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Abstract

A comprehensive studwas conducted to investigate the mechanical properties and
microstructure of additively manufactured 18800 maraging steeThe gasatomized
powder was usedsthe feedstockand the morphology and microstructurereexamined
to reveal the cellular struceiwith a majority of spherical powder particles. Cubic samples
were built with 40 and 50 um powder layer thickrems3he 40 um samples were built
using ceramic and brush recaaéades. The three variations were then tesgtted, and
all six sets of saples were studied to measure porosity in different layers. All samples
showed relatively low porosity levels. The porosity lewels shown to increase a few
millimetres underneath the finished surface and then decrease gradualyheat
treatment proceswas shown to decreasehe porosity level due to the evolution of the
microstructure. The hardness was also measured for different, lagdrao variation was
observed through the deptiihe aged samples also showed higher hardness due to
precipitations.Uniaxial tensile testwere conductedon test couponby varyingpowder
layer thickness, build direction, and recoater bladds®e mechanical properties and
microstructure of thepecimensvere studied before and after the deformation. In the as
built case horizontal samples showed higher strength and ductility due to lower thermal
stress from the manufacturing process. The powder layer thickness showed not to affect
the mechanical properties significantBesides, te ceramic recoateshowedslightly
beter mechanicgbropertiedue tothep o wd er parti cl e doverthelutldt er sp
plate. The heatreatment increased the mechanical strength significantlyb&@ih
horizontal and vertical samples, while the ductiditpppedas a payoff. Thagedsamples

showed to have similar strength regarding their Imngjdirection with lower ductility of



the vertical samples.owerductility was related to the builth orientaton due to the grain
growth direction, while the strength was related to precipitation, regardless of the build
orientation. All cases showed a phase transformation through the deformation process. The
asbuilt cases turned into a fully martensitic struefland the aged samples transformed a

portion of the austenite into martensite.
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Chapter 1

| ntroducti on

Additive manufacturing (AM) adds layers of a substance in powder or wire form
through a melting process and builds up a solid volume incrementally. Such a procedure is
controlled by computer softwgreonvering a CAD model into a solid object. The additive
manufacturing process explained is addressed apBting in the market. Developments
recently can be categorized to wrought materials as the input of the AM process, especially
in metal powder quality, the fusion process of the addition such as laser belactrone
beam sintering and melting, and the machine capabilities such as its maximum dimensions.
All the mentioned developments result in higher quality products in terms of density and
mechanical propertiga comparisorwith conventionamanufacturing techniques.

Forming and subtracting procedures have been the leading manufacturing technologies
for decades. The concept of adding layers to each other in order to manufacture a 3D object
is introduced as the new production technology fdeggioduction purposes. AM is a new
and fastgrowing technology, which has many advantages compared to forming and
subtracting methods. Increasing production spéaatjcatingobjects with complicated
geometries, reducing material wasted decreasing ¢hproduction price motivate the
manufacturers to invest in and develop this technology.

Additive manufacturing of higistrength steels and stainless steels texeived
tremendous attention recently due to their superior mechanical properties, veraatility,
compatibility with posfprocessing subtractive techniques. The tatgength alloy steels
such as maraging steels are Hmased alloys with low carbon content, and the precipitation
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of intermetallic compounds is the strengthening mechanism for swatarials. The
material discussed in this research has the commercial name 18Ni (300) maraging steel,
where the 30@rade index shows the strength range in ksi.

Many industrial sectors, including aerospace, oil and gas, energy, and marine, are
currently inwvestigating the use of additive manufacturing techniques in their supply chain
and ways their productscan compete with conventional counterparts. All industries
involved with highstrength materials, including defence, aerospace, marine, subsea oil and
gas and manufacturers in automotive and tooling industaiescurrentlydealng with this
new technologyr discussing its adoption

Fig. 1-1 shows a deematic of thalirect metal lasersintering (DMLS) method as one
known powder bed fusion techniqua this method, the powder supply container's virgin
powder is spread over the build platform using a recoatee.bldm recoater blade might
be made of aamic, known as hard recoater, or carbon fibre brush or rubber, known as soft
recoater. The powder's height spread over the build plate in each layer is called the powder
layer thickness. Receiving input from a compt#tieled design (CAD) code, the las@itu
applies the energy source. The laser power melts down the powder particles and forms a
thin layer. The excess powder, which might contain -affatted particles, is then
collected into the powder collection container. This powder is referred to densaie or
used powder. The whole process repeats, and each layer of powder is sintered into the

solidified layers underneath.



Fig. 1-1 Schematic of the Direct Metal Laser Sintering (DMLS) process.



1.1 Maraging steels

Among alloy steels, maraging steel is well known due to its superior mechanical
properties. This higistrength steel class was first introduced and developed during the '50s
and is of great importance yet. Thifoy consists of high nickel content witHawv carbon
weight percentage. The martensitic (bcc) structure is formed during a diffusionless
transformation from (fcc) crystal structure in maraging steels. The name maraging is based
on the aging of martensitic structure in these alloys; see, e.ge€Rlat968), (Sha, et al.,
1993), (Belyakov, et al., 1968) for more details.

The three essential alloying elements in this type of material are nickel, cobalt, and
molybdenum, followed byitanium and aluminum. Each alloying element has its effect on
the material's behavior, and changing the weight balance highly affects the microstructure
and mechanical properties. It is worth noting ttieg maraging steel contains carbon lower
than 0.03% (weight) and the intermetallic precipitates govern the age maydéhe two
significant grades of 18% nickel maraging steel argr&tle and Igrade,in which the
former contains 4% cobalt and a low amount of Titanium, and the latter is free of cobalt
with a higher amount of Titanium (Vasudevan et al., 1990). As mentioned earlier, by
changing the alloying element weight percentage, the mechanical pspare
significantly affected. For example, for 8.5% cobalt, by increasing molybdenum content
from 3.3 to 5% anditaniumfrom 0.2 to 0.4%, the yield strength increases from 1400 to
1700MPa. Higher strengtlup to 2400 MPa can be reached by having 12.684lt, 4.26
molybdenum, and 1.6% titanium (Sha et al., 2009).

Each alloying element has its footprint in maraging steel. The nickel has two major

contributions to the mechanical properties, which are helping to form precipitates as well
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as controlling theaustenite reversion. Although cobalt forms no precipitatescobalt
element's existence prevents the formation of molybdenum solution in the matrix and
results in the formation of Fe7Mo6 precipitates. As mentioned earlier, titanium and
molybdenum formprecipitations, which are the main strengthening mechanisms in
maraging steel (Sha et al., 1993).

A comprehensive study on high strength maraging steel with different compositions has
been done previously, where better mechanical properties of maragghgste achieved
by theprecipitation of copper in the microstructure (Li et al., 2017). It was also shown that
the mechanical properties of Mrased maraging steels are highly affected by different
precipitates and aging conditions (Qian et al., 20IB)e mechanical properties of
maraging stainless steels-83H Mo change dramatically in higamperature conditions
due to the changes in the microstructure and phases (Huang et al., 2016). This is because
the austenite reversion due to temperature isersggnificantly affects maraging steel's
hardness (Dos Reis et al., 2015). High strength maraging steel witthGomposition
showed three precipitation phases in the microstructure, includinigh\iMo-rich, and
Cr-rich phases (Li et al., 2015). Sétal. (Sha et al., 2013) showed that various mechanical

properties could be achieved for low Ni maraging steels



1.2 Additive manufacturing

For many years, manufacturing methods were restricted to conventional forming
operations and subtractive teatues from an initial shape to the final product. A new
method has recently attracted the attention of many researchers and engineers called
material accretion manufacturing or rapid prototyping or additive manufacturing (AM)
(Kruth, 1991). This method wdsst introduced in the '80s using the stereolithography
process, applicable in polymer production, see &Kgpdama, 1981), (Kruth et al., 1998).

In general, AM refers to methods by which 3D objects are formed layer by layer from CAD
models (Asgari et gl 2017). Of particular interest in this contribution is metal additive
manufacturing (MAM), where mainly metal powder or wire is fused using different energy
sources, including laser or electron beam.

AM G three main processes are introduced using diffenachine manufacturers called
sintering, melting, and metal deposition pramss(Gu et al., 2012). Selectiveetal
sintering (SMS) was one of the initial steps forward to make metal parts using additive
procedures. In this method, heat applied to on@inpowder layer melts the layer, and
after solidification, a new layer is added the same way to the previous one, and this
incrementally produces a 3D object, see, €\(an der Schueren et al., 1995), (Agarwala,
et al., 1995), (Kruth et al., 1996). Oretbther hand, in the SLS process, the laser beam
acts as the heat source on the metal powder to make the 3D object (Kruth et al., 1998). The
latter technique and the melting process were then caledtivelasermelting (SLM) or
laserbeammelting (LBM). An alternative for laser as the heat source has been the electron
beam, which led to another technique parallel to SLM calkxtronbeammelting (EBM)

(Murr et al., 2012). The EOS GmbH has introduced its own SLM technique daket



metal lasersintering (DMLS) process, which was used to produce all the samples for this
study. Recent studies show that AM techniques aresatfisient in small batch production
comparing to conventional methods (Atzeni et al., 2012), and they have agraet on

the spargoart supply chain (Khajavi et al., 2014) and repair and maintenance (Cyr et al.,

2018)



1.3 Literature review

1.3.1Manufacturing process

1.3.1.1History of AM

Additive manufacturing goes back to the time when plastic polymeare first
manufactured in three dimensions (Kodama, 1981). In this method; paiatening liquid
material was exposed to an ultraviolet light layer by layer, and the-dimesnsional
polymer was solidified. In such a technique, complicated shapes wereactaned for
the first time with internal structures. The power source applied waS@DOV with a 2
3 mm beam diameter. In this technigtree layer thickness was@mm, with a scanning
speed of 0.2.5 mm/min. The novel additive manufacturing then egpdrinto a broader
range of material, and different names and techniques were introduced to address the new
manufacturing technique based on adding material to building parts. Rapid prototyping,
CAD oriented manufacturing, design controlled automated dation, direct CAD
manufacturing, 3D printing, desktop manufacturing, instant manufacturing, layer
manufacturing, laminated object manufacturing, solid -foem fabrication, material
deposit manufacturing, material addition manufacturing, material ircr@asufacturing
are all referring to the same concept (Kruth, 1991).

Different techniques were then categorized based on the supply material into solid,
liquid, gas, and powder. Laminated object manufacturing uses the deposition of sheet
metals to build prts. Chemical vapour deposition produces solid parts by forming gas
through chemical reactions. Stereolithography, fuse deposition modelling, and inkjet
printing are three techniques that use liquid material to build parts. -d@hmessional

print, seledve laser sintering, and laser cladding are known to manufacture using powder
8



(Kruth, et al., 1998). The laser powder sintering was then succassfulting Fe-Cu
powder into 55 % relative density in a selective laser sintering process (Kruth, €2@)., 19

The laser power used was 90 W with 0.6 mm layer thickness and 50 mm/s scanning speed.

1.3.1.2Different methods

Wire arc additive layer manufacturing (WAALM) is one of the additive techniques in
which large scale components can be manufactured quickly. Ergyesource in this
method is applied through an electric arc to the welding wire (Ding et al., 2011). This
technique is shown to produce fully dense 18iiraging steels with higher mechanical
properties and anisotropy along the build direction in thbugld condition (Xu et al.,
2018). However, in aged condition, the mechanical properties could increase with plastic
deformation compared to the wrought maraging steel (Xu et al., 2019). The wire arc
additive manufacturing also divides into three gas tiamyglasma, and gas metal arc
welding (GTAW, PAW, and GMAWY}echniques The heat dissipation orientatiovas
modeled by Xiong et al. (Xionet al., 2018) in GTAW, showing the temperature gradients
in different layers. Due to high heating and cooling ratee heating load cycles
significantly affect the mechanical properties of the additively manufactured parts
compared to conventionally manufactured ones. A study on GTAW was conducted by
Rajkumar et al. (Rajkumar et al., 2014) in continuous current alsé gurrent variation
to weld maraging steel into low alloy steel. The microstructure of the interface zone was
studied, showing integrated weldments. In another study conducted by Sakai et al. (Sakai
et al., 2015), maraging steel was welded with lagasnpa, and’ungsen Inert Gas (TIG)

techniquesand the results were compared, showing similar properties.



The electron beam is another heat source for additive manufacturing. This method
applies a higher energy density to melt the material with lowemgpateshanthelaser
beam. Various matermlhave been studied and compared in laser and electron beam
melting (Murr, et al., 2012). Both techniques result in adding a new dimension of
microstructural architecture to the manufacturing world. The electron beam technique was
implemented on Inconel 718 by Sun et al. (Sun et al., 2018), and various build orientations
were sudied. They found that the building height was a more influencing parameter than
the build orientationThe Selective laser beam technique versus Electron beam melting
was compared in a study on-GAI-4V. The process parameters and the beam melting
technque significantly affected the defect generation (Gong et al., 2014).

