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ABSTRACT

INVESTIGATING EFFECTS OF HEAT TREATMENT PROCESSES ON
MICROSTRUCTURAL AND MECHANICAL PROPERTIES OF
ADDITIVELY MANUFACTURED 18NI1300 MARAGING STEEL

Aydin, Ibrahim
Master of Science, Metallurgical and Materials Engineering
Supervisor: Prof. Dr. Cemil Hakan Giir

September 2020, 91 pages

18Ni300 maraging steel (MS300) has exceptional mechanical properties due to nano-
size intermetallic precipitates in martensitic matrix. It is preferred for critical aircraft
components that require high strength and toughness. Very low C-content leads to
good weldability and thus it is an attractive candidate for additive manufacturing (AM)
techniques. In recent years, production of maraging steel components via AM
techniques instead of traditional processes has gained importance in aerospace
industry due to easy production of complex geometries at one step together with
reduction in production time, amount of scrap, and cost. To achieve the design
requirements related to the mechanical properties and to eliminate the anisotropic
material behavior, the as-built parts need optimized post-AM heat treatments.
Moreover, establishing easy, rapid and reliable non-destructive measurement
procedures for monitoring the variations in the microstructure and mechanical
properties is a challenging issue. In this study, the effects of solution and aging
treatments on the microstructure and mechanical properties of 18Ni300 maraging steel
that was additively produced by the selective laser melting (SLM) method were
investigated. Optical microscopy, scanning electron microscopy, x-ray diffraction,

hardness test, tensile test, and ultrasound velocity measurements have been performed



to characterize the specimens. The results show that as-built specimens consist of sub-
micron dendritic cellular structures in the horizontal cross-section and elongated
acicular structures in the vertical cross-section. Excess number of dislocations in the
lath type bcc-martensite provides favorable nucleation sites for precipitates. After
aging treatment, the hardness increased from 370 HV to nearly 610 HV due to
precipitation of NisTi, NisMo and Fez2Mo. Meanwhile, the ultimate tensile strength
increased from 1200 MPa up to 2100 MPa with a corresponding 60 percent reduction
in the % elongation. There are correlations between ultrasonic wave velocity and some
mechanical properties, such as elastic modulus and hardness. This makes the sound
velocity measurement a potential tool for non-destructive characterization of the
microstructure and mechanical properties and monitoring of their variations in the

additively manufactured and heat-treated maraging steel components.

Keywords: Maraging Steel, Additive Manufacturing, Selective Laser Melting, Heat

Treatment, Non-Destructive Material Characterization, Sound Velocity
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ISIL iISLEMLERIN EKLEMELI IMALAT iLE URETILMIS 18Ni300
MARYASLANMA CELIGININ MiIKROYAPISINA VE MEKANIK
OZELLIKLERINE ETKILERININ INCELENMESI

Aydin, Ibrahim
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Damismani: Prof. Dr. Cemil Hakan Giir

Eyliil 2020, 91 sayfa

18N1300 maryaslandirma ¢eligi (MS300), martensitli matriste olusan nano boyutlu
intermetalik ¢okeltiler nedeniyle istisnai mekanik O6zelliklere sahiptir. Bu ¢elik,
yuksek mukavemet ve tokluk gerektiren kritik ugak pargalari i¢in tercih edilmektedir.
Icerigindeki ¢ok diisiik karbon miktar1 nedeniyle iyi kaynaklanabilirlige sahiptir ve
dolayisiyla katmanli imalat teknikleri i¢cin ¢ok uygun bir adaydir. Havacilik
sektoriinde, karmasik geometrilerin tek asamada kolayca iiretilmesi ve {iretim
siiresinin, kayip malzeme miktarinin ve maliyetin azalmas1 nedeniyle geleneksel
prosesler yerine eklemeli imalat teknikleri ile maryaslandirma ¢elik pargalarin tiretimi
onem kazanmaktadir. Mekanik o6zellikler ile ilgili tasarim kriterlerini saglamak ve
izotropik olmayan malzeme davranigini iyilestirmek icin eklemeli imalat sonrasinda
optimize edilmis 1s1l islemlerin uygulanmasi gereklidir. Ayrica, mikroyap1 ve mekanik
ozelliklerdeki degisiklikleri tespit etmek ic¢in kolay, hizli ve gilivenilir tahribatsiz
Olciim prosediirlerinin olusturulmasina ihtiya¢ vardir. Bu g¢alismada, segici lazer
ergitme (SLE) yontemi ile iiretilen 18Ni300 maryaslandirma geligine uygulanan
cozeltiye alma ve yaglandirma 1s1l islemlerinin mikroyapiya ve mekanik 6zelliklere
etkileri arastirilmistir. Numuneleri karakterize etmek igin optik mikroskop, tarama

elektron mikroskobu, x-1smn1 kirinimu, sertlik testi, gekme testi ve ultrasonik dalga hizi

vii



Olciimleri yapilmistir. Sonuglar, iiretilen numunelerin yatay kesitte mikron alt1
dendritik hiicresel yapilardan ve dikey kesitte ise uzatilmis asikiiler yapilardan
olustugunu gostermektedir. ignemsi bcc-martensit fazinda bulunan asir1 miktarda
dislokasyon, ¢okeltiler i¢in uygun ¢ekirdeklenme alanlar1 saglamaktadir. Yaslandirma
tavi sonrasinda, NisTi, NisMo ve Fe:Mo intermetaliklerinin ¢6kelmesi nedeniyle
sertlik 370 HV'den yaklasik 610 HV'ye yiikselmistir. Ayrica, maksimum g¢ekme
dayanimi 1200 MPa'dan 2100 MPa'ya yiikselmis ve % uzama degerinde yiizde 60
azalma meydana gelmistir. Ultrasonik dalga hizi ile esneklik katsayis1 ve sertlik gibi
bazi mekanik Ozellikler arasinda korelasyonlar tespit edilmistir. Bu sonuglar
ultrasonik dalga hiz1 6l¢iimiinii, eklemeli imalat yontemleri ile tiretilmis ve 1s1l islem
uygulanmis ¢elik numunelerin mikroyap: ve mekanik 6zelliklerinin tahribatsiz olarak
karakterizasyonu ve meydana gelebilecek degisimlerin izlenmesi i¢in potansiyel bir

yontem haline getirmektedir.

Anahtar Kelimeler: Maryaslandirma Celigi, Eklemeli Imalat, Segici Lazer Ergitme,

Isil Islem, Tahribatsiz Malzeme Karakterizasyonu, Ses Hiz1

viii



To my beloved family ...



ACKNOWLEDGEMENTS

Firstly, | would like to express my deepest gratitude to my supervisor Prof. Dr. Cemil
Hakan GUR for his guidance, understanding and continuous support throughout the

study.

| am grateful to Dr. Siiha TIRKES for his guidance and assistance. | would not have
completed this study without his support.

| would gratefully appreciate to EOS company, especially Aydin YAGMUR for

specimens supports for my thesis.

| would like to thank to my colleagues Hasan Ilker YELBAY, Tug¢e KALELI, Orcan
KOLANKAYA, Seyhan CAMLIGUNEY, Basak Giines ORHAN, and Murat Tolga
ERTURK from METU WTNDT for their help, support and interest.

I would like to thank the employees of the laboratories in Metallurgical and Materials
Engineering and METU WTNDT. | am especially grateful to Yusuf YILDIRIM and
Mevliit BAGCI, who helped in the preparation of the specimens.

| especially thank to Caglar BAYRAK, Orhan Berk AYTUNA, Elif YESILAY, Anil
ERDAL and Enver Burak ALDOGAN for their sincere friendship during my graduate
life and for giving me the strength to finish my degree by sharing all the good and the
bad times. | am also grateful to Caglar POLAT, Berkay CAGAN, Esra SUTCU, Pelin
GUNDOGMUS, and Seren OZEN. | am especially grateful to Anil MADEN and
Ahmet Faruk YILDIRIM who are my childhood friends for their support and
encouragement. Additional thanks go to various friends including Enes DAG, Faruk
AYDIN, Sevki Bekir KOCADAG, Siileyman Emre OZOZEN, Goktan Muhammed
FIRAT and Tugge Harika SAY who believe and support me throughout whole life.

Finally, I owe gratefulness to every individual of my beloved family for their warm
support in any case. | feel so lucky to have such a great family. | wish to indicate my
special appreciation to my mom and dad, Ayse and Ismail AYDIN. | am so glad to

have them. | wish to express my gratitude to my siblings Hilal and Samet AYDIN.



TABLE OF CONTENTS

ABSTRACT ettt e et nn e %
07/ OO vii
ACKNOWLEDGEMENTS ...t X
TABLE OF CONTENTS ...ttt Xl
LIST OF TABLES ...ttt Xiv
LIST OF FIGURES ..ottt nnee s XV
LIST OF ABBREVIATIONS ...ttt XVii
LIST OF SYMBOLS ... XViii
CHAPTERS
1 INTRODUCTION ..ottt ettt 1
1.1 GBNEIAL ..o 1
1.2 AIMOFhE STUY ..o 3
2  LITERATURE REVIEW ....ooiiiiiiiii ettt 5
2.1 Additive ManuFaCTUIING ........ccooeiiiiiieieie e 5
211 INErOAUCTION ...t 5
2.1.2  Advantages of Additive Manufacturing...........cccccocvevviieviesie e 7
2.1.3  Additive Manufacturing Methods...........c.cccooveiievicic i 7
2.1.4  Selective Laser Melting........cccoovvviiieiie i 10
21.4.1 BaCKground.........c.cooveiiiiic e 10
2142 Effect of Process Parameters ...........ccoovvvvieieieneneicc e, 11
2.1.4.2.1 Laser Power and Scan SPeed..........ccooueviiriiiieieninine e 12
2.1.4.2.2  SCAN PILCN ..o 12
2.1.4.2.3  Layer ThICKNESS........ccooiiieieierie et 13

Xi



2.2 Maraging STEEI .......ooiiiiiiie e 15
221 GENEIAL....coiiiiiiii e 15
2.2.2  Physical Metallurgy of Maraging Steels...........ccccccevvvieiieincicieennn, 18

2.2.2.1 Phases in Maraging SteelS.........cccovvveiiiiieieeie e 20
2.2.2.2 Precipitation in Maraging Steels ..........cccovvveviiiiicvie e, 20
2.2.2.3 Austenite Reversion in Maraging Steels..........cccccvvevieiiieinennne. 22

2.3 Additive Manufacturing of Maraging Steels ..........ccccoevvevieiiiciiciiicciee, 23
2.3.1  Densification PNENOMENE .........ccoiiiiiiiiiiiicieeee e 23
2.3.2  Microstructure of Additively Manufactured Maraging Steels............. 24
2.3.3  Heat Treatment of Additively Manufactured Maraging Steels ........... 28

2.3.4  Mechanical Properties of Additively Manufactured Maraging Steels 28

3  EXPERIMENTAL PROCEDURE........ccccoiiiiiiie e 31
3.1  Material and Production of SPECIMENS ..........ccccvviiiiiiiiiere e 31
3.2 Measurement of Surface ROUGNNESS..........ccooiiiiiriiiieiec e 32
3.3 DSCITGA ANAIYSIS.....cciiiieiieie ittt se e se e sre e nne s 32
3.4 Heat TreatMent.. ..o 33
3.5 X-Ray DiffraCtion .......cccoiiiiiic et 35
3.6 Ultrasonic Wave Velocity Measurement ............cccovvveevveviesieesnesiee s 35
3.7 Density MEaSUIEMENT ........ccviiiieiie et e sie ettt srae s 36
3.8  Metallographic EXamination............ccccccoeiiiiiie i 36
3.9 MeCh@NICal TESES. ....oviieiitiiieii e 37

xii



4 RESULTS AND DISCUSSION ...ttt 39

4.1  Characterization of as-built SpeCIMENS...........ccccviviiiiiiii e, 39
4.1.1  Relative Density and Surface ROUGNNESS ..........ccceevevveieiieiieiecee 39
4.1.2  Microstructural CharaCterization ...........c.ccooeeveverenenienenescseseseens 40
4.1.3  Mechanical CharaCterization..............ccocuvvvriirieieninese e 43
4.1.4  Thermodynamic CharaCteriStiCS...........cocevvuverieiiieeiie e 44

4.2 Optimization of Heat Treatment.........c.cccoveieeiiieiie e 45
4.2.1  Structural ANAIYSIS.......coviiiieiie e 45
4.2.2  Microstructural EValuation ...........cccoceiveiiiniieneee e 51
4.2.3  Mechanical TeSt RESUILS .......cccovieiiiiiiieese e 55

4231 Tensile TeSt RESUIES ......ocvv i 55
4.2.3.2 Hardness Measurement RESUILS..........ccovvveveereiiienvecie e 63

4.3  Determination of Mechanical Properties with Ultrasonic Wave Velocity

MEASUIEIMENT ...ttt 67
O CONCLUSION. ...t 73
51 Recommendation for Further StUdies............ccccooreriiiiiniiiiiceece, 76
REFERENGES...... ..ottt 77
APPENDICES ...t 89
A Hardness Measurement RESUILS. ..., 89
B. Correlations between sound wave velocity and mechanical properties......90

Xiii



LIST OF TABLES
TABLES

Table 2.1 Achievable maximum mechanical properties of maraging steels after

optimum heat treatments [73] .....c.voiieiiiee e 16
Table 2.2 Nominal compositions (wt %) of commercial maraging steels [63] ......... 17
Table 2.3 Phases found in maraging Steels [77] ......cccoveviriniiiiiiiiie e, 21
Table 2.4 Summary of literature for mechanical properties of maraging steel; AB:As-
built, ST:Solution Treated, and AT:Aging Treatment..........cccccoovvevieiieeiie e, 30
Table 3.1 Chemical composition of SLM manufactured specimens (wt %)............. 32

Table 3.2 Specification and size ranges of gas atomized maraging steel powder..... 32
Table 3.3 Heat treatment ProCeAUIES ........ccveiveieiieie e 34
Table 4.1 Mechanical properties of SLM produced and wrought MS300 steel......... 44
Table 4.2 The % volume of martensite (o) and austenite (y) in the as-built and heat-
treated MS300 SPECIMENS .........oiuiiiiiiiiieiet ettt bbb 50
Table 4.3 Tensile test results of the as-built and heat-treated specimens with standard
AEVIALIONS ...ttt bbb bbbt 59
Table 4.4 Longitudinal and transverse wave velocities and calculated elastic properties

