ABSTRACT
SAPTARSHI, SQRABH. Laser Powder Bed Fusion Additive Manufacturing of Oxide
Dispersion Strengthened Steel by3itu Reaction Synthesi@Jnder the direction of Dr. Timothy
Horn and Dr. Djamel Kaoumi).

Recent progress in oxide dispersion strengthened (ODS) steels produced by mechanical
alloying (MA), and gas atomization techniques allow them to be used as fuel cladding in nuclear
fission and fusion reactors. The thermally and mechanically stable nah® digpersoids in a
ferritic and chromium matrix improve the radiation and creep resistance at high temperatures. As
a result, ODS steels have a strong potential for high burnup-lffehgand hightemperature
applications. However, the largeale procesng of ODS steels is a significant challenge. As part
of thisthesis, the current progress in the development of these ODS steel claddings, including their
relevant mechanical properties like tensile and creep strengths, and irradiation performance, is
reviewed. Furthermore, different ways to fabricate solid ODS parts have also been reviewed with
a specific focus on additive manufacturing.

Experiments involvingpowder processed through a noGals AtomizedReactionSynthesis
(GARS) methodologysing lasepowder bed fusion additive manufacturing (LPBF AMjve
beencharacterized and analyzed for feasibility and scalal@btypart of this thesig&xperiments
involving different powder compositiorunder differentatmospheric conditions have been
characterizé and comparedfor desired oxide density and mechanical properfiesisile tests

were performed to test for elongation aanpare stress strain results with ODS samples prepared

with HIP.
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CHAPTER 1
1.1Introduction

The objectiveof this studyis to explore the potential ¢dser powder bed fusioh PBF)
additive manufacturigpn (AM) to melt precursor powders produced by Gas Atomization Reaction
SynthesiGARS) to produce an Oxide Dispersion Strengthened (ODS) steel.

ODS steels havimcreased irpopularity in Generation 1V nuclear reactors as well as in
nuclear fuel claddings. This is iragi due to the high creep, fatigund temperature resistance
that ODS steels offer. ODS steels are also known to have high radiation redistahdeuel
claddings are able to withstand high temperature ai®0 C[3,4] but they are not commonly
usedbecaus®f the time and cost associated with mechanically alloying (MA) and consolidating
the powder materials from which they anade.

The currently accepted practice for processing ODS steels requires the forced dissolution
of nanoscaleY203 powder into the steel matrix by MAollowed by hot consolidation and
thermomechanical processirtgat precipitags Y-Ti-O nanescale oxides[5]. However, tke
extensive MA which typically exceedd0 hrs, and limited machinability present an impediment
to the scalability of ODS steel allojg].

MA processes were developed to combine different compositions in powder form, which
would otherwise be thermgdamically difficult to cast. Powders are typically blended together in
a defined ratio in a jar that is filled with metallic balls. The jar is rotated, and the mechanical
interaction between the balls and the powder results in repeated cold weldingandniy of
powder particles. The process can be carried out in a dry or wet solution. Lubrication is often used
to prevent agglomeration or a change in microstructure due to heatupJifd. Mechanical

alloying can also be carried out with high or low energy mixing. The regeztld welding along



with straininduced diffusion progressively homogenizes the powder. The properties of the end
resulting powder depend significantly on milling parameters such as milling timéopaiivder
ratio (BPR), milling media, and rotationesg. Typically, ODS steel powders are produced by
combining a premade gas atomized alloy matrexd.,Fe-Cr-Al, Ni-Ti, Nb-Al ), which is then
milled with about 0.3 weight %ttrium or aluminum oxide (¥Os or Al20s). Over time and by
constant shearing and cold welding of the oxides and the metal pgtidem is forced into solid
solution andlater precipitates as a pyrochlore when the powder is thermally processed. This
process takes several hours and cafinbiéed by the b&ch size While the MA process can be
scaled, several challenges exist. For instgacgthat are several meters in diameter andnted
horizontallymay impart insufficient kinetic energy through ball impi@jt Another limitation is
batchto-batch variation due to the use of balls to shear oxide and metal pa@ateamination
from the balls, container media as wellths use of lubricating media another concerOver
the years, thereave been margiternative powder processing methods Haate been developed
thataddress these limitatio®©ne of those igas atomization reaction synthesis (GARS) which
was developd at AMES laboratorf9i 11]. In GARS method, all of the elements anelted in a
crucible and homogenized together in a controlled melt chamber which is filledmwittart gas
- argon. The molten alloy is then released into thdimg@hamber where it is disintegrated into
droplets byimpactfrom a high energyeactiveAr + O. gas jet.The presence @ddedO: in the
gas jet helps to form a kinetically stable oxide camsthe powdewhich acts ashemicakeservoir
for formation ofyttrium oxide duringmelt pool phas¢9,11].

Radiation and mechéaal responses ofefritic steels basedn 14YWT (Fe-14Cr-3W-
0.4T+0.2Y) compositiondevelopedat Oak Ridge National Laboratofy2,13], have been widely

used to study the microstructure andchanical properties of OD#Hloys[12,14 18,18 20] . In



this compositionCr is added to Fe as a ferritalsilizer[21], along with elements such as[Z2]
and W[23] for particle stabilization ansblid solution strengthening, respectively. Y is then added
elementally to the molten alloyVhile producingODS alloys using GARS methodfter the
homogenizediquid droplets break up, the rapid solidification results in the formation-of Y
containing intermetallic (typically ¥ei7) or Y in supersaturated solid solution with-EeTi-W.
A kinetically stableCr.Os crust is formed over the powdehich, is useds a oxygenreservoir
During HIP, thisCr20s crust disintegrates releasing the trapped oxygen, paving théowthe
oxygento dissdve into the crusto form stableY >Ti-O7 pyrochloreoxide dispersoidfor 11].

In this thesis, we explore the uséF&fCr GARS powderconsolidated by PBF AM under
varying atmospheric conditionsdemonstrate anaghderstand thim-situ formation of oxides from

liquid-phase processing and rapid solidification.

1.2 Thesis Structure

This thesis consists of a literature review on the custte ofODS alloys (Chapter 2).
The literature review includes sections on hG@RS steelsare conventionally prepared. The
literature review alsa@overs theGARS methodof produchg ODSalloys whichbypasses the
requirement for MAprocessingln chapter 3a GARS powdercompositionthat was previously
usedby Reiken et al[9] for HIP consolidation waprocessed by LPBFOxygen contenbf the
LPBF chambeatmospheravas variedo determine its influence dheformation of naneoxides
in the liquid melt pool. Therecursor GARS powders anelsultingsamplesverecharacterize
to confirmthehypothesized reactisynthesisand to begin to elucidatbe potentialpathwaydor
oxidation. In chapter 4, a new batch of powder was produced by AMES lab with a composition

consistent with a common ODS steel alloy, 14YWAYWT composition was choseasextensive



researchhasbeen onducted to study the mechanical and radiation resporsserafles produced
using 14YWT ODS alloyMajority of these samples are produced using HIP, friction stir welding
while little work has been done to characterize the feasibflitxsing additive maufacturing.This
chapter describes efforts to define a feasdie stableLPBF processing space and presents
validation of the imsitu reaction synthesis as well as materials and mechanical characterization of

the produced samples.



CHAPTER 2

2.1Literature Review

Recent advances in oxide dispersion strengthened (ODS) ferritic stainless steels have been
very encouraging and, as a result, have seen extensive usage in fuel cladding, ducts, and structural
components in sodiwnooled fast reactors (SFR4], generation IV nuclear reactor and fusion
and fission reactor§25i 27]. FeCr matrix ODS alloys are promisingot only due to their
microstructure but also because of the presencé i 0O nano oxides dispersed along the grain
boundaries. These nano oxides have been observed to impart excellent creep strength at high
temperatures (up t[24,28) F@dticnply theselODS &llgyls ardrRadesby
mechanically alloying F€r-Y based alloy matrix powder with an oxide (eithefO¥ or Al>O3),
and then the resulting powder is Hot-atically Pressed (HIP) which leads to the generation of
high-density nanoclusterf24,29] Based ontransmissionelectron microscopy (TEMN), x-ray
diffraction (XRD), atom probe tomography (ATP) results, in £D¥Fe-Cr ODS alloy, cubic
Y2Ti207 and orthorhombic ¥TiOs oxides (ranging from-30 nm) in an equilibrium phase have
been identified14,30 32].

Fission and fusion reactservice conditions are characterized by combinations of high
temperatures, large stresses, chemically reactive environments, and intense neutron radiation
fields. In a generation IV nuclear reactors, irradiation damage can reach several hundred
displacemets per atonfDPA)at t emper at ur es r 43¥4d8 33B]dependiogm 400
on the radiation levels and applicats, atomsdisplacedfrom their lattice positiongan creae
large excess concentrations of vacand self-interstitial atom (SIA) defects, typically
characterized by a neutron dose uniD&fA [34,35] Displacement damage drives microstructural

evolutions, changes in the dislocation structures, induced precipitatidgrowing voids This



degradematerial propertiesuch ahardening, fracture toughness, tensile stiagt-temperature
irradiation creepproperty introduction ofvoid swelling, and large reductions of creep rupture
lifetime and ductility[36].