Laser additive manufacturing is categorized based on partial melting versus complete
melting of powder in a study by Gu et al. (Gu et al., 2012). Different material powders
were revieved with the three methods of laser sintering (LS), laser melting, @hd)laser
metal deposition (LMD).

Maraging steel is produced through the laser powder bed fusion technique and
conventional manufacturing (Jagle et al., 2017). The precipitation hiagderconsidered
through the manufacturing process before aging.

A series of process parameters were introduced by Agarwala et al. (Agatvadla
1995) as control parameters, mackapecific, and geometry specificand material
properties that all &cted the additive process. Various materials were then reviewed in
terms of mechanical behavior based on the process parameter optimization. A relationship
between the thermal history with the mechanical properties and process parameters is

investigatedor a broad range of matersal
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The maraging stedfi1l3 bimetal interface was studied by Shakerin et al. (Shakerin et
al., 2019). The application of building material on top of fractured parts was considered,

and the mechanical properties and microstruatfitbe interfacavereinvestigated.

1.3.2Processparameters

1.3.2.1Energy density and optimization of process parameters

In the laser powder bed fusion (LPBF) technique, which is the current study's
manufacturing method, the energy is applied through altesen. The energy density E
(J/mn¥) can be calculated based on the laser power P (W), scanning speed v (mm/s), and
laser spot diameter d (mm) as Eq. (ZQampanelli et al., 2010)

: 0 (2.1)
© 0

The above equation shows the energy applied to aesiragik of the surface. Eq. (2.1)
can be modified to the energy density over the volum@/En?) as Eq. (2.2):

0 (2.2)
08D

wheret (mm) is the powder layer thickness and h (mm) is the hatch spacing (the distance
between the centre line of theskr track with the parallel track).

Considering the process parameters mentioned in E), Casalino et al. (Casalired
al., 2015) correlated the mechanical properties and the relative density affected by the
process parameters. Bai et al. (Bai et al., 2017) also studied the mechanical properties of
18Ni maraging steel and developed a set of optimized process paratoateash the
highest relative density. Dilip et al. (Dilip et al., 2017) did a similar study and optimized
the process parameters to build HY100 steel with the highest relative density. A 65 J/mm3

of energy density resulted in fully dense prints. Mohamraad Asgar(Mohammadiand
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Asgari,2018) could achieve better surface roughness by changing the process parameters
at the builds' surface. A variation of process parameters was introduced for core and
contour, and the upskin, downskin parameters wereedard have better surface
parameterg§SeeFig. 1-2). With this technique, the mechanical strength and hardness were

addressed in the cqmehile the suface properties were optimized at the contour.

o e \\\

X

Fig. 1-2 Process parameters defined for core and contour of a(Malldammadiand Asgari2018)

(b) j Core
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Mutua et al. (Mutua et al., 2018) introduced a progasameter window showing the
effect of laser power, scan speadd energy density. The low energy led to insufficient
melting, while too high energy resulted in shrinkage and burnt surface. The results showed
a wide range of processing windows to havenoptn conditions in terms of relative
density and surface quality. In another study performed by Mooney et al. (Mooney et al.,
2019), process parameterstbranisotropy of the maraging steel parts were investigated.
The scan strategy and the build ori¢iota were considered variables, and the relative
density was related to the powder feedstock. The anisotropy was shown to be reduced
through heatreatment. The laser scan strategy was then studied on maraging steel
mechanical properties and microstruct(Bbardwaj et al., 2018). The scanning strategy

showed to highly affect the texture and grain growth through the solidification process.
12



1.3.2.2Porosity and relative density

As mentioned in the previous section, the porosity is the first obstacle that theeadditiv
parts need to overcome to be able to be compared with the conveptmresses/arious
studies have been conducted to relate the porosity to the process parameters and investigate
waysthey occur through the additive process. A set of process parametescan strategy
showed by Aboulkhair et al. (Aboulkhair et al., 2014) to reach 99.8% dense AlSi10Mg.
The scanning speed showed to determine the pore type. Lower scan speed led to keyhole
pores, while lack of fusion resulted from higher speeds. Thespiprformed due to the
hatch spacing was investigated for6AI-4V (Gong et al., 2014) and showed that high
overlaps led to decreasing the madiol depth, resulting in unmelted formation powder

(SeeFig. 1-3 andFig. 1-4).

Overlapping Overlapping Overlapping

Fig. 1-3 Porosity due to overlappin@ong, et al., 2014)
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The fatigue behavior of 630 stainless steel was investigated, and the fatigue strength
was recognized to be lower compared to conventionally produced samples due to the
porosityinvolved inadditive manufaitiring (Akita et al., 2016). The energy density was
then studied as a measure to design parameters. Low, medium and high energy density
values led to different balling regimes, contos tracks, and keyhols, respectively
(Bertoli et al., 2017). A spatiahodel was developed to predict the porosity as a laser power
function and scan speed and validated o IHH stainless steel (Tapia et al., 2016).
Another geometry model wadsopresented by Tang et al. (Tang et al., 2017) to show the
relationship betwen the porosity and process parameters. The volume fraction of unmelted
powder is predicted in this model based on the geometry ofpoels, hatch spacingnd

layer thickness.

1.3.2.3Building direction

Another parameter recognized to be affecting the mecHdmebaviar of the additive

manufactured parts is the building direction. There are multiple reasons for such an effect.
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One of them is regarding the residual stresses in various directions. Considering that each
layer consists of a fixed thickness, pdtslt in the horizontal direction are made of fewer
stacks, while vertically printed samples are exposed to higher layers. Each layer can be
considered a heat load impulsively applied to the material through the laser beam. These
heat loads apply residuatresses each, and as a result, a vertical build is experiencing
higher residual stresses than the horizontal ones. In a study conducted by Croccolo et al.
(Croccolo et al., 2016), the effect of build orientation was investigated omaheging

s t e etigue dehdviaurThey concluded that the building direction has a low effect on

(@}

fatigue strength. However, Kuo et al. (Kuo et al., 2017) studied as e al | oy s
properties and found a low creep life and ductility in the horizontal builds. The masomne

for such behaviar was then related to the intermetallic precipitations grown in a specific
orientation. The grain orientation can be considered then as another reason for different
mechanical properties in different build directions. Tan et al. éfah, 2018) investigated

the mechanical properties of maraging steel build in different orientations and concluded
that it could be reduced effectively through the Hezdtment process despite a difference

in the mechanical properties. In a similardstuplastic anisotropy was investigated, and an
optimized heatreatment plan on reducing the strain anisotropy was suggested (Mooney et
al., 2019). In another study conducted by Hadadzadeh et al. (Hadadzadeh et al., 2018),
AISi10Mg was built in differenbuild directions, and the microstructure evolution was
examined. The horizontal direction showed to induce more equiaxed grains while columnar
grain was grown in the vertical buildSeeFig. 1-5). This transition from equiaxed to

columnar was related to the solidification process due to local thermal boundary conditions.
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Fig. 1-5 Horizontal vs vertical build in the additive manufacturing proceksl@édzadeh et al., 2018).

1.3.3Pre and post-processparameters

1.3.3.1Powder metallurgy and recoating mechanism

Metal powder is the input to the powder bed fusion technique, and consequently, the
powder properties can directly affect the manufactured parts. The powder and packing
density spread can determine other process parameters such as powder layer thitkness an
the recoater mechanism (Snow et al., 2019). Powder spreadability has been studied
recently, and three quantitive parameters were recognized to be (1) the powder deposition
rate, (2) the avalanching angle rate chargel (3) the covered percentage of thgld
plate. Another powder property is recognized to be the particle size, as well as adhesion. A
model was presented and concluded that with very fine particle size, the gravity force is
dominated by the cohesipand consequently, the powder qualityluees in terms of
spreadability. The layer thickness was then recommended to be over two to three times the

maximum powder particle size (Meier et al., 2019). Different powders are used in the
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powder bed fusion technique, and the gas atomized powdervisnghbetter properties
due to its fine size and spherical morphology (Joly et al., 1974).

Powder deposition mechanisms were studied by Schueren et al. (Van der Schueren et
al., 1995), showing that powder properties affectdheposi t i on meonhani sm
Scraper blade deposits a layer of powder by sweeping over the build plate. A-counter
rolling cylinder rolls and moves the powder to deposit over the build plate. The third
method is to use a slot feeder in which the powder is deposited incremengaltiiebuild
plate (SeeFig. 1-6). The effect of using a ceramic recoater blade is then investigated by
Dana et al. (Daa et al., 2019). The build pk&is vibration was consideredcansiderals

disadvantage, while a soft recoater would not spread the powder particles effectively over

CN T
A

(a) (b) (c)

Fig. 1-6 Three deposition methods (a) scraper blade (b) counter rolling cylinder, (c) slot feeder (Van der

Schueren et al., 1995)

1.3.3.2Heattreatment

As discussed earlier, maraging steel is first introduced by its martensitic structure due
to aging (Sha et al., 2009)l'he mechanical strength of 18800 maraging steel can
increase from around 1200 Mpa in thebadt additive manufactured samples up to 2000
MPa. This vast increase is mainly due to intermetallic precipitations of Ni, Ti and Mo alloy
elements available irthe material composition. Fine intercellular spacing is also

recognized as a reason for the higher strength of additively manufactured maraging steel
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than conventionally produced ones (Kempen et al., 2011). The payoff for increased
strength is a reductiaof ductility in the aged samples. The h&a@atment was studied and
shown to transform a portion of martensite into austenite (Cetsati, 2016). However,

the same study suggested that the phase transformation still had a lower effect than the
preciptation hardening.

Precipitations were observed to form during the additive manufacturing of 19Ni
maraging steel in an intrinsic hea¢éatment process (Kurnsteiner et al., 2017). This new
method was suggested to combine the manufacturing antréaimben processes in order
to reach a high density of precipitations without furthesiragy The ajeing of 18N+300
maraging steel was then investigated, and the solution treatment showed to result in an

entirely martensitic structure after thesang process (Mtua et al., 2018).

1.3.4Mechanical properties

After the relative density of additive parts reaches the conventionally manufactured
ones, the first measure to compare the performance is mechanical properties. The additive
manufacturing technique has tried to build parts comparable to older techhgsese
cases, it has also been successful in producing parts with higher properties. One example
of higher mechanical properties is the AlSi10Mg studied by Asgari et al. (Asgari et al.,
2017). Strength and ductility were investigated to be much hightreimdditive build
compared to dieast ones.

Studies on maraging steel show that different build directions and scanning strategies
can result in various strengtland ductility in the asuilt cases (Becker et al., 2016).
Different process parameters result in a range of strength frorhZBEDMPa and ductility

from 8.313.5%. By applying the he&teatment, strength increases to 1-2800 MPa,
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and the elongationrdps to 27%. However, a comparison between additive manufacturing
and wrought products is more complicated. Increased strength results in reduced ductility
in the asbuilt case, while the aged samples show similar strength and lower ductilities
(Beckeretal., 2016) (Dehgalet al., 2020).

Mechanical strength of maraging steels is attributed to the strength of lath martensite
Swmart, intermetallic precipitationsp, and solid solution hardenirsgsas shown irkEg. (2.3)
(GalindoNava et al., 2016):

S S s s (2.3)

However, the mechanisms mentioned above are governed by the dislocation density,
alloying elements, and grain size (Galifdava et al., 2016). The reverted austenite phase
has shown not to affecttteged s ampl es 0 tiese(Cdsad etiak, 2016).pr op e
Different heattreatment time is studied by Mooney et al. (Mooney et al., 2019) to
investigate the mechanical properties of additively manufactured maraging steels, and scan
rotation degree has been recognized to excessivelgt affechanical properties. Variation
of ageing time and temperature on the hardness is also studied by Mutua et al. (Mutua et
al., 2018). Tensile properties of AM maraging steel are studied for different build
orientations by Suryawanshi et al. (Suryawanshal., 2017), and slightly different
properties in different build directions were reported. Mechanical properties of wire arc
manufactured maraging steels were also studied, and similar properties were reported with
wrought material (Xu et al., 2018)hile mechanical properties showed to improve after

cold rolling (Xu et al., 2019).
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1.3.5Microstructure

The microstructure of the additive manufactured parts has been studied via various
microscopy techniques. Scanning electron microscopy (SEM) is typicakd to
investigate the cellular structure and possible inclusions, while transmission electron
microscopy (TEM) studies the microstructure in higher magnifications to depict fine
precipitationsThe dectronbackscattered diffraction technique is as@ry useful tooto
investigate grain orientations and texture.