OF The SPECIMENS ...ttt 68

Xiv



LIST OF FIGURES
FIGURES

Figure 2.1. Additive manufacturing process types in terms of raw materials [23]......8

Figure 2.2. Additive manufacturing process categorization [22]..........cccecveviveiieeninns 8
Figure 2.3. Schematic view of Selective Laser Melting [37]......cccccoeiininiiiiinenenn 11
Figure 2.4. The geometry of the scanned track............ccoovvrienininiinencisescse 13
Figure 2.5. Types of scanned layers: (a) poor bonding between the two adjacent layers
and (b) good bonding between the two adjacent layers...........cccvveeiveviecieciie s, 13
Figure 2.6. Research publications on SLM of various materials [37] ........cc.cccovenene. 14

Figure 2.7. Strength/toughness combination of MS300 steels compared to

conventional high-strength carbon steels [67] .......ccoovevviiiiieeiie i, 18
Figure 2.8. SEM micrographs of the as-built MS300 steel [7]......ccccccovvviiiiieiinnnne. 25
Figure 2.9. EBSD scan of the as-built 18Ni300 steel with EDS maps [102]............. 26
Figure 2.10. Schematics showing the formation of microstructure in the maraging steel
AUIING SLIM  [1L4] oo 27
Figure 3.1. Orientation scheme 0f AM Parts ........cccccviveiveiiciic e 31
Figure 3.2. Tensile test specimen and dimMeENSIONS..........ccccverieiiierie i 37

Figure 4.1. Optical micrographs of the as-built MS300 steel (a, c) top view (b, d)
lateral view. Red dotted arrows show the laser scanning direction while the dark solid

arrow indicates the building direCtion. ...........ccoov i 41
Figure 4.2. SEM images of MS 300 steel; (a) top view, (b) lateral view .................. 42
Figure 4.3. Representative stress vs. strain diagram for the MS300 specimen (as-built)
.................................................................................................................................... 43
Figure 4.4. DSC curve for the as-built MS300 SPeCIMEN .........ccceevvvevieiverieiieieean, 44

Figure 4.5.XRD patterns of heat-treated MS300 specimens: (a) Aging at different
temperatures; (b) Aging at different holding time; (c) Solution treatment at different
temperatures; (d) Solution treatment at different holding time; (e) Solution treatment
and aging at different temperatures; (f) Solution treatment and aging at different
NOIAING TIME. <.ttt ae e b e e 46

XV



Figure 4.6. Austenite content of the aged specimens: (a) as a function of temperature
for 6 hr aging; (b) as a function of time at 490 °C........cccevevieieeieniereee e 49
Figure 4.7. Representative micrographs of the solution treated specimens; (a) top
VIEW, (D) Tateral VIBW .......ccoooiiiiiiee e 51
Figure 4.8. Representative micrographs of the aged specimens; (a,c,e,g) top view,
(b,d,f,h) lateral view; Aging at 490 °C for (a,b) 1 hr; (c,d) 4 hr; (e,f) 6 hr; (g,h) 8 hr52
Figure 4.9. Representative micrographs of the specimens that were solution treated &
aged at 490 °C (a,b) for 4 hr, (c,d) for 6 hr; (a,c) top view, (b,d) lateral view ......... 53
Figure 4.10. Representative micrographs of the aged specimens (top surface); (a) Aged
at 450 °C for 6 hr, (b) Aged at 520 °C for 6 hr, (c) Aged at 590 °C for 6 hr ............. 54
Figure 4.11. SEM images of heat-treated specimens; (a) Solution treated at 900 °C for
1 hr, (b) Solution treated and aged at 490 °C for 6 hr, (c) Aged at 490 °C for 4 hr, and
(d) Aged at 490 "C fOr 6 NI ...ccveeieeececee e e 55
Figure 4.12. Stress vs. strain graphs of the heat-treated specimens; (a) Aging at
different temperatures; (b) Aging at different times; (c) Solution treatment
at different temperatures; (d) Solution treatment at a different time; (e) Solution
treatment and aging at a various temperatures; (f) Solution treatment and aging at a
different times; (g) Solution treatment at a different time and aging at 490 °C ........ 56
Figure 4.13. Fractographs of tensile test specimens; (a) as-built, (b) solution treated at
900 °C, (c) aged at 490 °C for 6 hr, (d) solution treated at 900 °C &
aged at 490°C for 6 hr, (e) aged at 450 °C for 6 hr, (f) aged at 590 °C for 6 hr......... 62
Figure 4.14. The hardness of MS300 steel at different heat treatments; (a) Solution
treated at different temperatures b) Aging at different times c) Aging at different
temperatures d) Solution treated at different times...........cccocoveveiiienic i 64
Figure 4.15. Variation of hardness as a function of (a) aging temperature for 6 hr (b)
aging time at 490°C .......ooiiiiiii e 65
Figure 4.16. Variation of V. and hardness with aging time at 490 °C ..........c.ccccoe.... 70
Figure 4.17. Variation of VL and hardness with aging temperature for the constant

AQING tIME OF B NI ..o 71

XVi



LIST OF ABBREVIATIONS
ABBREVIATIONS
AM: Additive Manufacturing
3D Printing: Three-Dimensional Printing
CAD: Computer-Aided Design
MS300: Maraging Steel Grade 300
SLM: Selective Laser Melting
LBPF: Laser Powder Bed Fusion
EBM: Electron Beam Melting
DED: Direct Energy Deposition
ST: Solution Treatment
AT: Aging Treatment
DSC: Differential scanning calorimetry
TGA: Thermogravimetric Analysis
XRD: X-ray Diffraction
SEM: Scanning Electron Microscope
ToF: Time of Flight
MPa: Mega Pascal
GPa: Giga Pascal
BCC: Body Centered Cubic

FCC: Face Centered Cubic

XVii



LIST OF SYMBOLS
SYMBOLS
A: Angstrom
°C: Degree Celsius
K: Kelvin
Ra: Arithmetic Average Roughness
Ms: Martensite Start
Es: Energy Density
P: Laser Power
Vv: Scan Speed
d: Spot Diameter
@: Diameter
pm: Micrometer
HV: Vickers Hardness
p: Density
E: Elastic Modulus
G: Shear Modulus
v: Poisson's Ratio
Vi: Longitudinal Sound Velocity

V1: Transverse Sound Velocity

xviii



CHAPTER 1

INTRODUCTION

1.1 General

Maraging steels are special kind of high strength martensitic carbon-free iron-nickel
alloys that contain a high amount of alloying elements. They are usually used in the
special areas where high specific strength is required, such as rocket motor cases,
landing gears, helicopter undercarriages. Maraging steels consist of martensitic
structure, and their superior mechanical properties and hardness are achieved via
aging treatment. At first, when maraging steels are cooled in air, soft iron-nickel bcc
martensitic structure with supersaturated molybdenum and cobalt solid solution is
obtained. Aging treatment at a suitable temperature hardens the matrix due to
precipitation of Ni — Mo, Fe — Mo, and Fe — Ni intermetallic compounds in the
martensitic structure. Thus, optimization of aging temperature and time is critical to

obtain desired properties.

Recently, the production of engineering components with superior mechanical
properties and high dimensional stability has become very important, especially in
aerospace and aircraft industries. For this purpose, advanced manufacturing methods
have gained importance. Additive Manufacturing (AM), also known as 3D printing,
is used to produce physical components from a digital CAD design. AM methods
have many advantages compared to traditional methods in terms of physical and
mechanical properties; in some cases, also costs. Therefore, many studies related to
the optimization of process parameters and heat treatment are done in AM of
complex-shaped engineering components with desired properties. Due to the
different microstructural features of the additively manufactured parts, optimization

of heat treatment processes becomes a critical issue.



Due to their superior strength and fracture toughness with low weight, the production
of some aerospace compounds from 18Ni300 maraging steel (MS300) via AM is a
challenging research topic. Among the existing AM techniques, Selective Laser
Melting (SLM), also known as Laser Powder Bed Fusion (LPBF), is the most used

method for the production of maraging steels.

In the literature, AM of MS 300 steels are considered in terms of several aspects,
such as process parameter optimization of SLM to obtain high relative density, heat
treatment optimization to improve mechanical properties and to eliminate the
anisotropic behavior. For instance, Caselino et al. [1] have reported that the MS300
specimens with the relative density higher than 99 % were obtained if the laser power
is higher than 90 W, and scanning speed is less than 220 mm/s. Bai et al. [2] found
the optimum process parameters as 160 W laser power, 400 mm/s scanning speed by
conducting orthogonal experiments to obtain higher than 99 % relative density. The
study of J.Mutua et al.[3] has shown that a scan speed of 700 mm/s and a laser power
of 300 W resulted in a 99.8 % maximum relative density with a surface roughness

(Ra) value of 35 pum.

Mutua [3] and Suryawanshi [4] have investigated the tensile anisotropic behavior of
the selective laser melted MS300 specimen in both as-produced and heat-treated
conditions, and they concluded that anisotropic properties in the as-built specimens
disappear after heat treatment. High cooling rates of selective laser melting, between
103 — 108 K/s, make the microstructure strongly anisotropic with respect to building
direction. As-built MS300 specimens do not have maximum strength and toughness.
Various researches have achieved the highest mechanical properties after aging
treatment by optimizing the aging temperature and time, such as Yin et al. [5], Casati
etal. [6], [7], Tan et al.[8]-[10], Bai et al. [11], and Kempen et al. [12].



1.2 Aim of the Study

The objective of this study is to understand the effects solution treatment and aging
treatment on mechanical properties of MS300 maraging steel specimens
manufactured by selective laser melting, and to establish correlations between the
hardness, elastic properties and ultrasonic wave velocity. This thesis consists of five
chapters. The literature review about the additive manufacturing of maraging steels
and their post heat treatment is given in Chapter 2. In Chapter 3, the experimental
setup and the principles of the characterization methods are introduced. In the fourth
chapter, the results are presented and discussed focusing on microstructural and
mechanical aspects. Finally, the conclusions and recommendations for future studies

are given in Chapter 5.






CHAPTER 2

LITERATURE REVIEW

2.1  Additive Manufacturing

211 Introduction

Additive Manufacturing (AM) is one of the novel manufacturing technologies used
for the production of 3D objects layer by layer from the CAD model. Because of its
production speed and method, it is also called as Rapid prototyping (RP). In ASTM
standards, this method is described as * a process of joining materials to make objects
from 3D model data, usually layer upon layer, as opposed to subtractive
manufacturing methodologies” [13]. The final product with high dimensional
tolerances, which does not require any other process, can be obtained with AM
technology. In parallel to the development of computers, software, lasers, and
machines, the applicability of AM is increasing continuously. Nowadays,
considerable numbers of engineering components are manufactured via additive

manufacturing technology from all types of materials.

AM technologies based on the model which is generated by using a 3D Computer-
Aided Design (CAD) system. 3D objects are produced from this model without any
extra process planning. In conventional manufacturing methods, part geometries and
dimensions must be analyzed in detail to specify each step of process plans. In other
words, what tools, fixtures, and machines must be used at which stage must be
identified in advance, and each step must be controlled carefully to obtain parts with
desired properties in conventional methods. However, it is not needed for additive
manufacturing technology. After the creation of the 3D CAD model, AM enables
mass production of parts with high dimensional accuracy if how additive
manufacturing machines works will be clearly understood [14].



The basic principle of AM technology is based on obtaining the whole part by adding
the layers, which are thin cross-sections of the part. The geometry of the part is
identified in the 3D CAD model, and it is divided into layers. The thicknesses of
each layer are determined from the final shape of the produced part. Nowadays, all
AM methods use a layer-based approach. The only differences between them are the
used materials, the creation way of layers, the technique used for bond each layer
such as melting or deposition. These differences determine the dimensional accuracy
and not only the physical but also mechanical properties of final products. Moreover,

production speed and cost also differentiate with manufacturing methods [15].

Generally, additive manufacturing can be identified as the production of final parts
from a 3D CAD model in one step. Although there are different AM types and
devices, AM methods involve a series of steps that are nearly same for all types.

These process sequences are [16][17];

i Generation of Computer-Aided Design model

ii. Conversion of 3D CAD model to Stereolithography (STL) format
iii. Manipulation of STL file to AM machine

(\2 Adjusting of AM device setup

V. Building of the part

Vi. Removal of the part from the device and cleanup
vii.  Post-processing of the part, such as painting, polishing, or sandpapering
viii.  Usage of the part in application



2.1.2 Advantages of Additive Manufacturing

Conventional manufacturing methods such as casting, forging, and machining have
some disadvantages like long production times and high material wastage due to the
subtractive nature of the processes. It is not possible to manufacture a complicated
shaped part in one step with conventional methods. Since these drawbacks of
traditional manufacturing methods can be eliminated with AM technologies, they are
accepted as a next-generation technology. Additive manufacturing enables mass
production of engineering components in a short time with high dimensional
accuracy and minimum material wastage. Moreover, since it does not require any
further processing at the end of production and it does not depend on any other
facilities, manufacturing with AM technology reduces production and shipping costs
[16]-[19].