Feriitic Fe-Cr alloy composition matrix with ahromiumrich ODS steels are ideal for
applications in nuclear fusicand generation 1V fission reactorand, as a result, have gained
popularity over the years in part due flavorable creep resistance at higher temperatures
[4,16,37,38]and as fuel claddingudt and structural component for gas and liquid metal reactors
[39]. A majorreasoris that the ferritic state makes the ifdrase alloys less susceptible to radiation
damageandvoid swelling[40].

Compared to precipitation hardening dnettypes of hardening methods, ODS alloys have
a stable structure across a wide range of temperatur@sseveral studies have shown it to be
anisotropic[41i 43]. Conventiondy ODS steels are extruded or rolled which causes the grain
structure to be parallel along the direction of extrusion. The oxides have been observed to pin
themselves along grain boundariesd also along elongated grain structur§20,44,45]
Precipitationhardeningon the other hanid generally isotropi¢46]. Solutes that are added to the
liquid metal matrix, acas the necessary dispersoids to prevent dislocation along the slip plane.

Depending on the oxide sizéere iscoheracy and orsemicoherency(Doxide < 20nm)
between the oxide dispersoids in the ODS alloy which is what ¢fiee parts thenigh tensile
strength[47i 50]. An incoherent precipitate is separated from the crystal structure (not related to
the crystal structure) othe surrounding matrix, whereas a coherent precipitate (related to
surrounding crystal structure) forms a definitive structegebwe en it sel f and t he
structure. In ODS alloy, theemicoherent dispersoids act as dislocation barriers and pin the

dislocation line, whereas in a precipitatibardened material, the zones or Grain Boundary (GB)



act as obstacles to thesgersion line. Figure 2.1 below shows the difference between incoherent

and coherent dislocations.
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Figure. 2.1 Incoherent (left) and coherent (right) crystal struc{odg.

2.2Desired ODS Properties

2.2.1 Radiation

There are studies on various-Ee ODS compositions with Y, Zr, Al, W, and or Ti
additions, as well as commercially available ODS allsysh asMA957 that indicate an
irradiationinduced change in grain structure, grain elongation, NC density, mechanical property
and material performance over prolonged expoy£19,52] Ribis et al. reported a reduction in
NC density as well as diameter for MA9%#e-13.87Cr1.05T+0.3M0-0.13N+0.1Al-0.22Y>03
commercially available ODS ferritic alloy developed by International Nickel Comp#N¢ZO
[G3]) samplee x posed t o about[l]. The abliPyA oafn dODIS3 0ald oy s
elemental composition even after heavy irradiatiamagas crucialfor its prolongedapplication
Certain et al. reported a reduction in NC density for a 14YWT sample exposed to high radiation
of 100DPA Ni+ irradiationwith a complete NC dissolution over a temperature rangesdt to
100Cbut at the same time, observed sporadic

confirmed by APT[2].

di



Parish et alanalyzed a 14YWT sample andticedcoarsegrain boundaries along the depth
of an as fabricated samp(Eigure 2.2) After exposure with 10MeV Pt ion and at higher
temperature of 750 C, Parish et al. noticed a
W and Cr grain boundary enrichment with no visible change to grain stratta@elpadepth in
the as irradiated samp{Eigure 2.3)[19]. These analysis by Certain et al. and Parish et al. prove
that even after high irradiation, the elemental composition remained consistent even though the
NC density changed wita change in dosage and irradiation temperafyE]. These finding
theorize that the ability of ODS alloys to retain NCs @f$at higher temperatures and irradiation

will be beneficial to trapping point defects and retaining high temperature creep prdpéities

BF-STEM HAADF ALK Ti-K Cr-K Fe-K Y-K W-L

200 nm

Figure 2.2: BFSTEM, HAADF, and Xray mapping results for aaxtruded control material. idepth variations in
CriK and Fé&K are a thickness effeft9].

BF-STEM  HAADF Al-K Ti-K Cr-K Fe-K Y-K W-L Pt-L

Figure 2.3: STEM images and2dy maps of samples irritated with 4x1020 Pt/m2, with a peak dose of 160 dpa
irradiated at 750 ¢19].



2.2.2 Strengthening mechanism

The drength of anaterial is its resistan¢e deformation Beyond the elastic limit,iglding
occurs due to movement dafislocationswhich resuls in plastic deformation Dislocation
movement ignitigatedif some barrier or discontinuity comes in the path of dislocations. The effect
of abarrier/discontinuitydepends on its strength and size.the case of ODS alloys, NCs act as
these barriers/discontinuitythe boundary andislocation interactions caoe described by the
Orowan mechanisrfb4,55] Orowan studied thef flow stress resulting from a distribution of
impenetrablebstacles on the slip plafs].

Orowan dislocatiormechanisndescribes each giersiongdispersoidsn the matrix acts
as a stress concentratf@6]. It describes the interaction of dislocatiaith dispersions in a
crystalline materialWhen a dislocation passes through these stress concentratgrshaslip
plane, the dislocations form a loop around each dispersoid/stresentratarThis break inthe
dislocationin turn prevents theislocationgrom easilygliding past the grain boundariesp plane
[57]. The shape of the dislocation is influenced by anisot{sg}. Hence, if there & morefine
nano clusters along tlggain boundaries, there is more resistance to the movement of dislocations
and hence an increasestrength. NCs accumulate ajrain boundariedeading to the formation
of local superstructures. A higher number of smaller grains along the grain boundary provide a
stronger resistance of dislocation.

Martinb s  mdedenktrate that the #ect of NC strengthening mechanisroan be
attributed toparticle spacing[58]. CompactNC spacingwill yield better stregthening. The

average particlepmcing can be calculated bging equation2.1[58] i



Equation 2.1

2_,
mvgl. 2 5§|¢f

Wherei
&= particle spacing
r = particle radius
f = volume fraction of particle phase
The basic Orowan equation as modified by Ashioy polycrystalline materialswith
incorporatedparticlesspacing, estimation of line spacing and mutual interaction of dislocation of

particleyield stress of the materied described biquation2.2 [59] i

Equation 2 :
I2r
gz 0 8eBM £
T2V as2r
WhereM = Tayl ords factor

W =shear modulus

b=Bur gwectod s

= Poissonds ratio
ro = cutoff radius of dislocation core

a1 2rs= Mean interparticle separation on the slip plane
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Figure.2.4: Oxide dispersoids acting as obstacles for the dislocatidfOine

The dislocation line continues to bend around the particle accordirigetorowan
mechanisnuntil it is enclosed completely and the dislocation can move aninig a dislocation
ring around the bypassed particl@oherent particlés mainly sheared by the location, whereas
incoherent paitles are subject to strength of the particl8hearing stresecreaseswith an
increa® in dislocatiorradius Therefore, ticannot become greater than the Orowan stress as the
dislocation then requires less energy to bow out between precipitates. Thus, for the same type of

particle, resistance depends on the precipita
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2.30DS Steel Powder Minufacturing

2.3.1 Mechanical Alloying (MA)

The most commonly employed method for making Qfd&eIpowder is byMA. Here, he
elementapowdes, along with thenanascaleoxides areenclosedn a chamber filled witla fixed
ball-to-powderratio (B.P.R)(Figure 2.§ for a fixed durationto get a homogeneously alloyed
powder. The fundamental process involves the shearing of the powder particles by the repeated
impact of the ballsvhich causesepeated cold welding, fracturing andwelding of the powder
particlesfor the entire duratiof61]. Once the powders are milled together, the powders may be
subjected to &ot isostatic procesH(P) or other consolidation processgg?]. One & the
advantage of sing MA is that metal powder and oxides that chemically would not combine

together can be combined using the milling process.

Horizontal section Movement of the
supporting disc

Centrifugal force

Rotation of the grinding bowl

Figure. 2.5Inside of a ball mill proceqd$3].

There are several models availaliiattdefine thekinetic shock energgxperienced by
the powder particleduringfracturing caused by the energy which is imparted by the balls upon
impact. One of the model is defined Mhauriceet al.In their model, thg define the powder

deformation during collision between two balls as foll¢@4 -

12



Equation 2.3/

- r
Or =Rv 22 -Z

Wherei
R = distance from center of impact
r = radius of the balls
v = relative velocity of the balls at impact
} b = density of the grinding balls
Hv = powder density
Another important factahat can affect powder deformationidentified by Maurice et
al. is the powder hardnes®owder hardness can determine the normal elastic force acting to

separate the particles during cold weldihge deformationstraincan be found by the following

equation[64]-
Equation 2.4
0 _ |: ho - U r
ho
Wherei

ho = powder coating thickness
As the powders are alloyed together in a container, there is a high risk of contamination
(particles breaking off from the container wall due to repeated impact from the balls) being
mixed with the powders. Also, depending oa thatrix material, if the powder is mixed for a
very long time, or at high speed, the cold welding could overwhelm the process, and the particles

might agglomerat§s5,66]
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Figure 2.6: TopLeft image is SEM image of agceived bimodal T16Sn4Nb powder. Bottomright image is
SEM image if powder that werailled for 20 hrg67].

