The porosity pattern is not homogeneous and its size and location
change according to the manufacturing. It causes a decrease in YS, UTS, and E values
because it affects the strength of the material in specific locations. The porosity pattern of

the parts can be seen in Figure 4.15 and Figure 4.16.
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Porosity
Figure 4.16: D Specimens Porosity Texture

4.5. Quasi-Static Tensile Test Method and Parameters

The quasi-static or uniaxial tensile test is the most important and the most frequently
used mechanical test worldwide, which determines the strength and elongation parameters
for the applications of metals, which are of decisive importance for the design and
construction of components, everyday objects, machines, vehicles, and structures. The test
task is to determine material parameters reliably and reproducibly and to ensure international
comparability.

The uniaxial tensile test is a method of determining characteristic values for yield point
or yield stress, tensile strength, modulus of elasticity, Poisson ratio, and elongation at break.
Additionally, lower yield point, yield point elongation, and elongation at maximum force are
also determined.

As stated in section 3.2.1, the specimens were manufactured according to ASTM E8
standard. The Ti6AI4V grade 5 powder is used for specimen manufacturing and the
dimensions of the powder are around 45-106 um. ASTM ES8 / E8M standard allows the use
of different specimen types like bars, sheets, tubes, and round specimens for testing options
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(See Figure 4.17). However, the rectangular specimens are mostly used in the tensile tests
with a width of 12.5 mm and gauge length of 50 mm [62].

Figure 4.17: ASTM E8 Test Specimen Standard [62]

The tensile test was performed according to the test standard 1SO 6892-1 for the
tension testing. The tests have been performed at room temperature and 50% humidity.
Zwick Roell Z250 with a gauge length of 50mm has been used to measure the specimens’
Elongation Point (Rpo.2), Tensile strength (Rm), Young Modulus (E), Elongation at fracture
(A). The machine parameters are shown in Table 4.4. The tensile test setup is shown in

Figure 4.18 and Figure 4.19. The fractured test specimens are shown in Figure 4.20.

Table 4.4: Zwick/Roell Z250 Machine Parameters

Model Zwick Z250
Maximum Test Force (tensile / compression) [KN] 250
Maximum crosshead travel [mm] 320
Test speed [mm/min] 0,0005...600
Force measurement accuracy with load cell from 0,5 kN class 1
from 2,5 kN class 0,5

60



Z250

Zwick [ Roen

Figure 4.19: Tensile Test of Specimens
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Figure 4.20: Fractured Specimens After Six Tensile Tests

45.1. Tensile Test Results

Here, the vertically (Z-direction) manufactured test specimens are coded as Y1, Y2,
and Y3 while the horizontally (X-direction) manufactured test specimens are coded as D1,
D2, and D3.

The test results were collected via an electronic system that is connected to the test
machine. The numerical and graphical results of the six specimens can be seen in this section.
Yield strength (Rp0.2), Tensile strength (Rm), Young Modulus (E), Elongation (elastic and
plastic) (At (corr.)), Gauge Length (LO), Specimen Thickness (a0), and center width (b0) are
shown in Table 4.5 and Table 4.6. The Y and D specimens’ stress and elongation graphs are
shown in Figure 4.21 and Figure 4.22.
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Table 4.5: Vertically (Z-direction) manufactured test specimens (Y1, Y2 and Y3).

Legends Specimen E Rpo.2 Rm At Lo ao bo
Code (GPa) (MPa) (MPa) (corr) mm mm mm
%
Red Y1 111.017 793.5 895.1 10.4 25 251 10.78

Y2 104.979 820.1  938.2 9.0 25 2.28 10.46

Blue Y3 102.311 830.8  925.5 12.1 25 2.52 10.66
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Figure 4.21: Y1, Y2 and Y3 specimen Stress and Elongation graph
Table 4.6: Horizontally (X-direction) manufactured test specimens (D1, D2 and D3).
Legends Specimen E Rpo.2 Rm At Lo ao bo
Code (GPa) (MPa) (MPa) (corr) mm mm mm
%
Red D1 103.967 810.4 909.5 12.6 25 2.53 9.85

D2 104.650 778.7  893.4 13.8 25 2.56 9.94

Blue D3 108.611 8235  928.6 14.8 25 2.33 2lige]
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Figure 4.22: D1, D2 and D3 specimen Stress and Elongation graph

Elongation in %

The uniaxial tensile test results of Ti-6Al-4V Grade 5 specimens in the form of

rectangular cross section that were produced in the vertical and horizontal building directions

are shown in Table 4.7. The Powder, Cast and Wrought Ti6Al4V mechanical properties are

also given to make comparison among Titanium Alloys.

