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Abstract

Maraging steel components abjected to dynamic compression and torsion |@gsdm
their applicationsTheirresponse in these loading directions is the focus of this study. In
order to have a thorough overview of the dynamic torsion behavior of maragingthteels,
guaststatic al dynamic compression behavior of maraging steel was evaluateésst.
atomized C300 metal powders containing two different Ti contents (0.72 Bhavi.%)
were used to additively manufacture maraging steel samples via laser powder bed fusion
(LPBF). A comprehensive study was conductedneestigate the effects of chemical
composition, heat treatment, and building direction onaihasistatic mechanical and
dynamic compression and torsion behavior of 18080 maraging stegdarts produced
using LPBF. Initially, the effect of Ti onthe quasstatic and dynamicesponsg of
additively manufactured maraging steel parts wasstigatedA Split Hopkinson pressure
bar apparatus (SHPB) was utilized for high strain rate compressionltetits.asbuilt
condition, the results showed that thefléh samples exhibited highkardness and tensile
strength After heattreating at490 <C for 6 h, the Trich maraging steslshowed higher
strength and ductility (2057.74 MPa and 4.05%&-built and heatreated maraging steel
samples were subjected to dynamic compressios &est results showed that-bsilt
samples were fractured in strain rate of 3500 while heattreatd samples began to
fragmentin strain rate of 1936. Texture development during high straite test of as
built and heatreated samples was also investigated #mel results showed that
crystallographic texture changed significantly iFbasit samplesVertically built samples
fractured in strain rate of 1363, while for horizontally built samples, failure occurred in

strain rate of 2200s!. The reason for different behavior is related to different



microstructures, where columnar and equibxeicrostructures were developed in the
vertical and horizontal samples, respectiveligh strain rate compressive resudtowed

that until strain rate of 5000'sthe fracture did not happen for-fich samplesiue to
higher fraction of austenite phase inriih samplesAs Ti-rich maraging steel showed
exceptional behavior on questatic and dynamic compressive loadingse dynamic
torsion behavior of these samples was also evalugiedlly, a Split Hopkirson torsion
bar(SHTB)apparatus wastilized for studyingthedynamic torsion behavior éfie Ti-rich
maraging steel sample which at anangle of twistof 12 degreesthe failure happened

The ChangAsaro constitutive model was developed for describing the dynamic
compressive behavior of 4miilt and heatreated samples and an acceptable agreement
between the experimental results and modeling practice was obsénveddition
Johnsorcook and Voyiadjis, and Abednodels were employed to describe the dynamic
behavior of horizontal and vertical heetated samples. Furthermore, Kobaya3td and
NematNasser models were employed for describing the torsion behavior of-LPBF
maraging steel pat Fair agreement betwedine model results and the experimental

findings were observed.
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Chapter 1. Introduction

Additive manufacturing (AM) also known as 3D printingsa fastdeveloping
technology that enables the creation of lightistronger part€One of the key advantages
of 3D printing is the allity to produce vey complex shapes or geometriggh reduced
cost and timeLaser powder bed fusion (LPBF) is onelod additive manufacturingiM)
procedures to fabricate thrdémensional objects directly fromraetalpowder feedstock
using a computeaided design (CAD) modeDue to high heating and cooling rates
inherent inLPBF (up to 1@ °C/s), avery fine cellular structuris producegwhich results
in improving the mechanical behavior of thePBFparts compared to conventional
counterpartd1]. The LPBF processtan be used to fabricate different alloys such as
aluminum, titanium, maraging stegand stainless stegR][3][4].

Maraging steel is a class of low carbon Haokel alloys with high strength and
toughness, whicks primarily alloyed with Ni, as well as Co, Mo, Ti, and Maraging
steel parts can be prockdusingthe LPBF process and can be used asitable candidate
for demanding applications such as aerospace, military,arytd®ling, and transportation
[5][6]. C300 is a traditional maraging steel grade with 18 wt.% Ni, along witB.8.%1t.%
Co, 46-5.2 wt.% Mo ad smaller amounts of Ti and Al. THd°BF of C300 steels has
received much interest because it offers a reasonable deposition rate and a broad process
window to develop ultrafine microstructures leading to enhanced mechanical properties.

Marginal changes in the chemical composition in allatsch as the maraging steel
family, can often significantly change the mechanical prope/iesng the investigations
carried out on the role of alloying elements on the microstructural and strengthening

mechanisms of maraging steels, the majority were focused on the trace of Ni, Mn, and Ti
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after aging heat treatmen® 13]. Besides, in many maraging steel structural applications,
maraging steel parts experienced elevated and high -satainmpact loadingskor
instance, in tool and dies (automotive) amading gears (aerospace), maraging steel parts
are subjected to high straiate compressive and torsion loadings, and their response is
important for designerand engineersFurthermore, incidas like car accidents, bird
strikes and airplane collisionare examples of dynamic events in our life that needs to be

investigated.

1.1 Maraging steels

Among the ultrahigh strength steels, the maraging ciassspecial alloying system
which the low carbon content (good dability) makes this materiapreferred candidate
for LPBF procesd1,2]. Over te last decades, the uHnaggh-strength 18Ni grades of
maraging steels are widatyedited fortheir good sintering properties, low peity levels,
and low vulnerability to hot cracking allowing the industries to implement them in their
supply chain[13,15 17]. In this category, the C300 maraging steels in which 300 is
referred to its ultimate tensile strength (in ksi) is broadly used in tooling applications and
aerospace industry, where its toughness and strength make it a good candidate for various
parts of anding gears as well as punching and forming i8s21]. During the LPBF
process, due to repeated heating and cooling cycles, stress is accumulated, which is a
concerning issud.o relieve high residual stresses within LPBF products, subsequent heat
treatments are ually neededThe maraging steels gain their ultregh strength through
the precipitation of phases within pgsbcessing heat treatmerg.g, NisTi, NizMo,
FeMo [14,22,23] Besides, the presence of alloying elements such as Ni, Co, Mo, Ti, and

Al promotes the formation of martensite by-eaoling and the formation of fine particles



of intermetallic compoundf24]. The presence of high Ni content, on the other hand,
broaden theo singlephase region to room temperature and, consequently, facilitates
martensitic transformatiof25,26]. According to theAmerican Society for MetalgASM)
handbook, to have the optimum mechanical properties, écmmmended to conduct an
agehardening heat treatment for 3 to 8 hours at a temperature betwe€nahl0510C -
[27]. The LPBF of maraging steel introduces a promising opportunity to build parts with
superior mechanical properties compared to conventionally built maragind 583edue

to high cooling rate presentluringthe LPBF process, martensitic matrix rapidly quenched
from the austenite regionral LPBFmaraging steel parts hategh strength compared to

conventional partglL3].

1.2 Literature review
1.2.1 Additive manufacturing

Additive manufacturing has recently attracted attention as eeffestive method
for the fabrication of metaland alloys due to the reduction of production time and waste
material and consolidation of assemblies into single parts. Metal additive manufacturing
techniques are a form of neaetshape manufacturing to fabricate thoBmensional
objects directly fom a powder or wire feedstock using a CAD model. Additive
Manufacturing evolution goes back almost 150 y§28% Research efforts provided the
first modern AM process, known as Stereolithography in the late 1960s. Stereolithography
(SL) is an additive technique, which an ultravioletvVjUaser has been employed to
selectively polymerize a vat of photopolymer re$d®]. As stereolithography was
expensive and time consuming, in order to resgonide need of industrial requirements,

more efficient technologies have emerd2€d]. The 2000s were a period of growth for



AM, and new processes such as electron beam melting (EBM) were intro@&¢ed
Nowadays, wittheimprovement in computing power, additive technolo@i@sebecome
a promising method for manufacturers looking to save significant time and money on the

production of pas.

1.2.2 Different additive manufacturing techniques

AM technologies are generally categorized into seven groups. 1) Binder jetting, 2)
Directed energy deposition (DED), 3) Material extrusion, 4) Material jetting, 5) Sheet
lamination, 6) Vat polymerizain, and 7) Powder bed fusion. Between these techniques,
powder bed fusion and direct energy deposition are the two most promising fabrication

processes that offer high flexibility in geometric deq2@i.

1.2.3. Powder bed fusion

Powder bed fusion (PBF) is an additive manufacturing technique in which an energy
source is exposed to the surface of a powder bed to bind material. A schematic of the PBF
process is shown in Fid.1. Amongall AM processes, powder bed fusion is popular for
manufacturers becausetbewide range of materials that can potentially be processed. In
the PBF process, the energy source, e.g., laser or electron beam, selectively melts and fuses
powder particlesto create a solid structure. PBF processes are used in aerospace and
biomedical applications due to their ability to produce customized and complex geometries
with excellent material properties compared with traditional metal manufacturing
technique$30]. Dependingn the type of power source (laser or electron beam), PBF can
be divided into twanajor techniquedaser powder bed fusion (LPB&{)d electron beam

melting (EBM)[30].
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1.2.4.Laser powder bed fusion technique

The bser powder bed fusion technigseone of the powder bed fusion techniques in
which the successive layers of metal powders are melted on top of eachyothkbigh
power laser beam with the use of the CAD motielthe LPBF process, a substrate is
placed inside a chamber, and dug¢hehigh reactivity of materials in high temperatures,
an inert gas (either argon or nitrogen at oxygen levels below 500 parts per million) is purged
to prevent the formation of various impurities, such as oxides and nitrides. This process is
accompanied by high-power laser beam, usually an ytterbium fiber laser with hundreds
of watts. Laser power, scanning speed, scan line spacing (hatch distance), thickness of
powder layer, scanning strategy, working atmosphere, and temperature of powder bed are
process prameters of PBF, which directly affect the microstructure, density, mechanical
behavior, strength, and surface quality of the final product and need to be optimized, for

each material, to achieve a successful fabricd8ai{32]. The gimary goal in additive



manufacturing is always to achieve a hagmsity parand, in most caselgser power and
scanning speed are the most influential parameters on density. Studies have shown that
higher laser powerhigher layer thickness, lower scan spesud lower hatch spacing
results in better streng{B3]. Measuring energy density is one of the best predictors for
parts relative densityAs for maraging steel, when the energy density is over 1802)/mm

the part density almost reaches 10{B4]. The low energy led to insufficient melting,

while too high energy resulted in shrinkage and burnt surface.