There are many alloy compositions that can be prepared using MA for example
commercially available MA957 (F&3.87Cr1.05T+0.3M0-0.13N0.1AI-0.22Y>03) [53],
PM2000 (Fe20CK5.5A1-0.5Ti-0.5Y203) [68], Fe12Ck1.9W-0.3Ti-0.18Y [69], Fe13.5Cr2Al-
0.5Ti [70], Fe9Cr-1Mo-0.25Ti0.5Y203 [71], Fe9Cr1W-0.5Y2030.25Ti [71] , Fel4Cr
0.22Hf [72]. Eitherindividual elemental alloys or, gas atomized precursor powder can be milled
with Y203 oxideto create an ODS alloy composition. Several studies have shown that during MA
process, the XOs getsdissolved likely due to fragmentation caused by repeated oxide &actur
mixing process reducing 20z particles to a sufficiently small particle which then dissolves by
repeated dislocation shearing3i 75]. LaureniBrocq studied the influence oMA on
nanoclusteringn ODS steel bymilling FeCrW+FeTi+YFes+FeOs together for 1144 hrs and

noticed progressivimcorporation of F£li into theFeCrWmatrix. The FgTli fragmentsare stuck

14



along the crusat first andgradually homogenize into the matfi&3]. APT analysisconfirmed a
random and homogeuns distribution of Ti, TiO, Y and YO after 72 hrs of milling which confirms
the presence of Y and O in a solid oversaturated solutfooh is consistent with other study

[73,76 78].

Figure 2.7 : Titanium Xay maps obtained by EPMA of powder grains resulting of the milling of FeCrw + Fe2Ti +
YFe3 + Fe203 for different durations of millind 3].

2.3.2 GasAtomization (GA)

At present, pwders for additive manufacturing are most commonly produced with gas
atomization[79i 81]. UsingGA, it is feasible to produce a wide variety of allégem nearly any
base metal elemefit0,82,83] In gasatomizationmolten liquid metais melted in a refractory
ceramic crucible by induction melting and raised superheated temperatukestream of molten
metal issplit into fragmentdrom impactby high-energy gas jetas a result from transfer of
momentum(generally bynonreactive gaseslike argon Ar) or nitrogen {)) as the molten metal
exits through the orifice of the noe4B4]. As thefragmentdall through thechamberthey then

breakdowninto liquid droplets that spheroidize due to the liquid surface tei8®87]. In GA,

15



solidification tends to be very faeh the order of 1%to 10 K/s for argon gas atomization because
of the small particle sizf88]. Lawley estimated the spheroidization time of a roughly €00
powder particle to b¢89iFguret28isanexampipda systemdiic 1
representation of the working of a gas atomizer. fékdstock can either be in molten state or be
a solid metal bar/rothat is induction meltef®0]. The droplets then rapidly solidify in the cooling
chamberEquations 2.4.7 describe the various parameters that can be dimutro dictate the

morphology otthe powder.

Vacumm
induction melter

source

clion chamber

Figure 2.8 : Systematic representation of the working principle of a Vacuum Inert gas afédjizer

As is evident from Equation 2- 2.6 listed below, he particle size distributioand the
thermal behavior of a droplet caelatively be controlled by gas pressugesmelt flow rate
(which is governed by orifice diame}egas compositigrand velocityof gasat which it impacts
the liquid metal strearf®2i 94]. The velocity of atomized droplets increases with increasing gas

pressure andhe thermal behavior of the droplets is controlled thg processing conditions

(atomizing gas composition, gas pressure, gas/melt mass flow ratio, melt superheat temperature,

16
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and alloy composition)95]. Theseparameters help tdictate the final composdn and yieldof

thefinal powder sizalistribution Anderson et al. ereable to use a closed couple GA to achieve

a ultrafine (<20 um) yield of 32%or FeODS GARS powdeby altering the gas flow condition

[96]. Parkdid a set of experiments GA Al1cSiMg alloy powder productioby varying orifice
diameter gas pressure and melt temperature and noted that with increase in orifice diameter for a
constant pressure and temperattiremasdlow rateincreasedhusgave a higher yielfP7]. Park

also noted thdor a smaller orifice diametethe size distribution shifted more towards foosvder

[97]. Similarly, for a constant gagressure and melt flow rathigher melttemperaturegyave a
higherpowderyield but at the same time notadecrease in yieldfter acertaintemperatures it
affecedmaterial viscosityf97].

Lubanska demonstratettiat the mean particle sizesDof GA metal powder can be
predided through Equation 2.and 26. In these equations, théscosity, density,and surface
tensionfor a given metahre constant e predeterminedtomizermelt temperature and stream
diamete[93,94] Therefordat can be observed that theean particle size 49 is influenced by the

gasvelocity andgas/meltmass flow ratg93].

Equation 25 :
1
m. Vi ?
D50 = Kd 1+
Mg Vg We

Equation2.6 :

gD .
We=“ﬁG Webber equation

IN

Wherei
d = melt streandiameter

a @& @ =mass flow rate of liquidnetal and gas
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U we& ® Kinematicviscosity of melt and gas
" = melt density

U® = gas velocity

F reelt surface tension

K = empirical constant (between 40 and 50)
Perezde Leon et al.demonstratedthrough Equation Z.that thethermal behavioof the droplet
can be affected by factors suchgas pressurgas/melt flow ratedroplet size and composition
[92].

Equation 27:

T= erI' 'TGa;h
Co dim

Wherei
“Y= cooling rate of the droplet inédvin
fr = consideration of gas/melt flow rate
Tmeit = droplefmelt superheat temperature irlkin
Tcas= temperature of the ambient atomization gasatvia
h = convective heat transfer coefficient between a droplet and atomization gas
W/(m?*K)
Cpd = specific heat capacity (J/(kg*K))
d =dropet size diameter in meter
» = density of droplet/melt (kg/f

There are many different wayspgooduce metal powder particles using gas atomidérs

sectionfocuses on the GA proceand itsrelevance to the present work.
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2.3.3 Gas Atomization Reaction Synthesis (GARS)

Although MA-based ODS steel alloys have been commercially availabldemades,
processing challenges hawausechegative impact itheir widespread adoptid29,98] Several
studies have sought to address this gap by developing alternative processing methods to
incorporate nanscale oxide dispersoids in stedfeken et alat AMES labexploredGARS to
synthesize ferritic F€r steel by exposing the surface of molten mdtabplets to a reactive
atomization gas (e.g. Ar+ ~2000ppmO2) and rapidly solidifying the dropl¢®]. In the GARS
process, all of the elements in the ODS alloy are melted and homogenized together in the refractory
crucible. Upon atomization and rapid solidification, the Y is either trapped in solution as elemental
Y at thegrain boundaries or as a stabk-Y 2 intermetallic[10]. During atomization, the addition
of oxygen to the argon stregmmomotes the formation of metastable @ictustrich in chrome
[9,10]. Figure 29 depictsthe GARS process. During subsequent solid state hot consolidation
processes like HIP or extrusion, theri@h oxide crust dissolves and the oxygen reacts with Y to
form afine dispersion of stable, narsgale Yoxides(Figure 2.10J9]. Reikenrefers to the CO
shell as a chemical reservoir for the formation of downstream of8¢E3]. Using this process,
most of the powder size particles were found to be spheRigMenalsoobserved that the oxygen
content associated, varied with the powder size with the scale inversely proportional as the surface

area to volume ratio increaddd].
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Figure 2.9: lllustration showing the atomization of the GARS pow{®&is
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Figure 2.10: The ODS microstructure evolution during hot consolidation of GARS precursor powder: a) initial low
temperature consolidation showing intact PPBs, b) dissociation of the PPBs (simulating heat treatment) and O
di f f usi o-tFe,Crnmrix, andrc)gfornihtion of Yenriched oxide dispersoids throughout the microstructure

[9].
Because GARS powder is atomized from the liquid melt, the-carsmmination that is
commonly encountered in MA is minimized. Additionally, solidification in freefall results in
nearly spherical powders that exhibit good flowability. This is an impoidatdr for supplying

powder to any number of manufacturing processes but especially in additive manufacturing
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where layer/powddped formation and consistency is critical. The oxygen for oxide formation is
delivered from the oxide crust. The amount of axtygvailable can be varied during the surface

oxidation process.

2.3.4 Surface Treatmentof gasAtomized powder followed by ReactiveSynthesis

(STARS)

Gil et al developed a ferritic F€r ODS powder processing method called surface
treatment of gas atomizedaction synthesiiSTARS)[29]. In the STARS method, a metallic-Fe
Cr oxide rich surface is created atpmizing the powder using just argon to splititheid metal,
followed bycontrolledHIP andheat treating of atomized powder in the presence of oxjyd@&h
During heat treatment, theetastable oxide layéormedat Prior Particle Boundary (PPB) during
HIP diffuses inside ferritic grainsto react with thedissolvedY and Ti resultingin Y-Ti-O
precipitates[29,101] Care is requiredduring HT To avoid detrimental effects to the final
microstructuresuch aschange in grain structure and or induction of thermally iedymrosity
Gil et al reported aheterognous ferriticgrain size and yittrium rich precipitation at grain
boundarie®f as atomized powddaut noticed the formation dhermallyinducedporosity (TIP)
andpresence of T{C,N) phases po$iT at 900C[101].