Using the SEM technique, Ti and Al inclusions were depicted in the AM maraging steel
by Thijs et al. (Thijs et al., 2011). By using a finite element model, the solidification process
was predited. The grains were shown to grow along with the maximum heat flux (Wang
et al., 2016). The cellular structure was predicted to form at thepmaidcore while the
columnar dendrites formed at the mgttol boundaries (Tan et al., 2017). The models
ageedwith the micrography presented in various studies (Tan et al., A&LByawanshi
et al., 2017pand (Takata et al., 2018).

Fractography of the dsuilt and aged maraging steel samples via the SEM graphs were
shown to form dimples and intettransgranular fracture, respectively (Kempen, et al.,
2011). Failure progression in various tensile deformation stages was studied, and cavity
and unmelted powder were depicted in the SE
et al., 2019).

Dislocations weredepicted in the brighfield TEM graphs, while the STEMDX
showed element distribution maps along with the microstructure (Tan et al., 2017). Lath
martensite was also depicted in the maraging steel studies, and the precipitate morphologies

were investigad by Li et al. (Li et al., 2017). The austenite phase was observed-in line
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tracks in the STEMBF by Dehgahi et al. (Dehgaét al., 2020), which was in agreement
with the formation of reverted austenite between the martensite laths (Gldkvdcet al.,
2016). Using the STENBF maps, Hadadzadeh et al. (Hadadzadeth., 2019) recognized
a hierarchical microstructure affectittge dynamic behavio of AISi10Mg.

Grains were observed in the EBSD inverse pole figure (IPF) maps to orient
perpendicular to the meftool boundaries (Suryawanshi et al., 2017). Hidbw- angle
grain boundaries (HAGB/LAGB) were correlated to the looeorientation in a study on
additively manufactured stainless steel (Wang et al., 2018). The maraging steel texture
affecting the impact properties were investigated by Masoumi et al. (Masoumi et al., 2016),
and the fibre textures along with the bcc tatstructure normal directions such as {112},

{113}, and {110} were showing increased toughness.

1.3.6Crystal structure

Crystal structure of maraging steels mainly cossibody-centred cube (bcc) crystals
in the form of martensit¢ Pphase, and faeeente d cube (fcc) crystal
phase. The fcc phase is a packed structure compared to bcc. Thus, a deformation can result
in phase transformation from martensite to austeriifee martensite forms in a
diffusionless transformation, while austenfigms in a diffusiorcontrolled process
(Floreen, 1968)The metastable phase diagram of\tés shown inFig. 1-7. Heating 18Ni
maraging steel from mn temperature, the material goes through austenite reversion. At
austenite formation start temperature)(Ahe austenite fraction is 10% and increases to
90% by heating to austenite formation finishy)(femperature. By cooling the material,
transformation starts at a relatively cooler temperaturg). (Martensite forms in a

diffusionless transformation process, and by reaching, (8% transformation has
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occurred. The martensitmdaustenitestartand end temperatures are showiablel.1

(Dos Reis et al., 2015).

Tablel.1 Martensite an@ustenite start and end temperatured &Ni-maraging steel (Dos Reis, et al., 2015)
MS Mf As Af

Temperature (°C) 194 62 623 801

As a result, it iessentiato consider the evolution of microstructure regarding its phase
change during the manufacturing process. It is known that the magedsalthrough a
series of reheating and cooling with very high heating and cooling rates in the additive
process. Thus, a different phase fraction in the additively manufactured maraging steel
compared to conventional builds is expected, as observedlitethture (Xu et al., 2018).
Besides, the aing process increases the austenite through austenite reversion, which has

been reported (Xu et al., 2018) (Suryawanshi et al., 2017) (Tan et al., 2017) previously.

) )1000 e
e — 1600
800 Austenite reversion..

-~ on heating {1400

700 | ) ! 1 f 1
© <90% transformed | 1200 &
s 600 R s
‘;:; 500 \ \)‘ — 1000 -3
z \ 10% NOA g
§ a00 800 £
= <N\ 10% -

A N\
300 —Martensite 600
formation
200 —on cooling \\ =400
100 90% A 200
| N\
0

0 5 10 15 20 25 30 35
Fe Nickel content, %

Fig. 1-7 Fe-Ni system metastable phase diagram (Tan et al., 2017)
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It is noteworthy that austenite has a lower hardness and is more prone to deform than
martensite under tensile stress. Two mechanisms introduced to explain the defermat
induced phase transformation are known as Greemdobdson and Magee mechanisms.

In the former mechanism, transformation occurs due to the difference between the packing
density of two crystal structures. In the austemtatensite dugbhasestructue, the
austenite transforms into martengitiering deformatiorso that the structure can expand

and compensate for the deformation. In the latter mechanism, plastic deformation leads to
the formation of martensitic variants in preferred orientations @rebkt al., 1989and
(Talebet al., 2003).

In order to investigate the austenite and martensite phases, Shakerin et al. (Shakerin et
al., 2020) conductedn X-ray diffraction (XRD) test to study the interface of maraging
steetH13 bimetal samples. Dehgadtial. (Dehgahi et al., 2020) used the same technique
to investigate the martensideistenite phase fractisf additively manufactured C300
maraging steelith high and lowtitanium A higher austenite fraction in the high Ti
maraging steel was reporteSuperiormechanical properties were associated with the
retained austenite in the horizontal builds as welarsther study, texture evolution was
studied using the XRD technique €300 maraging ste&lith high and low Ticontent

and the TRIP effect was investigated (Dehgahi et al., 2021).
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1.4 Gap of knowledge

In previous sections, different aspects of the additive manufacturing process were
presented. Despite various studies cotelico far on 18NBOO maraging stegl some
fields are still overlooked, which were covered in the curitesdis

Multiple studies on the mechanical properties and microstructure of additively
manufactured 18NBO0 maraging steel showeldat the additivetechniquecan produce
partswith comparablenechanical propertids conventional techniques. Different process
parameters have been investigated, and the effect of each had been reported (Bai et al.,
2017) (Becker et al., 2016) (Bhardwaj et al., 201&s@ino et al., 2015) (Mooney et al.,
2019) (Thijs et al., 2011). However, the powder layer thickness was overlooked in the
studies mentioned abavand a comparison of mechanical properties and microstructure
between builds with lower and higher powdesdiathickness was missing. The first paper
in chapter two covers this part, starting with a study on the powder morphology and
comparing the mechanical behawi@f builds with 40 and 56um powder layers.

Despite the vast research on the ABNi maragingsteets mechanical properties in the
literature (Dehgahi et al., 2020f{Kempen et al., 2011)(Rajkumar et al., 2014)
(Suryawanshet al., 2017)(Takata et al., 2018pnd(Tan et al., 2017), the author found
the necessity to investigate such matéialeformation behavin. The second pap&r
subject in chapter three is a comprehensive study on the deformation and phase
transformation of the 18N800 maraging steel through a quskitic uniaxial tensile test.

This paper sheds light on the microsturetevolution throughout the additive process as

well as the deformation process.
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Comprehensive studies have been conducted previously on the effect of building
direction and hedreatment on AML8Ni maraging steels (Mutua et al., 201®&roccolo
et al.,2016) (Tan et al., 2018 Mooney et al., 2019]Casati et al., 2016and(Meneghetti
et al., 2017). However, the hierarchical microstructure has not been recognized before. The
third paper in chapter four aimed to investigate the microstructuratetitfes in different
building directionsin different scales. Besides, phase transformation studied in chapter
three was extended to different birlg directions and the &mng process in this chapter.

The fifth chapter was formed in a short communicapaper discussing the effect of
the recoater blad®espitemultiple studies on additive parts produced wittard ceramic
recoater (Dos Reis et al., 20163aka et al., 2015fJagle et al., 2017y Kul er ov 8 et
2019) (Jagle et al., 2014and(Fortunato et al., 2018), using a soft recoater has not been
investigated in the literature. Mechanical properties and microstructure of3D8Ni

maraging steslwith hard and soft recoater blades are presented in this chapter.
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1.5 Contributions

Different chapters of this thesiserewritten in collaboration with different research
teams. For clarification, the contribution of the author of this thesis is specified in each
paper separately.

Paper one in chapter tweaswritten in collaboration with Saja8hakerin, Dr. Amir
Hadadzadeh, Dr. Babak Shalchi Amirkhiz, and Dr. Mohsen Mohammadi. The first author
(author of this thesisgonducted all the experimental tests except the TEM and XRD
studies. Moreover, the author of this thesis interpreted and wrotaahascript of the
paper. The c@uthors helped with the interpretation of the data and aBMysis

The second paper in chapter thvegswritten in collaboration with M.H. Ghoncheh,
Dr. Mehdi SanjariDr. Hadi Pirgazj Dr. Babak ShalchAmirkhiz, Dr. Leo Kestensand
Dr. Mohsen Mohammadi. The first auth¢author of this thesisfonducted all the
experimental tests except the TEEMd XRD studiesThe author othethesis interpreted
and wrote the manuscript of the papserd he ceauthors helped with the interpretation of
the dateandTEM and EBSDanalysis

The third paper in chapter fowmaswritten in collaboration with Dr. Hadi Pirgav].H.
Ghoncheh, Dr. MehdSanjari, Dr. Babak Shalchi Amirkhiz, Dr. Leo Kestens, and Dr.
Mohsen Mohammadi. The first auth@uthor of this thesigionducted all the experimental
tests except the TEMnd XRD studies andhe numerical modelling. Thdirst author
interpreted and wite the manuscript of the papefhe coeauthors helped with the
interpretation of the data as well as the TEM, EBSD and numerical modelling.

The fourth and last paper in chapter fiwas written in collaboration with M.H.

Ghoncheh and Dr. Mohsen Mohammadidie author of the thesis conducted all the studies

26



except the XRD tests and interpreautbods and v

helped with the interpretation of the data.

27



1.6 Comments on the papes

Studies in this thesis were atucted in different times and facilities. The following
comments are added to help the reader have more consistent insight into the work.

In chapter two, Fig.-25(a,b) shows the EBSD study on deformed samples. The map is
showing the grains while the colsuare randomly selected and do not represent the
orientations.

Studiesin chapters two, three, four, and five show texture in the pole figure maps and
orientation distribution functions. It is worth mentioning th&0€&> texture was measured
normal tothe building direction in all cases. In other words, the grains were elongated
along the building direction. The <111> texture was also measured from the same reference
system. On the other hand, the <110> texture measured in the deformed cases wds depicte
normal to the loaidg direction.

In chapter three, Fig-3(g) shows the key components for the ODF maps. The key
component is depicted from a study on rolled steel in which the reference system is based
on the rolling and transverse directions. Desthite differences between rolling atfte
additive manufacturing process, the map helps the reader better understand the fibre
texturesT h ef idb r efibra in wlled steel are similar in <10GMHre and <1115fibre
normal to building direction in additie s peci me n s .-fibr& defimed imthd vy , tr
rolled steel is similar to the <116>i br e nor mal to the additive

The 67° layerotation in the additive manufacturing process is one of the additive
techniqués scanning strategie$he laseitrack rotates 67° every layer in thisethod
resulting inmore consistent mefiools with fewer defects. All samples in the current study

werebuilt using this scanning strategy.
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The SEM micrographs representing the microstructure were studied from different areas
and different layers. The images used in this thesis are the typical ones showing similar
features to most of the graphs depicteanfidifferent samples.

The depth measurements were conducted on cubic samples built with various process
parameters discussed in chapters two, four
was investigated on the top layer for three samples, and thiesre®re identical. Then,
each test of hardness and porosity was conducted on one test specimen through the depth.
The hardness was repeated at least three times, while the porosity was conducted on a
minimum of fifteen images from various surface areas.

Deformation studies were conducted on the undeformed and deformed specimens in all
four studies in this thesis. The undeformed specimen was taken off from the end of the
uniaxial tensile specimen beyond the tensile grip. The deformed specimen wasnoicked f
the fracture area. In chapter three, an area far from the fracture inside the gauge length was
also studied, which showed similar behaviour to the undeformed area. The three specimens

were designated as zones A, B and C, as shown in-ign 8haptethree.
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1.7 Study outline

A comprehensive study on the mechanical properties and microstructure of additively
manufactured 18NB00 maraging steel (MS1) was performed in this rese&rstudy on
the variation of mechanical properties through the depth of samples is presented in this
research. The effects of process parameters, including the recoater blade type, powder layer
thickness, and build orientation and the interaction of thasgmeters on the mechanical
properties and microstructure of DMINBS1, werestudied. Finally, the combination of a
heat treatment cycle as a ppsbcessing procedure with AM process parameters is
investigated in this work.

Initially, the characteriste of MS1 feedstock powder, including shape, size, and
morphology, as th®MLS process inputvere studied. Solid cubes and bawgre then
additively manufactured to study the microstructure and mechanical properties o-DMLS
MS1. In addition, solid cubesgerethen polished layer by layer, and the variation of relative
density and hardnessere measured through the depth of the printed samples. Phase
analysiswasconducted using Xay diffraction techniques both on the MS1 powder and
all printed samples to imstigate the phase transformation. Several uniaxial tensile tests
wereperformed on the MS1 bars to study the effects of different process parameters on the
mechanical properties. The deformation and fracture mechamienesstudied through
SEM, EBSD and TEM techniques to investigate the effect of process paranwi¢he
mechanical behavior of the additively manufactured material.