The remarkable advantages of AM are their production speed, design freedom, cost-

saving, energy saving, material saving, and green manufacturing [16].
2.1.3 Additive Manufacturing Methods

There is a continual development of AM methods for all types of materials since the
requested properties in engineering applications are increasing. Since, AM methods
used for one material type could not be used for others. Several AM methods are
available, that differ from each other in terms of layer deposition type, operating
principle, and form of initial material. While melting or softening of materials is the
main principle in selective laser sintering (SLS) or selective laser melting (SLM) to
produce each layer, curing of liquid materials can be used in other methods, e.g.,
stereolithography (SLA) [17], [20], [21], [22]. A classification of AM methods in

terms of raw material is shown in Figure 2.1.
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Figure 2.1. Additive manufacturing process types in terms of raw materials [23]

The additive manufacturing processes can also be divided into five groups in terms

of operating principle which are summarized in Figure 2.2 [22].
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Figure 2.2. Additive manufacturing process categorization [22]

Laser-based additive manufacturing processes are divided into two groups
depending on phase change mechanisms: laser melting and laser polymerization In
this method, a low to the medium voltage laser beam is used to melt, solidify, or cure
raw materials. The principle of laser polymerization depends on the phase change
principle. The liquid photosensitive resin is cured with a laser beam source by

applying UV radiation. Stereolithography (SLA), solid ground curing (SGC), liquid



thermal polymerization (LTP), beam interference solidification (BIS) and
Holographic interference solidification (HIS) are the subgroups of laser
polymerization processes [24], [25]. On the other hand, in the laser melting
processes, raw materials in the powder form are supplied directly to the processing
head, and these fine powders are selectively melted with the laser beam. Then,
melted materials cool down and solidify in the form of the final shape. Selective laser
sintering and selective laser melting are the most well-known types of this group.
They are very similar to each other, and the only difference between them is the full
melting of the powder in selective laser melting (SLM) and Direct Metal Laser
Solidification (DMLS) and partial melting in SLS [19]. Laser engineered net shaping
(LENS), Direct metal deposition (DMD), Laser powder deposition (LPD) and

Selective laser cladding (SLC) are the other types of laser-based processes.

In the thermal extrusion processes, generally, wire-shaped plastics are used. During
manufacturing, raw materials are melted or softened in the heated extrusion nozzle.
After being melted, the material passes through an extrusion nozzle that deposits the
material, which then cools off in order to solidify and form the final part geometry.
Fused Deposition Modelling (FDM) and Robocasting are the examples of this
process [26].

In the material jetting process, thin nozzles are used to spray the molten materials or
a binder. This adhesive liquid binder allows the powders to bind layer by layer to
form a solid object. On the other hand, if the binder is not used, liquid raw material
droplets are used to build the solid object layer by layer through the inkjet head.
These jetted droplets are then cured by passing a UV light through each layer. The
operating principle of this process is very similar to laser melting processes. Instead
of phase transformation, the binder holds the powder particles together [27]-[30].

Adhesive based processes such as laminated object manufacturing (LOM) and solid
foil polymerization (SFP) include a laser cutter and a bonding tool. Sheet layers of
parts are obtained by cutting the thin films of raw materials into the desired shape

with a laser cutter, and then these layers are fused by using heat and pressure.



Although this process is the fastest AM process, due to its drawbacks related to
mechanical properties, dimensional accuracy and surface quality, it has limited use
[29], [31], [32].

The electron beam melting process(EBM) is very similar to the SLM method. The
only difference is that an electron gun is used for melting or sintering of raw material
powders instead of a laser beam. Since the building rate in EBM is higher than that
in SLM, this process is more powerful in the production of metallic parts. Due to the
oxidation problems, the process takes place under vacuum by applying 30 — 60 kV
[21], [33], [34].

2.1.4 Selective Laser Melting
2.14.1  Background

The history of the Selective Laser Melting (SLM) dates back to the 1990s. This
method has been developed in collaboration F & S Stereolithographietechnik GmbH
and the Fraunhofer ILT. The aim of the process is the production of engineering
components from the powders by using a high-intensity laser beam to melt selective
regions of powder. Then, the melted regions are fused layer by layer, and the final
shape is obtained. The patent for this technology was first applied in 1997 to the
German Patent and Trade Mark Office and published in 1998 [35].

The process sequences given in Part 1.1 is also valid for selective laser melting.
Firstly, it is necessary to create a model of the part to be built by using Computed
Aided Design (CAD) software. Since algorithmics of CAD software differs from
each other, STereoL.ithography (STL) format is adapted to the AM industry in order
to establish consistency. So that secondly, CAD files are converted to the STL format
which represents the 3D geometries in triangular representation. Surfaces of the part
are divided into slices, and the whole part is produced by scanning of laser in each
layer. The next step is the production of the part. In this step, metal powders are
layered finely on a substrate plate of the SLM machine, and after that, selected areas

are melted and fused according to STL data by using a high-intensity laser beam.
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Once the first layer is completed, the powder is supplied as a second layer, and at
that time, the laser starts to scan in this layer, and this process continues in this way
until the entire part is created. Layer thicknesses usually range from 20 to 100
micrometers. While choosing the layer thickness, two parameters are essential; good
powder flowability and fine resolution. There should be a balance between them. If
powders have large sizes, resolution and dimensional tolerances become poor. On
the other hand, if particle size becomes smaller, the agglomeration problem can be
seen due to the van der Waals forces which result in poor powder flowability and
hence reduced powder deposition. After all steps are finished, unmelted metal
powders are removed from the chamber, and the final part is removed from the plate.
Removal can be done manually or by using EDM. The production sequences of SLM
are shown in Figure 2.3. Note that oxidation can be a problem in selective laser
melting since specimens heated at high temperatures are cooled with the cooling
rates up to 108 K/s. For this reason, nitrogen or argon gases are used as inert gases in

the building chamber to prevent oxidation. [16], [36].

Lascr\
\

Powder

=

Substrate plate

Moving
platform

ii. Loose powder removed,
finished part revealed.

i. First layer. i. n® layer.
Figure 2.3. Schematic view of Selective Laser Melting [37]
2.14.2 Effect of Process Parameters

The adjustment of process parameters is very critical in SLM to obtain high-density
components without any defect. These parameters are laser power, scanning speed,

hatch spacing and layer thickness, and they affect the melting depth.
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2.1.4.2.1 Laser Power and Scan Speed

One of the critical parameters for SLM is laser power. However, the properties of
produced parts are not directly related to laser power. In this case, the energy density
(Es) term must be considered since the depth of melting is strongly related to Es. It
depends on not only the laser power (P) but also spot diameter (d) and scan speed
(V). This relationship is given in Equation 2.1.

E, = — Equation 2.1

Depth of melting increases with increasing energy density, but in some cases,
different properties might be obtained at the same energy densities which have
different laser power, scan speed and spot size. In this condition, the effect of laser
power is much stronger than other parameters and also the effect of the spot size is a
negligible amount. A decrease in laser beam diameter decreases the melting depth
slightly [19], [38].

As the energy density of laser increases, the relative density of AM parts also
increases. In this case, relative density is strongly affected by scan speed rather than
laser power. This can be explained by the reduction of the width of the laser melt

lines with decreasing scan speed [19], [38].
2.1.4.2.2 Scan Pitch

Metallic bonding between tracks and porosity is affected by the scan pitch. To ensure
good bonding and minimum porosity, it must be smaller than the width of the track
which depends on not only the laser beam size but also the laser density energy.
While track width is wider than laser beam size at high laser energy density, it
becomes smaller than that at low energy density. To ensure good bonding and

minimum porosity, a 30 % overlap is recommended [39], [40].
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2.1.4.2.3 Layer Thickness

Melted layer thickness during manufacturing must be adjusted to obtain excellent

surface properties and bonding. Also, production is strongly depended on the layer

thickness. An increase in laser energy density, in other words, decreasing scan speed

or increasing laser power, increases the laser melted layer thickness.

During SLM, it is essential to re-melt the previous layer. If proper re-melting does

not happen, metallic bonding between layers is not completely achieved, and the

formation of voids is seen. This situation is illustrated in Figure 2.5. In this figure,

the layer thickness is the same, but in Figure 2.5 (a), the previously deposited layer

is not melted, and the formation of voids is seen. However, in the second scanning

path, overlapping between formed and deposited layers are provided by re-melting

of the previously formed layer, and good bonding is obtained.
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a) Small overlapped area b) Large overlapped area

Figure 2.5. Types of scanned layers: (a) poor bonding between the two adjacent layers and (b) good bonding

between the two adjacent layers

To conclude, optimization of process parameters is very critical to build a fully dense

part with desired property and surface quality. If energy density becomes

insufficient, a lack of wetting between the deposited layer and the molten pool is
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seen, and this is called as balling [39]. However, high laser and low scanning speed
may result in extensive material evaporation and the keyhole effect [41]. Besides,
poor scan spacing causes the formation of porosity due to the incomplete fusion of
melt lines [42].

2.1.4.3 Materials in SLM

According to the research of C. Y. Yap et al. [37] which is based on research
publications on SLM, LaserCusing, and DMLS indexed by Web of Science and
ScienceDirect from 1999 to 2014, it is seen that SLM research focuses mostly on
iron, titanium, nickel and their alloys (Figure 2.6). The popularity of these metals is
caused by their widespread applications in aerospace and medicine industries and
also their cost. Besides, aluminum, copper, magnesium, and tungsten are other
metals tested for selective laser melting. While steel and titanium alloys correspond
with 58 % of all publications about selective laser melting, ceramics and composite

materials account for about 15 %.

Nickel-based allo

Figure 2.6. Research publications on SLM of various materials [37]

SLM process has been successfully applied for several metals and their alloys in the
literature, Fe-based alloys, 316L [43]-[46] and PH 17-4 [47]-[49], Ti-based alloys,
CP-Ti [50]-[52], Ti-6Al-4V [51], [53]-[55] and Ti-13Nb-13Zr [51], [56], and Al-
based alloys, Al-12Si [57]-[59] and AlISi10Mg [60]-[62].
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2.2 Maraging Steel
2.2.1 General

Maraging steels are one special kind of Iron — Nickel steel alloy used mainly in
aerospace and aircraft applications due to their high specific strengths. Other
characteristic properties of them are their ultrahigh strength with high fracture
toughness, good weldability and excellent dimensional stability at high temperatures
[63]. Due to their characteristic properties such as their extremely low carbon content
and/or high nickel content, maraging steels are alternative for medium to high carbon
steels. Quench cracking, which is a risk for medium and high carbon steels is not
critical for maraging steels because of their low carbon content. Moreover, corrosion
resistance of maraging steels is higher than that of medium and high carbon steels

since carbide formation is not seen [64].

History of the maraging steels dates back to the 1950s. Clarence Bieber found 20 %
and 25% Ni maraging steels while working on iron-nickel magnetic alloys [65].
These steels included Aluminum, Titanium and Niobium, and they provided
precipitation hardening of martensitic microstructure and both steels in the study of
Bieber have 55 to 56 HRC hardness [66]. However, in the study of Hall, it is
mentioned that brittleness of these alloys is a problem at extremely high strength
levels so that their usage was restricted [67]. Raymond F. Decker, the first person
who used maraging term, comes from the aging of the martensite phase which has
an acicular structure in the microstructure and his coworkers Eash and Goldman
found that addition of cobalt and molybdenum leads to hardening of martensite to

significant levels [68].

Maraging steels are further hardened via precipitation of intermetallic compounds
during aging [69]. 18% Ni maraging steels have commonly used ones since when Ni
content exceeds 18%, retention of austenite in as quench condition is observed [70].
They are usually described with some numbers such as 200, 250, 300, 350 that
designate the approximate yield stress in ksi in the aged condition. The well-known

maraging steel types and their mechanical properties in the aged conditions are listed

15



in Table 2.1. In the late 1970s, due to a decrease in the availability of cobalt and an
increase in the cost of cobalt, maraging steels have been developed with low cobalt
content, but properties of these steels are not as good as cobalt-containing ones. [71],
[72].

Table 2.1 Achievable maximum mechanical properties of maraging steels after optimum heat treatments [73]

Yield Tensile Elonaation Fracture
Grade Strength Strength (&) ) Toughness
(MPa) (MPa) (MPaym)
18Ni200 1400 1500 10 155 - 240
18Ni250 1700 1800 8 120
18Ni300 2000 2050 7 80
18Ni350 2400 2450 6 35-50
18Ni (Cast) 1650 1750 8 105
Cobalt-free
18Ni250 1825 1895 11.5 127
Low-cobalt
18Ni250 1780 1835 11 149

The maraging steels contain maximum 0.03 % C, 17 - 19 % Ni, 8 - 12 % Co,3-5
% Mo, 0.2 - 1.8 % Tiand 0.1 — 0.15 % Al. Typical nominal compositions are given
in Table 2.2. The most distinctive feature of them is their extremely low carbon
content. Thus, instead of carbide precipitation such as TiC which affects mechanical
properties adversely, precipitation of intermetallic compounds such as NisMo, NisTi,
NisAl and Fe2Mo are observed. This improves strength, toughness, hardenability and
formability. Moreover, cobalt plays an important role in maraging steels. The
uniform distribution of precipitates in the martensitic matrix is provided by cobalt.
Also, cobalt speeds up the precipitation process so that the aging time needed to
reach the desired hardness value is shortened. By the addition of cobalt, molybdenum

solubility reduces so that the amount of Mo-rich precipitates increases in the
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existence of cobalt during aging [73]. Besides, due to the low carbon content of
maraging steels, instead of ordinary martensite (BCT) which is obtained by
quenching in medium to high carbon steels, maraging steels have a lath-like BCC
martensitic structure. This structure is tougher and softer than the ordinary ones and
also heavily dislocated which means Fe-Ni BCC martensite has a high dislocation

density (high energy) and these dislocations create favorable site for precipitation.

There have been many debates about martensitic transformation in maraging steels
and its effect on strengthening with aging. It is generally agreed that about half of
the strength of the maraging steels is derived from the Fe-Ni BCC martensite formed
upon cooling from annealing temperature. After aging of this structure, strength of
the maraging steels doubled because of the precipitation of NisMo that is associated
with the martensite sub-boundaries and the precipitation of the small isolated NisTi

intermetallic compounds.

Table 2.2 Nominal compositions (wt %) of commercial maraging steels [63]

Grade Ni Mo Co Ti Al
(wt %0) (wt %0) (wt %0) (wt 9%0) (wt %0)
18Ni200 18 3.3 8.5 0.2 0.1
18Ni250 18 50 8.5 0.4 0.1
18Ni300 18 5.0 9.0 0.7 0.1
18Ni350 18 4.2 12.5 1.6 0.1
18Ni (Cast) 17 4.6 10.0 0.3 0.1
Cobalt-free
18Ni200 18.5 3.0 - 0.7 0.1
Cobalt-free
18Ni250 18.5 3.0 - 1.4 0.1
Low-cobalt
18Ni250 18.5 2.6 2.0 1.2 0.1
Cobalt-free
MS300 18.5 4.0 - 1.85 0.1
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2.2.2 Physical Metallurgy of Maraging Steels

Strength and toughness of maraging steels are higher than those of other steel types,
as can be seen in Figure 2.7. Due to the age hardening of low carbon, the martensitic

structure is extremely ductile. There are two important achievements provided by

aging.

i.  Formation of uniformly distributed fine intermetallics precipitates which
strengthen the martensitic matrix
ii.  Reduction or elimination of the reversion of metastable martensite to

austenite
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Figure 2.7. Strength/toughness combination of MS300 steels compared to conventional high-strength carbon
steels [67]

There exists a great interest in the industry to the materials strengthened by
intermetallic precipitates due to their specific features. Specifically, they differ from
carbides in the following ways [74]:

1. Intermetallics distribute into the matrix more uniformly in comparison to carbides

since no eutectic transformation is needed to form precipitates; they form during
primary crystallization. Thus, their effects on strength and ductility are less
detrimental.
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2. Intermetallics precipitate from the supersaturated solution during aging. The
following main features are observed between the precipitation of intermetallics and
the precipitation of carbides;

(1) There exists a significant dispersion of formed intermetallic precipitates having

less than 5 to 20 nm average size with the 100 nm average distance.