1.2.5 LPBFmaraging steel
1.2.5.1 Mcrostructure of maraging steel

Microstructure of maraging steel parts corsaft equiaxed, cellularand columnar
grains. During the solidification process, grains tend to grow along the maximum heat flow,
which results in different grain morpholiegwith respecto thermal gradient and cooling
rate.Columnar grains tend to form at the bottonaaieltpool due to high thermal gradient
and fine equiaxed grains are maiafypearing at the top tiemeltpool due to high cooling
rates. The cellular structure vegpredicted to form at the melo o | s[83]. Eractogeahy
of asbuilt and aged maraging steel samples were conducted by Kuadral{d]. They
found that failure in abuilt samplesis governed by ductile dimples, while in aged
condition, brittle fracture happened for maraging st&&igstal structure of maraging steel
consiss of martensite phase with bedgnteredetragonalBCT) structue and austenite
phase with faceentered cubgFCC) structure.Austenite is the softer part, which

accommodatemost ofthe deformation35].

1.2.5.2. Process parameters



There have been many studies conducted to assess the effect of process parameters on
the properties of the additively manufactured maraging steels. For instanetaB, 6]
analyzed the relative density of LPBRkaraging steehlloys by changing processing
parameters, i.e. laser power, scanning speed, and hatch distance. They found that there is a
reciprocal effect between these parameters and the density, where their increase firstly
improves the relative density and then dramue to keyhole formation and balling effects
[36]. Furthermore, Kempeet al. [37] investigated the inflence of laser scan speed and
powder layer thickness in combination with various-bgedening treatments. Bhardwaj
and Shukld38,39] also evaluated the influence of the building direction on the physical
and mechanical behavior of AM maraging steels. They concluded that the vertically printed
samples showed lower residual stresses than horizontalyegrones.They also
investigated the effect of laser scan strategy on mechanical properties of maraging steel
where scan strategy showed to have a significant influence on texture and grain growth.
Mooneyet al.[17] studied the mechanical properties, anisotropic behawvidrfracture of
two maraging steel parts additively manufactured using two types of feedstock powders
with slightly different chemical compositions. They have developed a modeling framework
suitable to study the elastic and plastic anisotropic behavitiiesd alloysTanet al.[40]
also evaluated the effect of building directiontbe mechanical properties of maraging
steet. They found out that irthe direction perpendicular tahe building direction

maximum temperature gradient exsindgrains tend to grow in this direction.

1.2.5.3. Heat treatment
Aging treatments can modify microstructure through phase transformatioth@nd

introduction of different precipitationsThe mechanical strength of maraging seel



increass with aging treatment due tihe formation of precipitates. Heat treatment can
reducethe ductility of maraging steels as well amishown to transform a portioof
martensite to austeni{@3]. There are many studies the effect ofthe heat treatment
process on the mechanical behavioLBBFmaraging steelslanet al.[13] reported that

the integrated solutieaging treatment was a more preferable heat treatment recipe than
only aging for LPBFmaraging steel 300. Cona@¢ al.[41] studied the effect of different

heat treatrant schedules on LPBfRaraging steel 300. Their results showed that the
promotion of martensitéo-austenite reversion is beneficial to enhance the ductility and
toughness of maraging steel parts. Mooeiegl.[42] investigated different he&rieatment
procedures on LPBRaraging steel 300 to identify the optimum combinations of time and
temperature, which can reduce anisotropy. They reported, aging at 490 °C for 8 hours is
offered an optnal strendt (yield strength>1900 MPa) whereas aging at 525 °C for 8
hours provides a tradaff between yield strength and ductiliyield strength>1700 MPa

andat & stra%Mutuaet al. [43] investigated the effect of pekeat treatment on
microstructure and mechanical properties of maraging steel 300. They found that after

solution treatment and aging, the maximum tensile strength obtairse20838 MPa.

1.2.6. Chemical composition of maraging steel

Maraging steel is a class of lesarbon steels in which Ni, M@nd Co are primary
elements. Each alloying elemdmds its effect on materials behavior and changsloy
content can significantlchangehe mechanical behavior dhefinal part. Ni is the most
important element, whichhelps inthe formation of precipitates and is the austenite
stabilizing element and contethe austenite reversion process during heat treatrii@et.

effect of chemical composition on the mechanical behavior of maraging steels produced



using conventional manufacturing methods was investigated in detail [2gr&alinde

Navaet al.[14]el uci dated that the reverted o0 kine
highest hardening effect via Blii precipitation in the matriXSchoberet al.[11] reported

an accelerated coarsening of precipitates, and consequently, a fast drop in the hardness of
Ti-bearing maraging steels due to a broad variety of phases during ageing. Gatraalho

[44] showed that Co and Ti contents strongly influence lattice diffusion in maraging steels

300 and 350. Ahmeet al.[26] confirmed that Ni and Mo act as strong austenite stabilizers,
whereShaet al.[45] alsoreportedhis effect anaxplaineda similar strengthening role for

Ti as other researchers.

1.2.7. Dynamic behavior of maraging steel

In-service impact loading situatiors can expose maraging steel parts to dynamic
loading.Therefore, it is crucial to investigate the deformation behavior of this alloy under
these complex loading conditions. Few researchers have studied the effect of compression
loading on the mechanical grerties of maraging steels fabricated by conventional
methods.Song et al. [46] employed a Kisky compression bar test to investigate the
compressive response of C250 maraging steel alloy at two strain rates. Their observations
revealed that the dynamic strength increased with an increase in strain rate. Sehalitzer
[47] studied the effect of high strain rate compression loadings on aged maraging steels.
They observed that with increasing strain, strain rate sensitivity decreased, which is related

to the pinning of dislocations by precipitates.

1.28. Corrosion behavior of maraging steel



Relatively few researche reported on corrosion behavior of LPBF fabricated
maraging steel partén theapplication of maraging steel in pressure vessels, gas tgrbine
aircraft, these components ae@posed tocorrosive environmestin the presence of
external loading. Due ta variety of applicationsthe corrosion resistance properties of
maraging steel haveeceived a considerable amount of attention. Bouzekial. [48]
conducted research regarding corrosion fatigue of additively manufactured maraging steel.
They observed that additively manufactured parts show lower corrosion fatigue
performance due to cellukgiendritic structurand multiple melt pools. Avelinet al.[49]
investigated the corrosion behavior ofraging steedin NaCl solution and they found out
thattheaustenite phase formed during heat treatment is detrimental to corrosion properties
and it is better to conduct solution treatment to rentbe@ustenite phase. Floret al.

[50] achieved the same results in HF mediior maraging steel. Their results showed that
solution annealed maraging steélavemore noble behavior. In addition, they found out
thata higher amount of cobalt and titanium in grade 350 maraging steel leads to inferior
corrosion resistance due tandering a higher driving force for microgalvanic corrosion
due to precipitates. In some applicagotoad from operation along with corrosive
environmers provide the opportunity for stress corrosion cracking (SCC). 2hab[51]
investigated the SCC behavior of maraging steed they found out that SCC behavior of
maraging steslunder the effect of hydrogen is related taegipitates, dislocations,

austenite grains.

1.3. Gap of knowledge
Since maraging steel components fabricated by the LPBF process have only recently

been introduced to industrial applications, there is little information regarding the effect of

10



dynamic bading on the mechanical behavidt. PBFmaraging steeMaraging steel parts
are used in applications where they are subjected to dynamic Ieagings compression
and torsion Multiple studies on mechanical properties and microstructure of additively
manufactured 18 NBOO maraging stegWvere conducted as discussed in previous sections.
However, most of these studies focusedlmquasistatic behavior of LPBfnaraging
steels and there are not any studiethemlynamic behavior of LPBinaraging steels.

Despite the availablmvestigationson maraging steels, there is a knowledge gap on
the effect of chemical composition (Ti confeon mechanical behavior and microstructure
of LPBFmaraging steels. Therefore, a comprehensive studghe effect of chemical
composition would help the industry to benefit from the resBksides, comprehensive
knowledge about maraging steel behawothe presence of dynamic loading would be
beneficial fordesigning parts

In this thesis, the maraging steel powders containing different contents of Ti
element were fused and printed using the LPBF protes$isefirst paper in chapter two,
the dfect of Ti on microstructure and mechanical properties ebwalé parts were
investigated. The second paper 6 study abbut e c t
the effect of Ti on heareated LPBFmaraging steelue tothe necessity to investiga
the dynamic behavior of LPBi#naraging steels in industrthe third paper is about the
effect of high strain rate compressive loading on microstructure and mechanical behavior
of asbuilt andheattreatedmaraging steeldviaterial response to higépeed deformation
processes depends on many factors such as microstructure, texture, grain siae, etc.
additive manufactured samples, a hierarchical microstructure is predictable involving cells,

grains, and meltpools. The haechical structures in stainless steel and AlISi10Mg parts

11



produced by additive manufacturingviedoeen shown by War{§2] and Hadadzadgb3],
respectively. As a result of these studies, it is generally accepted that grain size, orientation,
and morphology can affect the mechahimehavior of the final product. It is albelieved

that superior mechanical properties of additively manufactpeets are related to their
hierarchical structurfb4]. Thus, the effect of a hierarchical microstructure on the dynamic
loading behavior of the material and the correlatbetween the mechanical behavior of
the alloy and microstructural changes need to be investigated. Thus, paper four aimed to
study the texture evolution during high strain rate compredsading of adbuilt and heat
treated LPBFmaraging steel sampleAs discussed, building directiols an important
parametethataffects themechanical behavior of the additively manufactured perthe

fifth paper, the effect of building direction dmedynamic compressive behavior of LPBF
maraging steels weiiavestigatedFurthermore, as maraging steel samples are subjected
to both loading and corrosive environmeitt some industrial applicatiorgorrosion
behavior of LPBFmMaraging steelvasinvestigatedn 3.5%wt. NaCl solution. The effect

of prior deformabn and strain rate on corrosion behavior of LAB&raging steel have
been evaluated in detail the sixth paperlt should be noted that ipractice, maraging
steel parts tend to be applied in complex loading environments, which iraiak&onal
mode of deformation. Almost no work has been reported on the dynamic torsion on
maraging steelln the last paper, dynamic torsion behavior of LAB&raging steel parts
was investigated using Split Hopkinson torsion bar apparaBased on the results of
studes on the effect of Ti element on quaftic and dynamic compression behavior of
LPBFmaraging steelsa dynamic torsion test was conducted orri€h maraging steel

samples. Developing new LPBF fabricated C300 components from powdeishigtier
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concentration of Ti and the same price, which has better mechanical properties, can be the

main contribution of this thesis.

1.4. Contributions

Different chapters of this thesis were written in collaboration with different team
members. For cl#rcation, the contribution of the author of this thesis is specified in each
paper separately.

Paper one in chapter two was written in collaboration with Mohammadhossein
Ghonche, Dr. Amir Hadadzadeh, Dr.Mehdi Sanjari, Dr. Babak Shalchi Amirkhiz, and Dr.
Mohsen Mohammadi. The first author (author of this thesis) conducted all the experimental
tests except the TEM and XRD studies. Moreover, the author of this thesis interpreted and
wrote the manuscript of the paper. Theatdhors helped with the interpratat of the
data.