This thesis is presented in a papased formain 6 chapters. Chapter 1 contains an
introduction to additive manufacturiras well as the maraging steel material. Chapter 2

presents a study on powder characterizatiotthe effect of powder layer thicknees

30



mechanical properties and microstructure. In chapter 3, aimdepth study is presented

on the deformation behaviamf AM material with various powder layer thicknesses.
Chapter 4 discusses the building orientation as well as the heat treatment effects on
maraging steelChapter5 shows the effect of using a soft recoater blade in the additive

manufacturing process.rlly, in chapter 6, this study is summed and concluded.
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1.8 Contribution to mechanicalengineering

The main contribution to mechanical engineering in this research is studying the effect
of the additive manufacturing procegmrameterson mar agi ng st eel 0s
properties On the macroscopic scale, the strength, ductility, elasticity, hardness, and
porosity are studied for various manufacturing parametéds. the microscopic scale,
throughout differenainalytical techniquesncluding OM, SEM, EBSD, XRD, and TEM,
the strengthening mechanisra®ng with the deformation and fracture mechanisms are

studied for the same variation of manufacturing parameters.
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1.9 Hypothesis

The result of this reseanmightbe used as a guide for mechanical engineers to be able
to have an efficient design procedure to use AM techniques. Increasing the production
speed by increasing the powder layer thicknessisthefiraststepi ncr easi ng AM
productivity. In order to examine this hypothesis, a study is conducted on the variation of
powder layer thickness affecting mechanical properties and microstructure.

Being able to print an additive part in the horizontal direction with better mechanical
properties canincreasethe production speed while minimizing theetal powder
consumption during the manufacturing process at the sameAisezies of experiments
are designed to investigate the effect of building direction on mechanical properties and
microstructure of additively manufactured samples.

Changing the recoater blade type is expected to change the powder distribution pattern
on the building platformUsing soft versus hard recoater blades are examined to study the
properties of the manufactured maraging steels.

The effect of heat treatment is dominant among allpgr@ameters mentioned above
The heat treatment is expectedaducethe alditively manufge t ur ed part é6s ani
give the studied materiaduperior tensile properties close taGPa.This hypothesis is

examined through experiments with different process parameters.
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Chapter 2
A t roafdfe bpowelem | ayer thickness and

I n additively manufactured mar

Abstract

In this paper, a comprehensive study on the microstructure and mechanical properties
of an additively manufactured 18800 maraging steel (with the bramame MS1),
fabricated through the laspowder bed fusion (LPBF) technique is presented. The
influence of powder layer thickness and the characteristics of feedstock powder as the input
in the LPBF process is investigated on the microstructure and meghproperties of
solid cubes and cylindrical rods. Relative density and hardness are measured through the
depth of the manufactured cubes. The study of porosity and hardness through the depth of
LPBFMS1 cubes proves homogeneous properties in the cdre ofdterial in comparison
with more heterogeneous properties closer to the subsurface layeag. diffraction
techniques both on the powder and théoait samples are then performed to identify
phases in the fabricated samples. A correlation betwear lEustenite content and higher
strength is observed for the tensile samples manufactured with lower powder layer
thickness. Texture analysis shows a directional grain growth along the building direction
resulting in a weak texture, while the materialuoés a stronger texture with an increased
amount of austenite after the deformation. Studying the effects of powder layer thickness
shows slightly lower strength and ductility for the samples manufactured with higher
powder layer thickness, while the enempnsumption, as well as the manufacturing time,

are reduced.
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Keywords: Maraging steel; lasggowder bed fusion; microstructure; powder layer

thickness; mechanical properties.

2.1 Introduction

For many years, manufacturing methods were restricted to comva@miimcesses such
as casting, metal forming, welding, etc to develop the final product from an initial shape.

A new method has recently attracted the attention of many researchers and engineers called
additive manufacturing (AM). This family of manufaahg methods, in general, refers to
procedures by which 3D objects are formed layer by layer from CAD models (Asgari, et
al., 2017), (Kruth, 1991), (Kodama, 1981), (Kruth, et al., 1998), and (Hadadzadeh, et al.,
2019). Of particular interest in this conuiion is metal additive manufacturing (MAM),

where metal powder or filament is fused using different energy sources, including laser or
electron beam (Gu, et al., 2012), (Van der Schueren, et al., 1995), and (Kruth, et al., 1996).
One of the main uncertdias with the AM technology is the mechanical and physical
properties of the parts, which is expected to be similar or even higher compared to those
created using conventional methods.

Maraging steels are attractive alloys for engineers and scientists tlugr superior
mechanical properties such as high strength as well as excellent toughness compared to
other high strength steels (Rajkumar, et al., 2007), (Joshi, et al., 2016). Many industries
including defense, nuclear, and the aviation sector hege btilizing maraging steels as
strategic parts such as landing gears, rocket motor casings, and submarine hulls (Niu, et
al., 2019), (Rajkumar, et al., 2014), and (Chakravarthi, et al., 2018).

Recently, maraging steels have become the materials afshtarthe field of additive

manufacturing due to low carbon content and their low susceptibility to solidification
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cracking (Kidrnsteiner, et al., 2017), (Lang, et al., 1971). Also, the martensite
transformation is fully satisfied due to the high coolirger inherent in additive
manufacturing. In this regard, process parameters significantly affect the final
characteristics of additively manufactured maraging steels. Most of the recent studies were
dedicated to processing parameters such as laser poararirsg speed, spot diameter and
scanning space in order to reach the lowest porosity levels for maraging steels (Bai, et al.,
2017), (Mutua, et al., 2018), (Kempen, et al., 2011), (Casalino, et al., 2015), (Tapia, et al.,
2016), and (Tang, et al., 2017prFexample, it was shown that changing the laser power
and scanning speed to a specific range can increase the relative density -80Q8Ni
maraging steel (Bai, et al., 2017), and (Mutua, et al., 2018). A comparison between the
microstructure of conventiah and LPBF fabricated maraging steels showed a higher
fraction of the austenite phase in the AM part (Jagle, et al., 2016). Similar mechanical
properties to conventional parts can be achieved by modifying process parameters and
implementing appropriate hetreatments (Mutua, et al., 2018), (Tan, et al., 2017), and
(Suryawanshi, et al., 2017).

Kempen et al. (Kempen, et al., 2011) investigated the effect of layer thickness on the
density of LPBFmaraging steels and found out higher density can be achieVedex
layer thicknesses. However, the use of lower layer thickness results in a longer time and
higher production cost. It was also proven that the layer thickness is by far more influential
on manufacturing time than other process parameters sucheasptager, where the
increase of layer thickness by 66% resulted in the reduction of manufacturing time by 40%
(de Souza, et al., 2019). In this regard, layer thickness plays a significant role in the

efficiency of the LPBF process. The effect of the powtdsrer thickness on the
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microstructural characteristics of additively manufactured maraging steels has been
overlooked in the literature. As a result, this study aims to thoroughly investigate the role
of layer thickness on the microstructure, grain molpin and texture, as well as the
mechanical response of LPBRaraging steel. Furthermore, this study sheds some light on
the possibility of using higher powder layer thicknesses, while keeping the microstructure
and mechanical properties consistent, aodsequently make the LPBF method more

affordable.

2.2 Experimental procedures

2.2.1Materials and LPBF process

Gas atomized maraging steel powder with the brand name MS1 and chemical
composition shown iTable2.1 wasused as the feedstock mate(isllaterial data sheet,
2017) This powder was virgin (never used) and supplied by EOS Gfiatkerial data
sheet, 2017)An EOS M290 machine was used to adeéiy manufacture all the LPBF
MS1 samples. This machine was equipped with a 400 Wiibéb laser with a spot size of
100 em. Nitrogen gas was bl own over the bu
bed was preheated to 40 °“Table 2.2 shows the laser power w , laser scan speed
0 & afi , hatch spacing & a , and powder layer thicknessimm) used to produce
two sets of samples along Wwitissociated simplified volume energy densities E (JJmm

defined as follows:

n
08BQ

(1)
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Table2.1 Chemical composition of maraging steel MS1 pow@éaterial data sheet, 2017)

Element Ni Co Mo Ti Al Cr Cu C Mn Si P S
Max % 19.00 9.50 5.20 0.80 0.15 0.50 0.50 0.03 0.10 0.10 0.01 o0.01
Min% 17.00 850 4.50 0.60 0.05 -

The effect of laser spot size to calculate the energy density is not considered in this
equation, where it was kept constant in this study. A set of solid cubes with 10 mmx10
mmx10 mm dimensions along with cylindrical bars with 120 mm height and 12 mm
diameter were built with layer thicknesses of 40 and 50 um. Stripe scanning strategy was
employed using a 10 mm length of stripes and 67° layer rotation to manufacture the
samples. All the cylindrical bars were printed in the horizontal direction, as their
longitudinal axes were perpindicular to the building direction. From now on, all the cubes
and bars build with 40um powder layer thickness are referred to as-MERHO0 and the

ones produced using 50um powder layer thickness as INPBEF50.

Table2.2 LPBF process parameters applied in this research

pMW) v(mm/s) t ( h (¢E(ad)
285 960 40 110 67.47
305 1010 50 110 54.90

2.2.2Characterization

The morphology and size distribution of the MS1 poweesre studied using
microscopy and image processing procedures. Mapping techniques (Saha, et al., 2011)
were used to measure the particle size distribution through the ImageJ software (Schneider,
et al., 2012)where a mean value of over 200 particles waasured as a representative of
the size distribution. MS1 powder particles were then mounted, polished, and etched to
study the microstructure of the powdéhe MS1 Powder particles were cold mounted first
and then polished by a Nano 1000T GrinRetishe using SiC sand papers starting from

FEPA grade 300 to 4000. The surface finishing was implemented via polish cloths along
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with 6e m, 3 ¢ m, diamor suspemsion. To elucidate the microstructural features
for scanning electron microscop8EM) observabns, the samples were etched in Nital
3% o "O00  w)os 'O @ & ¢ &pfor 120 second@Murty, et al., 2016), (Small,
et al., 2008), and (Sakai, et al., 201A)Jeol 6400 SEM was used to study the powder
characteristics, the LPBMS1 microstructure, and the fracture surfaces of the tensile
samples. The SEM was also equipped with a Genesis Energy Disperdiay X
Spectrometer (EDS) to perform a quantitative compositional analysis of the-MS&F
samples. The LPBMS1 samples were cut ngj an electrical discharge machining (EDM)
equipment and polished for microscopic investigatidine LPBFMS1 samples were hot
mounted and the image processing was also conductedaugetg20 optical microscope
(OM) to measure the porosity fractioRor this purpose, the collected images were
analyzed using a mapping technigue, the porosities were detected based on the
difference in the contrast, where the average value of the porosity fraction of 50 images
was reported (Asgari, et al., 2017)n order to perform the SEM and EBSD studies of
LPBFMS1 samples, the last step of polishing ushe0.08 nOPS suspension was also
added to the procedure previously explaingee Microstructure of LPBMS1 samples
was further analyzed using a Hikari elecirbackscatter diffraction (EBSD) detector
mounted on a field emission gun scanning electron microscope-$EM3 FEI Nova
NanoSEM650. The EBSD samples were analyzed with 20nm and 70nm step sizes at
x5000 and x2000 magnifications, respectively.

X-ray Diffraction (XRD) technique was then carried out to identify the phases. The
Rietveld analysis was employed to measure the weight percentage of aondyface

centered cubic (BCECC) phases representing the marteraitsgtenite fraction. Data was
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then colleted using a Brucker D8 instrument equipped withadod r adi ati on sou
a 2d r a-a0pat 49mfA antl B5kV. The same XRD instrument equipped with a
VANTEC 500 area detector was used to measure the texture in all bulk samples. The
texture measureemt with 5 mm oscillation along the building direction was implemented

to conduct the experiments. Pole figures were then calculated and developed using MTex
software. Transmission electron microscopy (TEM) analysis was performed using an FEI
Tecnai OsirisSTEM equipped with a 200keV-KEG gun to further study the precipitates

in LPBFMS1 samples. A SupdtDS detector set on the TEM apparatus was capable of
probing down to 1 nm elemental mapping by means of enanbmeter electron probe.

An FEI Helios Nanokb 650 duabeam instrument was used to prepare the TEM samples

using lift-out techniques where the thickness of the TEM samples was 50 nm.