(ii) Relatively uniformly distributed precipitates are obtained in the carbon-free or
low-carbon matrix, especially when Ni is present in the solution. So, weaker
embrittlement effect is seen the precipitation hardening in comparison with carbide
strengthening. However, an increase in the volume fraction of intermetallics causes

more embrittlement.

(i) Precipitated intermetallics strengthen the martensitic matrix more than the
carbides due to their homogeneous dispersion with higher volume fractions. While
20 — 40 HRC hardness increment can be achieved by precipitation hardening, it is 3
— 10 HRC with carbide strengthening.

3. The precipitation hardening temperatures for obtaining the maximum hardness
depends on the type of precipitated intermetallic compounds. For martensitic steels,
(Fe,Ni,Co)7(Mo,W)s and (Fe,Cr)s(Ti,Al) intermetallic compounds precipitate
around at 500 — 550 °C and (Fe,Co)7(W,Mo)s precipitate around at 580 — 650 °C. On
the other hand, in austenitic alloys, precipitation of these compounds takes place at
higher temperatures (750 — 800 °C and higher). For that reason, carbon-free
martensitic steels can acquire higher hardness up to 68-69 HRC and improved
thermal stability depending on the type of intermetallics. However, austenitic steels

have still better thermal stability, but lower hardness.

4. During precipitation, the hardness of nickel-containing steels increases intensively
at the first 10 —15 minutes, while 30 — 40 minutes is required for carbide

strengthening.

5. Precipitate coarsening and therefore, hardness reduction occurs at higher aging

temperatures in comparison to carbides.
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2.2.2.1  Phases in Maraging Steels
Maraging steels usually consist of the following microstructural constituents;

i.  BCC lath-like martensite (a-phase) with very low amount of C
ii.  Retained and reverted austenite (y-phase)
iii.  Nanosized intermetallic precipitates (NisTi and NisMo)

iv.  Laves phase (Fe2Mo)

Maraging steels receive their excellent mechanical properties after suitable heat
treatments. Firstly, they are solutionized at around 1000 °C and then cooled to room
temperature in air. When quenching after solution treatment, transformation of
austenite to Fe-Ni BCC martensite which is a soft and heavily dislocated takes place.
It has a lath type and forms a packet consisting of many small sized laths arranged
parallel to each other. Each prior austenite grain includes several lath packets.
Moreover, retained austenite can be present in the structure after quenching
depending upon the nickel content. Besides this retained austenite, reverted austenite
can also be found. Reverted austenite formation depends on not only the chemical
composition of steels, but also the aging time and temperature. It emerges from
martensite during aging at temperatures below the global a — vy transformation
temperature. This is the temperature where the entire material transforms, which is

significantly higher than the local temperature because of Ni-enrichment [74].
2.2.2.2 Precipitation in Maraging Steels

The hardening mechanism of maraging steels is based on the precipitation of the
intermetallics during aging. Types of intermetallics formed during aging change with
aging temperature and time since they are not stable and the composition of
intermetallic changes due to diffusion of elements. Also, longer aging times result in
the dissolution of intermetallics and formation of the equilibrium composition of
martensite and austenite [75]. The main alloying element in maraging steel alloys is
nickel and strengthening enhanced due to intermetallics formed by Ni with

molybdenum, titanium and aluminum. Ultrafine needle-shaped Ni3(Mo,Ti) are the
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main intermetallics that strengthen maraging steel, and they have high resistance to
coarsening. The other precipitate, a spherically shaped Fe2Mo, also strengthens the
matrix, but it is formed in the overaged conditions. Also, the solubility of
molybdenum reduces with the addition of Co and fraction of Mo-rich intermetallics
increases [76]. The typical phases and intermetallic compounds observed in

maraging steels are listed in Table 2.3.

Table 2.3 Phases found in maraging steels [77]

Phase Stoichiometry Crystal Structure | Lattice parameters
Adustenite y-Fe FCC a=23.5852 A
Martensite a-Fe BCC a=2.8812A

Nis(Ti, Mo) AsB Hexagonal a=5101 A
' c=28.307 A
a=5.064 A
NizMo AsB Orthorhombic b=4.224 A
c=4.448 A
a=255A
X AsB Hexagonal =830 A
a=39-405A
0 AB Hexagonal c=239_248 A
a=4.751 A
u A7Bs Rhombohedral 0 =3038°
a=7.04 A
S AsB Hexagonal c=248 A
Fe.Mo a=4.745 A
(Laves phase) AB Hexagonal c=7.754 A

At different aging temperatures and times, various phases and intermetallics may
form. At low aging temperatures (between 400 °C to 450 °C), coherent phases like
X, S and u were formed in the martensitic matrix [78]-[80]. When the aging
temperature is higher than 450 °C, hardening is provided due to the precipitation of
Nis(Ti, Mo) and Fe2Mo intermetallics [75], [81]. Moreover, aging between 500 °C
and As temperature results in over-aging and austenite formation by a diffusion-
controlled reaction [82], [83]. Laves phases formed at higher aging temperatures
have also been observed. According to Li and Yin [84], the austenite formation
occurs at the same moment and as a consequence of the partial dissolution of

Nis(Ti,Mo) and precipitation of Fez2Mo.
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2.2.2.3 Austenite Reversion in Maraging Steels

Austenite reversion is essentially seen in all types of maraging steels; however,
transformation temperature varies with the steel type since transformation
temperature and austenite reversion rate are quite sensitive to the chemical
composition. As opposite to precipitation strengthening, austenite reversion leads to
loss of strength. Even, reduction in strength is associated with austenite reversion
rather than precipitate coarsening. This reversion is caused by the nickel enrichment
of the martensite matrix [85], [86].

During the aging of maraging steels, several types of precipitates are formed, and
they provide the strengthening of the matrix. NisMo precipitate which has
orthorhombic CusTi type structure and NisTi are the primary precipitates responsible
for age hardening. With the formation of these precipitates, Ni amount in the matrix
decreases. Their formation is initially favored over other types of precipitates such
as Fe2Mo due to their convenience between the bcc martensitic matrix, and they
precipitate quickly during aging. However, as the aging time increases, NizsMo
precipitate starts to grow and also coherence strain between precipitate and matrix
increases. When this strain arrives a critical level where NisMo precipitates have lost
their stability. At this point, since NisMo precipitates are unstable, they start to
dissolve and also Fe2Mo precipitates formed at the same time. With the dissolution
of NisMo, Ni enrichment in the matrix takes place, and also this enrichment is
enhanced with the formation and growth of Fe2Mo. Nickel is known as austenite
stabilizer and Ni-enrichment in the matrix leads to a decrease in martensite start
temperature (Ms) so that austenite remains in the microstructure. Austenite reversion
can be defined as decomposition of Fe-Ni metastable martensitic matrix to the
austenite by diffusion-controlled reaction at temperatures below austenization start
temperature (As) [69], [87].

Formation of reverted austenite takes place with a diffusion mechanism followed by
rapid shearing or with both actions of diffusion and shear mechanisms

simultaneously. Reverted austenite firstly starts to form in a thin shell around the
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retained austenite regions or at the martensite platelet boundaries. After the reaction
has progressed enough, lamellar structure with elongated austenite ribbons along
boundaries and also smaller austenite pools within the platelets appear [69], [88].

2.3 Additive Manufacturing of Maraging Steels

Additive manufacturing is focused on the production of complex-shaped engineering
components with high quality in generally the biomedical and aerospace industry.
Nowadays, instead of conventional methods, additive manufacturing of maraging
steel components gain importance due to their superior mechanical properties. In
addition to their superior mechanical properties, their excellent wettability and low
reflectivity make them very suitable for additive manufacturing, especially for
powder bed fusion techniques such as selective laser melting, which is also known
as laser powder bed fusion (LPBF). In this section, additive manufacturing of MS300
maraging steels are summarized in terms of microstructure and mechanical

properties for SLM.
231 Densification Phenomena

The densification level of additively manufactured material is very critical for the
resultant mechanical properties of parts and their performances. The relative density
of parts is strongly affected by process parameters such as laser power, scan speed,
pitch diameter, and spot diameter. For this reason, process parameter optimization
studies for additive manufacturing of MS300 maraging steels have conducted. Bai
et al. [2] designed the orthogonal experiment to study the influence of process
parameters by choosing laser power as 100 — 190 W, scanning speed as 300 — 600
mm/s and scanning space as 0.05 to 0.11 mm. They concluded that relative density
firstly increases with the increasing laser power, scanning speed and scanning space
at a certain level and then decreases since low energy density which is provided at
lower laser power with higher scanning speed leads to insufficient melting of metal
powder while high energy density obtained with high laser power and low scanning
speed leads to voids formation due to spatter and vaporization. Also, relative density

decreases with bigger scanning spaces because of insufficient melting of powders.
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Huang et al. [89] conducted the orthogonal experiments to investigate the
relationship between the SLM process parameters and the relative density. Their
outcome is very similar to the results of Bai et al. They ranked the importance order
of process parameters as laser power, scanning distance, scanning speed and powder
thickness, respectively. The optimal process parameters were found as 260 W laser
power, 700 mm/s scan speed, 0.11 mm scan pitch, and 0.02 mm powder thickness.
When laser power increases up to 260 W, powders have higher fluidity due to
abundant received energy so that internal pores close up, but when laser power
exceeds 260 W, powders receive too much energy, and this causes vaporization and
over burn of powders. Also, the effect of laser speed explained as at lower scanning
speeds, the laser stays on powder longer times, and powders melt fully, so the amount
of formed porosity becomes very small. If laser speed becomes very low, powders
can be vaporized and cause the formation of pores. When scanning space increases,
a sufficient amount overlap is not provided, and each layer becomes uneven, but flat
layers are obtained at small scanning spaces because of the overlap of the melt
channels. Mutua et al. [3] found the optimum process parameters as scan speed of
700 mm/s, laser power of 300W, overlap rate of 40%, and energy density of 71.43
JiImm?3. Also, Yao et al. [90] concluded that when the energy density was over 180

JImm?, the parts with 100 % relative density can be manufactured.
2.3.2 Microstructure of Additively Manufactured Maraging Steels

Maraging steel parts with nearly 99.9% relative density can be produced [1], [2],
[12], [64], [89]-[96], [3], [97]-[106], [5], [107]-[111], [6]-[11]. Additively
manufactured maraging steels have completely different microstructure than
conventionally produced ones that have fully lath martensitic structure [72], [101].
Their microstructure consists of fine dendritic cellular solidification with the cell size
of 0.2 to 0.6 um for laser powder bed deposition and 5 um for direct energy
deposition and elongated acicular microstructure along building direction due to
rapid solidification with higher cooling rate [1], [12], [22], [23], [49], [52], [79],

[112]. The formation of this solidification microstructure is due to the martensitic
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phase transformation. The as-built microstructure of additively manufactured

MS300 maraging steel is shown in Figure 2.8.

Figure 2.8. SEM micrographs of the as-built MS300 steel [7]

This microstructure looks rather different from wrought maraging steels. Individual
solidification cells include the martensite lath blocks and retained austenite often
confined along cell boundaries. The formation of retained austenite is a consequence
of nickel enrichment during solidification due to micro segregation in the
intercellular regions [101], [113]. This situation is explained more clearly in the
study of Jdgle et al. [101]. As can be seen in Figure 2.9 (a), retained austenite (red
areas in Figure 2.9 (a)) is exactly located in the intercellular regions. Austenite could
appear as small circles and long needle-like structures depending on the dendrite
orientation. Figure 2.9 (b) shows that intercellular regions are enriched with nickel,
titanium and molybdenum due to separation of solute elements in the liquid, so due
to this enrichment, retained austenite is formed at that locations. Therefore,
significant amount of austenite exists in the microstructure after additive
manufacturing [6], [9], [12], [88], [101].
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Figure 2.9. EBSD scan of the as-built 18Ni300 steel with EDS maps [102]

The study of Takata et al. [114] characterizes the microstructure and its associated
crystallographic features of SLM fabricated maraging steels. They inferred the
microstructural development during selective laser melting of maraging steels by

considering the thermodynamic and crystallographic results, which is shown in
Figure 2.10.
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Figure 2.10. Schematics showing the formation of microstructure in the maraging steel during SLM [114]

During SLM, powder layers are locally heated up and melted with the laser
irradiation, and melt pools are formed. Firstly, y-phase which is the primary solid
phase is observed to form at the interface between the solid and liquid phases, and
during solidification, growth of austenite phase towards to the center of melt pools
takes place as can be simulated in Figure 2.10 (a). Solidification of grains occurs in
the <001> direction like other SLM produced FCC metals. This preferential
solidification direction causes the formation of retained austenite with {001} texture.
During the rapid cooling process, the melt pool can rapidly solidify to a number of
{001} oriented grains, as can be seen in Figure 2.10 (b). Solidified melt pools are
transformed into the lath martensite structure with a high density of dislocations at
temperatures lower than Ms temperature with respect to the Kurdjumov—Sachs
orientation relationship (Figure 2.10 (c)). This was determined as (111),//(011). and
[-101],//[-1-11].. Therefore, the reason of the formation of retained austenite at the
melt pool boundaries instead of the inside of melt pools is observed due to the higher

solidification rate in the liquid-solid interfaces of irradiated regions [114].
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2.3.3 Heat Treatment of Additively Manufactured Maraging Steels

Maraging steels gain their superior combination of strength and toughness after
aging heat treatment due to the hardening of martensitic structure with the
precipitation of intermetallics. Generally, there is no precipitate in the microstructure
in the as-built condition due to the high cooling rate which suppresses the
precipitation [10], [88], [101], [106]. However, a small amount of precipitates can
be seen in the DED produced materials because of the repeated reheating of the
previous layer upon the deposition of the next layer, and this condition is called as

intrinsic heat treatment.