The second paper was written in collaboration with Dr. Mehdi Sanjari,
Mohammadhossein Ghonche, Dr. Babak Shalchi Amirkhiz, and Dr. Mohsen Mohammadi.
The first author (author of this thesis) conducted all the experimental tests exCHpithe
and XRD studies. The author of the thesis interpreted and wrote the manuscript of the
paper, and the eauthors helped with the interpretation of the data.

The third paper in chapter four was written in collaboration with Reza Alaghmandfard,
Joey Talbn, Dr. Akindele Odeshi, and Dr. Mohsen Mohammadi. The first author (author
of this thesis) conducted all the experimental tests where the Split Hopkinson test was

conducted with the help of Dr. Akindele Odeshi and the numerical modeling was done with
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thehelp of Reza Alaghmandfard. The first author interpreted and wrote the manuscript of
the paper. The eauthors helped with the interpretation of the data.

The fourth paper was written in collaboration with Dr. Hadi Pirgazi, Dr. Mehdi Sanjari,
Reza Alaghmadfard, Joey Tallon, Dr. Akindele Odeshi, Dr. Leo Kestens, and Dr. Mohsen
Mohammadi. The first author (author of this thesis) conducted all the experimental tests
where the Split Hopkinson test was conducted with the help of Dr. Akindele Odeshi and
EBSD amalysis were done with the help of Dr. Hadi Pirgazi and Dr. Leo Kestens.

The fifth paper was written in collaboration with Dr. Hadi Pirgazi, Dr. Mehdi Sanjari,
Payam Seraj, Dr. Akindele Odeshi, Dr. Leo Kestens, and Dr. Mohsen Mohammadi. The
first author (athor of this thesis) conducted all the experimental tests, where the Split
Hopkinson test was conducted with the help of Dr. Akindele Odeshi and EBSD analysis
were done with the help of Dr. Hadi Pirgazi and Dr. Leo Kestens. Furthermore, TEM
analysis was anducted by Dr. Vitaliy Bliznuk. Besides, numerical modeling was done
with the help of Payam Seraj.

The sixth paper was written in collaboration with Ayda Shabhriari, Dr. Akindele Odeshi,
and Dr. Mohsen Mohammadi. The first author (author of this thesigjuobed all the
experimental tests where the Split Hopkinson test was conducted with the help of Dr.
Akindele Odeshi and electrochemical tests were done with the help of Ayda Shahriari.

The seventh paper was written in collaboration with Dr. Hadi PirdaziMehdi
Sanjari, Payam Seraj, Dr. Akindele Odeshi, Dr. Leo Kestens, and Dr. Mohsen
Mohammadi. The first author (author of this thesis) conducted all the experimental tests

where the Split Hopkinson test was conducted with the help of Dr. Akindele Caebhi
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EBSD analysis were done with the help of Dr. Hadi Pirgazi and Dr. Leo Kestens. Besides,

numerical modeling was done with the help of Payam Seraj.

1.5. Study outline

A comprehensive study on the high strain rate compression and torsaddit¥ely
manufactured 18 N800 maraging steel (MS1) was performed in this reseArstudy on
the effect of chemical composition (dontent)on the mechanical properties in qustsitic
and dynamic conditions is presented in this reseaschiell The effects othehigh strain
ratecompressive loadingnthemechanical behavior of dmiilt and heat treated maraging
stees were evaluated anthe effect of the building direction on quasstatic and also
dynamic behaviowasinvestigated irthis work. Besideghe electrochemical behavior of
LPBFmaraging steels was studied a@hd effect of simultaneous corrosion and dynamic

test wasnspected

Initially, two gas atomized maraging steel powders with different Ti content (0.72 and
1.17 wt%) were used to additively manufacture maraging steel samples via laser powder
bed fusion (LPBF) technique. The effect of Ti addition on microstructural and mechanical
properties of the additively manufactured (AM) maraging steel was investigatedth&hen
effect of heat treatment on Ti addition was evaluated throufjéreht microstructural
analyss. At the first step to characterize the dynamic behavior of additively manufactured
maraging steelsg high strain rate compression test wasdwarted on aduilt and heat
treated maraging steel samplé&airthermore, the effect of building direction ome
dynamic compressive behavior of LPBtaraging steels was studied. Besides, corrosion
tests were conducted on LPBfaraging steels in 3.%t.% NaCl to analyze #n
electrochemical behavior of maraging steel parte dfect of prior deformation (high
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strain rate compression test) on corrosion behavior of maraging sestvaluatedln

the endthehigh strain rate torsion behavior of LPBfaraging steels wasustied.

This thesis is presented in a papased format ir10 chapters. Chapter 1 contaian
introduction to additive manufacturing as well as the maraging &ieely of alloys
Chapter 2 presents a study on the effect of Ti adddgrothemechanical properties and
microstructure of abuilt maraging steels. Chapter 3 is a study on thetedfeTi addition
on microstructurand mechanical properties of hdat¢ated maraging e¢ls. In chapter 4,
a study is presented dhe high strain rate compression behavior ofbast and heat
treated LPBFmaraging steels. Chapter 5 discusses the effect of texture evoluttbe on
high strain rate compresgibehavior of abuilt and heatreated maraging steels. Chapter
6 shows the effect of building direction on dynamic compressikawier of heatreated
maragng steels. Chapter 7 presentstizdy on corrosion behavior of maraging steels and
chapter 8 is about dynamic torsion behaviokBBFmaraging steeldinally, in chapter

9, this study is summarizeshdin chapter 10, conclusismand future works are presented.

1.6. Hypothesis

The result of this research might be used as a guide for mechanical engineers
efficiently design procedussfor usingAM techniques. Production of new maraging seel
with improved mechanical propertias thesame price can besignificantstep for AM
engineersTo examine this hypothesis, a series of-stululies were defined to address the
original question of whethex change of chemical composition (Ti content) is beneficial
or not.A series of experimentseredesigned to investigate the effect of Ti additiorttoa
guaststatic and dynamic behavior atlditively manufactured maraging sk Based on
the available information, it wagsssumedhat the most important loading mode for
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maraging steelss torsion mode. In this study new maraging steellloy with superior

mechanical behavior under dynamic loading was introdutedachieve this goathe

effect of Ti on quasistatic and high strain rate compressihavior of aduilt and heat

treated maraging stemtas studiedand at the final step, -Fich maraging steslwereused

for high strain rate torsion test.
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Chapter 2: The Role of Titanium on the Microstructure and
Mechanical Properties of Additively Manufactured C300
Maraging Steels

2.1 Introduction

Among the ultrehigh strength steels, the maraging class are special alloying
systems in which the carbon is not acting a role in their hardening pofér&jaln fact,
there have been many efforts to keep this impurity element as low as possible, where the
maragng steels gain their ultdaigh strength through the precipitation of phases within
postprocessing heat treatment e.gzTj NisMo, FeMo [2i 4]. The infinitesimal content
of carbon leads to significantly better hardenability, formability, and toughipsshe
presence of high Ni content, on the other hand, broadeaustenite ) singlephase
region to the room temperature and, consequently, facilitates martensitic transformation
[6,7]. As a result, the microstructure of maraging steels usually contains different types of
precipitates embedded intesaft ductile martensitic matrix that is heavily dislocafted
Over the last decadethe ultrahigh strength 18Ni grades of maraging steels are widely
taken into account due to their good sintering properties, low porosity levels, and low
vulnerability to hot cracking allowing the industries to implement them in their supply
chain[8i 11]. In this category, the C300 maraging steels in which 300 is referred to its
ultimate tende strength (in ksi) is broadly used in tooling applications and aerospace
industry, where its good toughness and strength make it a good candidate for various parts

of landing gears as well as punching and forming [di&15].

The presence of a number of alloyingraknts in the C300 steels makes this alloy

expensive compared to many other engineering materials; therefore, choosing a beneficial
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fabrication method that could be cosind energy effective should be highly considered.
Recently, additive manufacturingi) techniques have been widely used to manufacture
maraging steelgl3,16 18]. Among AM techniques, laser powder bed fusion (LPBF) has
received much interest, not only due to a broad pratgsgandow, which could allow the
operator to engineer different microstructures, but it also offers consistent physical and
mechanical properties over weléfined processing parametgr8i 22]. Towards this end,

there have been many studies conducted to assess the properties of the additively
manufactured maraging ste§ld,17,18,23] For instance, Batal. [20,21] analyzed the
relative density of AM C300 alloys by changing LPBF processing parameteri@aser

power, scanning speed, and hatch distance. They found that there is a reciprocal effect
between these parameters and the density, where their increase firstly improves the relative
density and then drops it due to keyhole formation and badfiegts[24]. Bhardwaj and
Shukla[17,23] also evaluated the influence of the building direction on the physical and
mechanical behavior of AM maraging steels. They concluded that the vertically printed

samples lsowed lower residual stresses than horizontally printed ones.

Among the investigations carried out on the role of alloying elements on the
microstructural and strengthening mechanisms of maraging steels, the majority were
focused on the trace of Ni, Mn,@&ili after ageing heat treatmefits10,25 29]. Galinde
Navaet al. [2] elucidated that the revertedkinetics promotd by Ti addition has the
highest hardening effect via i precipitation in the matrix, while Schobet al. [29]
reported an accelerated coarsening of precipitates, and con$ggadast drop in the
hardness of FTbearing maraging steels due to a broad variety of phases during ageing. In

spite of the most studies on the ppeicessing heat treatment of maraging steels, there has
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been a lack of knowledge on the effect of cheheommposition on the mechanical and
microstructural properties of the-hbsilt AM C300 alloys. In this case, the role of Ti

cont ent on the volume fracti on -sitdforreed mp o u n ¢
within the ultrafast solidification during tb LPBF can be taken into account, because these
clusters can act as suitable sites to expedite precipitation during the ageing process

[5,26,30]

In this study, the C300 alloy powders containing two contents of exiewere

fused and printed using the LPBF process. To study the effect of Ti concentration on the
mechanical, microstructure, phase distribution, and texture of the AM C300 alloy, the
specimens were vertically and horizontally printed using similar psowgparameters and

laser scanning strategy. As an objective of this research, the role of Ti addition and building
direction on the presence of-fich precipitates into the matrix has been assessed using a
combination of multiscale electron microscopgheiques including scanning electron
microscopy (SEM), electron backscatter diffraction (EBSD), and transmission electron

microscopy (TEM) along with Xay diffraction (XRD) procedures.