Table 4.7: Tensile test Results and Comparison with Titanium Alloys.

Specimen Code Young’s YS UTS Elongation
Modulus (Offset 0.2%) [MPa] %
[GPa] [MPa]
Ti6Al4V Grade 5 120 951 1020 14
Powder (GE Comp.)
Cast Ti6Al4V Material 114 758 860 >8
(ASTM F1108)
Wrought Ti6AlI4V 114 860 930 > 10
Material (ASTM
F1472)
Y Specimens 106.1 814.8 919.6 10.5
(Z-direction)
D Specimens 105.75 804.2 910.5 13.7
(X-direction)

The tensile test results show that the strength values of the rectangular samples that

are produced in vertical and horizontal directions are close to each other. However, the

vertically manufactured samples (Y Specimens) are more brittle than horizontally
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manufactured (D Specimens) samples. The Y Specimens have lower elongation rates than
the D specimens. (See Table 4.7)

In addition, the horizontal and vertical specimens are compared with the Ti6Al4V
Grade 5 Powder, Cast, and Wrought Titanium in Table 4.7. The table shows that the Y and
D specimens have better YS, UTS, and elongation rates than that of Cast Ti6Al4V. However,
their YS, UTS, and elongation rates are less than the corresponding values of Ti6AI4V
Powder and Wrought Ti6Al4V. In fact, the difference between the values of wrought
titanium and the specimens tested is in the range of 1-2%. The difference between strength
and elongation values is affected because of the machining parameters like the scanning
speed, beam current, heat values, and also manufacturing technique. As stated in the
microstructure inspection part, the specimens that are manufactured by the EBM method
have porosities in their microstructures. Therefore, the static and dynamic mechanical
properties show a difference compared with values for the block materials. In addition, the
powder dimensions also affect the microstructure because the process parameters are
selected according to the powder dimensions and the material so, the microstructure and the
density of the specimens are affected. The tensile strength of the Y and D specimens
decreases because of the presence of the porosities that are discussed in the previous section.
In conclusion, the process parameters, manufacturing technique, powder properties, and

microstructure affect the mechanical properties of the specimens used in this thesis.

According to the work reported in ref [6], the rectangular dog-bone specimens show
similar mechanical properties with the horizontally manufactured rectangular blocks and the
vertically build cylindrical specimens. In their research, the overall Yield Strengths of the
vertical cylindrical specimens and the horizontal rectangular specimens were 761 MPa and
744 MPa, respectively. The corresponding values in this study are 814.8 MPa and 804.2
MPa, respectively. The Ultimate Tensile Strength of the vertically manufactured cylindrical
specimens and the horizontally manufactured rectangular specimens were 842 MPa and 838
MPa in ref [6]. In the present study corresponding UTS values were 919.6 MPa and 910.5
MPa respectively. According to these results, the rectangular dog-bone Y and D specimens
have higher strength values than the results reported by Gupta et al [6].

In addition, in their research [6], they observed that the build direction also affects

the yield and ultimate tensile properties. The vertically manufactured specimens have higher
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YS and UTS compared to the horizontally manufactured specimens. These results are
consistent with the results reported in ref [6]. However, the horizontally manufactured
specimens are more brittle than the vertically manufactured specimens. The vertically
manufactured specimens lack fusion areas that are perpendicular to the load axis and the

stress concentration locations that cause premature failure because of reduced ductility [6].

In the microstructure texture of the Y and D specimens, the porosities can be seen in
texture. Therefore, these porosities cause lack of fusion areas in the structure so, the static
and dynamic mechanical properties of the specimens are affected because of the improper
fusion areas. When the microstructures of these specimens are examined, the o phase seems
thinner in the Y specimens’ microstructure and o phases support the higher hardness value
of vertically manufactured specimens. The manufacturing direction of the Y specimens have
perpendicular to the load axis in the quasi-static tensile tests; therefore, it is expected that
the elongation value is lower than the corresponding value of X specimens. Due to the higher
hardness value of Y specimens, it becomes more brittle than X specimens. Therefore, the

microstructure of the specimens also supports the results.