Two types of heat treatment are usually applied to the maraging steels: aging and
solution treatment. Aging treatment is applied at a temperature range 450 °C to 550
°C and the solution treatment temperature is between 800 °C to 900 °C for full
austenization. After aging treatment, the dendritic martensitic structure is retained,
and precipitation of intermetallic compounds takes place. This precipitation
sequence upon aging is compared with conventional ones in the literature, and it is
found that firstly, spherical NisX where X could be Ti, Mo or Al precipitates (n-
phase) is formed [2], [10], [88], [101], [106] followed by FezMos (u-phase)
precipitates [88], [101], [106]. Also, austenite reversion and formation of reverted
austenite can be seen due to aging at higher temperatures and longer times.
Moreover, solution treatment is applied to the as-built maraging steel parts but
dendritic structure completely disappear at that time and coarse fully martensitic
microstructure is obtained and this leads to decrease in mechanical properties
compared to the as-built condition [2], [6], [7], [9], [110].

2.3.4 Mechanical Properties of Additively Manufactured Maraging Steels

Maraging steels are high strength steels having an unusual combination of tensile
strength and fracture toughness after aging treatment. Their strength in the wrought
conditions is around 1000 MPa and increases up to 2000 MPa after aging treatment.
However, the mechanical properties of additively manufactured MS300 steel are

comparable to wrought maraging steels. They have a slightly higher yield and
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ultimate tensile strength as compared to conventionally manufactured materials in
the as-built conditions due to their fine microstructures [2], [9], [12], [110]. Again,
their hardness (from 380 to 650 HV) and tensile strength (from 1200 to 2100 MPa)
increases with aging treatment; however, ductility decreases as expected [2], [6], [7],
[12]. Table 2.4 summarizes the mechanical properties of additively manufactured

18Ni300 maraging steel reported in the literature.

Upon aging treatment, austenite reversion at retained austenite cell boundaries can
also take place [120,122,129,131]. However, this situation is not valid for
conventionally produced materials, so their hardness in the aged conditions is higher
than additively manufactured materials [130]. The toughness reduces significantly
during aging, and also, there is a difference between AM produced and wrought
materials. It is much lower for additively manufactured materials. To investigate the
effect of solution treatment, some studies were also conducted. Casati et al. [6]
argued that solution treatment is unnecessary for AM parts, and only direct aging is
enough to obtain desired properties. However, Tan et al. [9] suggested the
application of solution treatment to the as-built materials since fracture mechanisms
are more favorable in the solution treated and aged materials than directly aged ones.
Moreover, the effect of retained austenite and reverted austenite were also analyzed
in the study of Casati et al. [6], and they found that they have a negligible amount of
effect on the strengthening and fracture mechanisms. Austenite reversion plays a

minor role in strengthening compared to the precipitation of intermetallics.

Finally, fatigue performance of additively manufactured maraging steels was
investigated by Croccolo [115] and Becker [110]. Croccolo et al. concluded the
fatigue properties to be isotropic with a fatigue limit of 600 MPa [115]. Becker et
al. found that fatigue crack growth rates of peak aged material are isotropic and equal
to that of conventionally-produced material [53]. Isotropy is due to the weak texture
in the material as a consequence of the martensitic transformation. Despite virtually
defect-free specimens, the ductility and fracture behavior is still strongly affected by

the orientation, morphology, arrangement of defects in the material [6], [7].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1  Material and Production of Specimens

The specimens produced from MS300 Maraging steel (European 1.2709 and German
X3NiCoMoTi 18-9-5) were supplied from EOS GmbH, Germany. Totally, 27
rectangular specimens (10x10x8 mm) for microstructural analyses and 54 cylindrical
specimens (8 mm @ x 78 mm) for mechanical tests were produced via direct laser
metal solidification (DMLS) which is also known as selective laser melting (SLM).
The production layout of the specimens is shown in Figure 3.1. Stacking direction is
from bottom to top of the table; i.e., the surface contacting the tray is the starting
point, and the surface on which the specimen number is written is the finishing

surface.

Figure 3.1. Orientation scheme of AM parts
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The specimens were produced from the gas atomized powder of MS300 Maraging
(Table 3.1 and Table 3.2) using a 59.5 J/mm? laser energy density. The production
parameters and building direction were kept constant to minimize the effects of the
parameters on the mechanical properties of the specimens. N2(g) was used in order
to prohibit the oxidation of alloying elements and also to ensure stable laser-material

interaction without disturbance of process plume during production.

Table 3.1 Chemical composition of SLM manufactured specimens (wt %)

Ni Co Mo Ti Al Cr,Cu C Fe
17- 8.5- 4.5- 06- | 0.05- . .
19% | 95% | 52% | 0.8% | 0.15% | <% | <0.03% | Bal
Table 3.2 Specification and size ranges of gas atomized maraging steel powder
Material Powder Size Range (um) dso (pum)
MS1 22 —-54 35

3.2 Measurement of Surface Roughness

The surface roughness (Ra) of the as-built specimen was measured by using the
MarSurf PS10 roughness device in the horizontal and vertical cross-sections of the

rectangular specimens by averaging five measurements on each surface.

3.3 DSC/TGA Analysis

Differential scanning calorimetry / thermogravimetric analysis was performed using
TA Instruments SDT 650 Simultane DSC/TGA in an argon atmosphere with a
heating rate of 20 °C/min between 200 °C to 1000 °C. Two specimen conditions, i.e.,

as-built and solution treated, were considered in the DSC/TGA analysis.
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34 Heat Treatment

The specimens were subjected to solution treatment (ST) and aging treatment (AT).
To obtain the desired microstructure and mechanical properties, a series of heat
treatment processes were performed in the air atmosphere-controlled furnaces by

changing temperature and time.

a) Solution treatments at three different temperatures (820 °C, 900 °C and 980 °C)
for 1 hour were applied (the most suitable one was found as 900 °C). Then, the

second heat treatment series was applied at 900 ° C for 15 minutes to 2 hours to find

the optimum time. All solution treated specimens were cooled in air.

b) Aging was applied to both as-built and solution treated specimens. Firstly, to
obtain optimum aging time, direct aging which refers to aging of as-built specimens
was performed to the as-built specimens at 490 °C for times varying from 1 hour to
8 hours. All specimens were quenched in the air to room temperature. Aging at 490
°C for 6 hours was decided as the optimum process. Then, this aging procedure was
applied to the solution treated specimens. All heat treatment processes are

summarized in Table 3.3.
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Table 3.3 Heat treatment procedures

Heat Treatment Temperature (°C) Time (hr)
490 1
490 2
490 4
Direct Aging 490 6
(Aging of as-built 490 8
specimens) 420 6
450 6
490 6
520 6
820 1
900 1
Solution Treatment 980 1
900 0.5
900 2
820/ 490 1/6
980 /490 1/6
900/ 490 1/6
Solution Treatment 900 / 490 05/6
A;Lng 900/ 490 216
900/ 450 1/6
900/520 1/6
900/590 1/6
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3.5  X-Ray Diffraction

The existing phases in all specimens were determined by using the D8 Advanced
Bruker X-Ray Diffractometer. Small pieces were prepared from the specimens after
each heat treatment, and surfaces of each piece were ground to achieve smooth and
contamination-free surfaces. The X-ray tube of the diffractometer has a Cu Ka (A =
1.5406 A) anode with Ni filters. The diffractometer operated at 40 kV and 30 mA,

and data collected in the range between 30° and 90° at a scan rate of 2°/min.

Phase amount of all specimens were determined by one of the phase quantification
methods, Rietveld method using Maud software to compare the change in austenite
content with heat treatment procedures. Note that these results are not exact amount
of austenite in the specimens. They are used only comparison since Co target must
be used in the phase quantification of steels instead of Cu target.

3.6 Ultrasonic Wave Velocity Measurement

Longitudinal and transverse wave velocities along each direction were measured by
using Olympus Epoch 600 to investigate anisotropic behavior of parts, and also to
determine some mechanical properties non-destructively. The Time of Flight
principle (ToF) was used to measure the distance between a sensor and a back-wall
of the specimen. It is based on the time difference between the emissions of a signal
which return to the sensor after being reflected by a back-wall. The sound velocities
were calculated by dividing the covered distance to the ToF value. The time interval
between the two echoes was measured in the microseconds scale. Honey was used
as a couplant between the transducer and test piece surface to eliminate the acoustic
impedance mismatch between air and solid. Smooth and flat surfaces were obtained
by grinding. The thicknesses of specimens were measured with a micrometer with a
+0.001 mm error margin. During both longitudinal and transverse wave velocities
measurements, Panametrics ultrasonic probes whose frequencies are 2.25 MHz were
used. Time of flight values between four different echoes were measured, and the

mean of these values was calculated.
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3.7 Density Measurement

Densities of the as-built specimens were measured according to Archimedes’
principle by using a laboratory balance density measurement Kit. Firstly, the initial
mass of specimens weighed in air, and then, they dipped into water to allow
impregnation of open water pores. Then, the immersed mass of the specimen was

measured. Density and relative density values were determined by using Equation

[nitial mass

Density of part = * (Density of liquid — Density of air) + Density of air

Initial mass — Immersed mass

Equation 3.1

Pstm Pwater * MsLM(air) Equation 3.2

Pstandart Pstandart * (mSLM(air} — MgpM(water)

3.8  Metallographic Examination

For metallographic examination, cubic shape specimens were cut into three pieces;
each one belongs to one surface. Surface 1 is parallel to the building direction, and
Surface 2 and Surface 3 are the perpendicular surfaces to building direction. Then,
specimens were ground with SiC papers from 240 to 1200 grit size. Next, the
surfaces were polished with diamond pastes whose diamond particle sizes are 3 and

1 um, respectively.

Finally, polished specimens were etched with the Modified Dry’s Reagent and 3%
Nital and then rinsed with running water and ethanol. Subsequently, specimens were
dried by air blowing.

Microstructural examinations were carried out with Huvitz HDS-5800 and FEI Nova
NanoSEM 430.
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3.9 Mechanical Tests

Micro- and macro-hardness measurements were conducted to both as-built and heat-
treated specimens. All specimens were ground and polished to obtain flat surfaces.
Hardness measurements were taken in Shimadzu HMV-2T hardness device with a
diamond pyramid indenter by applying 19.612 N load for 10 seconds. On each

specimen, at least six measurements were taken at specified intervals.

Tensile test specimens (Figure 3.2.) were prepared from cylindrical parts according
to ASTM E8/E8M. Gauge length was chosen as 30 mm and BESMAK Testing
Machine equipped with the Epsilon extensometer device with a constant loading rate

of 0.48 mm/min was used.

Figure 3.2. Tensile test specimen and dimensions

Besides, fracture surfaces of specimens were investigated by using FEI Nova
NanoSEM 430.
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CHAPTER 4

RESULTS AND DISCUSSION

In this part, the experimental findings related to structural analyses, microstructural
evaluations, and mechanical property examinations are given in detail. Firstly, the
as-built specimens were evaluated in terms of surface morphologies and part
densities, microstructural and thermodynamic characteristics. Then, the effects of six
different heat treatments on microstructure and mechanical properties of the
specimens were discussed. Finally, microstructure and mechanical properties of the
specimens were compared and correlated with the results of ultrasonic wave velocity

measurements.
4.1 Characterization of as-built specimens
4.1.1 Relative Density and Surface Roughness

One of the critical points of selective laser melting is the fabrication of parts with
high relative density. The average density and relative densities of the manufactured
parts were found as 8.01 g/cm? and 99.2 %. They were calculated by the Archimedes
principle, and these values compromise with the given data in the EOS Material data
sheet [118].

Surface roughness gives information about the preparation level of the parts. While
surface roughness values in the horizontal direction measured as 4.34 um, it was
5.35 um in the vertical direction. This shows that roughness varies according to
building direction, and this is caused due to the short scan length, which leads to a
high amount of heat flow in previously solidified layers [107]. This directional
dependence has also been reported by Tan et al. [8], [9] and Bhardway et al. [107].
Tan et al. found that surface roughness values 4.16 um in the horizontal direction
and 4.79 pum in the vertical direction [8], [9].

Process parameters of selective laser melting strongly affect the surface roughness
and relative density of parts. Re-melting of previously solidified layers results in a
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change in surface roughness and pore formation. Souza et al. [103] concluded that
increasing laser scan speed causes the narrowing of the scan track, and at higher
speed, these tracks turn into discontinuity, which results in higher roughness. Also,
they found that the effect of scan speed on roughness is higher than that of layer

thickness.
4.1.2 Microstructural Characterization

Optical micrographs in the vertical (a, ¢) and horizontal (b, d) directions are shown
in Figure 4.1. The motion track of the laser beam and laser scan angle is clearly seen
in Figure 4.1 (a). The microstructure of top view consists of ellipsoidal structures,
and their width is between 90 and 110 um which is equal to the laser spot size (100
um). In contrast to the top view, scan tracks of flaky half elliptical melt pools
oriented parallel to building direction are observed on the lateral cross-section, and
these scan tracks overlapped each other as can be seen in Figure 4.1 (b). The reason
of the formation of semi-elliptical melt pools is due to the growth of scan tracks
proportional to the thermal gradient, which is very high during selective laser
melting. Moreover, there exist dark regions between melt pools, and this is the
evidence of segregation of alloying elements in as-produced specimens. Also, the
shape of the melt pools gives information about processes. The width of the semi
ellipsoidal melt pools is between 90 — 110 um, which is equal to laser beam diameter,
and the height of semi-ellipsoids is approximately 40 — 50 um, which is nearly same
as the layer thickness.