2.2. Experimental Methodology

The gas atomized C300 steel powders sige distribution of 13 um and 0.72
wt. % Ti content supplied by EOS GmbH (Low Ti content) and 1.17 wt. % Ti content
supplied by Praxair (High Ti content) were used to produce the printed parts via the LPBF
process. In order to compare microstructaadl mechanical properties of a chemically
modified C300 maraging steel powder and the conventional one, which are both

commercially supplied, two types metal powders with various Ti contents were chosen. As
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given in Table2.1., the chemical composition afie powders with various contents of
titanium, abbreviated as HighTi and LowTi, has been compared with the nominal one
reported by the ASM internationf81]. The chemical composition of the powders was
determined using an inductively coupled plasimaptical emission microscopy (ICP
OES), where an Agilent ICAE725 was used according to the ASTM E1QB9 ASTM
E109712, and ASTM E14746[32i 34]. Besides from that, combustion infrared detection
(CID) technique was conducted to identify the carbon and sulfur contents via a LECO CS

844 apparatus.

An EOS M290 additive machine located at Additive Metal Manufacturing Inc.,
Concord, ON, was employed to fabricate the cube and tensile samples. The machine was
equipped with a 400W ¥hber laser and spot size of 100 um. Based on the it&iruby
EOS GmbHJ[35], the LPBF proces was conducted using 285 ®¢ the laser power,
scanning speed of 960 s, 40 um and 110 pm as layer thickness and hatch space,
respectively. The process parameters were chosen so that the maximum density, minimum
volume fraction of porosity, and suitalsurface quality could be simultaneously satisfied.

In this regard, some literature recommended-280 W, 8501000 mnxs?, and 86120

pum as the laser power, scanning speed and hatch space, respg&iasy. Out from the
optimized window, the more laser power, the more probability of keyhole defect and
entrapped gas porosit$9,40] The lower laser power, on the other side, promotes lack of
fusion, balling effect, and consequently, surface rougHA8ksT he strip scanning pattern,

i.e. the laser beam was rotated 67° after each step layer depp&ltidd] was applied
throughout the process. As schematically shown in Figurea set of solid cubes with 15

mm dimension was printed to study the microstructure, gotyrarea fraction, and hardness
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of both materials, while the cylindrical rods with 12 mm diameter and L/D ratio of 10 were
both horizontally and vertically printed to provide the uniaxial tensile samples. In all cases,
the LPBF process was done under @tgxtive atmosphere (99.999% high purity of argon
gas) and the building plate with 250x250x325 dimensions (in mm) was preheatettand he

at 40°C during the process.

Table 2.1. Chemicalcompositiorof the standard C300 maraging steel and virgin powders used in this study

Ni Co Mo Ti Si Mn C Al S P Cr
Standard 18.019.0 8.59.5 4.65.2 05508 0.1 0.1 0.03 0.050.15 0.01 0.01
LowTi 17.98 8.85 4.85 0.72 0.09 0.06 0.016 0.09 0.008 - 0.15

HighTi 17.68 9.26 4.82 117 0.06 0.03 0.012 0.11 0.011 - 0.11

In order to identify phases preexisted in the powder particles or thega formed
during the processing, thetdy diffraction (XRD) analysis was carried out using a Bruker
D8 Discover instrument equipped with Daviidesign diffractometer, where ti@&obalt
sealed tube source withnea=1.79026A was utilized. The analysis was conducted over a

range of 40<2d<110A with step size and tim

To measure the hardness of the samples, a Clark macrohardness machine (CRM12)
was employed, where the applied load wadK§. The HRC hardness of the cubic samples
was reported as a mean value of ten measurements. The tensile samples were collected and
machined out from the printed cylindrical rods based upon the ASTM E8E2M
standard43]. A universal hydraulic controlled Itvren 1332 apparatus equipped with a 25
mm extensometer was used to test the tensile samples (with 32, and 6 mm dimensions in

their gauge length and diameter) at a gséaic strain rate of 9x10s™.

29



To determine the area fraction of porosity inaiohed AM C300 cubes, the optical
microscopy along with the ImageJ image processing and a2Ratacroscope was used.
The size distribution and microstructure of the metal powders, which were hot mounted,
regularly polished, and etched via the Nital 3% (3HNIO3 + 97 ml ethanol) was assessed
through SEM using a JEOL 6400 microscope. This apparatus was also employed to do
fractography on the tensile samples. In addition, a Hitachi @field emission gun (FEG)
ultra-highrresolution SEM was employed to evakiahe microstructure of the printed
cubes, over which the texture analysis was also carried out with an Oxford instrument C
nano EBSD detector. An area of 175x175mvas collected to do the EBSD analysis with
350 nm step size. Further analysis on thegmres of precipitates in the LowTi and HighTi
samples was proceeded using a Tecnai Osiris TEM equipped with a 200-KEG ¥nd
superX windowless energylispersive Xray spectroscopy (EDS) detector. For TEM
sample preparation, 2 mm thick, AM samples weairthEr ground and subsequently ion
milled via a Gatan 691 PIP$he effect of Ti on microstructural changes was observed in
cube samples, where the same dimension in different directions let to investigate the
microstructure features regardless of buildidigection. In other words, along with

different build orientations, the resulting microstructure is the same.
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Fig 2.1 The geometry of the AM tensile and cubic samples

2.3. Results and Discussions

2.3.1. Phasddentification

As can be seen in the XRD patterns (Figur2)2the C300 maraging powders
contain almost 9% volume fraction o existe
nickel (17218 wt . %) as a strong o stphlaislei 2er egl @n
ambient temperatures in C300 maraging steels. A high cooling rate applied during the
powder atomization and the LPBF suppresses diffusional phase changes, where the most
probable transformation is aonirC300ehemical 2 Y
composition, on the other hanr)dA combimatione ases
between all mentioned phenomena leads to enhanced hardenability of the C300 maraging
steel. As given in Table.2, by comparing the phase fractianthe HighTi and LowTi

powders, there has been al most etalj26]ada me pe
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Liu et al.[44] showed that the Wbf ultra-low carbon steels diminishes in the presence of

higher contents of Ti, Mo , and Ni, whi ch
stabilizer. On the other side, higher cont
more retained To pohoansdee risn thhoewelveew , t he s ame

for both compositions cause no significant
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Fig 2.2 The XRD profiles of (a) C300 powders, and (basdit sample at different Ti contents.

Table2. 2. Volumetric percentage of phases presented in the C300 maraging powders and AM products

LowTi powder 91.09 8.91
HighTi powder 91.28 8.71
LowTi AM cube 97.03 2,97
HighTi AM cube 96.06 3.94

The XRD patterns ofthedsui | t AM C300 samples also ¢
and Uag i n the micr(@N.)tpeak bas beerevanished in thenHigbTh t h e
AM alloy. As a comparison between the XRD data achieved from metal powders and

printed sampl es, | ower o9 fraction in the p
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difference, the effect of solidificatiorate, equilibrium partition coefficient ¢k and the

trace of alloying elements on the hardenability of the C300 steel should be taken into
account. Since the cooling rate during the gas atomizaticrl(POCxs?) [45] is much

lower than the LPBF process 100’ °Cxs?) [15,24,46] the initial microstructure formed

throuch the isomorphous phase transformation around 18 wt.% NN pease diagram,

where L Y L + o, i's coarser in the atomi z:¢
elements in the gas atomization rather that the LPBF process affects the degree of
microsegregation during the isomorphous transformation. Basegdoakd ue i n t he 0
the rate of segregation is different from a specific element to anoth¢46d8]. In this

caseE; i s equal to 0.07, while for Db[6e%50] stron

Lower ks means higher severity of segregation due to the following eqUdti¢n
Erp L (21
h

where, G and G are the concentration of element (i) in the solid and liquid phases.
Regarding the unequilibrium solidification condition during both processes, equation (1)

should be rewritten as a function of the solid/liquid interface velocitygR)

E i " (2-2)

in which, @ and 0O are referred to a constant on the order of the interatomic distance, and
the solute diffusivity of element i at the solid/liquid interface. Considering quantities of 10
®m, and 5.510° m?>xs! as @ and D, i in the Fe liquid at 1550°(45,46], respectively,

the Rdependent partition coefficient is correlated akd R values. The ultfast

interface velocity through the LPBF process brings highkgrvklues compared tgas
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atomizati on, consequentl vy, |l eads to more

regard, solute trapping, i.e. the solute atoms substitutionally entrapped in the lattice
structure[47,48], would be a prevalent phenomenon occurring during both processes,
particularly the LPBF. The solute trapping is dominant for those elements that have high
kr and low D, e.g. Ni and Mn with 3410° and 3.%10° m?xs? diffusion coefficient,
respectively[45,46]. Although the probability of Ti rejection to the solidification front is
greater in the atomized powders, the ldygtayer reheanhg cycles during the LPBF
process leads to Ti atoms segregate within intercellular and intercolumnar regidatgeas

et al. also presentef26,30,54] Notwithstanding the Ti element, Ni and Mn experience

trapping even during layday-layer reheating. Most solute elements, except Co, that

substitutionally |l ocated in the o |l attice

furtherU formation[5,30,55,56] while those that can have a chance to be segregated, such

as Tiand Mo, act as high potentidl# s f or keefeé.ng the o phase

The microstructure of both HighTi and LowTi powders are supposedeto

interdendriticintercolumnar austenitic due to the high concentration of Ti and other

elements segregated into these channels. The AM products, on the other hand, are expected

to be |l ess prone to keep the o tetlagpisgof wi t hi

Ni and Mn, while the intercellular and intercolumnar regions are thought to be austenitic
because of Ti segregation during remelting cychezomparison between LowTi and
HighTi AM products shows that the HighTi sample presents higherpeatage, since
more titanium atoms can be rejected into intercellular regions, hence, the fraction of high

potenti al sites for keeping the retained

2.3.2. Powders Shape and Size Distribution
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Figure2.3. demonstrates size and shape of the LowTi and HighTi powders to better
understand the powder size distributions that directly affects the soundness of the AM
products. The powders are mostly spherical within a broad range of size that is appropriate
in tems of their flowability, packing density, and uniformity in layer deposition during the
LPBF process. Some of the fine powders in both feedstocks are stuck to each other and
form the satelliteshape colonies (marker (i)), while few of those show irregsitapes
(marker (ii)) probably due to any inhomogeneity in the gas pressure or heat extraction
during the powder atomization procg¢45]. The image processing on the lowagnified
SEM images allows to identify powdsize distribution, as revealed in Fig&d. As can

be seen, there has been a homogenous distribution of the particles mostly ranged between
5 and 35 pm, wher8§ P uBand$ p & & pum (D is diameter).
Homogenous distribution of ¢hpowders results in a suitable interlayer mechanical

bonding, which ultimately leads to superior mechanical properties and monolithic integrity

of the microstructur§24].
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Fig 2.3 The SEM micrographs of the LowTi and HighTi powders at two magnificatiorsa{glliteshape,

and (i) irregular powders
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Fig 2.4 Size distribution and cumulative frequency of (a) LowTi, and (b) HighTi alloy powders

The micrographs of the LowTi and HighTi powders are shown in FigreThe microstructure of both materials is mostly
columnardendritic, where the area fraction of the equiaxed grains in the HighTi powder is obviously higher. In terms of the thermal
gradient (G) and solid/liquid interface velocity (R), both types of powders experienced similar situations providing alsamse thige
di stribution, so the ccdurmgdolidification isopostulatedias teenraio reasoni caugingdh@pdiogical
changes. To show this, the-Re isopleth for both chemical compositions is given in Fig2i& By focusing on the isomorphous
reaction zone, It has been revealed that the Hphadedrecoexistedws br

The broad mushsgtate interval exposes the solidifying material to longer solidification time, where the more fraction of solute can be



rejected to the solid/liquid front. As can be seen, the interval expanding is highly caused
bythesol i dus | ine deviation, where the nick
concentration. Therefore, based on equation (d»n@ k are reduced. Lowerlor more
segregation pr es e p bverwhichthdédtendeney of equiaxedsgragii T

is raised [28,47,57,58] | n ot her w o r dcs the roheeprobrallity eof T
unconstrained growt#8]. Al t hough the morphol ogy shown
this could be representative of the initial
where the 29 phase agrows withirutleediguid,yand subseduentlyt e s a
transforms to Uag phase. The LowTi microst
and equiaxed in some places duec.ttiowonar r owe
not i ng cis drectly dectpd by ks, in which decrease in the distribution coefficient

leads to a steeper deviation in solidus line bringing higher solute rejection, and
consequent dvalyedons]. ghe equilibopiim liquidus and solidus temperatures

of the studying materials are given in TaBl&.