It can be concluded here that the Y and D specimens’ tensile test results show
similarities with the results reported in ref [6]. The Y (vertically built) specimens have better
YS and UTS than D (horizontally built) specimens. The mechanical property differences
between Gupta et al. [6] specimens’ and D & Y specimens tested in this thesis are around 9-
10%. The differences occur because of the powder layer thickness, manufacturing
parameters, etc. They used 70-200 um powder size and Arcam A2XX EBM machine for the
production of the specimens. However, in this thesis, 45-106 pm powder size and Arcam
Q20 Plus EBM machine were used.

According to the results, the research shows that the machine parameters, design
shapes, and powder dimensions affect the mechanical properties. In the thesis, the dog-bone
rectangular Y and D specimens manufactured indicate better mechanical properties than the

results reported in ref [6].
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5. HIGH STRAIN RATE TESTS

5.1. Split-Hopkinson Pressure Bar Test Description

The Hopkinson Pressure Bar (HBB) test is a widely used technique to determine the
high-velocity deformation properties and structural equations of materials. Compression,
tensile, shear, and bending tests can be performed at high speeds with this test method which
is developed on the basis of the principle of unidirectional elastic wave transmission in long
bars. When combined with numerical methods, the HBB test method provides researchers
with a simple and economical method for determining the impact phenomena in the
laboratory and verifying the material structural equations in a short time [63].

The Hopkinson test set up contains a gas gun, a striker rod, Teflon bearings, shock
absorbers, a multiplier, incident and transmitting bars, and a data collection unit that are
shown in Figure 5.1. A portion of the unidirectional stress wave (depending on the
mechanical impedance of the material under test) is generated by the impact of the striking

rod against the field rod, which is thrown from the gas gun at different velocities [63].

Calculations are made with the assumption of unidirectional movement of elastic
stress waves in long rods. The amount of stress in the area bar varies with the ejection speed
of the striking bar and the modulus of elasticity and elastic wave speed of the bar material.
The time interval of the elastic wave on the field rod depends on the striking rod length and
the elastic wave speed. The elongation of the field rod and conducting rod is calculated by
the amount of incoming, returning, and transmitted strains. The stress formed in the sample
changes with the amount of transmitted strain and the cross-sectional areas of the sample
and the bar. The deformation rate of the sample is adjusted by changing the speed of the
striking rod [63].
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Figure 5.1: Schematic of Split-Hopkinson Pressure Bar used in experiments [64]

With the HBB setup, the compressive stress-strain behavior of the materials at
different deformation rates like low and high speeds and the wave transition in multi-layer
materials can be determined. When combined with static velocity experiments, structural
equations can be created. In addition to the compression test, high-speed tensile, shear, and
bending tests can also be performed on the HBB assembly with appropriate modifications.
High and low-temperature mechanical tests and adiabatic heating measurements of the
sample during deformation were also developed in the HBB setup [65]. Damages at high

deformation rates can be determined by using a fast camera [66].

The tested samples of strain rate (€), the strain (€), and the stress (o) can be calculated by

using the following equations: [67]

0= — e (5.1)
e(t) = —% Jy ee(t) dt (5.2)
o(t) = Boey(®) (5.3)

where Cy is the elastic wave velocity of the bar, Ls is the sample length, As and Ay are the
sample and bar cross- sectional areas, &j, €, and & are, respectively, the incident, reflected

and transmitted strains that are measured from strain gages mounted on the bar. [67]
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The equations that are shown above are drawn based on the test assumptions
according to the sample and HBB bars force interfaces. The force equation of the specimens
can be expressed by equation 5.4 [68].

_ 2(F1—-Fp)
Fi1+F,

(5.4)

where Fy and F are the front and back surface forces on the Split-Hopkins Bar setup. The
number R is a measure of the deviation from stress equilibrium in the specimen. When the
value of R that is expressed in equation 5.4 reaches 0, the stress equilibrium in the setup is
reached [68].