2.2.3Mechanical properties

A CRM Clark Rockwell hardness machine equipped with a diamond indenter head and
150kg load wer used for hardness measurements in the HRC scale. At least three data
were recorded to meet the repeatability requirements, where the average value was
calculated and reported. A surface grinder was used for removing 1mm layers off of the
surface of the BBFMS1 cubes to reach a new layer for measuring hardness as well as the
porosity explained in the previous section. The process was repeated for each sample layer
by layer to record hardness values for each layer.

The LPBF cylindrical bars depositedwitwo di f f er ent powder | aye
and 50egm) were used for uniaxial tensile t
tensile test configurations according to ASTM standard E8/E8M round tensile test

specimens with a gage length 8mm (Sandard, 2015)Uniaxial tensile tests were
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performed using a universal hydraulic Instron 1332 machitiea 25mm extensometat
quasistatic strain rates @x10°s™. Three tensile tests were performed for each sample
set andhe mechanical properties were derived from the tensile testvaadee a typical
graph for each set of samples was presenté fracture surface along with the
deformation region was subjected to further deformation studies using SEM and XRD
techniqus.

Fig. 2-1 shows the schematic of the uniaxial tensile test samples as well as the cubic
samples. The building direction was toward tkexis, whilethe side surface of the cubic
sample is shown as thezxand yz surfaces. The EBSD and TEM were performed on the

x-y plane passing through the center of the tensile sample.

N
v

Fig. 2-1 Schematic of theniaxial tensile test sample and the cubic samples.
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2.3 Results

2.3.1Powder characteristics

Fig. 2-2 shows the morphology and cressction microstructure of the MS1 powder at
high and low magnification&ig. 2-2 (a)-(b) presents the typical morpholognd shape of
the virgin powder used in this study. fig. 2-2 (a), a globular morphology consisting of
spherical, ovaldunmbdl, and satellitdike powder particles can be observed. The spherical
particles with smoother surfaces are dominant since the virgin powder was used, although
the oval anddumbdll-like particles were also found. It was stated that the best melting
characteristics belong to srhapherical particles with smooth surfaces due to a good
combination of flowability and powdgyacking (Tan, et al., 2017), (Aboulkhair, et al.,
2014), and (Asgari, et al., 2018). Besidesme ultrafine particles were also found in the
powder, where theapticle size is as small asrh (Fig. 2-2 (b)).

Fig. 2-2 (c)-(d) shows the crossectional microstructure of the virgin powder in two
magnifications. The MS1 powder is featured with a dendritic structure where the dendrites
are almost fully equiaxeds seen ifig. 2-2 (d). Such a fine cellular structure is related to

the rapid cooling inherent to the gas atomizapocess (Chen, et al., 2018)
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t24

Fig. 2-2 SEM image for MS1 pode at two different magnifications febXamorphology, and (d):
microstructure.

A study on the MS1 particle size distribution is showfig 2-3. The average particle
size of the virgin powder eemestwithdhgiteratirenan 20
(Mutua, et al., 2018). Imnother detailed study, gas atomized 1880 maraging steel
powder with an average particle size of 41
build testsamples (Tan, et al., 2017). Recent studiesveld a similar cellular structure

and patrticle size distribution for LPBRar agi ng steel s (Shakerin,
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et al., 2019). Asa comparison, the average particle size along with the cumulative
distribution percentage forig dso, and do of the powder is presented Trable2.3. The
particle size average is measured to be 17
Table2.3. Gas atomized powder particles of 1800 maraging steel with an average size

of 35¢e&mgevguel atal 54em was rveep(Casdtiethl., P0A6)t he |
and (Bhardwaj, et al., 2018), wha@nilar powder with 151 5 ¢ mticlp size distribution

was used in anoth&rork (Bai, et al., 2017).
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Fig. 2-3 The particle size distribution of the MS1 powder.

Table 2.3 Particle size average and cumulative distribution percentage (gvisléhe average particle size

and 0 represents the standard deviation). All data
Powder e N O dio(10%) dso(50%) doo(90%)
Gasatomized 17.40 + 8.46 8.22 15.62 26.30
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2.3.2LPBF-MS1 solidification

Fig. 2-4 illustrates the variations of the porosity level through the depth of the cube
samples. At the surface, the porosity level of 0.45% and 0.34% were calculated for the
LPBFMS1-40 and LPBAVIS1-50 cubic samples, respectively. By moving towards the
depth, ths value decreases more rapidly for the LIB&1-40 cube than the LPBMS1-

50 sample. Finally, both samples leveled off around 0.1% porosity value at the depth of
2.5mm. The measurements were conducted for over 3.5mm inside the core considering the
symmety and similar properties for the side faces. Contour process parameters used on the
sides of the cubes for better surface finish are the main reasons for such variation of
porosity (Mohammadi, et al., 2018). Titagid drop of porosity for the LPBMS1-40 aube

can be due to heat dissipation at the edge of the sample in addition to the numerous heating
and cooling cycles applied to the melt pools. On the side of the samples the heat dissipates
through the powder bed from one side and to the solid block asttiee side during the
production. These factors affect the homogeneity of the material prompting changes in
porosity for the first few millimeters. The powder layer thickness shows no effect on the
heating dissipation at the core of the material (8ge2-4). This can be simply due to the
overlap of layers during the deposition process forming the melt pools. In other words,
each time the laser is dpgal, a certain depth of material remelts (which is more than the
height of the powder layer thickness) and is a function of the appiedy (Gong, et al.,

2014).

Porosity as a function of scan speed has been studied previously fe3A@Miaraging
steel. The macrdnardness and relative density (as a measure of porosity) were reported to

beinterconnected (Kempen, et al., 2011), whhie relationship between the microhardness
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and porosity was not depicted in the same research. Relative density wasecth@ashe
literature for various energy densities showing that the highest relative density of 99.9%
can be achieved at a certain enealgpsity (Casalino, et al., 2015).more detailed study

on the parameters affecting the relative density showedbttjeint effect of laser power,

scan speed, and scanning space on the retiivaty (Bai, et al., 2017). In another study,

the image analysis method (IAM) showed a higher porosity compared to the Archimedes
method for the same material (Suryawanshi,let2817). Inthe current literature, the
variation of porosity throughout the bulk material has been overlookedhe current

study, the process parameters have been set in order to reach the highest relative density
based on the recommendation of thanufacturer as well as the literature and then the

porosity has been measured through the depth of the material as far as the change was

observed.

+LPBF-MS1-40
-+-LPBF-MS1-50

S
w

=
[}

Porosity (%)
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3

Depth (mm)
Fig. 2-4 Variation of the porosity through the depthldiBF-MS1-40 and LPBFMS1-50 cubes.

Phase studies on metal powders in AM were done on AISi1l0Mg (Asgari, et al., 2017)
and stainless steel CX (Asgeet al., 2018) previously, as well as 180 maraging steel

(Mutua, et al., 2018). Xay diffraction patterns of the MS1 powder and the LABS&1-
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40 and LPBFMS1-50 cubes are shown kig. 2-5, where austeniteo and a combination

of ferrite (J) and martensitel)Evolume fractions are also presented. The virgin powder
contains a 7.37% austenite phase, while this amount decreases to 2.33% andt2r27% af
printing the LPBFMS1-40 and LPBFMS1-50 cubes, respectivelyNumerous
heating/cooling cycles during the sintering process resulted in the final reduction of the
austenite fraction in these samplEise laser processing of the gas atomized maragiej ste
powder affects the microstructure of LPBFS1. The high solidification rate during the
printing process seems to prevent the formation of the austenite. Moreover, increasing the
powder layer thickness has no effect on the final phases. Changing otloessr
parameters resulted in austenite volume fraction ranging from 4 to 10% in previdies
(Bhardwaj, et al., 2018). In a recent study on the wire arc additive manufacturing (WAAM)
of maraging steel, 8.3% austenite fraction was reported (O&l.,, @018). The 2.33% and
2.27% austenite reported in the current study is the lowest achieved compared to the
literature. The difference between the austenite volume fraction in WAAM and LPBF
processed maraging steels is due to the different solidificaai®s inherent in these two
methods (Dharmendra, et al., 2019).

Similar to any other high nickel steel alloy, transformation in maraging steels from
austenite to martensite occurs in a shigpe diffusionless mechanism, and martensite is
reported to béhe only product of austenite transformation (Hall, et al., 1968). The crystal
structure of iromickel martensite is the same as ferrite (BCC), where their differences are
related to the higher dislocation density of martensite (Hall, et al., 1968).

The martensite phase grew initially inside the praarstenite grains (PAG) during the

solidification forming packets of martensite. The reverted austenite layers then started to
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form along the PAG and martensite packet boundaries. They were reported to grow
longitudinally keeping the lateral dimension less than 200nm (Qian, et al., 2016) and

(GalindoNava, et al., 2016)).

—MS1 Powder |
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Fig. 2-5 XRD analysis of the MS1 powder, LPB#S1-40, and LPBAVIS1-50 cubes.

Fig. 2-6 (a)(f) compares the SEM microstructures of the LABSE1-40 and LPBF
MS1-50 samples at different magnifications. For both samples;ond#ired melt pools
can be found irFig. 2-6 (a) and (d), where fish scale marks were highlighted showing
consistent melting patterns in almost all deposition layers. The melt pools are almost
identical in size and shape resulting in a more homogeneous microstructuperdhaic
melt pool boundary was related to the solidification arsbtelification of theunder layers
(Casalino, et al., 2015). Asin be seen, the solidification structure of both samples consists
of overlapped melt pools in semiliptical shape. At igher magnification shown, the
solidification structure consists of very fine columnar and equiaxed cells for both- LPBF
MS1-40 and LPBAMS1-50 samples. Indeed, the dendritic solidification structure of the
manufactured cubes is similar to the feedstockg®vas shown ifig. 2-2 andFig. 2-6.
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The evdution of such a fine solidification morphology is due to the high cooling rate of
the LPBFprocess (Bodziak, et al., 2019). The dendritic columnar cells grew perpendicular
to the melt pool boundaries due to the heat flux direction, although the crystalist
seemed to force its preference to incline the dendritic direction from the perpendicular line
(Wang, et al., 2016). This cellutdendritic morphology is typical of additively
manufactured maraging steels and attributed to the elemental micgetegret the cell
boundaries (Kulerovg, et al , 2019) , (Shak
morphology of the LPBMMS1-40 and LPBFAMS1-50 samples are almost identical, and

layer thickness seems not to affect the solidification beha¥itbre LPBFMS1.

Fig. 2-6 SEM image at three different magnifications ofcjaLPBFMS1-40 cube, and (d): LPBF-MS1-

50 cube.
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2.3.3Characterization and grain structure

Fig. 2-7 shows the EBSBnverse pole figure (IPF) and the EBSIBDase maps for both
LPBFMS1-40 and LPBAVIS1-50 samples. The crystallographic planes oriented in the
same direction are presented in tR€ imaps with the building direction along thaxis.

As shown inFig. 2-7 (a}(b), the LPBFMS1 is consisted of mostly columnar grains
evolved epitaxally along a preferred orientation in both LRBFS1-40 and LPBFMS1-

50 samples. The grains in bundles of solidified cells oriented in the same crystallographic
direction. The bundle structure was also reported for the laser metal deposited maraging
steelgKurnsteiner, et al., 2017). The phase maps show a very low amount of austenite for
the LPBFMS1-40 and LPBFAVIS1-50 samples. However, the latter has slightly higher.
The presence of austenite at the grain boundaries was also reported in the literature
( Kardpva, et al., 2019) and (Kirnsteiner, et al., 2017). Martensite and ferrite are the main
phases observed on EBSD maps. Although the scanning strategy can affect the crystal
growth direction, it is shown previously that the grain growth is perpendicultreto
scanning plane (Bhardwaj, et al., 2018). Moreover, the epitaxial grain growth along the
building direction is depicted in the EBSD maps as well, which is in the direction of the

heat flux.
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Fig. 2-7 EBSD mappings showing (a): IPF orientation map of LABF1-40, (b): IPF orientation map of

LPBFMS1-50, (c): phase map of LPBWS1-40, (d): phase map of LPBH®S1-50.

Fig. 2-8 (a), (b) shows the XRD texture analysis for theba#t samples with the
building direction along the-axis. The pole figures depicted through XRD show a very
weak fiber texture in both cases. Moreguhe epitaxial growth of the crystal structure
during the manufacturing process in the building direction is in accordance with the
literature (Suryawanshi, et al., 2017) and (Bhardwaj, et al., 201B)gl2-8 (c), (d), the
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orientation distribution function (ODF) graphs are illustrated at different layer thicknesses,
indicating the typical o f p=8#58gectianeThus,uhee wi t
asbuilt LPBFMSL1 texture is almost random either for LRBFS1-40 or LPBFMS1-50.

Bhardwaj et al. (Bhardwaj, et al., 2018) aleported the absence of a strong texture in

LPBFmaraging steels.