Fig 2.5 The SEM micrographs of (a) LowTi, aifld) HighTi alloy powders (i: dendritic, ii: equiaxed, iii:

columnar, and iv: equiaxed morphologies)
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Table 2.3. Thermalpropertiesof the AM LowTi and HighTi samples

Liquidus temperature (°C) Solidus temperature (°C)

Mushy range (°C)

LowTi 1440.6 1384.6 56.0

HighTi 1433.2

1360.7 72.5




2.3.3. Asbuilt Microstructural Characteristics and Porosity Formation

In order to present the nominal density of thebat AM samples, pore area
fraction measured by the image processing technique has been reported according to the
optical micrographs in Figur2.7. The area fraction of porosity is measured using image
processing technique on the top surface of the unetchiedilasamples. Both LowTi and
HighTi AM cubes show high nominal densities, where  andm are 99.927%
and 99.952%. The results show that processing parameters are properly chasérain s
way that the occurrence of some common processing defects like balling effect and lack of
fusion was minimized. As seen in this figure, the porosities are mostly formed in spherical
and wormy shapes in which the round ones are mainly caused bydteetive gas
entrapment, while the irregular wormy shapes are corresponding to solidification defects
e.g. lack of fusion, keyhole porosity, and volumetric changes induced by solidification
shrinkage and phase transformation. Other studies also repamtedo$these sources of

porosity formation during the AM of maraging steel8,b4 56).

Fig 2.7 The OM micrographs of (a) LowTand (b) HighTi asuilt structure revealing the presence of

porosities (i: spherical gas porosity, ii: irregular shrinkage porosity)
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According to the SEM micrographs given in Fig@8., a mixed microstructure
containing columnar, and equiaxed morphatésgs observable in both LowTi and HighTi
AM samples. Within a single melt pool, the
direction of the heat extraction, i.e. from the peripheral regions to the center of the melt
pool surface[51]. The C300 maraging steel with aln
nucleation and growth within an isomorphous reaction. At-hitga cooling rates during
the LPBF process, once the o9 phase starts |
occurs. Ths is with regards to the diffusion coefficient and partition coefficient of alloying
elements. At the vicinity of the melt pool boundaries, particularly at the bottom, the high
value of G/R motivates the columnar morphology over which the primary colstams$o
grow toward the top central zones. The sol
growth leads to an increasegnt ahead of solid/liquid front, where ti&R is gentle, and
consequentl vy, t he equi ax edregony Bolute partiioh ar t s
within the intercolumnar regions also provides higft, particularly next to the roots of
the columns in which the metallostatic pressure is dropped and the fresh liquid with less
solute concentration cannot be sucked into threggons[62]. High G/R, and high
frequency of nuclcaatei orespwerstid| exevfeore n@TI! e
phase in contact with the solidified colum&d]; however, the cellular structure is not

observable in Figur2.9.
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Fig 2.8 Microstructure of the abuilt (a, c) LowTi, and (b, d) HighTi samples (i: columnar, ii: fine

equiaxed, iii: coarse equiaxed morphologies)

2.3.4.Texture Analysis and Grain Morphology

The inverse pole figure (IPF) alongtivthe building direction of the dsuilt cubes
is revealed in Figur2.9. As can be observed, the texture analysis through the longitudinal
direction allows better understanding of the grain shape, size and orientation. The melt pool
boundaries, identiéid by dash lines, properly define the areas at which the initiation of
different morphologies has taken placéeTLowTi and HighTi IPF patterns confirm the
coexistence of columnar, cellular, and equiaxed morphologies, similar to the SEM

micrographs. As mviously discussed, the structure is supposed to be martensitic in style
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of numerous fine lathes that are highly dislocated, and some austenitic grains isolated at

intergranular regions.

To make the columnar and equiaxed grains as distinguishable adeydhsilgrain
shape aspect ratia); defined as = L2/L1 is considered, where:land Lo are referred to
the dimension of the major and minor axes of an ellipse fitted to each grain, respectively.
According to the available literatufé3], « = 0.33 is defined as the critical grain shape
aspect ratio, at which the columnar@@ 0 . 3 3 ) te«o 0.38)trarisitor takes place.
In both samples, there has been similar fraction of columnar and equiaxed grains, 12% and
88%, respectively. Soe the cellular grains, i.e. short grown arms over which the
nucleation and growth of secondary and ternary arms have been avoided due to high G
values[47,48] are hard to identify via the term this semiquantitative technique is
conducted to distinguish the columnar from equiaxed grains. The grain area distribution in

both LowTi and HighTi AM cbes are also reported in this figure, whére and

$ are 5.02 and 9.40m?, respectively.
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Fig 2.9 The IPFZ maps of the abuilt (&) LowTi, and (b) HighTi structures along with the building

direction (BD), folbwed by distribution maps of (c) columnar/equiaxed grains, and (d) grain area

According to Figure2.10,, there is a weak random textwa®ngside the building
direction of the LowTi sample, while the HighTi sample shows a more textured
microstructure in which a tilted fibrous texture is developed. Based on FR8+240, it
seems that the HighTi sample has coarser microstructure thabecattributed to its
broader solidification interval demonstrated in Fig2i& Figures2.10c and 10d show the
grain boundary misorientation maps of the cube samples identifyingdod high angle

grain boundaries (LAGBs and HAGBS). The misorientationg | e (d) i s wused
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the difference between
to LAGBs and HAGBs, respectively. The percentage of LAGBs in the LowTi sample
(60%) is more than the HighTi one (56%). According to Ragpal.[64,65] the HAGBs

are more prone to hot cracking during solidification that is also intensified by broadening
the mushystate range. Hence, this is another proof to show that the HighTi alloy reveals
wider solidification terperature interval. Mutuat al.[60] also reported 51% LAGBSs for

the asbuilt maraging steel with a chemical coostion very close to the LowTi sample.

2]

Min =0.12
Max = 4.64

Fig 2.10{100} pole figures and the grain boundary map of théuaitt (a, c) LowTi, and (b, d) HighTi

samples (In subfigures ¢ and d, red and black lines indicate the LAGB$ABHS, respectively)

2.3.5. Solute Clustering and Precipitates Formation
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As illustrated in the STEMbright field (BF) images in Figur@.11, the AM
structure of the LowTi alloy shows intercolumnar solaté zones, especially of Ni, Mo,
and Ti, due to yclic reheating during the LPBF process. However, Whanatrix also
contains highly distributed Mo and Ni atoms, which indicates solute trapping or banding
phenomenon taking place because of the -fidtsa solidification velocity (R) and slow
diffusion rae of those elements. Ti, on the other hand, does not show trapping within the
matrix, as a result of its low partition coefficient and high diffusion coefficient, as
previously discussed.ayerby-layer remelting cycles during LPBF facilitates solute
parition of Ti and Mo, and subsequently, intensifies equiaxed morphological growth,
while there have always been some columns epitaxially or independently form next to the
melt pool boundaries (which was seen in SEM imagdespite of the elements mentioned
above, Al and Co could not find a chance to get rejection into the intercolumnar regions
during solidification. As another observation, the intercolumnar regions argobightial
sites to keep (Udathesicoverdhe rest of tha AM @turd. mdhe
elemental maps, there have been also some round particles that are moestigt irich,
as well as Al and @earing compounds in some locations. The titanium nitride (TiN) is
the most reported inclusion easily formed during the LPBF @0G8araging steels that
effectively affects the mechanical properties. Hence, tHmudissamples are better to be
heat treated to dissolve the inclusions and redistribute their containing el¢bdnta
those places that Al, O, Ti, and N are coexisted, some studies reported the presence of
core/shell APO3/TiN inclusions[14]. The nitrogen and oxygen impurities in the protective
Ar gas can be easily dissolved into the liquid metal, and subsequently, react with the

elements present in the alloy. In this regard, the mixing enthalpy-Nfigialmost-190
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kJ.mof* that brings negative Gibbs free energy of miX®], and Al is an active element

that can be easily oxidiz4l4].

In Figure2.12.,, the STEMBF images illustrate the elemental distribution maps in
the HighTi AM cube. The most important observable feature is Ni and Co atoms clustering,
formed as the ultrine CoNi precipitates with 2nm in their sizendse precipitates have
been reported for the first time in the-flch AM maraging steels; however, the LowTi
alloy did not show the same feature in its microstructure. GalNal@et al.[2] reported
that i ncreasing Ti content I mpr ove&BTi t he
precipitates in conventional helaéated maraging steels. It can be postulated that, the CoNi
precipitates in the AM C300 is a metastable phaseifay due to a lack of Ti element in
the matrix. As previously discussed, Ti with its low partition coefficient and high diffusion
rate can be easily segregated toward the intergranular regions, which intensifies Ti
depletion within the transgranular zong®,50] Among all intermetallic compounds
presented in the maraging steelssTNis the most probable one to be precipitated due to
its low Gbbs free energy of formatiof67]; however, Ti depletion suppresses the
nucleation of the NITi phase. In this case, Co and Ni elementstredthin the matrix to
form the ultrafine CoNi precipitates. Therefore, it is reasonable to report that the addition
of Ti can induce CoNi formation, as also discussed by dtianh[67]. The CoNi precipitate
with its high formation energy compared with the other common phases in the C300
maraging steel such as FeCo, FeNi ansTNK9,60], act as suitable nucleation sites for
those tlat show the lowest formation energy during the direct ageing treatment. The
metastable CoNi with 0.185 eV formation energy could be transformedTg ReTi, and

CoTi with-0.538,-0.475, and0.457 eV energy level, respectivggr]. Within the
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temperature range of 5@50°C that is usually used to age thébadt maraging steelgl3], more stable precipitates can be formed at
the expense of primary intermetallics nucleated and grew during solidification. Since all of these stable phasels,ageling process

at high temperature for sufficient holding time leads an iser@aTi solidstate diffusion from the intergranular to transgranular regions.

y phase

Fig 2.11The STEMBF i mage and its corresponding el ement al dU gs t proi cbkuetbigioLawim at phse  sahso w

sample
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Fig 2.12 The STEMBF image and its corresponding elemental distribution mapsiag the existence of ultfine CoNi precipitatesn the asbuilt HighTi

sample

The small size of CoNi clusters made them cumbersome to be visible in the EDS maps, where the selected area diffraction
(SAAD) technique can help for further characteri@atiTo confirm the presence of the ultie CoNi clusters in the Tiich sample,
the superlattice reflection of the clusters is further analyzed using the SAAD technique, as shown IE3gufide pattern showing

the presence of the CoNi precipitateshe HighTi matrix is identified due to the ordered structure of this phase.