T. Zhou et al. [69] stated that the EBM Ti6A14V specimens were imposed to
compressive deformation at under high strain rates. In his investigation, the compression
tests were performed to obtain dynamic mechanical properties of specimens for strain rate
range of 1.0 x 102 s to 1.0 x 103 s,

The strain rate for this test has five different intervals for quasi-static and high strain ranges
e Low strain rate ranges from 1.0 x 10*s?t0 1.0 x 102 s,
e Medium strain rate ranges from 1.0 x 102s?t0 1.0 x 10 s,
e High strain rate ranges from 1.0 x 10 s to 1.0 x 10% s,

e Ultra-high strain rate is 1.0 x 10 s to 1.0 x 10* st and beyond 1.0 x 10* s [70].

5.2. Specimen Manufacturing and Preparation

The specimens are manufactured from Electron Beam Melting Technology with the
same Powder (GE Company Ti6Al4V Grade 5) that is used for tensile test specimens.
However, the specimens that were used for Split-Hopkins Bar Test were manufactured
vertically and horizontally with the diameter of 8mm. The specimens’ examples are shown

in Figure 5.2.
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Figure 5.2: Schematic of Split-Hopkinson Pressure Bar Specimens After Manufacturing

The vertically manufactured specimens have a support structure on the beginning
side of the manufacturing, however, the horizontally manufacture specimens have a support
structure on the lateral faces. The EBM machine starts production from the outer to the inside
of the specimens, Therefore, the surface of the specimens has powder remnants and bad
surface quality. In order to remove the remnants of the powder and reach a good surface
quality, the grinding and turning processes were carried out on the specimens’ surface in a
lathe. In addition, the specimens were cut equally into 24 pieces for the Split-Hopkins Bar

Tests. The appearance of the specimens after surface processes can be seen in Figure 5.3.
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Figure 5.3: D and Y Specimens for Split-Hopkinson Bar Test

The test specimens are compressed with the REL Split-Hopkinson Pressure Bar setup
which is shown in Figure 5.4. The test platform consists of an automated compression
accelerator with 36-inch barrels, C350 Compression Bar Set with Strikers and a Momentum
Trap, a Data acquisition package, a stop and stands with hydraulic energy absorption, and a
200 Psi air compressor [71]. The specimens are located between the bars which is shown in
Figure 5.5.
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Figure 5.4: SHPB Compression System REL [71]

Figure 5.5: SHPB Compression System Specimen Location [71]
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5.3. SHPB Compression Test Results

During the test, vertically and horizontally manufactured specimens are used for

different pressure values. The speed is controlled by the pressure difference. For this test,

the high and ultra-high strain rate intervals are used for h ranges. The pressures are selected

as 15, 45, and 75 psi respectively. The initial diameters and lengths are measured for all the

specimens before the test. After the test, the final diameters, lengths, and speeds are taken

from the test. The test data for the Y and D Specimens can be seen in Table 5.1 and Table

5.2. According to the test data, the strain rate vs. time, stress vs. time, strain vs. time, and

stress vs. strain graphs were obtained. The SHPB test results are shown in Figure 5.6 to

Figure 5.17.

Table 5.1: Y Specimens Hopkinson Test Parameters (Vertically Manufactured)

Specimen Initial Initial Final Final | Striker | Pressure | Temperature | Speed
Code Diameter | Length | Diameter | Length | Bar (Psi) (C9 (m/s)
(mm) (mm) (mm) (mm) | Length
(mm)
Y1 6.05 6.10 6.04 5.98 300 15 25 7.852
Y2 5.85 6.05 6.05 5.97 300 15 25 8.065
Y3 6.00 6.11 6.11 5.63 300 45 25 13.76
Y4 6.03 6.11 6.11 5.50 300 45 25 13.59
Y5 6.03 6.10 6.10 5.23 300 75 25 17.51
Y6 5.97 6.07 6.07 5.43 300 75 25 17.47
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Table 5.2: D Specimens Hopkinson Test Parameters (Horizontally Manufactured)

Figure 5.10: D specimens 15,45,75 Psi Strain Rate vs. Time Graph
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Specimen | Initial Initial Final Final | Striker | Pressure | Temperature | Speed
Code Diameter | Length | Diameter | Length | Bar (Psi) (C9 (m/s)
(mm) (mm) (mm) (mm) | Length
(mm)
D1 5.98 6.28 6.02 6.00 300 15 25 8.108
D2 5.89 5.99 5.93 5.88 300 15 25 7.942
D3 5.95 5.96 6.24 5.57 300 45 25 13.68
D4 5.96 6.05 6.21 5.67 300 45 25 13.50
D5 5.88 6.02 6.40 5.24 300 75 25 17.43
D6 5.94 6.18 6.41 5.38 300 75 25 17.08
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For the SHPB test results, the test results were obtained from data collection units of
the SHPB machine. The graphs that are shown above are comprised of pulse signals that are
collected by the strain gauges of the test setup. In addition, the Striker Bar length that is
shown in Table 5.1 and Table 5.2 affects the strain rate results of the specimens. However,
it was selected as 300mm for the whole test.