The complicated thermal processes of selective laser melting lead to the formation
of fine-grained cellular solidification structure and epitaxial growth across different
track boundaries. This fine-grained martensitic structure is clearly seen in Figure 4.1
(c) and (d). The reason of this microstructural change can be explained by the high
cooling rate (about 10° to 108 K/s) of the SLM process. At high cooling rates, solute
atoms aggregate at the phase boundaries because of the insufficient time to form
secondary dendrite arm and produce microscopic segregation. So, instead of lath

martensitic structure, cellular morphology is formed [119].
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200 um
—

Figure 4.1. Optical micrographs of th as-built MS300 steel (a, c) top view (b, d) lateral view. Red dotted
arrows show the laser scanning direction while the dark solid arrow indicates the building direction

Figure 4.1 shows that there is a difference between micrographs taken from the same
locations depending upon the etchant type. Micrographs in the upper side were
etched with Nital and the others etching with Modified Dry’s Reagent. Nital etchant
predominantly shows the details of the cellular microstructure and the motion of laser
tracks; however, any signs of the typical martensitic structure were not revealed since
Nital attacks alloy-rich segregations and clearly highlight the solidification
substructure [2]. In contrast, martensite packets are more clearly seen in Figure 4.1
(c) and (d) since Modified Dry’s reagent highlights the martensite packets more than
laser tracks so, the selection of an appropriate etchant is essential to reveal desired
microstructural features. Kucerova et al. are also highlight the effect of etchant on
the microstructure of MS300 steels by using 3 % Nital, Adler's reagent, Fry's reagent,
and dilute aqua regia [112].
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The melt boundaries can be clearly seen (red cycle) in the SEM images of the as-
built specimen (Figure 4.2). There are two different cellular morphologies on two
sides of the melt boundary substantially columnar dendrites (blue circle) and fine
equiaxed cellular structures (yellow circle). This type of structure is formed due to
the rapid solidification of the SLM process, which prevents the formation of the lath

martensite [12].

: WD mag' HVY L I —. O L1
9.9mm 5000x|20.0kV 59.7 pn METE-METU

WD [ET] HV HFW e—1C 0 Y111}
9.8 mm 5000 x|20.0kV|59.7 pm METE-METU

Figure 4.2. SEM images of MS 300 steel; (a) top view, (b) lateral view
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4.1.3 Mechanical Characterization

Although maraging steels achieve their superior mechanical properties after aging
treatment, it is important to compare mechanical properties of additively
manufactured MS300 specimens with those at wrought condition since the
microstructure of additively manufactured parts is very different than as-cast ones.
The representative stress versus strain graph for the as-built MS300 maraging steel
is given in Figure 4.3, and mechanical properties are listed in Table 4.1. The as-built
specimen has 1112 MPa yield strength and 1203 MPa tensile strength. These results
are very similar to those reported in the literature [7], [11], [12], [64], [110].
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Figure 4.3. Representative stress vs. strain diagram for the MS300 specimen (as-built)

Mechanical properties for wrought maraging steel 300 are also summarized in Table
4.1 for comparison. Hardness and strength of SLM produced maraging steel 300
specimen are higher than those of the as-cast one. This difference can be explained
due to microstructural changes. High cooling rates (106— 108 K/min) and re-melting
of the previous layer during manufacturing causes a formation of fine microstructure
with tiny grains, and also micro segregation is obvious during SLM. Moreover, the
ductility of SLM produced maraging steel is higher than the wrought specimen. The
reason of this difference is natural aging, as explained by Shin et al.[120].
Furthermore, microstructural change is observed with changing building direction,
and this causes a mechanical anisotropy. However, the hardness of SLMed MS300

specimens remains nearly the same regardless of direction, at around 380 HV. This
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shows that microstructural anisotropy does not remarkably affect hardness values.

This argument compromises with the results of Dohyung Kim et al. [100].

Table 4.1 Mechanical properties of SLM produced and wrought MS300 steel

Hardness Test Tensile Test
Microhardness Macro hardness
Specimen (HV2) (HV10) E Rpo.2 Rm 9
Condition | Face | Face | Face | Face | Face | Face | (GPa) | (MPa) | (MPa) & (%)
1 2 3 1 2 3
As-built 380 | 375 | 376 | 381 | 376 | 378 173 1112 | 1203 | 124
+7 +8 +7 +2 +2 +3 +1 +6 +5 +1
760 1000 6
Wrought12 332 - 342 HV (35 - 36 HRC) 180 - — -
895 1170 15
4.1.4 Thermodynamic Characteristics

Phase transformations occurred in the as-built MS300 specimens were investigated

via DSC analysis, which shows exothermic and endothermic behavior of materials

during heating. DSC curve consists of two exothermic and three endothermic peaks

(Figure 4.4).
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Figure 4.4. DSC curve for the as-built MS300 specimen
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The first exothermic peak at 453 °C is attributed to carbide formation, coherent
intermetallics precipitation, and martensite recovery [121], and the next exothermic
peak corresponds to grain growth of retained austenite or formation of reverted
austenite [121]-[123]. Also, over aging is observed in this temperature range. Tewari
et al. [77] found that with the increasing temperature and holding time, €, ®, Fe2Mo
and Nis(Ti, Mo) precipitates appeared in sequence from 400 °C to 550 °C. The
endothermic peaks belong to solution treatment processes at higher temperatures.
The third peak (648 °C) is related to the transformation of martensite to austenite and
formation of reverted austenite, and the last peak is considered as recrystallization
and decomposition of precipitates [121], [123], [124]. Finally, an extra peak that
occurs at nearly 900 °C (peak # V) may be related to impurities like oxides [11].

Therefore, the aging range is found as 450 °C to 550 °C and solutionizing
temperature range is 600 °C to 800 °C. Aging treatment temperature range was
determined as 450 °C to 590 °C, and the solution treatment temperature range chosen
as 820 °C to 980 °C in this study. The reason of choosing a solutionizing temperature
higher than temperature range found from the DSC curve is the micro segregation
observed in the selective laser melted parts that can be annihilated by diffusion of
elements at high temperatures [11].

4.2  Optimization of Heat Treatment
4.2.1 Structural Analysis

XRD patterns of heat-treated specimens are shown in Figure 4.5 (a) to (f). These
peaks belong to BCC and FCC crystal structures. As can be mentioned before, a soft
lath-like (BCC) martensite (a-phase) is formed in maraging steels due to their low
carbon content. The as-built specimen consists of martensite (a-phase, BCC) and a
small amount of austenite (y-phase, FCC) phases. (200)y of the austenite (y) phase
gives a small peak at nearly 20 = 51°. The formation of a small amount austenite
phase is due to the non-uniform distribution of alloying elements at cell boundaries.
Retained austenite formation is promoted during cooling due to the non-homogenous

distribution of alloying elements, in agreement with some studies [3], [6], [11], [12].
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Figure 4.5.XRD patterns of heat-treated MS300 specimens: (a) Aging at different temperatures; (b) Aging at
different holding time; (c) Solution treatment at different temperatures; (d) Solution treatment at different
holding time; (e) Solution treatment and aging at different temperatures; (f) Solution treatment and aging at

different holding time

46



Figure 4.5 (a) and (b) shows the XRD patterns of the specimens aged at different
temperatures and times. The most obvious change is seen after aging 590 °C for 6
hours. In this condition, the intensity of (200)y peak increases, and (111)y and (220)y
peaks appear. This shows that phase transformation from martensite (BCC) to
austenite (FCC) occurs during aging at temperatures higher than 520 °C. Also, it is
evident that austenite growth happens in the (111) and (220) directions rather than
(200) direction. There is no distinct feature seen with increasing holding time. Only
the intensity of (200)y peak increases which indicates that the austenite phase

promotes in the (200) direction with longer aging time.

Furthermore, when solution treatment is applied to the as-built specimen, the (200)y
peak completely disappears, the intensity of (200)a decreases and the intensity of
(211)a increases with the increasing temperature and time, as shown in Figure 4.5
(c) and (d). This indicates that during solution treatment, the austenite phase in the
as-built specimens is wholly transformed into martensite with preferential growth
direction of (211). Due to the micro segregation of alloying elements at cellular
boundaries, retained austenite exists at melt pool boundaries in the as-built
specimens [101]. However, these elements dissolve in the austenite matrix
homogeneously after solution treatment, so austenite completely transforms to the

martensite in subsequent cooling.

Finally, the aging behavior of the solution treated specimens was investigated.
Corresponding XRD patterns are shown in Figure 4.5 (e) and (f). Until 520 °C, they
are very similar to solution treated ones; all peaks belong to a-phase, and there is no
evidence for y-phase. This shows that during the aging of solution treated specimens
till 490 °C, the transformation from martensite to austenite is not seen due to the
homogenous distribution of alloying elements. However, peaks belong to austenite
phase start to seen in the solution treated specimens after aging at temperatures

higher than 520 °C as in as-built conditions due to austenite reversion.
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The peaks corresponding to intermetallic precipitates such as NisAl, NisTi, NisFe, or
NisMo are not seen clearly in the aged specimens. They are located at the range of
20° to 40°, but the characterization of these peaks is very difficult from the XRD

pattern due to their extremely small intensities [100].

Moreover, the phase contents of the as-built and heat-treated specimens were
calculated from the XRD patterns to analyze the change in the austenite content and
summarized in Table 4.2. Note that this analysis was made for only comparison. To
find the exact amount of austenite in the matrix, Co target must be used instead of
Cu target. The as-built specimen contains 97.22 % o and 2.78 % vy phases. The
amount of austenite decreases with solution treatment: it decreases 0.32 % after
holding at 900 °C for 30 minutes and completely disappear after 1 hour. Although
austenite fraction increases with aging in the as-built specimens, no austenite is
observed in the solution treated ones. The reason for this difference can be explained
by the segregation that occurred during selective laser melting, and this
nonhomogeneous structure disappears after solution treatment. % Austenite vs.
aging temperature and % austenite vs. aging time graphs (Figure 4.6) shows the
effect of aging on the austenite content of the as-built specimens more clearly.

Figure 4.6 (a) shows a variation of the austenite content as a function of the aging
temperature. Initially, 2.78 % y exists in the as-built specimen, and after aging 6 hr,
the austenite content increases to 7.49 %. The austenite content increases gradually
with the increasing aging temperature indicating that austenite transformation is
promoted by aging temperature. Austenite fraction increases sharply to 44.31 % at
590 °C due to the rapid growth of the austenite phase at high temperatures. Figure
4.6 (b) shows the variation of austenite fraction at 490 °C as a function of time. It
can be seen that y content increases with increasing holding time. 8.53 % v is
obtained after 8 hr, and this shows that austenite formation and growth rate is

relatively stable for changes in the aging time compared to the aging temperature.
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Figure 4.6. Austenite content of the aged specimens: (a) as a function of temperature for 6 hr aging; (b) as a

function of time at 490 °C
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Table 4.2 The % volume of martensite (o) and austenite (y) in the as-built and heat-treated MS300 specimens

i . a-phase | y-phase
Variable Temperature / Time
(vol %) | (vol %)
As-built 97.22 2.78
450°C /6 hr 92.53 7.45
Aging 490 °C /6 hr 92,51 7.49
Temperature 520°C/6hr 85.05 14.95
590°C /6 hr 55.69 44.31
490°C/1hr 95.60 4.40
490 °C/2hr 95.36 4.64
Aging Time 490 °C /4 hr 94.95 5.05
490 °C /6 hr 92,51 7.49
490 °C/8hr 91.47 8.53
Solution 820°C/1hr 100 0
Treatment 900°C/1hr 100 0
Temperature 980°C/1hr 100 0
Solution 900°C /0.5 hr 99.68 0.32
Treatment 900°C/1hr 100 0
Time 900 °C/2hr 100 0
900 °C/0.5hr &490°C/6 hr 100 0
900°C/2hr&490°C/6 hr 100 0
900 °C/1hr&490°C/2hr 100 0
Solution
900 °C/1hr&490°C/4hr 100 0
Treatment /
] 900 °C/1hr&490°C/6 hr 100 0
Aging
900°C/1hr&450°C/6hr 100 0
900°C/1hr&520°C/6hr 93.82 6.18
900 °C/1hr&590°C/6hr 66.41 33.59
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422 Microstructural Evaluation

The microstructure of the solution treated specimen is presented in Figure 4.7.
Solidification traces and scan tracks in the as-built specimen are completely
disappeared after solution treatment. This leads to the elimination of microstructural
anisotropy of the top and lateral surfaces of the as-built specimen. The structure of
the top surface (Figure 4.7 (a)) is very similar to that of the lateral view (Figure 4.7
(b)). Due to the grain growth of austenite during solution treatment, instead of
cellular structure, both of them have a coarse lath martensitic structure. This structure
Is characterized as massive martensite blocks or packets, consisting of fine bundles
of parallel and heavily dislocated laths [6].

(b)

Figure 4.7. Representative micrographs of the solution treated specimens; (a) top view, (b) lateral view

Figure 4.8 shows the microstructure of aged specimens at 490°C for holding time
from 1 hr to 8 hr. These results are distinct from solution treated ones. The cellular
microstructure of the as-built specimen does not completely disappear, but it starts
to become blurred with increasing time, as can be seen clearly in Figure 4.8. Aging
causes nucleation and growth of austenite at cell boundaries where it is already
present, even though in a lower amount due to the nickel enrichment at cell
boundaries that reduce the austenite transformation temperature [125] and the
presence of austenite at cell boundaries which promotes the heterogenous nucleation
[88].
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Figure 4.8. Representative micrographs of the aged specimens; (a,c,e,g) top view, (b,d,f,h) lateral view; Aging
at 490 °C for (a,b) 1 hr; (c,d) 4 hr; (e,f) 6 hr; (g,h) 8 hr
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Figure 4.9 displays the microstructure of specimens that are firstly solution treated
at 900 °C for 1 hour and then aged at 490 °C for 4 hr (Figure 4.9 (a) and (b)) and 6
hr (Figure 4.9 (c) and (d)). Micrographs on the left side belong to the top view, and
the ones on the right side are lateral surfaces. These structures are entirely different
than the direct aged ones. There is no sign of cellular structure, and massive
martensitic blocks are clearly seen. Also, the anisotropic appearance of SLM is
eliminated, and the nearly same structure is obtained in both top and lateral surfaces.