(a) (b)
16
14
12
1
08
06
(c) (d)
0 Max e Y59 0 _'I’q;( . \ 4:::6
a8 — = = nor—
= 25
0}~ o 30 _,«f_:—____&_i T 2
- > = 15
— e —"——— e 0.5
PMip—— rcr—
90 U3€/ v 90D 49

Fig.2-8 XRD Pole Figures showing Phase maps at (a): -REH-40, and (b): LPBAVMS1-50, ODF sections
a t»=46° shown at (c): LPBMS1-40, and (d): LPBAMS1-50.

In order to characterize the fine precipitates and secondary phases inM¥BF
sampes, TEM analysis was conducted to study the distribution of alloying elements. The

STEM high angle annular daskeld (HAADF) image along with the EDS elemental maps
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are shown irFig. 2-9 andFig. 2-10 for the LPBFMS1-40 and LPBFMIS1-50 samples,
respectively. As can be sedmth samples contain globular particles within the matrix,
which are rich in Ti, Al, N, and O. These patrticles are-agbr@l structures with aluminum

oxide in the core and titanium nitride (TiN) in the shell. Tif&lh nanoparticles were
previously obsered in LPBF maraging steel gradg00 (Tan, et al., 2017). Due to the
manufacturing process, the entrapped nitrogen forms the TiN in spherical shape surrounded
by Al2Os shell through the Marangoni effect, which is in accordance with the literature as
well (Kempen, et al., 2011). TH&PBFMS1-50 sample contains more of these eshell
particles than the LPBMS1-40 sample. This means that the layer thickness can affect the
microstructure in terms of the density of nanoparticles. This is expected sinceawolier

is deposited in the LPBMS1-50 case compared to the LPBFS1-40 one resulting in a

higher degree of entrapped gas along the powder bed, while the size of the nanoparticles is

finer in the LPBFMS1-50 samples.
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Fig. 2-9 STEM-HAADF image and the corresponding EDS elemental maps of HRBE40.
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Fig. 2-10 STEM-HAADF image and the corresponding EDS elemental maps of t8E50.
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2.3.4Mechanical properties

Fig. 2-11 shows the hardness variations through the depth of the IMPRFcubes. The
hardness values were measured in the HRC scale ranging fr8Bth & 38.510 for the
LPBFMS1-40 and LPBRVIS1-50 sanples, respectively. The hardness increases from the
surface to the depth of 2.5mm for both the LAB51-40 and LPBAVIS1-50 samples.
Furthermore, the hardness value levels off for the L-REEF-50 case, while it slightly

decreases for the LPB¥S1-40 cube.

41 +LPBF-MS1-40
-i-LPBF-MS1-50
_40- i
Q
&
D30t e g eepeesSssssnss | 1
w2
175} i
5 —
538
E ”’,—
u: ,”—
S i
36
0 | 2 3 4
Depth (mm)

Fig. 2-11 Variation of hardness through the depth of LFBE1-40 and LPBAMS1-50 cubes.

Uniaxial tensile properties are showrfig. 2-12to study the effect of the powder layer
thickness on the mechanical properties. Both sets of samples behaved similarly under
uniaxial tensile loading involving almost the same stes®n cuves. Yield strength of
1084° 10 and 1126 31 MPa and ultimate tensile strength of 1222and 122F 2 MPa
were measured for the LPBWS1-40 and LPBAVIS1-50 samples, respectively. In the
necking zone, there was a divergence in the mechanical respmintes two sets of
samples as they fractured at different elongations. The t¥8EF40 sample elongated at

14.6%, while the elongation of the LPBFS1-50 sample was measured to be 12.9%. The
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higher ductility of the LPBAVIS1-40 samples can be attributedtb@ lower nanoparticle
content (se&ig. 2-9 andFig. 2-10). Fig. 2-13 represents a summary of the fracture strain

and yield and ultimate strengtfithe asbuilt additive manufactured maraging steels in the
literature as well as in this research. The highest strength was acquired by the result of the
current research compared to the literatlitee elongation is also high compared to most

cases in pevious studies, (Bai, et al., 2017), (Casalino, et al., 2015), (Tan, et al., 2017),

(Kulerovsg, et al., 2019), (Casati, et al
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Fig. 2-12 Typical uniaxial tensiletressstrain curves of LPBIMS1-40 and LPBFAVIS1-50.
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Fig. 2-13 Ultimate strength versus elongation in various studies for theli#tsadditively manufactured
18Ni-300 maraging steel including this study.

Fig. 2-14 shows the SEM fracture surface of the uniaxial tensile samples at high and
low magnifications. At the macroscopic scale, the fracture surtddasth samples seem
to be identical containing a peripheral shear zone along with a central fibrous zone. This is
the classic cup and cone fracture type, where voids nucleate and grow at the center and
finally coalesce leading to the separation of thetre¢ region. Thereafter, shearode
fracture occurs on the periphery of the sample at approximately 45° to the leading
(Meyers, et al., 2008). Theumber of voids at the central zone is considerably higher for
the LPBFMS1-50 samples rather than th®BFMS1-40 ones (se&ig. 2-14 (a)(b)).
Particularly, large voids are more concentrated in the :FIBE-50 sample. This could
be related to the higheoncentration of Ti@inclusion in the microstructure of the LPBF
MS1-50 samples. Incomplete melting sites and unmelted powders were also reported to act
as the origin of largeoids (Casati, et al., 2016). Thiggh magnification features of fracture
surfaces at the central zone are presenté&agr2-14 (c) and (d). Scan tracks pulled out of

the surface are marked kig. 2-14 (c) and (d) asvell (Asgari, et al., 2017). The typical

68



dimple rupture with relatively similar size and shape can be observed for both samples
indicating an identicatluctile fracture of both samples at the misoale. The equiaxed

and Gshaped dimples were also observed for 1800 maraging steels (Dos Reis, et al.,
2015). Another potential for initiating fracture is the PAG boundaries as a softer part of the
matrix (Viswanathan, et al., 2005). Three weak points starting the fracture were to be the

melt pool boundaries, grain boundaries, and intragranular boundaries (Zhong, et al., 2016)

(Guan, et al., 2013) (Mills, et al., 1987).

Fig. 2-14 SEM images of fracture surface at two different magnification for (a, c): ERABE-40, (b, d):

LPBFMS1-50.
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The deformed samples were cut along the loading direction to perform a deformation
analysisFig. 2-15 depicts the unique color grain maps for both deforsagdplesvith the
building and loading directions along the z and x axes, respect@eiyipared to the as
built condition Fig. 2-7 (a)(b)), the grains were elongated along the loading direction
regardless of the AM building direction, seig. 2-15 (a)-(b). It is noted that, despite the
presence of some zero solutions in the LABF1-40 sample, still elongated grains are
obvious inFig. 2-15 (a). The 40 x 40 um scan area showed a similar grain width for both
LPBFMS1-40 and LPBFRVIS1-50 cases with more elongated grains in the latter along the
loading directionMutua et al. (Mutua, edl., 2018) reportedn average grain size of less
than 1um for the abuilt condition, which is obviously finer than the deformed samples in

the current study.

Fig. 2-15 Grain color mapf deformedsamples for (a): LPBMS1-40, and (b): LPBAVIS1-50.

Texture analysis of the deformed samples carried out using XRD texture analysis and it

is shown inFig. 2-16 (a)-(b). Similar pole figure patterns can be observed for both samples
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with higher intensity for the LPBMS1-40 case, seEig. 2-16 (a)(b). It is obvious from

the {110} pole figure that, the higimtensity points are located at the north and south poles,
implying a preferred texture along the <110> direction. Although the intensitieclosee

for the LPBFMS1-40 and LPBFMS1-50 in the asuilt samples (1.47 and 1.53), the
increase was more significant for the former compared to the latter case (3.2 and 2.6) after
the deformation (Sefeig. 2-8 andFig. 2-16). In other words, the deformed LPBFS1-40
samples showed a stronger texture parad to other cases. The ODF results are shown in
Fig. 2-16 (c)-(d) and reveals a weakenetlber texture, while a rotated cube appeared for
both samles. The Crystalographic texture of (00pJland (001)p ©] with a maximum
intensity of 5.34 for LPBAVIS1-40 and 4.95 for LPBMS1-50 was observed in addition

to the wealo fibers observed ifrig. 2-8.
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Fig. 2-16 XRD Pole Figures of deformed samples showing grain orientation (a): IMRF40, (b): LPBF

MS1-50, ODF s g45%of deforsied aampléds (c): LPBAFS1-40, and (d): LPBAVIS1-50.
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2.4 Discussion

Using fine MS1 powder with an average par
process parameters resulted in higher mechanical properties compared to previous studies
(seeFig. 2-3 andFig. 2-13) (Tan, et al., 2017). This is due to having lowerosity Fig.

2-4) as well as lower austenite fractiofid. 2-5). The powder layer thickness seems to

have less influence on the mechanical properties if the process parameters are selected
cautiously. As shown in Equation 1, the energy density applied through the additive
manufacturing process is affected by the powdgerlghickness, hatch distance, scanning

speed and laser power. The energy density applied was 67.47 fdnthe LPBFMS1-

40 and 54.90 J/mirfor the LPBFMS1-50. Although the energy densities reported in
previous studies wereuch higher (95 J/min(Suryawanshi, et al., 2017), 198 J/mm3
(Kempen, et al.,, 2011) and a range ofI@ J/mni (Casalino, et al., 2015)), better
mechanical properties were not reported. The lower energy density results in cheaper
products and the higher powder layer thickness resulfaster prints. Changing the
powder | ayer thickness from 30em ( (Casal:|
(Suryawanshi, et al., 2017)) 0em i n the current study mea

changing to 50em is 66% quicker.

2.4.1Propertiesthrough the depth

The primary investigation on the LPB®S1 showed that the core porosity level was
almost the same for bottPBFMS1-40 andLPBFMS1-50 samples. This means that the
porosity level can be kept the same by applying proper prpegameters and increasing
the powder layer thickness. However, the-suldface porosity level was slightly higher for

the LPBFMS1-50 samples. The hardness variation was well consistent with the porosity
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gradient through the depth, where the hardnessvdhapped with the increase of porosity
(seeFig. 2-4 and Fig. 2-11). The same hardneg®rosity correlation was previously

observed in the 18N800maraging steel (de Souza, et al., 2019).

2.4.2Phasechangedue toadditive manufacturing process

Both samples contained almost the same amount of austenite in the martensitic matrix
as well as solidification structure, identical grain morphology, and crystallographic texture
(seeFig. 2-6, Fig. 2-7, andFig. 2-8). The solidification structure of the powder looked
similar to the auilt additively manufactured samples. However, the distinction between
the two samples was detected via the STEM resulsgn2-9 andFig. 2-10, where the
LPBFMS1-50 sample was more concentrated in AWEh nanoparticles. The formation
of these particles was reported to be a result of high precipitatietics (Bodziak, et al.,

2019). TheLPBF process is intrinsically fast in cooling, which can satisfy the fast
formation kinetics of Al/Tirich nanopaicles. Due to the thinner layer thickness of LPBF
MS1-40, the sample was exposed to more heating/cooling cycles, and thus apparently a
fraction of the nanoparticles dissociated and dissolved in the matrix. As a result, the layer
thickness can affect theionostructure of LPBAMS1 at the nanoscale.

The martensitic structure is the main reason for high strength and hardness for this
material in the aduild condition due to its high dislocatiaiensity (GalindeNava, et al.,

2016)) (Sha, et al., 2009). Latmartensite with submicron width was reported previously

as the main phase to be observed in the TEM micrographs, while the austenite along with
the precipitates was also tracked in the dark field graphs. The latter phases mainly formed
and located inside he martensite laths. Globular and Widmanstatten austenite

morphologies were both reported for additively manufactured maraging steels in the
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literature (Viswanathan, et al., 2005). The grain size of the martensite packets is a function
of martensite starfMs) temperature, while the packets are grown inside the PAGs with
high angle misorientations (Qian, et al., 2016). Therefore, the coarser martensitic
microstructure was observed in the EBSD orientation maps, while the austenite was finer
and located in # boundaries (Casati, et al., 2016). Besides, martensite laths can be
observed across the coarse grains, which is typical in kR&faging steel (Shakerin, et
al., 2019).

The elastieplastic behavior under uniaxial tensile loading was relatively analdgous
both samples, which is consistent with the microstructural similarities mentioned earlier.
More interestingly, the LPBMS1-50 samples reached an identical UTS value to that of
the LPBFMS1-40 ones. The independency of tensile strength with the \ariafilayer
thickness was also reported for the LPBF 304 staistess (Guan, et al., 2013). The only
noticeable difference appeared in the necking zone, where the-M3Rf50 case failed
at slightly lower elongation than the LPBFS1-40 one. Accordinga the cup & cone
fracture mechanism, the nanoparticles embedded in the matrix can act as the nucleation
sites for void formation (Bertoli, et al., 2017) (Croccolo, et al., 2016) (Cyr, et al., 2018).
Thus the higher concentration of nanopatrticles Sige2-10) can be responsible for the
negligible lower ductility in the LPBMS1-50 samples. The stdurface porosity can also

assist rupture in the sheamne (sed-ig. 2-4) (Dilip, et al., 2017) (Ebrahimi, et al., 2018).