The main differentiating factor between GARS and STARS lies in the atomization process.
While GARS exposes the liquid metal droplets to a reactiv®Agas at higher temperatuia

the STARS method, the powder is oxidized at lower temperdtLO8%
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2.4 Consolidation Methods for ODS powders

2.4.1 Hot Isostatic Process (HIP)

ODS alloysare most commonly produced by MA of nanopatrticles of ytiraxide (Y203)
with metal matrix powdersften containing FeNi, Cr, Al, Y, andor W [103]. The powders are
then processed into the final shape withiauaspowder metallurgymethodsincluding HIP
followed by thermomechanical or thermal treatment to achieve desired grain structure and
mechanical propertig404]. HIP also helps achieve densification of powder which helps remove
trapped gas pores that were created during gas atomization or MA.
In conventional HIP techniques, the pi®v container is typically heated by radiation from
the enclosing furnace through external heating elements and convection of inefTlgasasnple
is heated as a consequence of the heat transfer occurring by conduction from the external surface
of the ontainer to the powderés during HIP, heating causes the material to undergo a plastic
deformationto reduce porositythe powder are stored in a containétle consolidated powder
take the shape of the contaimdrich, can then be extruded or hot rolledgive it a final shape.
Components produced by HIP have higmperature creepesistance[105 107]
andcorrosion resistanc&igure2.11 is a representation of a typical HIP process. Samples after

HIP can be hot rolled extruded into tubes, sheets or bars.
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6. Heat treatment 5. Hotrolling 4. Hot isostatic pressing

Figure 2.11: Typical process map for HIFsaimpleg108].

2.4.2 Friction stir welding (FSW)

Friction stir welding makes use of friction generated by a rotating tool to plasticize the
metals and then fuse them together to form a joint without melting the metal(&igyse. 2.12
The twoalloy plates are joined together and held together bytar& The rotating tool pin lays
perpendicular to the two connecting plates and is held in place for a certain amount of time while
rotating at high velocity to use friction to create heat to plasticize the metals in order to facilitate
the joining of thawo alloys along the joining/weld lin@&09].

This method is particularly advantmus while fabricating ODS alloys dsgh
temperature melt pool generated durcwnventional welding processean cause the oxide
dispersoids to break down and agglomerfateing FSW, the peak temperatgenerallydoesnot
exceed 7800% of the meltingemperaturesf the joining metal$109]. As friction stir welding
does not melt th surfaces, the dispersoids are still maintained on the surfaces, which allows the

alloys to maintain their physical properties even after fusing togd#8009,110] The
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microstructure can also be customizedbe similar to the joining metalsy changing process

parameter.

Vertical Force

Rotational
speed

Retreating
side

A
Friction stir
welded joint

Figure. 2.12 A schematic representation of a typical FSW process used taweldDS plates together while a
rotating tip is plasticizing the two metals to fuse them togdftiek].

2.4.3 Spark Plasma Sintering(SPS)

Spark Plasma Sintering (SPS)a sintering process in which an electric current runs
directly throughpowder in a mold112]. Samples produced using this method are generally
manufactured under vacuum and are sintered to a desirable tempecainfkience the
densification of the powder and giie desired microstructurfl13]. Rapid heating and eht
process times can be achieved by this metfbéd. reating rate during SPS process depends on
the geometry of the containgr,o w d #herndatand electrical properties, and on the electric power
supplier.Due to rapid heating and short processing tirttes grain growth is suppressed which
might not be desirablasit affects the mechanical propertigsl4]. Compared to HIP, dating
ratesof SPS can bas high as 1000 °C/minvhichreduce the processing tindepending on the
materialand process containpf6]. XRD and TEM analysis of as fabricated samglesved the

presene of stable ¥Ti>O7oxide[76].
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Figure 2.13: Schematic representation of a SPS sy[4tEBh

Studies by Ponraj et al., Franke et al., Rajan etalak et al. have shown that ODS
samples produced by SPS have high density, high micro hardnesq A& 77,115]over
samples produced conventionally by HIP. Franke et al. compared the mecpanpeates of
samples with and without oxides produced by SPS and natitiedrease in hardness values as

well as UTS with increase in milling and oxide concentrafidrb.

2.4.4 Shear Assisted Processing and Extrusion (ShAPE)

Also known as friction stir scribe process for joining dissimilar matersas process of
joining dissimilar materials or powdeand, wasddeveloped at Pacific Northwestern Lab (PNNL)
[1161 118]. This process usesmachine to spin billets or chunkd bulk metal alloys, creating
enough heat through friction to soften the material so it can be extruded through a die to form

tubes, rods and or channels. Unlike conventional processes, this method uses a fraction of the

25



energy needed to extrude material through the die. This benefit enables the production of smaller
machinery to produce parts. Samples with diameter as small as a few millimeters to a length of a
few centimeters can be produced using this mejthb@,120]

ShAPE Apparatus

Rotary and
,:b Linear Force

Extrusion
Die
Mandrel

High Shear
Region

Consolidated
Flake

Container

Spiral Pattern on Die Face

Backing Plate

Figure 2.8: Schematic representation of a typical ShAPE appafat$s.

Croteau et al, Overman et al, Li etkihmarasamy et al have observed that through ShAPE
fabrication, finer microstructural grains can be obtained as compart@ tmicrostructure of
before extrusiospecimenjl119i 122] These fine grains have been reported to be typically uniform
throughout the sample thus providing greater strength and ductility. Li and Grant et al., have
fabricated coper graphite composite structures like wires using the ShAPE process and have
observed void free structures with uniform microstructure and homogenized dispersion of graphite
within the microstructure. They have also reported smaller average grain sizamafidr
maximum grain diameter with a high@ckers hardness ,yield stress and elongation of samples

produced using ShAPE as opposed to using bpietduced using hot extrusi¢h23,124]
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2.4.5 Additive Manufacturing

Conventional techniques such as friction stir welding, extrusion, SPS, ShAPE produce
small scale billets or rods of material that must be machined or joined into a final geometry. AM
however, presents the possibility of directly fabricating customizedr mestshaped
manufacturing. However, on the surface, AM is not an intuitive choice because ODS steels are
generally considered difficult to weld due to the potential for-skhgagglomeration, and the
propensity for small oxide precipitates to coarsele@ave the weldment during joinih$25 127].
Nevertheless, the small local melt volume coupled with relatively high cooling rates associated
with laserpowderbed fusion (LPBF) AM has inspired geral research efforts with compelling
resuts. Table 2.1 highlightseveral properties of interest that have been generated for ODS steels
produced by AM, when such details are reported in the literature across common AM processes of
LPBF, electron beamgwvder bed fusion (E®?BF), and directed energy deposition (DED). While
the details inTable 2.1 vary significantlythe studies reported share common features, including
the presence of larger oxide particles, inclusions, or agglomerates that, couplatvadéiects,
in general limit the expected mechanical properties.

Additive Manufacturing has been widely used in recent years to manufacture ODS alloys
due to the ability to control solidification and cooling rates. Capabilities of LPBF and DED as
suitabk alternatives have been showed in various st{t&131]. It has been widely speculated,
but never explicitly shown, that due to localized heat i{piich can be varied by changing
process parameters such as beam or scanning speed, hatch spacing, energy/power, beam spot size,
raster pattern etc. along with strong Marangoni forces caused by different thermal gradient
coefficients and surface tensianthe molten melt pool, a constant stir of the liquid occurs which
helps in a homogenous oxide dispersion as the molten pool rapidly sol{d#@ed32,133]

Another advantage is@n structure. It has been reported by multiple studies that due to successive
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re-melting of previous layers, grain structures tend to grow/elongate along the epitaxial direction
as the part orientation in-axis[129,130,132,134|Buendia et al. reported smaller grain size and
a homogenous distribution in the LPBF samples, which was observed to be a key factor for
enhanced mechanical propertj@85]. Zhong et al. also reported a similar observation where
they reported high oxide dehsiand high density of narstructured participants along the grain
boundary of the alloy matrix, which they attributed to be the dominant strengthening mechanism
and estimated irradiation sink for high Cr std&R23].

Nevertheless, where TEM analyses are reported,-seale oxides of various plessare
prevalent, with median diameters ranging frot0<to >100 nm. Early studies utilized established
or commercially available compositions of powders such as PM2@80136] 14YWT [137], or
MA956 [138]in LPBF processes. Notably, very little research has focused on the optimization of
the process parameter space, as showigure. 2.5, the reporteghrocess window for LPBF of
dense structures is comparable to that of the austenitic stainless steels that are routinely used in
AM [139,140] Other groups have blended, milled, or mechanically alloyed oxide particles with
steel precursor materials for LPBF procesdibtdgili 149] Recently, Zhang et al. used MA to
introduce 0.3 wt% ¥Ozand 0.3% Ti of 316L powders which were then consolidated with LPBF
[150]. Using laser DED, Shi et al. produced samples 69€el.5 W-0.3Ti-0.3Y from MA
powders. The samples exhibited high UTS (794 MPa) and small average oxide size (21.9 nm)
which was improved after hot isostatic pressing (HIP), and were 1046 MPa and 13.3 nm,
respectively. Morrow et al[151] found 20280 nm size inclusions in dmiilt test samples
produced by AM 304 and 316 L using DED and LPBE&eidi et al[152] identified spherical Cr

silicate (mainly of Si and O) spheres roughly 50 nm in diameter throughout the magerial.
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distribution of larger oxides with median diameters of hundredsudmeters to tens of microns,

e.g., Eo et al., 31285 nm, and Song et al., 271896 nm are also report§hb3,154]
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Figure 2.15: Schematic process map representation of energy density plot obtained from literatuf@9gview

While these compiled data from the various literature suggest that, with further
development, tPBF AM may become a workable alternative for producing bulk ODS steel
components, the feedstocks used in these studies have still typically depended on MA processing,
which, as discussed, is a major limiting factor to the potential sc@abiliODS steelsRecent
findingsin the literature review have corroborated the premisednefulalloy design could leverage
a pathway for selective oxidation yitrium to form more desirableanascaleoxidesin-situ,
in theliquid phaseandwithin theLPBF AM melt pool.