To obtain the test data graphs, the incident, reflected, and transmitted waves are
adjusted to achieve truer data. The specimens are tested in high and ultrahigh strain rates and
the speed of the test is adjusted with pressure variance. It is seen that the pressure difference
affects the stress, strain, and strain rate of the specimens. Besides, the final diameters become
higher and the final lengths become lower with the increase in pressure. According to the
results, the UTS of the specimens increases when the strain rate increases. In addition, the

plastic deformation stage of the specimens starts when the strain rate becomes 1.0 x 10° s,

For the Y specimens, the strain rates can be seen as 4.7 x 10% s, 8.0 x 10? s* and
1.2x 10% st for the pressures of 15, 45 and 75 Psi respectively. In addition, the ultimate
stress values become 1130 MPa, 1430 MPa and 1520 MPa according to the related strain
rates. It is shown that, when the pressure is increased, the strain rates and true stress values

also increase.
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For the D specimens, the strain rates can be seen as 5.0 x 10% s, 7.5 x 10% s and
1.1 x 10 st for the pressure of 15, 45 and 75 Psi respectively. In addition, the ultimate stress
values become 1180 MPa, 1490 MPa and 1580 MPa according to the related strain rates.

For the comparison of the results for Y and D specimens, the same strain rates are

selected to compare the ultimate tensile stress values of the specimens. The results are shown
in Table 5.3.

Table 5.3: Y and D Specimens SHPB Ultimate Stress Comparison in Same Pressure and Strain Rate

Specimen Code Pressure Strain Rate Ultimate Stress
(Psi) s (MPa)
15 4.7 x 10? 980
Y 45 8.0 x 102 1400
75 1.2 x 10° 1510
15 5.0 x 102 860
D 45 7.5 x 102 1320
75 1.1x10° 1380

According to the test results, it is seen that there is a difference between the Ultimate
Stress values for Y (vertically manufactured) and D (horizontally manufactured) specimens.
The vertically manufactured Y specimens have higher ultimate stress (around 7-8%) values
and are in the same strain rate and pressure conditions. In addition, when the test pressure is
increased, the adiabatic heat of the specimens is increased because of the heat accumulation
of the shear band. In addition, the Ultimate Stress decreases because of heat accumulation
and thermal softening. When the pressure is increased during the tests, the strength values
show that the material strength and the pressure values are directly proportional to each

other. Therefore, the stress values of the specimens increase according to the pressure value.

In S. Gangireddy et al. research [7], the Ti6Al4V dynamic compression behavior, the
horizontal and vertical specimens were manufactured with 5mm diameter. Dynamic
compression tests were performed in their research on specimens at a strain rate of 1500 s

using an SHPB system. According to the results, both as-built horizontal and vertical
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specimens show high strength values between 1600 and 1700 MPa [7]. The vertical and
horizontal specimens’ True Stress vs. True Strain results are shown in Figure 5.18. The V,

D, C, X and O letters symbolize manufacturing locations of specimens that were specified

in Figure 1.3.
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Figure 5.18: Dynamic true stress—true strain curves of the five locations of S. Gangireddy et al. research [7].

The vertically manufactured specimens have better stress values than the horizontally
manufactured specimens. The When research results reported in [7] are compared to the
results of this thesis, it is clearly seen that the built direction has an effect on material
properties at high-strain values. Therefore, the built direction effect starts from low-strain

rates and continues to high-strain rates.

In T. Zhou et al. research [69], the dynamic compression shear of the Ti6AI4V at
high and ultra-high strains were studied. The specimens were manufactured vertically. The
SHPB tests were conducted between 5.0 x 102 and 9.0 x 10° high and ultra-high strain rates.
The results are given in Table 5.4 and Figure 5.19.