Figure2.13b shows a typical TEMark field image of the austenitic regions in the
U matrix. The width ofJ taths is calculated for both samples, where the average thickness
of each lath is almost 500 nm. Due to the accumulation of Ti inrebgion, increasing the
titanium content does not affect tketath size. This observation confirms the grain size
resuts calculated from the EBSD and confirms the previous sty#lj@8]. Figure2.13c
reveat a TEMb r i ght field image to c a)lUltafasit e t he
solidification during the LPBBecguseofceveses c au
thermal shocks associated with residual stresses by volume changes during siolidificat
and phase transformatig@7]. Based on equation (3§9], o ¢an be correlated to the
thickness (t) of the TEM foil using electr@mergy loss spectroscopy (EELS) 4agio
technique. For this purposa,grid with horizontal and vertical lines is superimposed on
the TEM micrograph, followed by counting the number of vertical and horizontal
intersections of dislocations the grid linesdtaand Nrizonta) and the dislocation density

can be writteras

m o - (2-3)

Wh e r @esicaiaXnLd nori¥odiaiare the total length of vertical and horizontal grid lindse T
a v e r mfgr eowTi and HighTi samples are calculated as<16° m2 and 2.410"° m

2 respectively, i n whisachievedatkigheg ficohtentc ant i nc
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Fig 2.13(a) Diffraction pattern of the HighTi sample aislcorresponding Miller index (i: superlattice

reflections showing the presence of CoNi clusters), (b, c) -lEHVand TEMBF images of the LowTi

matrix (ii: o9 phask, [ di sl ocations

2.3.6. Mechanical Properties

The hardness of the AM cubes is reported as an average of ten measurements, where
the LowTi and HighTi alloys show 33.3+1.1 and 40.3£2.4 HRC, respectively. The sample
with higher Ti content presents almost 20% higher hardness value that can be caused by
hardening effect of Trich intergranular zones and those hard CoNi precipitates with Body
Centered Cubic (BCC) structure well dispersed into the matrix. As another reason, higher
dislocation density in the HighTi alloy can be taken into account, in whiehstitain
hardening rate increasingly raises during the indentation. This can be assigned to the
intensified dislocations entanglement that induces higher values of stored stresses during
the deformation of material beneath the surface. It is well unddrtabTi has a positive

effect on the toughness and hardness of C300 maraging[2t2lg|

The results of the uniaxial tensile testing under getdic strain rate is
demonstrated in Figu14. As can be observed, those tensile samples horizontally printed

show higler yield and ultimate tensile stresses, meantime more toughness due to higher
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undercurve surface area compared to the vertical samples. The vertically printed samples,
on the other hand, shows gentler strleain ha
stress. This means that the vertical samples present lower strain hardening capability that
can be caused by some microstructural defects e.g. porosities and internal cracks, or the
grains morphology that all are highly affected by G and R changes\witinthe building
direction. In this regard, it has been reported that the volume fraction of the columnar grains
that are highly susceptible to epitaxial growth, hot cracking, intercolumnar void formation,
and segregation is much higher in the verticptipted samplegl2,30,46] Despite these
samples that show a strong anisotropy in their mechanical properties, the horizontal
samples usually propose less anisotropic properties accompanied by their cellular and
equiaxed grain morphologi¢a3]. Generally, in spite of the vertical samples in which the
loading and building directions are parallel, the orientation in the horizontal samples is
perpendicular. Therefore, cracks and voids in the vertical samples more likely act as stress
risers and produce a drastically drop in the tensile strength owing to the reduction in

effective crosssectional are§/0].

As another result, Ti element better elucidates its influence on the vertical samples,
where the HighTi vertical sample shows higher values of elongation and toughness
compared with tb LowTi one. Mooneet al. [16] also observed the same trend and
suggested that this variation is due to the presence of planar heat generation in the LPBF
process along with the constrained movement of the build platform solely in the vertical
direction. As previously mentioned, botl-dontaining samples showed a small volume
fraction of porosity. Both gas and shrinkage porosities inevitably formed during the

solidification of the melt pools and have detrimental effects on the mechanical properties,
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as they act as stress localizatittes[71,72] The CoNi clusters uniformly distributed in
the matrix of the HighTi sample can increase the shear strength of the lattice by interaction
with dislocations during the uniaxial tensile test. In other words, the neseel$stress,

the more resistance of the [TRttice against

The coexistence of this precipitate and-pxésted porosities in the HighTi samples
induces a b&tr balance between hardening and softening phenomena during tensile
deformation, which provides better elongation than the LowTi samples. The importance of
this synergy should be considered, when the matrix is intrinsically high strength and brittle
liket he martensitic matrix in C300 maraging
prone to the propagation of the microcracks generated neighboring the porosities during
the deformation. Tewt al.[74] also reported the effect of precipitates and porosity on
crack growth in AM TitaniurrSteelCopper sadwich materials, where the deleterious role
of porosity on sample strength was controlling the brittle amorphous interface of studied
material. To compare the mechanical properties reported in this study with some other
research, Table24 and2.5 presenthe average values of the elastic modulus (E), yield
and ultimate tensile stresses (YS and UTS), elongation percentage at failure point, and
toughness for both materials. Higher values of toughness and elongation percentage have
been achieved by increagithe Ti content; however, this melioration is more significant
in the vertical samples. Besides, the horizontal samples generally show better mechanical
properties, particularly in loadearing applications, where the absorbed energy before

failure shouldbe high.
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Fig 2.14 Stressstrain curves of the AM dsuilt samples

Table 2.4. Mechanicabpropertieof the AM LowTi and HighTi tensile samples

E (GPa)

YS (MPa)

UTS (MPa)

Failure elongation

(%)

Toughness (MJ.m

)

LowTi 1 173.117+5.3 988.48+177.3 1196.37+4.6 15.1+£1.0 150.19
Horizontal
HighTi 1 172.997+1.3 1113.79+11.0 1217.72+11.7 15.39+1.2 159.22
Horizontal
LowTi i Vertical 140.144+1.0 1033.438+12.6  1134.453+22.6 11.68 1.0 108.66
HighTi i Vertical 146.631+5.5 962.66+12 1087.31+£13.2 15.49+1.0 144.47
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Table 2.5. Comparisorbetweenmechanical properties of the AM maraging steel at various Ti contents,

reported in some studies

Current study i V/H 0.72 33.3 1134/1196 11.7/15.1
(LowTi)

Current study i V/H 1.17 40.3 1087/1217 15.5/15.4
(HighTi)

Mooney et al.(LowTi) 0.87 39.8 1174 15.7
[11,16]

Mooney et al.(HighTi) 1.05 38.8 1172 129
[11,16]

Casalinoet al.[19] 0.88 35.0 1192 8.0
Yuchao baiet al.[20,21] 0.80 39.8 1178 7.9
Casatiet al [22] 0.70 38.8 1187 6.1
Mutua et al.[60] 0.62 38.1 1125 10.4
Kul e rebal[87] 0.60-0.80 38.8 1050 8.0
Bhardwaj et al.[17,23] 0.60-0.80 39.8 1021 19.0

The fractographs of the dmiilt LowTi and HighTi samples are given in Figuzd5.,

where both vertical and horizontal samples show ductile fracture identified with deep
dimples generating during the plastic deformation (see subfigureg)l3a some
locations, microvoids formation and coalescence are responsible for the formation of
abnormally huge dimples (blue arrows). An area marked with dash oval in the HighTi
fractographs experienced decohesion during the tensile testing, which can be assigned to a
scan track of the melt pools exposed to a large plastic deformation occurring through the
necked area. This fact has been also reported in some §tyd&69] Theintergranular

fracture is the dominant mode throughout the surface, locally associated witHikeavy

feature of plastic deformation over some narrow places next to the edges (red arrows). The
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wavy feature can be ascribed to a very small change in atrégssnaximum value over a
certain range of strain in the horizontally printed samples. This is due to a balance between
softening and hardening phenomena, which are competitive at peak stress. The vertical

HighTi sample shows a lower area fraction of @iomally grown microvoids, higher

uniformity in ductile fracture, and less probability of abrupt decohesion.

Fig 2.15The SEM fractographs of (a) Lowhiorizontal, (b) HighTihorizontal, (c) LowTivertical, and

(d) HighTi-verticd samples

2 4. Conclusions

C300 maraging steels with two various Ti contents was horizontally and vertically

produced via the LPBF process, and their microstructure, mechanical properties, fracture
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behavior, texture and orientation were studied. The following conclusions can be draw

from this study:

i.  The volume fraction of martensité&J)gin both LowTi and HighTi powders is
almost the same, while the HighTi AM sample shows lower percentagkqof
compared to the LowTi AM sample. This difference is resulted by higher severity
of Ti rejection into the intergranular regions of the HighTiyaliacrostructure, and
consequently enhancing the number of high potential sites of the retained austenite
(92).

ii.  Thevolume fractionad phase in the C300 all oy powd
in the AM samples due to higher solid/liquid interface velo@y and partition
coefficient (k) of the solute elements during the LPBF process rather than gas
atomization, which brings higher probability of the solute trapping or banding
effect. Therefore, more substitutional atoms are trapped within the latticeusg,
bringing higher hardenability in the additively manufactured samples.

iii.  The micrographs of both LowTi and HighTi AM samples show a combination of
columnar and equiaxed morphologies due to variation of the G and R over the
length of the AM product, wérethe columnamgrains are mostly formed at high
G/R values, while equiaxed grains nucleate and grow at low G/R and high
constitutionad). undercooling (T

iv.  Both manufactured samples show similar fractions of the columnar and equiaxed
grains in their mimostructure, in which the fraction of columnar and equiaxed
grains are 12% and 88%, respectively. The grain size distribution of the LowTi and

HighTi samples are reported within 1 to 53m
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Vi.