In order to mitigate some of the limitations of ODS fabricatiortheapresentstudy,
the potential of fabrication through GARS and LPBF has been exgBwtthe precursoiGARS
powdersandthe LPBF sanpleswerecharacterizetb assestheeffectivenessnd limitationsof

LPBF processingasameango bypastsheMA processteptypical of ODSsteelmaterials.
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Table 2.1:

Literature review of existing research additive manufacturing using ODS p[88iler

Ref. AM Alloy Wt. % Oxidesize Test Gurs 0 view Hardness
Process Oxide d50 (nm)  temp. (MPa)  (MPa)
°C
Walkeretal.[126] LPBF PM2000 0.5 48.4x 252 71 T T T
Huntetal. [138] LPBF MA956 0.3 0.7 T RT 660 T T
Gaoetal. [142] EB-PBF Fel8Cr2wO0.5Ti+ Ball Milled Y203 0.3 18.05 RT 1371 7 T
Vasqueztal®[143] LPBF Fe14Cr1W0.3Mn0.3Si0.2Ni+ Ball Milled 0.3 >35 T i T 189 HV
Y203 + TiH2
Vasqueztal.[144] LPBF Fel4Cr1W0.3Mn0.3Si0.2Ni+ Ball Milled 0.3 T T 459 T T
Y203 + TiH2
Zhongetal£ [145] LPBF 316L+ MA Y203 T 37 RT 637 574 T
250 476 456 T
400 447 420 T
Ghayooret al. [146] LPBF 304L+ MA Y203 5 <100 T T T 296+ 12HV
Ghayooret al. [147] LPBF 304L+ MA Y203 0.5 T RT 700 575 T
Ghayooret al. [148] LPBF 304L+ MA Y203 0.5 968 RT 700 575 350+ 12 HV
Pauletal. [155] LPBF 304L + Inkjet Y-Si-O T T RT 586 695 272 6 HV
Changet al. [149] LPBF Fel4.4Cr1.8W0.3Ti0.1Mn0.05C+ Ball Milled 0.5 35+ 15 T i T T
Y203
Boegelainetal. [136] LPBF PM2000 0.5 T 465 430 T
DofateBuendiaet al. [141] DED Fe21Cr4.67Al0.47Ti Y203 Blended 0.08 100 RT T T 240 HVO.1
Fe21Cr4.67Al0.47Ti YIG Blended 0.08 100 RT 1 T 230 HVO0.1
DofiateBuendiaet al. [156] DED PM2000 0.08 T RT T T 223+9
HVO0.1
LPBF PM2000 0.08 T RT 1 T 247+ 8
HVO0.1
DofiateBuendiaet al. © DED PM2000 0.08 50 RT/ T T 222+9
[135]
600 HVO0.1
LPBF PM2000 0.08 30 RT/ T T 249+ 7
600 HVO0.1
Shietal.[157] DED Fe-9Cr-1.5W-0.3Ti-0.3Y MA 0.3 21.9 RT 794 T 339
0.3 13.3 RT 1046 7 347
0.3 21.9 600 461 1 T
13.3 600 592 T I
Shietal.[158] DED Fei 15Ci 2 W-4.5A1-0.3Tii 03Zr-0.3Y MA 0.2 T RT 370 T i
0.2 T RT 410 T T
0.2 <10 RT 490 T i
0.2 <10 RT 528 T I
Zhangetal £ [150] LPBF 316L + 0.3+ Y203 + 0.3Ti 0.3 45 T T T T

(o)
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CHAPTER 3

3.1Introduction

The preliminary proof of concepor this thesis waperformedusingGARS powder that
wasproducedoy D r . Il ver And AMESdab.dlss baah ofypgwdes tcomposition,
referred to by its AMES designation as-Td6, was previously studied by Reikf3] for its
application in HIP processing. This batch was chosen for the present LPBF trials not only for its
availability but also because the LPBF results could be directly compared to the previous HIP
study. Approximately 200g of powder from this bat€r-166, was provided.

Prior to LPBF consolidation, characterization of thel66 powder was carried outhe
bulk elemental composition of the powder showrTable 3.1, was determined by inductively
coupled phsma mass spectrometry (K8F5). The oxygen content was determined by inert gas

fusion (LECO ONH 836) referencilt§STM E1019for steels.

Table 3.1: Chemical composition in wt.% of the powder feedstock by ICP and inert gas fusion.

Fe (wt%) Cr Y Ti O (ppm)
bal 14.99 0.15 0.10 410*

Additionally, the size, morphology, composition, and structure of the powder was
characterized to better understand its influence on downstream LPBF processing. A Microtrac
S3500 laser diffraction particle analyzer utiigia wet method with ultrasonic agitation was used
for particle size distribution measurement. The powder morphology was observed on a JOEL
6010LA scanning electron microscope (SEM) with electron dispersive spectroscopy TEBS).
particle size was measured by laser diffraction and showed a volume distributieAf12%(for

the 10th and 90th percentile, respectively) and a median size of 33 um shown in Figure 3.1. The

31



distribution exhibited a limited number of fines, whishypical of this size distribution commonly

used for laser powder bed fusion feedstock
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Figure 3.1: Histogram showing the volumetric powder size distribution measured by laser diff@&tion

Figure 3.2 shows a compilation of backscatter SEM images in compositional mode (BEC)
of the asreceived and unused GARS powder. The observed morphology is typical of gas atomized
powders with a mixtu of spherical particles and ovals without a significant fines fraction. The
images show no observable inhomogeneity with a small number of satellites and dimples, similar
to those previously reportg€], where the surface oxide formation tended to discourage smaller
scale satellite particles. While these small features wecasionally observed in the starting

powder, most of the Y is expected to be intermetallig¥-e
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— () pm

() M d 20 pm

Figure 3.3: BEC microscope image of typical GARS powder showing a predominafeGhell with small regions
of oxides rich in Yttrium and Titanium

Figure 3.4 and 3.5 shows an image of a esgsdion of the powder produced with gallium

ion contrast imaging which gendyashows isotropic grain sizes in the range &f20 pm.
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Figure 3.4: Gallium lon contrast image of a cresstion of representative @66 GARS powder particle at 200
X(A), 1500 X(B), 3500X (C) and 6492X (D) magnification

500 N — 500 N w—

Figure 3.5EPMA chemical map of &allium lon contrast image of a cressction of representative GARS powder
particleshowing presence of elemental Yittrium indicated by yellow a@ywSTEM HAADF and EDS images of
regions rich in yttrium and iron near grain bdanies B) [99].
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Figure 3.6: FIB crossection of a GARS power patrticle {B8), FIB crosssection of the surface of a 58 mm powder
particle during TEM liftout (D) AES depth profile of the surface of a powder particleEB¥ line scan overlay on
a TEM image of a surface oxddF). Figure DF analysis was performed by Dr. Rieken onl®6 powder apart of
his dissertatioffi9]

Figure 3.6 is a collection of SEM, TEMhages ofa typical C¥166 GARS powder. TEM
and AES analysis of a 58 um powder patrticle revealed the presence of an oxidized surface on the
powder that was, generated by AMES I|algure 3.6Di 3.6F was performed by Dr. Joel Rieken
as part of his dissertatioon Cr166 composition that was created for HIP staatg further

information onpowder properties can be found in his disserta@ynFigure 3.6Ai 3.6C was

performed at NC Statg the Analytical Instrumentation Facility (AlFjigure 3. EDS line scan
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revealed O and Cr peaks from the crust to a depth of 50nm which was fortfiemed by AES
data (Figure 3J6) which was measured from the surface to 175 nm into the matrix showing peaks
in O, Cr. As can be seen from both FigureE3a@id 3.6, a small amount of Y is observed in both

EDS and AES line scan data sets.

3.2 Additive Man ufacturing Approach with Preliminary Cuboid Designs
A modified concept laser M100R with a 100W Nd:YAG fiber laser at ~1060 nm

wavelength and 40 um spot size, shown in Figure 8A was used to fabricate four (4) test articles
with a crosssection of 10 mm x 1hm upon90 mm x 90 mm stainless steel build platés this

was an initial study to check for feasibility, and due to limited availability of povade©E study

could not be conducted and as symrameter for SS 316kere used. Here the laggywer was

90W, the beam scan speed was 1500 mm/s, the distance between scan lines, or hatch offset, was
0.080mm, and the layer thickness was 0@, resulting in a nominal volumetric energy of 37.5

Jimn?.

Figure 3.7. Modified Concept laser platfornMNaC. State (A), Illustration showing how the GARS powder was
loaded into the powder feeder to maximize build height (B) and Photograph of the build chamber showing the setup
and location of carbon tape for collecting ejected spatter.
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Due to the small volme of powder available (~200g), powder was loaded on the rightmost
portion of the feeder tank and the powder spread was limited to 20% of the build area to maximize
the sample height (Figure 3.7 B).