2.4.3Grain structure during deformation

The study on the deformation behavior of the LRBE1 shows a very weak fiber
texture in the abuilt condition. The absence of a strong texture is mainly related to the

rotation of laser source between layers, and subsequently the rotation of heat flow, resulting
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in the almost random orientation of grai (Suryawanshi, et al., 2017). Upon tensile
loading, a preferred texture was developed as a rotated cube texture. The texture
development was identically observed in both cases of powder layer thickness, and the
deformation behavior was independent ofltyer thickness in the LPBMS1. Therefore,

the same deformation behavior can also be achieved by increasing the layer thickness to
LPBFMS1-50; see (Hadadzadeh, et al., 2018) (Thijs, et al., 2011) (Jia, et al., 2014) (Jagle,
et al., 2014). As mentionedave the grain morphology and orientation, as well as the
solidification structure, were not altered by changing the layer thickn&§gita Indeed,

the microstructural features were preserved at higher layer thicknesses resulting in similar
mechanical properties along with deformation behavior under uniaxial tensile loading.
Consequently, using the 50um layer thickness can be considerked amdlification of
process parameters since a more efficient LPBF process can be conducted in terms of
manufacturing time and cost, while keeping microstructural and mechprogerties the

same (Xu, et al., 2019) (Masoumi, et al., 2016) (Figueiredal,,e2019) (Hadadzadeh, et

al., 2020).

2.5 Conclusions

In this paper, a thorough investigation of the characteristics of gas atomized maraging
steel (MS1) powder was studied as well as the additively manufactured cubes and bars with
two powder layer thicknesseT he following conclusionsased on the experimental results
obtained in this investigation can be drawn:

Porosity and hardness study showed a steady property beneath the outer layer of the
additively manufactured core section. The results showed temiséd similar properties

for both powder layer thicknesses.
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Austenite percentage decreased during the manufacturing process, while the phases
seemed to be less affected by powder layer thickness.

The deformed samples showed a textured matrix and tirssgvare elongated in the
same direction of deformation, while directional growth of grains was observed for the as
built samples.

Martensite laths observed in the TEM micrographs showed no evidence of segregation
of alloying elements at the cell boundariénstead, spherical shaped oxide and nitride of
aluminum and titanium were observed in the matrix, respectively.

The use of optimum process parameters including the laser scan speed, laser power,
hatch distance as well as powder layer thickness resnltedform melt pools along with
consistent grains in terms of shape and size in all the HY®BF samples. Columnar
dendrites were observed around the melt pool boundaries and equiaxed cells in the core of
the melt pools.

In all aspects of this study, ttehange in powder layer thickness resulted in either
identical properties or slightly different with a higher advantage of lower powder layer
t hickness. By i ncreasing t he powder | aye
manufacturing process is much fasted #re resulting product is cheaper at the same time.

Although, the mechanical properties can be kept almost the same with this increase.
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Chapter 3
Pl adgeafiacr mat i on sttrhariond gph@edreansf or mati on

addi t myrelfyacmmauraggd aegl s

Abstract

A comprehensive study was intended to show the microstructural features of additively
manufactured (AM) 18NBOO maraging steel. Uniaxial tensile tests were conducted on
specimens built using laser powder bed fusion (LPBF) technique for two differentpowde
layer thicknesses. The specimens were built to have the lowest possible porosity, and
tensile tests showed two stages of strain hardening. In stage |, the dislocation density
increased, leading to a positive strain hardening rate. A negative strainihgradde due
to the necking effect was then followed in stage Hray diffraction (XRD) analyses
revealed a phase transformation through the deformation. Various analyses via electron
backscattered diffraction (EBSD) technique was then conducted vgthdaans over three
different zones representing undeformed, deformed, and severely deformed close to the
fracture area. The pole figures and orientation distribution functions (G&¥epleda
texture evolving through the deformation process in agreemiéimtthe kernel average
misorientation (KAM) and grain boundary maps. Transmission electron microscopy
(TEM) was used to detect the inclusions and segregated alloying elements adjacent to the
fractured surfaces. Results indicated that the deformatioto lditninishing the austenite
(o) phase, while the transformed austenite
boundaries.
Keywords: 18Ni-300 Maraging steel; Laser powder bed fusion (LPBF); layer thickness;
austenite ()p); martensite (
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3.1Introduc tion

Additively manufactured (AM) maraging steels have been recently received
considerable attention due to their superior mechanical properties as well as their excellent
manufacturability (Sha, et al., 2009). Coexisteace t he martenswelt e ( )
dispersed nanprecipitates results in ultfaigh-strength and hardenability accompanied
by a high level of machinability, which is attractive to the automotive and aerospace
industries (Rajkumar, et al., 2014). Over the last couple of years, theeggagrlaser
additive manufacturing in terms of machine capabilities and process parameters has led to
the development of products with exceptional mechanical properties compared to
conventional counterparts (Shamsaei, et al., 2015). In this regard, zgtiomi of the
process parameters brings a higher probability of soundness in the product by lowering the
volume fraction of structural defects, e.g. hot cracking, keyholes, shrinkage, and gas
porosities (Mohammadi, et al., 2018).

In AM maraging steels, heating cycles during consecutive powder layer depositions
induces a quaslynamic aging phenomenon (Tan, et al., 2017). This artificial aging results
in the formation of fine precipitates through the kaffcted zones, and subsequently,
higher strengtiof the asbuilt AM product compared to the conventionally cast parts
(Suryawanshi, et al., 2017). Despite the comprehensive studies on theehtwat AM
samples (Tan, et al., 2017), (Suryawanshi, et al., 2017), (Cyr, et al., 2018) and (Xu, et al.,
2018), the microstructurabnd mechanical behavior of the-aslt products has been
overlooked. The abuilt product mainly contains the bodgntred cubic (BCC) martensite
() and a smal kcefnrtacetdi ocnu ba fc giltksE T ehal st en i -

2017). AccordingotheFeNi p hase di agram, at al most 18 v
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stable over a wide temperature range between the peritectic (1716°C) and eutectoid
(688AC) transformations, while the at phas
temperatures below 870°M@os Reis, et al., 2015) and (ASM, 1991). Ooethe high
cont ent s of -stidilizemand ulirdnightcooling rgte during laser powder bed
fusion (LPBF), a small portion ofmbienet ai ne
temperatures (Xu, et al., 2018). Tipisase can be nucleated and grown during the aging
process as wel | (Jaglke,rebpal,2014).sTHeghenamaunt ef deveaed
austenite results in higher ductility and toughness and prevents prefadtre (Yuan, et
al., 2012). Tha mount of retained o0 inversely affec
built maraging steeincreases its ductility (Wang, et al., 2014) (Shamsdini, et al., 2020).
Theplastic deformation, on the other side, chnsao ¢ a transfornaaffon (Martin, et
al., 2016) (Emadoddin, et al., 2011). The stiastuced phase change, also known as
transformation induced plasticity (TRIP), was previously studied in th@rie system,
and the role of reverted austenite on ptog cracks from penetrating the martensite laths
was discussed (Yuan, et al., 2012).

The AM maraging steels typically show a h
form inside the prior austenite grains (PAG) in the style of blockgpankiets Galindo
Nava, et al., 2015) (Morsdorf, et al., 2015). Besides, a synergy between consecutive
reheating cycles and rapid cooling during the LPBF process leads the grains to grow along
the build direction and perpendicular to the npelbl boundaries (Shakar et al., 2019)
(Asgari, et al., 2017). This directional growth leads to anisotropy, which is another reason
for higher mechanical strength perpendicular to the building direction compared to the

conventional manufacturing methods (Hadadzadeh, et 418) 20he plastic deformation
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as another factor affecting the grain structure is also needed to take into account. Multiple
studies have been conducted to discuss the effects of texture evolution during deformation

in 18Ni maraging steels (Dos Reis,etal.2015) ( Ahmed, et al ., 19
(Figueiredo, et al., 2019). Reis et al. (Dos Reis, et al., 2015) observed the martensite to
austenite phase transformation due to creep for 18Ni maraging steel resulting in ductile
failure. Ahmed et al.Ahmed, et al., 1994) performed a deformation study on-ldd

18Ni maraging steel studying the magnetic properties due to phase transformation. Beres

et al . (B®reg, et al., 2017) investigated
concludedthat the austenite grain size affects the failure mechanism. Figueiredo et al.
(Figueiredo, et al., 2019) studied the texture of the forged 18Ni maraging steel in different
depths from the forged surfacehey observed an increase in
increasing depth as well as the lowest strain in the surface.

Due to the novelty of the AM process compared to conventional manufacturing
methods, a thorough study on the deformation of additively manufactured products is
needed. The mutual effect of tA# process and plastic deformation on the stiaduced
phase transformation and mechanical behavior of thei#sAM 18Ni-300 maraging steel
has been conducted in the current study. In order to investigate the role of the AM process,
the powder layethickness is chosen as a variable parameter, while the effect of plastic
deformation is recognized by employing the uniaxial tensile testing. Since the volume
fraction of retained 929 1is diff eteedsri{fu,ebet wee
al., 2aL8), theTRIP effect of the AM 18NBOO maraging steel is necessary to be evaluated.

Thus, a thorough study on the straiduced phase transformation in thebasit 18Ni-300

maraging steel is investigated in this research.
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3.2 Experimental procedure

3.2.1Material and manufacturing process

Gas atomized 18N300 maraging steel powder was deposited to produce horizontally
printed cylindrical bars via an EOS M290 machine. The chemical composition of the
powder is given inrable3.1. A scanning beam with 100 pum spot size was emitted by a
400 W Ybfiber gun during the manufacturing process, and pure nitrogen gas (99.999 %)
was continuously purged into the chamber. The LPBF technique was ¢thaeposit and
fuse powder layers on a build plate preheated at 40°C, where a 67° strip scanning strategy
was applied between successive layers. Powder deposition was carried out at two powder
layer thicknesses of 40 um and 50 pum (designated as {4PBIndLPBF-50) to fabricate
the cylindrical bars with 12 mm and 120 mm in diameter and length, respectively. The laser
power and scanning speed used for LPBFsamples were 285 W and 960 mm/s, while
the LPBF50 samples were made using 305 W power and 1010 swawisiing speed. The
hatch distancing of 110 um was used for both cases.

A mapping technique was used to measure the porosity. In this method, the polished
surface's optical microscopy (OM) image was analyzed and based on the contrast between
the base metaand the pores, the porosity fraction was calculated. High magnification
images were collected through a Z2@OM, and the area fraction was measured over the
entire surface. The top surface was ground and polished, and the measurement was
conducted ovemultiple layers through the depth. The average value was reported as the

overall porosity level.
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Table3.1 Chemical composition of the powder used in the DMict&cess (Material Data sheet, 2017)
Element Fe Ni Co Mo Ti Al Cr Cu C Mn Si P S

Max% Bal. 19 95 52 0.8 015 05 05 0.03 0.1 0.1 0.01 0.01

Min% Bal. 17 85 45 0.6 0.05

3.2.2Samplepreparation and tensiletesting

Specimens for the uniaxial tensile testing were machined according to the E8/E8M
ASTM standard (Standard, 2015). Throwhuasistatic strain rate, the tensile tests were
performed using a universal hydraulic Instron 1332mree. The elongation was measured
using a 25mm extensometer at a 98161 strain rate, and the tests were conducted at
room temperature. As shown Kig. 3-1, the building direction along the-axis was
perpendicular to the loading direction. Samples were ®sisonally cut into three pieces
of undeformed (zone A), deformed (zone B), and severely deformed (zone C) via an
electrical discharge machine (EDM this regard, the undeformed piece was collected
from the part fixed within the grips, while the deformed and severely deformed pieces were
taken from locations near the gauge shoulder and fracture area. Afterward, samples were
mounted, ground through B@1000 grits SiC sandpapers, and regularly polished usirg 6.0

0.05 pum polish cloths.
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Zone A Zone B ZoneC

Build direction

Load direction

Fig. 3-1 Schematic design of the tensile test sample showing the powder layer thickness.

3.2.3Phaseidentification

X-ray diffraction (XRD) technique was used to identify phases in the samples collected
from A and C zones. A Brucker D8 instrument with akioradiation source working at
45 mA and 35 kV was used to collect the da

60 deg./m, and the intensity of peaks was measured using the Rietveld analysis technique.