The HighTi sample shows numerous ufiree CoNi precipitates thumh its TEM
micrograph, which is a metastable phase in the maraging steels. Therefore, it has
been postulated that this phase can be transformed to more stable precipitates like
NisTi, FeTi, and CoTi during direct ageing, where Ti element can diffusetfiem
intergranular to transgranular regions induced by a sufficient holding time at high
temperatures.

The hardness of the HighTi sample shows higher values than the LowTi one. The
HighTi sample also reveals higher dislocation density that provides hilgheate

tensile strength. The stressain curve of the HighTi sample shows more scattered
trend between the horizontal and vertical directions in comparison with the LowTi
sample. In terms of toughness, UTS, and elongation, the samples horizontally
printed overall present better mechanical properties and propose steeper rate of
strain hardening before the peak stress. The mode of fracture for both materials is

ductile transgranular accompanied by dimples formation.
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Chapter 3. Concurrent improvement of strength and ductility
in heat-treated C300 maraging steels produced by laser
powder bed fusion technique

3.1. Introduction

Maraging steel is a class of low carbon wuokel alloys with high strength and
toughness, which are primarily alloyed with Ni, as well as Co, Mo, Ti, and]&]. The
ultra-high-strength of this class of material is achieved by aging treatment resulted in the
formation of intermetallic precipitates such agMi[3][4]. High strength and superior
toughness of maraging steels made them suitable candidates for demanding applications
such as aerospacmarine, nuclear, tooling, and transportafijfi6][7]. In this category,
maraging steel 300 (300 is the yield strength in ksi) is a traditional maraging steel grade
with 18 wt.% Ni abng with 8.59.5 wt.% Co, 4.6.2 wt.% Mo and smaller amounts of Ti

and AI[5][8].

Recently, additive manufacturing (AM) techniques have been widely used to
manufacture maraging ste¢®[10]. Laser powder bed fusion technique (LPBF) is one of
the AM procedures to fabricate thrd@nensional objects directly from a powder or wire
feedstock using a computer aided design (CAD) md#lg][12]. Different thermh
gradient, cooling rates and solidification front velocities across the melt pool results in
evolution of a heterogeneous microstructure (both chemical and structural) during LPBF
[13] [14]. As a result of this effect a very fine cellular structure has been formed during
LPBF reportedly improving the mechaal behavior of the manufactured paji%].

However, in the LPBF process, due to the large thermal gradients, residual stresses
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developed in abuilt samples whereby some cracks may be created within the material
[16][17][18]. To relieve hese high residual stresses within the LPBF products, usually
subsequent heat treatments needed after the LPBF pfa&s©n the other hand, to
optimize the physical and mechanical properties of maraging steel, it is essential to
understand agg behavior during the heat treatment pro¢26§ In maraging steel, heat
treatment is an effective way to improve mechanical properties through the formation of
intermetallic precipitatef21]. Solution treatment/agin@?2] and direct aging23] are two
common post heat treatment procedures that were introduced for LPBF of maraging steel.
Solution treatment which is heating to temperature higher than austenite finish temperature
(750 °C), results in the elimination of austenite phase. Howeverg agsults in the

formation of precipitates and martensite to austenite reversion.

To date, several studies have been carried out to investigate the heat treatment
process of additively manufactured maraging steel. For exa@pialeet al.[24] studied
the effect of different heat treatment schedulekPBFmaraging steel 300. Their results
showed that the promotion of martenditeaustenite reversion is beneficial to enhance the
ductility and toughnes of maraging steel parts. In another study, Coeidal. [10]
investigated austenite reversion in maraging steel 300 pradhycselective laser melting.
They concluded that martenstieaustenite reversion between 610 and 690 °C results in
gradual martensite to austenite reversion with high thermal stability. Mairady[25]
investigated different hedteatment procedures diPBFmaraging steel 300 to identify
the optimum combinations of time and temperature, which can reduce anisdtnegy.
reported that, agingt 490 °Cfor 8 hours offered an optimal strength (giestrength

(Rp0.2>1900 MPa) whereas aging at 525 °C for 8 hours provided aafadetween yield
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strength and ductility (R2>1700 MPaand& 1 0 % ) et al.[RR]studied the effect
of postheat treatment (solution treatment at 820 °C for 1 h and aging at 460 °C for 5 h) on
the microstructure and mechanical properties of maraging steel 300. They found that after

solution treatment and aging, the maximum tensile strength obtaine2D@a$/1Pa.

Increasing both the ductility and strength of hweated maraging steel parts
simultaneously has been a challenge for resear¢@&}sit was reported that reverted
austenite and precipitation fortran are two factors, which affect the mechanical behavior
of maraging steels significant[{][23]. Previous studies on comi@nal maraging steels
reveal that reverted austenite formation and subsequent phase transformation also change
the texture development and subsequent mechanical bef2&jj@8][29]. Although the
previous studies investigated the effect of heat treatment in improvingebkanical
behavior of maraging steel, only a few studies have focused on the texture development
manufactured by the LPBF procd49][24][22]. Thus, the effect of reverted austenite in
the texture development of additively manufactured maragings steel was not studied
before. Furthermore, the strength of maraging steels can notably be improved by precipitate
formation after heat treaent. Maraging steel is strengthened by the precipitation of
intermetallics at temperature of about ¥550 °C. Depending on aging time and
temperature, different precipitates such as'NiNisMo, NizAl, FeeMo can be embedded
in the martensite matrikl4][30]. There are many studies, which focused on precipitate
evolution, and stmgthening on conventiondP0] and additively manufacture{B1]
maraging steelsHowever, few studies have been published regarding the effect of

chemical compositionn precipitate evolution.
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Chemical composition can have a significant effect on reverted austenite and
precipitation formationGalindoNavaet al. [32] conducteda critical assessment of the
individual contributios of Ni, Cr, Al, andTi on the mechanical behavior of maraging
steels. They concluded that the reverted austenite kinetics promotes by Ni and Ti additions
have the highest strengthening effect by precipitatindiNm the matrix Grayet al.[33]
studied the déct of chemical composition on the volume fraction and precipitate chemistry
of maraging steels. They concluded that decreasing Mo and W elements (crucial elements
in forming laves) could reduce the formation of the laves phase and increase the formation
of precipitates, which affect mechanical propertiescobaret al. [34] investigated the
effect of austenitstabilizing (Ni, Mn, Cu), ferrite stabilizing (Cr, Mo), and carbide
forming elements (Ti, N) on the formation of reverted austenite in super martensitic
stainless steels . Their results showed that carbon and titdr@uen essential roles in

stabilization of austenite during the reversion process with precipitation of Ti(C, N).

Despite the available studies on maraging steels, there is a knowledge gap on the
effect of chemical composition (Ti content) mverted austéte and precipitate formation
of LPBFmaraging steels. Therefor@) this work, the effect of Ti content on the
microstructure and mechanical properties ebait and heatreated 18Ni300 maraging
steels produced by LPBF is discussed. UsingayX diffraction and advanced electron
microscopy techniques, the submicron changes of reverted austenite and precipitates are
investigated. The heat treatment process of 490° C and 6 h (recommended by EOS GmbH)

was chosen for the study.
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3.2. Experiments

3.2.1 Sampé preparation

C300 maraging steel powders with a size distribution 5@ e m was used
LPBF process. As given in Tab®el., the two different metal powders were chosen with
0.72 to 1.17 wt.% titanium content. The chemical composition was ichtfia an
inductively coupled plasmaptical emission spectrometry (IGPES), in which an Agilent
ICAP 725 was employed. In terms of Ti content, HighTi composition was chosen in such
a way to make sure that Ti wt.% is far enough from 0.72 wt. % to aveigrtdbability of
elemental loss during the LPBF. Also, 1.17 wt. % is not too high to induce a significant

difference in phase stability and phase transformation.

Table 3.1. Chemical composition of powders used in this study.

Ni Co Mo Ti Si Mn C Al S P Cr

Standard 18.0 85 46 055 01 01 003 0.05 0.01 0.01

19.0 9.5 5.2 0.8 0.15
LowTi 1798 8.85 4.85 0.72 0.09 0.06 0.016 0.09 0.008 - 0.15
HighTi 1768 9.26 4.82 1.17 0.06 0.03 0.012 0.11 0.011 - 0.11

Cubic and rod samples were additively manufactured using an EOS M290 additive
machine at Additive Metal Manufacturing Inc. (AMM) in Concord, ON. The same process

parametersecommended by EOS GmUB5] to achieve the minimum porosity volume
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fraction were used (listed in tal8e2.). Stripe scanning strategy by rotating the laser beam
67° between the successlagers was utilized during the process. Sample cube (a=15 mm)
and the rods (D=12 mm, L/D=10) were printed on the top of a build plate preheated at

40 C. Fig.3.1. shows the schematic of the cubes and rods that were fabricated.

A Calvin 1543 heat treatmerhamber was used to perform the heat treatment
procedure. The heat treatment schedule recommended by EOS [B&jdbt the C300
maraging steel consists of heating the sample at 490 °C for 6 h, followed by furnace

cooling.
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Fig 3.1 Schematic of cube and rod fabricated samples in the LPBF process.
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Table 3.2. Process parameters of the LPBF process.

285 960 40 110

3.2.2. Phase and microstructural analyses

Phase analysis was implemented usinegX-ray diffraction (XRD) technique using
a Bruker D8 DISCOVER instrument Located at McMaster Analytic&ay Diffraction
(MAX) facility. This instrument, equipped with DAVINCI.DESIGN diffractometer using
a Cobalt Seal.gdl.790868)ewa Stiized far extufeanacroanalysis and
phase identi fi dBHlO°iatB3bkV and 45mA poweay settingd wastuded to
collect the data. XRD data were then analyzed with Rietveld analysis through Topas

software Version 4.2.

The microstructure ohee asbuilt and heatreated maraging steels was characterized using
scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), and
transmission electron microscopy (TEM). SEM &RED were performed using a Hitachi

SU-70 Field Emission Gn (FEG) ultrahigh-resolution The results were processed with

Oxford Instruments HKL Flamenco software. EBSD scans were performed at both low
(x300) and high magnifications (x5000) ove
and 30 & ml 2 8tepsiam), réspedtively.n\ standard metallography procedure

was applied to the EBSD samples. Further investigations on the microstructural features of

the samples were done using an FEI Tecnai Osiris TEM with a 200 kEEG{gun

coupled with a Supex windowless EDS detector. lon milling was used for preparing the
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TEM samples using a Gatan Precision lon Polishing System (PIPS) mod&héSdffect
of Ti on microstructural changes was observed in the cube samples to avoid any
interference between the effeaf building direction and Ti. Therefore, SEM, EBSD and

TEM were conducted on the cuboidal samples.