Fiure 4.9. Rprsentative crogphs of the specimens tat weresolution treatd aged a 90 °C (a,b) for
4 hr, (c,d) for 6 hr; (a,c) top view, (b,d) lateral view
Figure 4.10 presents the microstructures of specimens that were aged at different
aging temperatures. Although cellular structure does not completely disappear by
aging at low temperatures, the disparate microstructure is observed at high aging
temperatures. As can be seen in Figure 4.10 (c), aging at 590 °C causes the overaging,
and instead of fully martensitic structure, a martensitic — austenitic structure appears
due to the further austenite reversion. y-Fe is extensively present at cell boundaries
of aged specimens; however, it also appears within the cells in the overaged

specimens. An extreme case is depicted in Figure 4.10 (c). Austenite reversion
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occurs to such an extent that the previous microstructure is barely visible. These
results are consistent with the literature, i.e., it has been demonstrated that y-Fe starts
to grow at lath martensite and, as aging proceeds, it nucleates within the martensite
laths [75], [125].

100 ym

Figure 4.10. Representative micrographs of the aged specimens (top surface); (a) Aged at 450 °C for 6 hr, (b)
Aged at 520 °C for 6 hr, (c) Aged at 590 °C for 6 hr

The SEM micrographs of the specimens under different heat treatment conditions
are presented in Figure 4.11. After solution treatment, the boundaries, strips and cells
disappear gradually. The microstructure shows intertwined large slats (white arrows
in Figure 4.11 (a)). This is because that the high temperature during solution
treatment causes the growth of austenite grain, which leads to bigger martensite laths.
Figure 4.11 (b) presents a micrograph of solution treated & aged specimen. It can be
seen that the martensite laths become longer and wider. However, the boundary is
still faintly visible. Figure 4.11 (c) and (d) present the microstructure of directly
aged specimens. The results are distinct from those obtained by solution treated ones.

The strips (blue arrow), melt boundary (red circle) and cellular structures (orange
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circle) do not completely disappear but become blurred with the temperature and

holding time rising.

30 pym

0 10 pm
METU - METE

METU - METE

10 pm
METU - METE

Figure 4.11. SEM images of heat-treated specimens; (a) Solution treated at 900 °C for 1 hr, (b) Solution
treated and aged at 490 °C for 6 hr, (c) Aged at 490 °C for 4 hr, and (d) Aged at 490 °C for 6 hr

4.2.3 Mechanical Test Results
4231 Tensile Test Results

Figure 4.12 shows the stress vs. strain graphs of the specimens after different heat
treatments in order to emphasize the differences in the room temperature tensile

behavior of MS300 maraging steels.
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Figure 4.12. Stress vs. strain graphs of the heat-treated specimens; (a) Aging at different temperatures;
(b) Aging at different times; (c) Solution treatment at different temperatures; (d) Solution treatment at a
different time; (e) Solution treatment and aging at a various temperatures; (f) Solution treatment and aging at

a different times; (g) Solution treatment at a different time and aging at 490 °C
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For the aged specimens, as can be seen in Figure 4.12 (a) and (b), the tensile strength
appears to increase with the increasing aging temperature and time. Strength
increases up to 2050 MPa after aging 490 °C due to precipitation of intermetallics,
as in agreement with the study of Tan et al. [9], [10]. However, tensile strength starts
to decrease at a higher aging temperature. As compared to the holding time, the aging
temperature shows a significant influence. This is caused by the comprehensive
effect of austenite and precipitated particles. Although tensile strength is enhanced
with the precipitation of intermetallic compounds, the increase of austenite content
reduces the tensile strength. Moreover, the tensile strength will decrease if the size
of particles becomes larger, and the big particles also cause the elongation reduction.
This situation is more clearly seen in the specimen aged at 590 °C. Although tensile
strength increases from 1203 to 2041 MPa after 6 hours aging at 490 °C, it reduces
to 1276 MPa at 590 °C. This reduction is caused mainly due to an increase in
austenite content after aging at this temperature. As can be mentioned in Section
4.2.1 (Figure 4.6), austenite phase amount reaches 4.31 % after 6-hour aging at 590

°C, and this sharp increase is responsible for the reduction of the tensile strength.

Comparing with the as-built specimen, the tensile strengths decrease slightly under
ST (Fig. 4.12 (c) & (d)). Initially, the as-built specimens have fine-grained martensite
due to the rapid solidification of melt pool at high cooling rates. Moreover, the as-
built specimens have larger residual stresses, so that movement of dislocations is
prevented, and crack formation and propagation hindered [126]. As such, the tensile
strength of MS300 steels is improved. However, solution treatment causes a change
in microstructure. Fine-grained dendritic structure transforms into lath martensite
after solution treatment, and more martensitic transformation occurs at higher
temperatures and holding times. Although martensitic structure improves the
mechanical properties, a reduction is observed in this case due to the elimination of
fine structure and residual stresses after solution treatment. Thus, it can be concluded
that the improvement of mechanical properties from martensite transformation is
lower than the deduction due to the disappearance of the fine grains and residual

stresses so that tensile strength decrease eventually, as can be seen in Table 4.3.
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However, the tensile strengths increase sharply after the aging of solution treated
specimens, as shown in Figure 4.12 (e) to Figure 4.12 (g). Again, tensile strength
increases due to the precipitation intermetallic compounds such as NisMo, NisTi,
NisAl, and Fe2Mo. However, tensile strength of firstly solution treated and then 490
°C aged specimens have slightly higher tensile strength than directly aged specimens.
The reason for this improvement could be the elimination of the austenite phase after
solution treatment. The tensile strength is enhanced by the elimination of existing
austenite phase with solution treatment and also by preventing the formation and
growth of new austenite phase during aging at a suitable temperature. In this way,
the tensile strength of MS300 steels reaches up to approximately 2200 MPa. These
results show that heat treatment affects the tensile property of MS300 steel
differently. There is a difference between the mechanical properties of the specimens
that were directly aged and aged after solution treatment, so that solution treatment
is needed to be reached the highest tensile strength. The optimum aging treatment

was found as 490 °C for 6 hours.

Besides, there exists a remarkable change in ductility after aging treatment.
Reduction of ductility is caused due to the strengthening of the matrix by
intermetallic compounds, and this is one of the features of aged maraging steels.
Directly aged specimens have nearly the same elongation that shows that the effect
of austenite is a negligible amount. Moreover, it is found that the fracture elongation
of SLM produced maraging steels is quite lower than that of conventionally
manufactured both in the as-built and aged conditions. This could be explained by
the presence of typical SLM defects, such as porosity and melting faults in the brittle
matrix. These porosities and unmolten particles are seen in the fracture surfaces, and
their contribution to failure is higher than the effect of austenite. To conclude, the
effect of aging treatment on mechanical properties is critical. Both hardening and
softening mechanisms could be considered together since the combination of the
intermetallic precipitation adjusts the final mechanical properties, the austenite

reversion, coarsening and embrittlement of phases and intermetallics.
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Table 4.3 Tensile test results of the as-built and heat-treated specimens with standard deviations

YS (MPa) UTS (MPa) Elongation (%) E (GPa)

As-built 111246 1203+5 1142417 173+ 1
450 °C /6 hr 1938 + 23 1964 + 28 43108 174 +2
490 °C / 6 hr 2014 + 28 2041 + 33 327402 182+ 1
520°C /6 hr 1919 + 21 1980 + 19 447408 181+ 1
590 °C /6 hr 1087 + 18 1276 + 16 1427+ 1.9 175+ 4
490 °C /1 hr 1819+ 12 1855+ 17 525403 173+ 1
490 °C /2 hr 1904 + 6 1049 + 4 436+ 0.4 174 +3
490 °C /4 hr 1963+ 16 2012+ 11 41505 175+ 1
490 °C /8 hr 2001 11 2052+ 1 3.89+0 180+ 3
820°C /1 hr 933+ 15 1170+ 20 1263402 166 + 4
900°C /1 hr 921 = 10 1124+ 12 1259+ 0.3 164+ 1
980°C /1 hr 987 + 8 1169 + 10 1342+ 15 170+ 1
900 °C / 0.5 hr 908 + 5 1116 + 16 9.8+ 0.4 167 +2
900 °C /2 hr 916 + 4 1130+ 17 10.84 £ 2.2 166 + 2
904(1)900C°/C0/.561111rr& 2100+ 9 2155 + 8 4890 184+ 3
9280% } é‘rhf‘ 2115+ 15 2181+ 12 402416 185+ 2
e & 2081 + 7 2148+ 7 376401 179 = 1
9280% } grh‘f‘ 1915+ 9 1999 £ 10 6.52+ 1 175+ 1
928;% } i‘rh‘f‘ 2026 = 12 2109 + 11 6.12+0.1 180 +2
92?;% } é‘rh‘f‘ 2070 + 11 2140+ 8 568+ 0.4 182+ 1
92§0CC/ } é“hf‘ 2059 + 13 2141+ 15 5.25+0.2 184+ 2
9?8;% } é‘rhf‘ 1556 + 17 1685+ 14 10.13+0.8 17742
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Elastic properties of MS300 specimens are also critical for two principal reasons
which are relation with interatomic forces and essential for design parameters. Due
to the direct connection between elastic constants and interatomic forces, Young’s
modulus of materials is connected with various solid-state phenomena. Lattice
specific heats, strengths and phase stabilities are some examples of this phenomena.
Moreover, elastic constants are used to determine deflection under static and/or
thermal stresses so that they must be known. As shown in Table 4.3, the Young's
moduli of the MS300 specimens in as-built conditions is nearly 173 GPa which is
about 20 % lower than those of unalloyed iron (215 GPa). Generally, Pure metals
have higher elastic properties than their alloys. Nickel, Molybdenum and Cobalt are
the main alloying elements in MS 300 steels and while Co raises the elastic stiffness
of iron, Ni and Mo cause a reduction. Among them, nickel is the one that most affects
the elastic properties. Co and Mo have very little effect on Young's modulus, the
shear modulus, and Poisson's ratio, that is, on elastic constants that are determined
either entirely or largely by the resistance of a material to shear deformations. After
heat treatment, a slight change in the elastic modulus of the specimens occurs. The
reason of this change can be explained that alloying elements like Ni, Mo and Co are
distributed uniformly in the matrix in annealed conditions while NisMo precipitates
are formed during aging processes, so that changes in elastic properties are seen
[127].

60



Fractographs of the specimens are presented in Figure 4.13. Although they have
similar fracture nucleation sites such as voids, splats, unmelted powder particles and
cavities, all aged specimens reveal quasi cleavage decohesion fracture mechanisms
whereas dimple-like ductile fracture surfaces are observed in the as-built and
solution treated specimens. These fractographic images are somewhat similar to
those given in previous studies [6], [10]-[12], [92], [100]. The non-heat treated and
solution treated specimens (Figure 4.13 (a) and (b)) have a typical ductile trans-
granular fracture with the formation of dimples [128]. These dimples indicate good
plasticity corresponding to the high elongation. Meanwhile, the co-existing deep
holes have resulted from the SLM process caused by molten liquid shrinkage or
vaporization. When cavities originated by incomplete melting between adjacent
layers arise at the unmelted powder particles or precipitates under plastic
deformation, they lead to larger stresses so that more microcavities come into
existence. Eventually, conjoin of microcavities together, and fast growth of crack
cause the fracture. On the other hand, cleavage features are seen in the aged
specimens which have brittle fracture mechanisms. Lath martensite packets and
boundaries appear in these surfaces, and crack growth direction is parallel to the
slats. There is no sign of any plastic deformation, and shallow dimples exist so that
both inter- and trans-granular fractures appear, as shown in Figure 4.13 (c) to (e).
Specimens that were aged after solution treating have a different surface morphology
when compared to directly aged ones. Flat fracture surfaces and cleavage features
were obvious in this specimen. Furthermore, dimple features were also observed, as
shown in Figure 4.13 (c) and (d).

61



50 ym

Figure 4.13. Fractographs of tensile test specimens; (a) as-built, (b) solution treated at 900 °C,
(c) aged at 490 °C for 6 hr, (d) solution treated at 900 °C & aged at 490°C for 6 hr, (e) aged at 450 °C for 6 hr,
(f) aged at 590 °C for 6 hr
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4232 Hardness Measurement Results

The comparative hardness values of the as-built and heat-treated specimens are given
in Figure 4.14. In theory, solution treatment improves the hardness, but this is not
valid for SLM produced MS300 steel due to microstructural difference between
additive and conventional manufacturing. The high cooling rate of SLM results in
fine cellular structure with intercellular spacing less than 1 um and higher residual
stresses so that hardness is improved [129]. However, after solution treatment,
disappearing of cellular structure, grain growth, elimination of micro segregation and
releasing of residual stresses lead to easily spreading of dislocations and reduction
of hardness [130]. As can be seen in Figure 4.14 (a), hardness drops from 370 HV to
320 HV when as-built specimens were subjected to the solution treatment. As
mentioned before, solidification traces and scan tracks in the as-built specimen were
completely disappeared and also segregation of alloying elements at melting
boundaries was eliminated after solution treatment. For that reasons, solution

treatment caused a 50 HV reduction in hardness.

Significant improvement in hardness is observed after aging treatment. 610 HV was
obtained after 6 hr aging at 490 °C due to precipitation hardening which is the
primary strengthening mechanism of maraging steels. During aging treatment,
elements like Ni, Mo, and Ti dissolved in the low C martensitic matrix form
intermetallic precipitates such as NisMo, Fe2Mo, and NisTi. These second phase
precipitates strengthen the matrix by hindering the dislocation movement [5], [123].
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Figure 4.14. The hardness of MS300 steel at different heat treatments; (a) Solution treated at different

temperatures b) Aging at different times ¢) Aging at different temperatures d) Solution treated at different times
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Aging treatment increases the hardness due to the precipitation hardening. To
investigate the effect of aging temperature and holding time on the hardness of
MS300 maraging steel, Figure 4.15 is constructed. Peak hardness is achieved at 490
°C because of the precipitation of the main intermetallic compounds of Nis(Ti, Mo).
Under aging conditions is satisfied at lower aging temperature (400 °C), and p, S and
X intermetallic compounds which are softer than Ni3Ti are precipitated in this
region, and at higher aging temperatures (590°C), hardness is reduced due to the
decomposition of intermetallics and formation of reverted austenite [77], [83], [131].
Figure 4.15 (b) shows the effect of holding time on the hardness of the MS300
maraging steels. The hardness rapidly increased to 520 HV after only 30 minutes.
Hardness reaches its peak level (610 HV) after 6-hour aging at 490 °C, and then,
starts to decrease slightly with time. The reason of this behavior is insufficient
strengthening due to the less precipitation at the short aging times and more austenite
transformation at longer holding times.
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Figure 4.15. Variation of hardness as a function of (a) aging temperature for 6 hr (b) aging time at 490°C
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Finally, the difference in hardness between solution treated & aged and directly aged
specimens are compared. As can be seen in Figure 4.14 (b) to (c) and Figure 4.15
(b), the gap between the hardness difference of the as-built and solution treated
specimens gradually decreases as aging proceeds. After 2 hour aging, hardness
values converge and remain similar rest of the process. As mentioned before, the
reason for the highest hardness in the as-built specimen when compared to solution
treated ones could be the fine cellular structure of the as-built specimen that leads to
Hall-Petch strengthening or formation of precipitates or dislocations during SLM
due to its high cooling rate [88]. So, it can be concluded that the effect of these factors
is eliminated at longer aging times, and precipitation of Nis(Ti, Mo) intermetallic

compounds become more dominant on strengthening mechanisms.