Table 5.4: Ultimate stress of specimen under high strain rate of T. Zhou et al. research [69]

Strain rate (x 10*s~') 5.0 10.0 50.0 70.0 90.0

Ultimate stress (MPa) 1359 1449 1467 1527 1576
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Figure 5.19: True stress-strain curves of SHPB compression test under high strain rate of T. Zhou et al.
research [69]

According to the T. Zhou et al. research [69] results, the Ultimate Stress increases
directly within strain rate increase. When the Table 5.3 and Table 5.4 are compared, Y and
D specimens have 1510 and 1380 MPa Ultimate Stress value at 1.2 x 10% and 1.1 x 10° strain
rate respectively. In T. Zhou et al. results, the vertical specimens have 1449 MPa Ultimate
Stress at 1.0 x 10% strain rate. Therefore, T. Zhou et al. results support the results in section
5. As a result, the vertically built specimens show higher Ultimate Stress value at similar
strain rates compared to horizontally built specimens.
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6. CONCLUSION AND FUTURE WORK

In this study, the mechanical properties of the parts that are manufactured from Ti6Al4V

Grade 5 Powder in different building directions by the Electron Beam Melting technique

were studied. Since the purpose of the thesis is to evaluate the effects of building direction

on the static and dynamic mechanical properties of the Ti6Al4V alloy, the test specimens

are manufactured in two different directions which are horizontal and vertical because of the

research about building direction effect on mechanical properties of Ti6Al4V. By using these

specimens, the density measurements, surface roughness measurements, tensile tests,

hardness tests, microstructure texturing observations, and the high and ultra-high strain rate

compression tests were carried out.

According to the test results obtained in this thesis, the following conclusions can be

drawn;

The vertically manufactured parts (Y Specimens) have higher YS, UTS, and Elastic
Modulus than horizontally manufactured parts (D specimens). However, the
vertically manufactured specimens have lower elongation rates than the horizontally

manufactured specimens.

The Y and D specimens have better yield, ultimate tensile strength, and elongation
rates than Cast Ti6Al4V; however, they have a lower YS, UTS and elongation rates
than that of Ti6Al4V Powder Grade 5 and Wrought Ti6Al4V. However, the
difference between the values for the wrought titanium and the specimens tested is

in the range of 1-2 %.

According to the measurements, the vertically built specimens (Y) have higher
Rockwell C hardness values than the corresponding values of the horizontally built
specimens (D). The vertically built specimens (Y) have higher YS and UTS values
than the horizontally built specimens (D). However, both of the specimens have a
lower Rockwell C value than that of the pure Ti-6Al-4V Grade 5 33 HRC. Therefore,
the EBM-built specimens are softer than the values of Ti-6Al-4V alloy.

The vertically (Y specimens) manufactured specimens have lower mean surface
roughness values compared with the horizontally (D specimens) manufactured
specimens. The D specimens have lower surface roughness; therefore, the elongation

rate is higher than the corresponding value of the Y specimens.
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e The Ti6Al4V specimens have a + B dominant microstructure. The Y (Vertically
Manufactured) specimens have higher hardness values compared to D (Horizontally
Manufactured) specimens. When the microstructures of these specimens are
examined, the a phase seems thinner in the Y specimens’ microstructure and o phases
support the higher hardness value of vertically manufactured specimens.

e The Ti6AIl4V parts can be manufactured by EBM technology by optimizing the
process parameters to obtain better mechanical properties.

e The Y specimens show higher UTS values compared to the D specimens under ultra-
high strain rates.

e The BCC (body-centered cubic) crystal structure of the Ti6Al4V offers higher
mechanical properties. This structure consists of the  phase. It provides more planes
to deform the titanium alloy. Therefore, the volume fraction of the a and  phases
have an effect on the tensile properties of Ti6AI4V.

e The strength properties of the Ti6AI4V increase while the pressure increases in
compression tests.

e According to the thesis results, the designs can be formed pursuant to vertical
manufacturing constraints under both compressive and tensile loads because
vertically built specimens’ mechanical properties are close to the required powder

mechanical properties.

The following topics can be studied as future work over this study:

e The fatigue and dynamic properties of Ti6Al4V are manufactured in different
building directions by Electron Beam Melting technology.

o The effect of the HIP process on microstructure and mechanical properties of
Ti6Al4V manufactured by AM technology.

o FEM analysis can be carried out by using the data obtained from SHPB tests.

e Using the SHPB test set up a tensile high strain rate test can be carried out and the
material model can be developed.
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