3.2.3. Mechanical properties

A CLARK CRM12 Rockwell hardness machine with a diamond indenter head and
150 kg load was used for hardness measurementshditmess measurements were
performed on the cuboidal samples, where the mean value of at least 10 measurements was

reported.

Dog-bone tensile samples with 6mm gauge diameter and 32mm gauge length were
machined from the cylindrical rods according to theTMSE8/E8M-15a standar{B6]. A
universal hydraulic controlled Instron 1332 machinthai 25 mm extensometer was used
for conducting the uniaxial tensile test at a cqusdiatic 9x1¢ s strain rateEach test was
repeated 3 times to ensure reproducibilityaddition, the gauge sections along the tensile

axis of the samples were @and polished for texture macroanalysis.

3.3. Results

3.3.1. Mechanical properties of abuilt and heat treated samples

As the yrst step to characterize the m

samples is measured on the top surfa@siouilt and heatreat conditionsThe hardness
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for LowTi and HighTi samples in the dmiilt condition is 33£1.1 HRC and 40+2.4 HRC,
respectively, which shows an increase of about 21.21% with the addition of Ti.
Furthermore, the hardness in the kHea#ted samples is 55+0.68 HRC for LowTi and
57+0.63 HRC for HighTi, which shows an increase of about 3.63% with Ti addition after
heat treatment. It should be noted that, although hardness HRC values are similar between
LowTi and HighTi, there is still a corstent difference between them in HV (649 HV for

LowTi and 727 HV for HighTi).

Fig. 3.2. shows a typical stresstrain curve for two HighTi and LowTi maraging
steel samples in the -#siilt and heatreatedconditions. Increasing Ti content in this
maraging steel resulted in increasing the ultimate tensile strength (UTS) and elongation
compared to LowTi counterpart in bothlasgilt and heatreat conditions. With regards to
mechanical properties in the-bsilt condition, HighTi samples exhibit higher strength and
elongation (1215.51MPa and 14.23%) than the LowTi sample (1192.51MPa and 14.05%).
After heat treatment, the UTS was 2057.74MPa for the HighTi sample compared to the
LowTi sample with 1938.14MPa (Siving an increase of 6.14%). Furthermore, as can be
seen, the tensile ductility decreased after heat treatment to 4.05% and 1.94% for the HighTi

and LowTi samples respectively (showing an increase of nearly double).
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Fig 3.2 Uniaxial tensile stresstrain curves in abuilt and heatreat conditions.




3.3.2. Microstructure

Fig. 3.3. shows the SEM images of the side view (i.e. parallel to building direction
(BD)) of the asbuilt and heatreated cube samples. As it can be seen, three different zones
across the melt pools (MP) can be observed in the microstructure: columnar dendritic
structures at the bottom of the melt pools (area (i)), cellular structures between columns
(area (ii)), and equiaxed morphology at the top central zone (ared2@)) Grain
boundaries of hedteated samples are vague and irregular, which can be due to the
homogenization of microsegregation at high temperatures during heat tref2jeitt

seems that HighTi heat treated sample has more equiaxed grains based on Fig 3.3(d).
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Fig 3.3 SEM images of the microstructure of thetaslt and heatreated samples. (a) LowTi-aslilt, b) HighTi asbuilt, c) LowTi heat treated, d) HighTi heat

treated. ((i) Columnar structure at the bottom of the melt pools, (ii) Equiaxed structure at the top of the MP bor@etkyléiistructure inside the MP).



3.3.3 Crystallographic orientation

To determine the morphology and orientation of the microstructlestron
backscatter diffractionEBSD) is performed on the longitudinal cross section of the as
built and heatreated cube samples (i.e parallel to BD). Inverse Pole FigureZ(iR&ps)
are used in these figures since the preferable growth direction is parallel to the building
directionin the LPBF process. Fi§.4. and3.5. shows the IPZ maps and corresponding
pole figures of maraging steel samples irbadt and heatreated conditions. As can be
seen in these two figures, pronounced crystallographic orientation are observed after T
addition; while a weak texture is seen in the LowTi maraging steel, a preferred {111}
texture is developed in HighTi alloy (in both-ksilt and heat treated conditions).
Therefore, by adding Ti, <111> o2 f({lI2r e t ext

<111>) were developed.
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Fig 3.4 EBSD results of the side of the samples at x300 magnificatiorZ iiaBp of the HighTi and

LowTi samples in abuilt andheattreat conditions. Build direction {@xis) is marked as BD in the IPF

maps. (a) LowTas built, b) HighT4 as built, ¢) LowTi heat treat, d) HighTieat treat.
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Fig 3.5 EBSD results of the side of the samples at x300 miagtidn. (100) and (111) Pole figure maps of HighTi and LowTi sampleslii#sand heatreat

conditions. (a) LowTas built, b) HighT4 as built, c) LowTi heat treat, d) Highhieat treat.

To acheve deeper details of crystallographic orientations and fibers, orientation distribution function (ODF) map4$5h

section in the abuilt and heatreated conditions were presented in Fig. 6. ODF maps also prove that the Ti addition can change the



crystallographic texture. As can be seen in 8y, in the HighTi sample, fibre, and copper
texture developed which is consistent with previous analysis. As can be seen by adding Ti,
a relatively strongo -fiber developed, where a strongearrotated cube texture

({001}<110>) formed in asuilt and heat treated samples for the LowTi sample.
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Fig 3.6 EBSD results of the side of the samples at x300. ODF map45°) of the HighTi and LowTi
samples in abuilt and heattreat conditions. (a) texture component key (b) Lowa3ibuilt, ¢) HighT4 as

built, d) LowTi heat treat, e) Highheat treat.
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3.3.4. Grain morphology

Oxford Instruments HKL Flamenco software was used for processing the EBSD
scans. The fractioof columnar and equiaxed grains was evaluated for both samples before
and after the heat treatment from the-lPfaps and is shown in TalBe3. To identify
the columnar and equiaxed grains, the grain shape aspectijatief(ned as =L2/L4, is
considered, whereilis the major axis, and:lis the minor axis of an ellipse fitted to each
grain, respectively. Columnar grains are determinedwith0 . 33 (L2: L1=1: 3
while equiaxed grains are identified By>0.33[37]. As can be seen from Tals.,
equiaxed grains fraction increased after heat treatment for both alloys (about 6.12% for
HighTi sample and 8.32% for LowTi samplevhich indicates that partial recrystallization

occurred.

Table 3.3. Area fraction of columnar and equiaxed grains in thbudk and heatreat conditions

LowTi-asbuilt 8.14 91.85

HighTi -as-built 5.80 94.19
LowTi-heat treated 0.50 99.5
HighTi-heat treated 0.37 99.96

3.3.5. Phase identification of abuilt and heat treated samples

To evaluate the effect of heat treatment on the phase transformati@y, X

diffraction analysis was employed. Fi§)7. shows the XRD spectrum in thel tange of
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40 -110 for the asbuilt and heatreated condition®f both LowTi and HighTi alloys.

XRD spectra show that the-bsilt microstructure of both alloys consists of austenite and
martensite. The results show that after heat treatment, no significant changetertsityi

of martensite peaks is observed and intensity of {200}, {111}, and {220} peaks of austenite
were increased. Furthermore, no sign of the peaks for precipitates were observed in the
heattreated samples, which might be due to the small size andneofuaction of
precipitates. During heat treatment, the temperature increased to above Ms, and some
amount of martensite phase in the microstructure transformed back to the austenite, which

is called reverted austenit&s].

Table3.4. shows the volumetric percentage of phases based on Rietveld refinement
analysis. As can be nateafter heat treatment, austenite fraction increases significantly for
both LowTi and HighTi samples. In the case of LowTi, the austenite volume fraction
increased from 2.9% to 8.88%, whereas in the case of HighTi sample, the austenite fraction
changed btween 3.94% and 17.89%. This shows that heat treatment resulted in an increase
of austenite fraction for both alloys, which this increase was about twice for the HighTi

alloy.
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Fig 3.7 XRD pattern of HighTi and LowTiLPBFmaraging steel samples in (a}faslt and (b) heat

treated conditions.

Table 3.4. Volumetric percentagef phases in the asuilt and heatreat conditions

LowTi asbuilt 97.03 2.97
HighTi as-built 96.06 3.94
LowTi heat treated 91.12 8.88
HighTi heat treated 82.01 17.89

To analyze the effect of Ti content on the phase fraction of reverted austenite, high
magnification EBSD analysis for hetneated LowTi and HighTi samples was performed.
AscanbeseeninFi§8.,heatt r eat ed mar agi mmrtessiteqrédolort onsi s
a n daustenite (yellow color) and precipitates (hergNas green color). It is noteworthy
to mention that, after heat treatment of 6 h at 490 °C, two types of precipitafds @tid
NisTi) were reported in maraging st¢2B] (one of them identified aselkagonal NyTi in

EBSD maps). The areas near cell boundaries, identified as austenite (yellow spots), are
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formed, which all of austenite grains in each sample have same crystallographic
orientation; this has been observed bef@@[39]. Crystallographic orientations of the
austenite grains are changed in LowTi and HighTi samplesdriLowTi sample, all
austenite grains have the same <100> orientation (red color). However, in the HighTi
sample, all austenite grains in this area have the same <111> orientation (blue color), which
is consistent with the pole figure in 300X magnificat{éig. 4). We can conclude that Ti

not only can increase the volume fraction of austenite grains, but also it can change the
orientation of austenite grains too. This change of orientation is the reason for the
development of fibre texture in the HighTingple. The difference between theray
diffraction and EBSD results in term of phase area fraction is because of significantly
smaller areas that were scanned in the EBSD maps (due to the small size of austenite grains,
high magnification EBSD was needed@he small austenite grains are detected mainly in
intercellular and intercolumnar regions. Previous studies also reported the exclusive

presence of austenite at the cell or dendrite boundaries for AM maragind k3{d3].
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Fig 3.8 EBSD results of the side of the samples at x5000 magnification. (2] iR&p of heatreated
LowTi sample (b) Phase map of heiated LowTi sample. (c)IPE mapof heattreated HighTi sample
and (d) phase map of hetatated HighTi sample. Yellow spots represent reverted austenite, and green

spots represent Blii precipitates.

3.3.6. TEM analysis in the heat treated samples

Further analysis is conducted using the TEM technique to study austenite and
precipitate formation in maraging steel samples during heat treatmenB.%ighows
scanning transmission electron microscopy (STEM) image and edisgrsive Xray

spectrosopy (EDS) mappings of LowTi sample showing chemical composition and
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