3.2.4Electron microscopy

EBSD measurements were conducted using an FEI QuantaTM 456SEMG
microscope to study the grain size and orientation and the area fraction ahldwgh-
angle grain boundaries (LAGBs and HAGBS) in zones A, B, and C. The EBSD studies
were carried over a zone within 1400 x 500°pmith a step size of 500 nm located at the
x-y plane specified ifrig. 3-1. The diffraction patterns were also collected using the TSL®
OIM data collection software and were ppsbcessed by the OIM data analysis software.
The crystallographic textures were calcethby harmonic series expansion with truncation

at L=16.Regarding the transmission electron microscopy (TEM), an FEI Helios NanoLab
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650 dual beam instrument was utilized to collect a thin piece of the sample at the vicinity
of the fracture area (zone Q)he effect of plastic deformation on the volume fraction of
the o phase was assessed in detail with an FEI Tecnai Osiris TEM apparatus that was

equipped with a 200keV -kEG gun.

3.3 Results

Fig. 3-2 shows the OM micrographs of the polished surfaces along with the average
porosity levelsFig. 3-2 (a) shovs the LPBF40 sample with a low fraction of porosity,
while Fig. 3-2 (b) shows the LPBB0 sample with a higher average porosity level
compared to thérmer case. In both cases, the pores sizes are very small (under 50 pum),

and the overall porosity level shows an almost fully dense material.

(a) (b) ’

200pm average porosity 0.055% 200pum average porosity 0.063%
Fig. 3-2 OM micrographs showing porosity in (&)PBF40, (b): LPBF50.

Fig. 3-3 shows the true strestrain and strain hardening curves for the LRBFand
LPBF50 samples. The LPB&O sample elucidas a combination of the higher ultimate
tensile strength (UTS) and better ductility, which brings higher energy absorption before
failure. The total strain and UTS values in the LPBFand LPBF50 are almost 14.39%

- 1278 MPa and 11.76%1265 MPa, resmively. However, their stresstrain curves

present a consistency within the initial 4 % elongation, where the materials are exposed to
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elastichomogeneous plastic loading condition. The difference in elongation percentage
has mostly occurred after theghestress, where the structural defects such as porosities
and microcracks start to nucleate, coalesce and grow. It seems that thdQ.BBé&cture
is more integrated than the LPE®B one. As another observation, the LPBFsample
shows a sharp drop itsistress values right before the fracture. This trend was reported by
Rusinek andMartinez (Rusinek, et al., 2009) asleformation step in which a high volume
fraction of porosities is being coalesced to form mwoals. In the current study, a slight
increase in the tensile strength compared to the literature was achieved, which is presented
in Fig. 334 ( Tan, et al ., 2017) , (Dehgahi, et al
(Bhardwaj, et al., 2018). lthis Figure, ultimate tensile strength versus the fracture strain
is presented for 18N800 maraging sels produced using both additive and conventional
manufacturing techniques.

Due to the highly anisotropic texture resulted from the directional grain structure, the
AM products typically show higher strength than those conventionally casioéiddied
(Kul erov§g, efocusind on the 2ré@inh@rileningBwrves, it is confirmed that
change in the powder layer thickness does not affect the rate of strain hardening; however,
it just shifts the critical point 6@ ,j Q- 1 from 6 % strain in the LBF-40 sample to 4
% in the LPBF50 one. This point is following the peak stress where a balance between

strain hardening and geometric softening takes place.
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Fig. 3-3 Tensile stresstrain curves and tharresponding strain hardening variation
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Fig. 3-5 illustrates the EBSD results of the LPBB-A and LPBF50-A samples,
including inverse pole figures, orientation distribution function (ODF), and pole figures
(PF) of the texture analyses. Theverse pole figures show the mplbol boundaries
(curved dash lines) and the crystallographic orientation of grains over a large scan area.
The orientation is random for both cases, which can be attributed to grains renucleation
during repetitive reheimy cycles. As a comparison between two structures, the 149BF
A contains a combination of grains oriented along the <100> and <111> directions, while
the LPBF50-A reveals a higher fraction of grains preferentially oriented along the <001>
direction. Thg(001) pole figures itfrig. 3-5 (¢, d) show peaks in the center in both cases.
The pole figures are in agreement with the ODF plots showigir8-5 (e, f). InFig. 3-5
(e, f), highly intensified como ne nt s dilire afeloBséryed. The {1113fibre
components are intensified in the LRBB-A samples. However, the LPBFD-A shows

weaken-fibre components comparatively.
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Fig. 3-5 (a, b): IPF for LPBF40-A, LPBFR-50-A, (c, d): Pole figures for LPBBO-A and LPBD50-A, (e, f):
ODF for LPBF40-A, LPBF50-A, (g): ODF keycomponents (Sanjari, et al., 2017)

Fig. 3-6 shows the XRD patterns for the undeformed and severely deformed samples
for both cases of powder layer thickness. The LBBIA sample is reported to have a
| ower 929 vol ume thelaPBR50-A nc d SAe 6( BL)1 t%l)a.n The 2
Fig. 3-6 have been disappeared in the LPBBamples, in agreement with the elimination
of t hethroughpthesatssi@ nduced oY phase transfor mat
no traces of hgpnartensite were depicted in the XRiatterns (Martin, et al., 2016).
Althoughthe maraging steel used in the current study has a substantially high percentage

ofd |l oying el ements, it shows 2 to the p ha
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to the low alloy ferritic bainitic steels {ILRIP) (Fischer, et al., 2000). turns out that a
straininduced transformation can also prevent premature failure,ewdilcomplete
transformati on of gstrains¢Yuan, etk 2012) and (Wiang,ietnal.,| o we
2014). Similarly in the current study, the material has gone through a complete phase

transformation before the fracture.

Deformed LPBF-50-C
— 0
A J\ v=0.0% .
;_\ Undeformed —— LPBF-50-A
8 =5.1%
= y(ATDI v(200) A 72200 A Y 0
R a(110) 0(200) a(211)
= Deformed —— LPBF-40-C
j\ v=0.0%
O
Undeformed — | . PBF-40-A
=4.6%
A ” JL o
80 100 120
20°

Fig. 3-6 XRD pattern for the 18N800 deformed and undeformed samples in zones A and C.

Fig. 3-7 shows the déected EBSD data of zone B near the gauge shoulder, which is
partially exposed to plastic deformation. Mptiols are identified and markedHig. 3-7
(a, b) by curved dash lines. The size of the 1petils is the same as those observed in zone
A (Fig. 3-5). Like the undeformed caseshig. 3-5, components of thé-fibre{100} and
o-fibre{111} are observed in the zoie for both LPBF40 and LPBF50 samples.

Although the pole figures that are showrig. 3-7 (¢) and (d) look similar, the fansities
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are weaker in the zori® compared to zonA (seeFig. 3-5). The {111} components
observed in the ODF plot ig. 3-7 (e, f) are similar for both LPBBO and LPBF50 cases

and agree with the pole figure plots showing similar grain orientation for {4088-and

LPBF50-B samples.
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Fig. 3-7 (a, b): IPF for LPBHO0-B, LPBF50-B, (c, d): Pole figures for LPBB0O-B and LPBD50-B, (e, f):

ODF for LPBF40-B, LPBR50-B.

Fig. 3-8 represents collective EBSD data of zone C, which is neighbouring to the
fracture area. As shown Ifig. 3-8 (a, b), the grains are drawn along the load direction
resulting in the semival shape of the meftools. Fibrous textures are observed in the
EBSD pole figures and shown fig. 3-8 (c, d).Fig. 3-8 (e, f) show thdi 2 = 4dction of
the ODF desi gffathed { \yl-fibi@ {111h pladies. oThe (111)[1] and
(A1D)pp2 ] p e a k s -fimelcamponents,evhilé (001)pD] and (001)pp0] represent
o-fibre. The peaks in the {001} family planes are not a considerable concern due to the
high vulnerability of these planes to crack propagation and transgranular cleavage fracture

in the BCCstructure (Pineau, et al., 2016). It is also possible that the intergranular fracture
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initiates from the porosities at the vicinity of the cell boundanesdeflects through the

{001} planes (B®reg, et al., 2017).
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Fig. 3-8 (a, b): IPF for LPBF0-C, LPBR50-C, (c, d): Pole figures for LPBEO-C and LPBDB50-C, (e, f):
ODF for LPBF40-C, LPBF50-C.

Fig. 3-9 displays the gia boundaries types and the area fraction over different
sectioned zones in the LPBI and LPBF50 samples. High angle grain boundaries
(HAGBSs) categorized as the 2D structural defect witf45° misorientation angles are
pointed out in black colour, vile low angle grain boundaries (LAGBs) with misorientation
angles ranged within-35° are shown in light green colour. In both cases of the powder
layer thickness, the plastic deformation results in more number and higher length of the
LAGBs. As Sangid eal. showed (Sangid, et al., 2011), t88s with lower interfacial
energy, such as the values expected in LAGBSs, offer a more substantial barrier against slip
transmission. Regarding this fact, thebasit structure of the LPBBO-A sample with a

lower fraction of LAGBs compared to the LPB#D-A zone is supposed to be more
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resistant against the dislocations slip during the uniaxial tensile testing. This trend is also
observed in the deformed LPHS-zones. Therefore, the LPB¥ sample reveals more
strain hadenability, which brings it a higher UTS value than the LFIBFone. The above
observation is in good agreement with the resuli8gn3-3. The LAGBs are suitable sites

to accumulate and tangle the dislocations. Subsequantigcrease in the LAGBs in zone

C is a shred of evidence showing the high density of dislocatiofsgin3-9 (e, f)

(Masoumi, et al., 2019).

(e)

S0pm
Min Max Fraction Number Length Min Max Fraction Number Length Min Max Fraction Number Length
S 3° 15° 0.215 43442 1.25cm ™= 3° 15° 0.197 37365 1.08cm W= 3e 15° 0418 146264 3.38cm
m— |5° 64.7° 0.254 51286 1.48cm = wemm 15° 64.7° 0.268 50824 1.47cm = 15° 64.7° 0.291 101872 2.35cm

ﬂmL TR .
Min Max Fraction Number Length Min Max Fraction Number Length Min Max Fraction Number Length

w3 15° 0.189 40128 1.16cm W= 3° 15° 0.205 38702 1.12cm W—3° 15° 0.387 152538 3.52cm
= 15° 64.7° 0364 77389 2.23cm m— |5° 64.7° 0.297 56117 1.62cm = |5° 64.7° 0.252 99379 2.30cm

Fig. 3-9 EBSD grain boundary maps in three different zosteswn for (a, b): LPBEO-A, LPBF50-A, (c,

d): LPBFR40-B, LPBR50-B, and (e, f): LPBFO0-C, LPBF50-C.

Fig. 3-10 shows Kernel Average MisorientatigdAM) technique in zones AC. The
KAM results are used to measure the local grain misorientation, where the more dislocation

density leads to higher KAM values. It can also be employed to investigate the local lattice
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distortion, localized deformation, anstored strain energy imrains (Saraf, 2011)
(Schwartz, et al., 2009). Thd?BF40 and LPBF50 samples in zones A and B present a
semihomogenous distribution of KAM majorly ranged at intermediate intensities (Min:1
Max:2). The LPBF50-(A to C) samples siw a localized distribution of KAM at higher
intensities compared to the LPBIB-(A to C). In the undeformed cases (zone A), the
difference in KAM intensity can be hypothesized due to a difference in residual stresses
stored during 40 pumand 50 prathick powder layers depositions. Higher KAM values
(Min:4-Max:5) in the LPBF50-A imply that the stored energy during 50 jihick layers
deposition is higher than the 40 um case numerous LAGBs compromise it. Since the more
residual stresses lead to more dislan&i nucleation, and consequently, more stored
internal energy, it can be hypothesized that the l-BBkindeformed structure contains a
higher volume of residual stresses compared to the t4B6&ne. It might be another
reason behind the lower strength ahdttility of the LPBF50 samples. In zone C, the
KAM intensity is higher, ranged within Min:Blax:4. A higher fraction of intensified

KAM values is again observable in the LRB& sample compared to the LPBB case.
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Fig. 3-10 EBSD KAM in three different zones shown for (a, b): LPBFA, LPBF50-A, (c, d): LPBF40-

B, LPBR50-B, and (e, f): LPBFH0-C, LPBR50-C.

In Fig. 3-11, the grain size distribution in each zone is presented for both -4PBiAd
LPBF50 samples. As seen, the difference in powder layer thickness does not affect the
grain size of the AM product. Zones A and B present similar trends in grain size variation,
where the size of almost 90 % of grains is below 10 um. However, in the sample collected
from the vicinity of the fracture area (zone c), the majority of grains (90 %) is ranged below
6 um in size. More specifically, around 50 % of grains in the sevesdtyrded zone C
are smaller than 2 um, while only-3® % of the grains in zone A and B are below 3 pm.

The average grain size is also measured and preseriatl@B.2.
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