Figure 3.8 shows the overall approach for which fotmaspheric environments were
considered: Ar, Ar+1wt% &) Ar+5wt% O, and air; the gas mixtures were ynéed research
grade cylinders provided by Arc3 gasses. For the first 3mm of build height, all four specimens
were fabricated with these parameters. Humosphere in the chamber was argon and was
maintained below 0.1% oxygen content. This was monitored by both the system integrated oxygen
sensor, but also by a RKI G800 oxygen monitor probe inside the build chamber. After 3mm,
the process was pausedddahe chamber was back filled with a{pnexed Ar+1% oxygen process
gas, and the process was restarted. Sample #1 was turned off, so only three of the samples were
continued. After another 3mm this was repeated and the process gas was replaced with Ar+5%
O, and building continued for two of the remaining samples. After another 3mm, the process gas
was allowed to run in an ambient atmosphere (air, ~21% oxygen) for the final sample, shown in

Figure 9B.

Air

Argon+5%0 Argon+5%0
Argon+1%0 Argon+1%0 Argon+1%0
Argon Argon Argon
Build Substrate

Figure 3.8:Experimental setup showing the Coptkaser M100R sample fabricatioA)( composite samples after
fabrication produced with 4 different chamber environments (B)jlarstration of sample fabrication and
atmosphere strategZ) [99].
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It is difficult to explicitly predict how much oxygen will be absorbed in the melt pool with

varying LPBF atmospheres, as well as localized compositional variations due to interactions

between the top of the liquid pool and the chamber atmosphere; tee@son sensitivity test,

oxygen was increased in the equilibrium calculation from 1000 ppm @@000 ppm wit.

Representing oxygen disassociated in the liquid pool to view a range of possible oxides.

3.3Results and discussion
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Figure 3.9: Equilibrium thermodynamic results for 100 ppm (A), 410 ppm (B), 5000 ppm (C) and the natural

logarithm of oxygen activity (D) at different oxygen concentrafi2gi.

X-Ray diffraction was used to determine phase content in starting powder and fabricated

solids in varying oxygen atmospheres (Figure 3.9). The largest peaks in the powder diffractometry

are the (110) and (211) planes for Fe at 43.55° and 64.8° for altioosdwith only trace peaks
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in comparison. The powder (bottom curve) contains a small peak at242\8hich is consistent
with iron-yttrium intermetallicsuch as FeY.. The peak is small and was difficult to refine

accurately due to its height compate the main (111) Fe peak and background noise.
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Figure 3.10 XRD results of powder (bottom) and fabricated solids with each respective chamber atmosphere: argon
T red, 5 wt% oxygefi green, aifi blue (top)[99].

When the powder is melted, the XREigure 3.10 shows that the small intermetallic peak
disappears, however, no prominent peaks were observed other than those for BCC Fe. Rieken

reported that Bl 07 was observed to form using HIP and 1200°C heat treatf@grtiowever,
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trace amount of the oxides phases in our study were difficult to resolve using XRD due most likely
to the micrealloyed trace amount of Y and Ti.

SEM and TEM were used to observe the microstructure of fabricated solids with the
chamber atmospheres rangingprh argon to air, where muisicale particles of varying
compositions were observed. The SEM image and EDS maps in Figures 3.11 are typical of
microstructures illustrating porosity due to-aptimized parameters where two types of oxide
particle morphologis were commonly observed; spherical and prismatic (lens or triangeddr), 1
micron in size, which appeared randomly or without obvious microstructural preference. The
solids fabricated in lower oxygen environments typically showed particles rich maiviyi-O,
while the sample fabricated in the air contained additional oxides rich YR TGfO as shown in
Figure 3.10. Here, the EDS maps illustrate botmi€r and Ctfree oxides where the larger-&r
Ti-O particles are most likely due to the abundasfoexygen present in the atmosphere to react
with the 15wt% chromium in the melt pool as well as yttrium and titanium either by direct

oxidation or by reduction of the €ich oxides.

10 pm  —

30 M e—

Figure 3.11: SEM images of fabricated solids produced in argon abrasphowing EDS maps of f3-Ti-Y rich
areas.
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Figure 3.12: Photograph showing spatter generation at 1% oxygen atmosphere (A) and the accumulation of spatter
particles at the completion of the test run (B).
There & likely a second contributor to therger scale oxide particles observed in the
solid microstructures. As illustrated in Figure 3.1/, a significant amount of spatter was
generated by the process in the form of both entrained particles and atmadfaotesl melt
pool ejected droplst In previous work bywr group on 318, it was shown that ejected spatter

in LPBF was often larger than the starting feedstock size distribution.

10 pm  e— 10 pm  e—

Figure 3.13 Backscattered SEM image of the spatter particle (A), EDS map color imageQdiirdd-Y, greenTi,
blue-O) showing typical micron scale-YI-O oxides overserved prevalently on the surface of ejected spatter
particles (B). Arrows indicate yttriuroontaining areas of interest
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In this study, after fabrication, we screened the powdens fine build area from the 90th
percentile of the original size distribution thus retaining these larger ejected particles. Figure 3.13
shows an example of +325 mesh spatter screened from the powder bed after LPBF processing,
where three particles are aggierated together. This figure shows SEM EDS maps fof -Ti-

O to illustrate the location of surface oxides, featuring the prominenshaysed Yrich oxide in

the center of the image. This lesisaped 46 micron oxide is observed on the surface of alg@d

liquid ligament ejected from the melt pool, which connected the left and right particles together.
The size and shape is consistent with the micron size particles in the solidified particles. It is
unclear if these prominent oxides formed in thét meol or existed from the previous melt layers

and were ejected out with the liquid ligament, or if the oxide formed from the as the liquid ligament
was traveling through the chamber atmosphere. Itis clear, however, that oxides of this morphology
and $ze are prevalent in solid samples with similar elemental makeup and would be incorporated
into the solid if melted into subsequent layers. The oxide particle size observed here is consistent
with spatter reported in other alloy systems where the oxagerfrom a few hundred nanometers

to microns in size and consisted of elements typical of reduction such as Si, Ti, Mn, and Al,
depending on the alloy systdi39,140] Also, recent reports in 316L have identified a number

of silicates present in solid articles ranging in size from 50 nm to nearly 2 microns, similar in size
and conposition to oxides reported in spatter for that steel system. In the present system, yttrium
and titanium exhibit the favorable free energies for oxide formation, oxides of this size and
morphology were observed prevalently on the surface of liquid gedespatter but were only

rarely observed in the original starting feedstock. From these observations, it is plausible that at
least a portion of the lareggrale oxides, can be attributed to ejected spatter that is reincorporated

into solid material durig LPBF processing.
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Figure 3.14 shows representative TEM images from the argonp,1%8@ QG and air
fabricated samples. Here the high angle annularfilelck(HAADF) images reveal oxides with
their associated Yi-O composite EDS map. The yttrium andritan-rich oxides were measured
consistently less than 50 nm and were ubiquitous, especially apparent as small, spherical oxides.
The micronsized chromiunrich oxides commonly found in SEM for the air fabricated solid was
not frequently observed at the wameter scale, indicating that the mdissited reaction for
yttrium and titanium oxidation is more favorable for forming nano oxides; although it is presently
unclear the relationship between composition, processing space and oxide size in these micro
alloyed GARS systems:igures 3.15 3.17 showsTEM images for the samples fabricate in Ar,
1% O2 and Air. Spherical oxides as represented in Figure 3.14 D & E at 180 kx magnification and

identified by very small XRD peaks a$YpO.

100 nm e JAT 100 nm e §A T : 100 nm weAr
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Figure 3.14 HAADF TEM images for the samples produced with LPBF in Argon, 1% oxygen, 5% oxygen and Air
with respective HY-O EDS maps[99].
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Figure 3.15:TEM For the samples produced with LPBF in Argon withYFO EDS map and selected particle EDS
line scans

Figure3.16: TEM For the samples produced with LPBF in 1% O2 wittyTO EDS map
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Figure 317. TEM For the samples produced with LPBF in with respective FY-O EDS map and selected
particle EDSine scans
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Figure 3.18: Nano oxide size distributions from TEM images for samples fabricated in Argon, 1% oxygen, 5%
oxygen and aif99].
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Figure 3.18 shows the histograms of the dispersoid sizes measured from TEM for solids
produced in the argon, 1% oxygen, 5% oxygen, and air atmosphere conditions. From the
histograms, the nanoxide sizes were found to be significantly larger in the ailore¢average
size: 29 nm) as observed by the shift in sizes mainly frorh 20 nm, as compared to the Ar
(average size: 22 nm) with oxides measured consistently less than 35 nanometers.