Moreover, when anisotropic behavior of specimens is considered, the situation valid
for the as-built specimen (as mentioned in Section 4.1.3) is valid for heat-treated
specimens. Both of the as-built and heat-treated specimens show no apparent
anisotropic behavior under the same condition of heat treatment. Aged at 490 °C for
6-hour specimen has a 614 HV, 610 HV and 609 HV from Surface 1 to Surface 3,
respectively and specimen which is firstly solution treated at 900 °C and then aged
at 490 °C for 6 hr has a hardness value of 609 HV, 604 HV and 608 HV in each
surface. So, this shows that heat-treated specimens also have a no anisotropic
behavior like the as-built specimens and even a peak hardness value, which is
approximately 610 HV could be obtained at aging 490 °C for 6 hours almost
regardless of solution treatment condition. All hardness measurement results are
listed in Appendix A. Results about the anisotropic behavior, and the effect of
solution treatment on peak hardness is in agreement with other studies [5], [6], [9],
[92].
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4.3  Determination of Mechanical Properties with Ultrasonic Wave Velocity

Measurement

Ultrasonic wave velocity depends on several material properties such as density (p),
young modulus (E) and Poisson's ratio (v). If there exists change in any or
combination of them, this change redounds up the sound of speed (V), as indicated

in Equation 4.1.

- E(1-v)
— P+ ) - 2v) Equation 4.1

Both longitudinal and shear wave velocities were measured by using the appropriate
transducers. In the pulse-echo technique, wave velocities are calculated by dividing
the total trip distance to the Time of Flight (ToF). Wave velocity will indicate the
material properties along the path of propagation. Still, it will not reveal if spatial

heterogeneity of properties is present.

2L

V= — Equation 4.2
ToF

After both longitudinal (VL) and transverse (V1) wave velocities are calculated, their
units converted to centimeters per second, and then, they are inserted into Equation
4.3 — 4.5 in order to calculate the Poisson’s ratio, Young’s Modulus and Shear

Modulus.

1—2(Vp/V,)? Equation 4.3
2 - 2(Vr /)’

Poisson’s Ratio (v) =

V.2p(1+v)(1—2v)  Equation 4.4

Young Modulus (E) = -

Shear Modulus (G) = V:%p Equation 4.5

Table 4.4 includes both transverse and longitudinal wave velocities and
ultrasonically calculated elastic properties. Wave velocities were obtained by

averaging at least three measurements.
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Table 4.4 Longitudinal and transverse wave velocities and calculated elastic properties of the specimens

Vr Vi G Eultrasonic Emechanical AE
(mis) (mls) v (GPa) (GPa) (GPa) (GPa)

As-built 2886 5546 0.31 65:0 | 171402 | 173+1 2
450°C/6hr | 2920 5618 0.32 67£0 | 175:0 | 17442 1
490°C/6hr | 2987 5714 0.31 70£0 | 183:0 | 182+ 1 1
5$20°C/6hr | 3019 5578 0.29 71+1 | 184509 | 1811 3
590°C/6hr | 2966 5349 0.28 69+0 | 175805 | 17542 0
490°C/1hr | 2916 5603 0.32 66:0 | 175807 | 173+1 2
490°C/2hr | 2926 5721 0.32 6740 | 177607 | 17443 3
490°C/4hr | 2942 5732 0.32 68+2 | 178123 | 17541 3
490°C/8hr | 2937 5682 0.32 6740 | 177603 | 1803 3
820°C/1hr | 2826 5552 0.33 6241 | 165:07 | 166+1 1
900°C/1hr | 2826 5528 0.32 6240 | 165:0 | 164+1 1
980°C/1hr | 2836 5526 0.32 64+0 | 168:07 | 170+1 2
9285% /I;rhf‘ 2930 5807 0.33 67+0 | 177+02 | 175+1 2
e &I 2068 5811 0.32 69+0 | 182401 | 18042 2
e & 3012 5854 0.32 7040 | 187:05 | 185+2 2
e eh | 2096 5580 0.30 7040 | 182:0.1 | 1821 0
e & | 3040 5599 0.29 7241 | 186123 | 18442 2
9280%/ /lgrh‘f‘ 2054 5309 0.32 68+1 | 174404 | 17742 3
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Elastic modulus values determined via ultrasonic measurements are almost identical
to those obtained from the tensile tests. Consequently, these results show that
ultrasonic wave velocity measurement could be used to determine the elastic
properties of additively manufactured MS300 specimens nondestructively.
Furthermore, it might be possible to use ultrasonic parameters for the assessment of
several mechanical properties such as hardness, yield strength, and fracture
toughness.

The variation of hardness and longitudinal wave velocity with aging time is shown
in Figure 4.16. The wave velocities and hardness have a similar trend. Initially, both
of them increase with aging time, after reaching a maximum at intermediate
durations, they exhibit a decrease at longer aging times. The initial increase is caused
by precipitation of NisTi intermetallics. Upon precipitation of NisTi intermetallics,
solute elements, such as Ni and Ti, are depleted from the matrix. Hence, an increase
in the Young’s modulus and the ultrasonic velocity is expected. The continuous
increase in hardness and sound velocity with increasing aging duration are attributed
to precipitation of fine Fe2Mo precipitates from the solid solution. Finally, the
decrease in these properties upon aging for longer time is attributed to the formation
of reverted austenite which lowers hardness and sound velocity. Austenite is the
softest phase of steel, and it has the lowest elastic modulus. Thus, a decrease in
hardness and longitudinal wave velocity is observed after longer aging time. This is
attributed to the fact that the precipitation of Fe2Mo, which tends to increase the
hardness and sound velocity, continues to take place in parallel with the phenomenon
of reversion to austenite. Hence, reduction in the hardness and longitudinal wave
velocity due to the formation of reverted austenite can occur, only if strengthening

due to Fe2Mo precipitation has a negligible effect.
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Figure 4.16. Variation of VL and hardness with aging time at 490 °C

Figure 4.17 shows the variation of longitudinal wave velocity and hardness with the
aging temperature. Sound velocity increases with increasing aging temperature up to
490 °C; however, further increase in temperature reduces the sound velocity. The
similar trend exists for variation of hardness with aging temperature. The variations
in sound velocities of MS250 and MS300 steels with aging were investigated by
Yeheskel [132] and Behjati et al. [133], respectively. They reported that as aging
temperature increases, longitudinal wave velocity decreases severely due to the
formation of reverted austenite. This behavior is attributed to the increase in Ni

concentration in the matrix which reduces the elastic modulus.
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CHAPTER 5

CONCLUSION

In this thesis, the effects of process parameters of solutionizing and aging heat
treatments on microstructure and mechanical properties of the additively
manufactured 18Ni300 (MS300) maraging steel specimens have been investigated.
The specimens were produced via direct metal laser solidification (DMLS) method.
Microstructures of the as-built and heat-treated specimens were characterized via
optical and scanning electron microscopy and X-ray diffraction. Hardness
measurements and tensile tests were performed for mechanical characterization.
Both longitudinal and transverse ultrasonic wave velocities of all specimens were
measured to establish correlations between hardness, elastic properties and sound

velocity.

The following conclusions can be drawn from the results of this particular study;

e Specimens having nearly 99.2 % average relative density can be produced
with a laser energy density of 59.5 JJmm?3. The average surface roughness
values of the specimens are 4.34 pm and 5.35 pm in the horizontal and
vertical surfaces, respectively. The reason of this difference is the process
parameters of the SLM. Short scan length causes a high heat flow on the
solidified layers in the building direction, and thus, surface roughness

increases.

e As-built specimens have different microstructural features in comparison to
as-cast and wrought ones. Typical signs of SLM (motion track of laser beam
and laser scan angle) are seen in the as-built specimens. All as-built
specimens consist of sub-micron dendritic cellular structures in the horizontal

cross-section and elongated acicular structures in the vertical cross-section.
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They have a bcc-type martensitic structure due to the very low C-content.
Also, some amount of austenite exists at the cell boundaries due to the non-
homogenous distribution of alloying elements at the boundaries.
Phase transformation temperatures of the as-built specimens, which indicate
the temperature ranges of aging treatment and solution treatment, were found
as 453 °C, 530 °C, 648 °C and 760 °C from the DSC curves. Since the main
strengthening mechanism for the as-built specimens is related to the
precipitation of NisTi and NisMo that is occurred within the range of 450 °C
to 530 °C, the aging treatment was applied at 450 °C to 590 °C. Also,
although 760 °C would be sufficient, the solution treatment was applied
between 820 °C to 980 °C due to the elimination of microsegregation in the
as-built specimens.
Solution treatment has a significant effect on microstructure. After solution
treatment,
a) all melt pools and laser tracks are completely disappeared,
b) a coarse lath type martensitic structure is obtained instead of cellular
morphology, and
c) due to the elimination of the heterogeneous distribution of the
alloying elements, retained austenite existing in the as-built
specimens completely transforms into the martensite, and 100 %
martensitic structure forms.
The effect of aging treatment on microstructure varies with aging time and
temperature. With the increasing time and temperature, melting pools
gradually starts to be blurred, but never completely disappear. However, at
higher aging temperatures (such as 590 °C), over-aging takes place and a
disparate structure forms. Instead of lath martensite, an austenitic and

martensitic structure appears due to the austenite reversion.
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Due to the microstructural changes (disappearance of cellular structure) and
precipitation of intermetallics such as NisMo, FezMo and NisTi, significant
changes in the mechanical properties occur after heat treatments. Solution
treatment of the as-built specimens causes reductions in the values of
hardness and tensile strength due to the transformation of fine-grained
martensitic structure to the lath type martensite, and also, relief of residual
stresses. The hardness drops from 370 HV to 320 HV, and the tensile strength
drops from 1203 to 1124 MPa. Besides, anisotropies in the top and lateral
surfaces of the as-built specimens disappear after solution treatment, and
homogeneous properties are obtained. On the other hand, aging treatment
strengthen the matrix due to precipitation hardening and in optimum
conditions which is found as 6 hr aging at 490 °C, 610 HV hardness and 2181
MPa tensile strength are obtained.

The fracture surfaces of the as-built and solution treated specimens contain
dimples indicating the ductile fracture behavior. However, aged specimens
show brittle fracture behavior that is characterized by the presence of river
pattern-like steps, lath packets, cracks, and shallow and deformed dimples.
Non-destructive determination of the mechanical properties of the additively
manufactured and heat-treated 18Ni300 maraging steels via ultrasonic wave
speed measurement seems to be very promising for industrial applications.
For determination of the elastic modulus almost identical results are obtained
from the tensile tests and sound velocity measurements. Besides, variations
in hardness can be monitored via sound velocity measurements. The hardness
increased due to precipitation hardening causes the increase of sound
velocity. It can be attributed to the increased volume fraction of incoherent
precipitates, which contributes to the increase in the elastic modulus value of

the age-hardened specimens.

75



5.1

Recommendation for Further Studies

The following issues are recommended as future studies:

Determine the amount, shape and size of the intermetallic precipitates formed
after aging treatment by TEM investigations; and elaborate the effect of these
factors on the mechanical properties.

EBSD analysis to determine the crystallographic orientation and texture, and
EBSD phase mapping to further reveal the phase composition after heat
treatments.

Fatigue test to predict the expected lifetime of additively manufactured and
heat-treated specimens.

Investigation of mechanical properties of real engineering components
produced by SLM via ultrasonic wave velocity measurements.

Investigation of aging behavior via other non-destructive methods such as

measuring electrical and magnetic properties.
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APPENDICES

A. Hardness Measurement Results

Table A.1 Hardness values of heat-treated specimens

As Built

1% Group
(Aging Temp

HT 1

HT 2

[Temperature| Time

(Aging Time)

Temp

rature| Time

Hardness (HV)

Yizey 1 T Yizey 2 T Yizey3

_Macro | Micro | Macro | Micro | Macro | Micro
| 378:8 [ 370s3 [ 37623 37627
608:3 - - - -
614:3 | 601 | 610:4 | 603 | 609=2
60523 - - - -
41625 - - B -
55219 | 560:7 | 54627 | 56126
582 | 580:6 | 576 | 578:4
506 | 60324 | 595 | 5975
490°C 6 hr 614:3 | 601 | 610:4 | 603 | 60922
502 | 61123 | 600 | 607:5
60424 608+3
55723 562+3
591212 59627
60424 0 608:3
60424 [ 608+3

89



B. Correlations between sound wave velocity and mechanical properties
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Figure B.1. Variation of longitudinal wave velocity and yield strength with aging time at 490 °C

5750 T T T T T T T 2600
| E j - Ys (MPa)I ~ 2400
5650 ok : .
1 [ : ~ 2200
BEOO T E O R S | E
5550 I T - 2000 é
— 1 : | £
w 5500 4 - : o : : - 1800 o
(S 1 : | S
S' 5450 - : | | : | | 1600 5
5400 4 , . , - 2
] : - 1400
300 ] o - k1200
) + L
5250 : : : : : , : : : 1000
400 450 500 550 600 650

Aging Temperature (°C)

Figure B.2. Variation of longitudinal wave velocity and yield strength with aging temperature for the constant
aging time of 6 hr
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Figure B.3. . Variation of longitudinal wave velocity and ultimate tensile strength with aging time at 490 °C
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