As seen in Figure 3.19 the naaride size decreases from the Amddion to the 5%
condition. The minimum median oxide size occurs at an atmosphere of 5% oxygen at 12.2nm. The
error bars in Figure 391A represent the fDand 9¢" percentiles of the oxide size distribution.
Figure 3.P B shows an inverse relationship between the median oxide size and the calculated
density of nanescale oxides. The highest density of oxides was observed in the sample produced
with 5% oxygen at 3.4x%0 oxides/mi. The range of nandispersoid sizes fathe 5% oxygen
sample are smaller than those reported previously for LPBF, as shown in the cumulative
distributions from this study and the AM studies from the literature where the size values for oxide
dispersions range from 18.05 to <100 nm for MA powdeis 100 nm for blended powdgewgth
one outlier at nearly 1 micron. This indicates that microalloying powders with -totiaeng
elements and exposing them varying levels of oxygen during LPBF has the capability of producing
nanoscale oxides comparaldeitaditional ODS processes such as MA but without the processing

issues related to oxide agglomeration or brittle structures.
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Figure 319: Plot showing the median oxide size measured from TEM, error bars indicate the 10th and 90th
percentiles of thexade size distribution (A). Plot showing the measured density of oxides per m3(B). Thickness
maps from EELS analysis were used to calculate volumetric oxide densiti{€9]C)

It should be noted that, unlikeany studies in the literature which simply assumed TEM
foil thickness in the calculation of th@lumetricdensity of oxides, the thickness measurements
and maps of the TEM I#buts used in our study were obtained using Electron Energy Loss
SpectroscopyEELS) zero loss method using the Digital Micrograph script developed by Malis et
al. [159] (Figure 3.B C). The electron Mean Free Path (MFP) in obtained for the regions of interest
and converted into a thickness using the method wieldls on the mean atomic number based

on the composition. The thickness area of the regions of interest were used to calculate particle

densities. The error in thickness measurement is estimated to be ~10%
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CDF Plot of nano-oxide size distributions
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Figure 3.20: Cumulative distribution of naongides reported in this study as compared to the current literature
[99].

Figure 321 shows a contour map of the Vickers hardness measured over a 5mm x 8mm
region that encompassed material processed in all four chamber atmosphere conditions. These
data show a general increase in the Vickers hardness associated with increasing oxygen content in
the atmosphere during processing. The average of the measuremehts/ &b/ + 27.2 from
the argon region, 148.3 HV = 25.4 for the region produced in 29%60.8 HV + 17.8 for the
region produced in 5% 2 and 170 HV+10.7 for the region produced in air. These values are
consistent with and fall in the range of LPBF of Of2&els with similar compositions in this study;
again demonstrating that ODS steels can be produced by in situ formation -aixde® during
LPBF processing of micralloyed powders without the need of MA or blending. The previously

noted porosity in theamples contributed to the variability in the hardness map, nevertheless, the
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general trend in the hardness values is in agreement with the measured oxide size and density

distributions.
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Figure 3.21: Contour map showing the Vickers hardness, measueed 8§mm x 8mm region of the LPBF
consolidated GARS sample encompassing regions processed in argon, 1%02, 5%02 and in air atfi®@@pheres

3.4Conclusions Drawn from Preliminary Cuboid Designs

The micro-alloyed GARS feedstock consisted of adrde rich shell and mostly free of
Y oxides or Ti oxides. Yttrium was instead found inside the powder as a stable intermetallic,
Y oFer7; The powder was found to have only trace amounts of second phasedrasexbhy EPMA
and XRD. The powder did show a very thin surface oxide which was not readily detectable in the
powder XRD but was sufficient to fuel-Yi-oxide formation in low oxygen PBF environments.
1 Solids samples were fabricated using melt parametemmeocially available for

316L stainless steel.
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The use of powder bed fusion techniques is preferred for this system as the rapid
solidification was shown to produce a fine distribution of spherical oxide particles
in the steel with no obvious agglomeoati or significant coarsening during
processing.

TEM was used to measure the nanoscale oxides, which ranged in size from a
minimum median value of 12.2nm at atmospheric oxygen content of 5% to a
maximum median value of 26.7nm for the sanfpl&icated in Air .

Sample parameters must be further optimized to improve density without
sacrificing oxide size or naraxide density distribution.

Solids fabricated in low oxygen environments produced misoate ¥Ti-O rich

oxides where the samplesoduced in air contained a mix of micksized CrTi-

Y rich and Y-Ti rich oxides, which agreed reasonably well with thermodynamic
calculations. The nanometer oxides did not show a significant amount of chromium,
regardless of the fabrication environment.

This study demonstrated the formation of a high density of nanoscale oxides in the
solids produced by reaction synthesis in the melt pool during LPBF; The maximum
number of oxides, 3.4x2boxides/ni, was observed for the samples produced with

an atmospherioxygen content of 5%. The minimum, 3.128L0xides/n3,
occurred in regions produced in air.

However, a bimodal size distribution was observed where oxides on the order of 1
10 microns were also observed along with the nanoscale oxides where micron size
oxides were found to have lens shaped and prismatic morphologies. The larger

scale oxides, at least in part, were found to originate on the surface of spatter ejected
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from the melt pool, which is subsequently remelted by the LPBF process. These
large oxiaes effectively sequester Y and Ti that would otherwise be available to
form nanoscale oxides, suggesting that the management of melt pool spatter may
play an important role in maintaining a high density of nanoscale oxides during
LPBF.

The observation ahicronscale ¥Ti-Cr oxides on the surfaces of spatter ejected
from the melt pool also has implications related to the recyclability of ODS

powders for AM, which requires further study.
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CHAPTER 4

4.1 Background Information

The preliminary results from chigy 3 demonstrated that the liquid phase consolidation of
GARS precursor powders by LPBF resulted in a high density ofs@ale dispersoids. This was
accomplished using legacy GARS powders from a previous AMES lab HIP consolidation study.

In this chaper, a new powder composition corresponding to ODS 14YWT, was produced by
AMES lab. The objective of these experiments was to elucidate the feasible LPBF process
parameter space to produce fully dense samples. From the densest samples, the oxide size and
density were characterized, and finally, tensile samples were produced to evaluate the mechanical

properties.

4.2 Hypothesis

The alloy in this study is termed 14YWT, where 14 indicates the Cr concentration (wt.%)
and YWT represents thedditions of ¥0s, W, andTi. This composition was developed at Oak
Ridge National Laborator{12,13] The compositiorof these alloys is a cruciab obtain the
desiredparameters like high strength and crbepavior Cris improves the corrosion of the BCC
ferritic iron [160]. It has been observed thattthe addition of Ti promotes the decomposition of
Y203 to form smaller but highly densely packedT¥-O oxide[9,30,161] Yttrium maintains
limited diffusivity in the ferritic matrixover temperature ranges&i0-1300°C andthereforehelps
to stabilizeY-Ti-O nano oxideafterformation[9,161]

The primary purpose ahestudy n this chapter iso map the process space of id&/WT
GARS powder fromAMES lab (AMES batch AS€l-81) by studying and characterizing the
microstructure and performing preliminary mechanical testing of teagkiced samplesThe

influence of varying the oxygen content of the LPBF chamber atmosphere was/asmated.
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The experiments were performed under various atmospheric conditions varying from Argon,
Argon + 2%, 3%, 5%, 7% and 10% Oy wt. Unlike the previous CL66 study, each sample
fabrication was performed under a single atmospheric conditetirae.For this studythehatch

spacing and laser beam speed were varied to create a process map which ensured that process
conditions ranpgpg from under melt conditics(less volumetric energy) to over melting (very high
volumetric energy) conditions we simulatedLayer height (0.025mm) and laser powder (95W)

were kept constanBased on the optical relative densities and Vickers hardness measurements, a
process space was identified which was used to fabricate a large block to demonstrate scalability

and repeatability and, a tensile sample to test for preliminary mechanical testing.

4.3 Methodology

4.3.1 Powder Preparation and Characterization

Table4.1 shows the mass and nominal size distribution of the 14YWT powder received
from AMES lab. The powder was screened by AMES lab into 3 distributions with a yield of 6119
between 45 um and 53 pur2{70/+325 Mesh), 24349 between 20um and 45 1825/+625 Mesh)
and1321g below 20um-625 mesh). Oxygen content was measinghert gas fusion using
LECO OH 836 referencing E1O0Tale 41l depits tisetremandeéca r d i
oxygen content of the powdeFhe bulk elemental composition of the-asmized {60Mesh)
powderperformed by AMES lab wagetermined by ICIMS, shown in Tabld.1. ICP, developed
in the early 1960®y Thomas Reets based on measurement of excited atoms and ions at the
characteristiavavelength for theneasureclementd162]. ICP-MS developed in 1980s is used
for elemental and isotope analysis and uses an inductively coupled plasms ICP (whichsserves
ion saurce) and ionized samplestoe asur es an at ombés mas[$63]ldny mas s

an ICP setup, the plasma is an atom source while in aiMi€Ehe plasma is an ion soulldé4].
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ICPis mainly used for samples with high total dissolved solids (TDS) or suspendedndulals
on the other hand, ICRIS is a preferred choice for traeel e me n t

detect trace elements in parts per trillion (or even lower in cases of some elemerdpadaf

analysig164,165]

Table 4.1: Mass and nominal size distribution of the 14YWT powder received from AMES lab (Batch 1£1- ASC

81)
Mass (g) Nominal Size Screen | Oxygen
Distribution (pum) Cut Content
(Mesh) | (ppm)
611 -53/ 45 -270/+325[ 928*
2434 -45/+20 -325/+270( 1034*
1321 -20 -625 661*

*Based on steel standavdll calibrate based on new data for

GARS

Table 4.2:

Particle size distribution (PSD) of the powder was analyzed ud¥igratrac S3500 laser

diffraction particle analyzer following a wet method protocol with ultrasonic agitation. The

Element Wit.% Method
Cr 14.03 ICP
Fe 82.1 Bal.
Ti 0.4 ICP
W 3.06 ICP
Y 0.35 ICP-MS
Zr <0.001 ICP-MS

Powdetomposition of the 14YWT powder received from AMES lab (Batch ID: AS&1)

detection

due

numeric distribution of the nominal 20um to 45um cut reveals a bimodal distribution with a

significant fraction of fine powder. Powder frord gm - 45 um and 45um - 53 um were blended
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together.lt can be hypothesized that retaining this bimodal distribution may result in improved
process ability during LPBF. Figurd.l shows the volumetric and numeric powder size
distributions for the 20 45 um, 45- 53 um and the 20 53 um blended powder. A significant
fraction of fines and a bimodal distribution is evident in the numeric distribution. These data are
supported by the initial observations of the powder morpholebich was imaged using a JEO

6010LA scanning electron microscope (SEM) samples (Fig@)e

Volume Size Distribution Number Size Distribution
4 Particle Size Distribution B Particle Size Distribution
100 20 100 50
S0 18 S0 45
80 16 80 40
70 14 70 35
o = = =
= 1] 12 = 1= 1] 30 £
2 so 10 § 2 so 25 B
L £ L £
o S a S
£ 40 8 = £ 40 20 3
30 6 30 15
20 4 20 10
10 2 10 5
0 1] 0
0.1 1 10 100 1,000 10,000 0.1 1 10 100 1,000 10,000
size(microns) Size(microns)
C Particle Size Distribution D Particle Size Distribution
100 50 100 50
S0 45 S0 45
80 40 80 40
70 35 70 35
= [ = [
= 60 30 £ £ &0 30 c
3 50 25 B S0 25
£ 40 20 2 2 40 20 2
30 15 30 15
20 10 20 10
10 5 10 5
L} 0 a
0.1 1 10 100 1,000 10,000 0.1 1 10 100 1,000 10,000
Size(microns) Size(microns)
E Particle Size Distribution F Particle Size Distribution
100 20 100 50
S0 18 90 45
80 16 80 40
70 14 70 35
= = = 5
S &0 12 ¢ .E 60 30 c
w c h c
2 50 10 E % 50 25 B
E a0 8 2 3 a0 20 2
30 5 30 15
20 4 20 10
10 2 10 s
(1] 0 0
0.1 1 10 100 1,000 10,000 0.1 1 10 100 1,000 10,000
Size(microns) Size(microns)

Figure 41: Histograms showing the Volume and Number Particle Size distribution of-28um (A & B), 45um
53um (C & D) and a 20prd»3um (E & F) after blending in an argon glovebox.
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Figure 4.2: Secondary scanning electron microscope images (100X, 250X and 500X) showing a bimodal powder
size distribution and generally spherical morphology.

4.3.2 Laser Powder Bed Fusion Experimental Setup

LPBF fabrication of all test specimens was carmed using a modified concept laser
M100R with a 100W Nd:YAG fiber laser at ~1060 nm wavelength and 50 um spot size. Figure
4.3 shows a photograph of the modified machine. Since previous trials, few modifications had
been added to the concept lageeffedively analyze oxygen content in the systéxirhor labs
CCS200 optical emission spectrometer (OE&3 aimed at each sample during LPBF under each
atmospheric conditiorOES is a method for determining the elemental composition of variety of
metals and ioalloys by digitally analyzing the visible and ultraviolet elemental wavelength of the
pl asma plumes generated when an el emfébt react
Emission wavelength is determined by the atomic transitions and emission intensity depends on
atomic concentration. Research by Lough et al., Everton et al., Lednev et al., have shown OES i
an ideal choice for applications where an exact breakdown of elemental composition is desired to

analyze inprocess failure detection by detecting and analyzing the spectral content of vapor plume
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and relative emission intensif$67i 169]. A stanford research systems SRS 200AMU Residual
GasAnalyzer (RGA) wasnstalled to sample the partial pressures of the chamber gaafR&A

is essentially a mass spectrometer which is designed for environmental analysis and process
control for vacuum systems. RGA can monitor chemical composition of the gas within a vacuum
chamber by ionizing the gases and then filtering them accorditigeir mass to charge ratio,
which then creates a current and the intensity is recorded as the outpuilsiQriadl] Research

by Nyman et al, Terrazas et al., Ledford et al., Frigola et al., highlights the feasibility and
importance of using an RGA to analyze and monitor the chamber for concentration of outgassing
including contamination for process mtmmi[172i 175]. As the powder sinters, residual surface
gases including oxygeescapes the system and can then be analyzéldebRGA. In ordeto

sample at high (atmospheric pressures) the R@gconnected to a Pfeifer HigBube turbacart

As the concept laser operates under gaseous conditions at atmospheric pressure, in order to
effectively measure residual gasaschambeiinterfacein the form ofa 4 um copper conflat
connector disc that has been precision lasidled with a 4um through holeThis essentially
created a controlled leak, allowing the RGA to operate undemBarcondition.Powder storage,
sampling, and lending all took place in a flowthrougirgonglovebox (right side of Figuré.3).

Data from RGA could not be effectively analyzed due to lots of noise in thé=tiaiee4.4 below

is a plot showing the output of the optical emission spectrum for 3 samvjilethe same LPBF
parameters, but different gas mixtures (Ar, Ar+5%0 and Ar+10%HK)3}. work isongoing and
interpretation is contingent upon additional data being compiled from the other samples,
nevertheless, the OES sensor is able to differentiate melt pools from the various test conditions
(Figure 4.4) These data are, of course considered with a mafgimor regarding probe placement

and instance of data collection.
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Figure 4.3: Photograph of the LPBF/GARS experimental setup and workflow.
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Figure 44: Spectrum of optical emissiof®ES)recorded for three samples during LPB&rgon (Dark blue),
Argon +5% oxygen (green), and Argon +10%ight blue)

During each experimental run, the process was continuously recorded by an optical camera
mounted on the outside of the IR filter viewpdrhis wasused to qualitatively assess the surface
condition of the powder bed and the fabricated sampMsng with the RGA and OES)xygen
content waslsomonitored with dow externakesolution (+ 0.1%) RKI OX600 oxygen monitor

whichwas installedn the system chamber and monitored throughout the process.

58



The experimental design was organized such that a standard 1000 series steel LPBF build
substrate (from GE/Concept laser) measuring 90mm x 90mm x 10 mm was CNC machined with
three slots 6.35 mmeep and 20.32 mm wide across the plate. -Carbon steel plate stock,
precision ground on both faces was waétrcut into inserts that matched the slots in the plate.
These inserts became the substrate upon which the GARS samples were producednglinenat
time-consuming step of using wire EDM to separate the samples from the plate for ana®3is. A
schematic diagram (ABD CAD file (B), and as fabricated plate (C) for this design are shown in
Figure4.5 along with the seven 15mm x5mm x 3.5mm sanples that were fabricated on the first
insert for each trial. To preserve powder to print multiple samples, powder was only spread onto
the first insert in this portion of the studjhe as printed samplege r e et ched &S#6
surface wheré@trepresentedhe sample number. Each sample had a unique identifier which was
used to dstinguish each samplBigure4.7 describes the powder loading methodology. As with
previousCr-166 trial, 150g of powder was loaded on tigdt side of the feeder such that only the

first insert got powder during f&oating phase. This ensured that sufficient fresh powder was

available to prin8 prismatic and 2 tensile samples without powdenge as much as possible.

B \

Figure 45: Schematic othe build substrate and steel inserts upon which the LPBF samples were fabricated (A) and
ISC-view CAD model of the same (B), final machined plate with slots (C)
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For each gas mixture, ~21 samples were fabricated with laser powder bed fusion in
accordance with the LPBF process parameters shown in Z8m@d Appendix A.Within each
grouping of 21 samples the melt parameters and sample placement were assigribd tesiaiom
number generator iNicrosoft excel.Note that to reduce the fresh powder consumption, for the
3% and 7% oxygen conditions, the only parameters that were used were those identified as being
within the fAdenseo0 pr ocrimenss. During ekmermeritatiom,nt wash e o't
determined that the gas recirculating fan was malfunctioning during the 5% anddl8%seven
selected cases of each experiments were identified as promising and were replicated.

The layer thickness was fixed @025mm, and the laser powder was fixed at 95W (the
maximum for this system is 100W). The hatch spacing was varied in discrete steps of 0.03 mm,
0.05 mm, and 0.08 mm. The beam velocity was varied to target a spread of volumetric energy
densities trials thaheat input models indicated would range from the very porous (due to lack of
fusion), very dense (>95% relative density) and ovelted (exhibiting swelling, instability and/or
keyhole porosity). The scan line length is an important parameter thabotegrto the local heat
inputs. Based on the initial trials wi@r-166 powder, a scan line length of 20mm was chosen for
this experiment. This breaks the melting of each layer into multiple 10mm x 10mm patches or
islands, the location of these patcteshifted from layer to layer by a set amount. Table 4.3 details

the parameters associated with the scan line length and islanding procedure.
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Table 4.3: Typical LPBF processing parameters utilized for each gas mixture (Ar, Ar+3%02, Ar+5%02, Ar+7%02

andAr+10%02).
Hatch Spacing L.ayer Beam Powel Beam Volumetric
(mm) Thickness (3/s) Velocity Energy

(mm) (mm/s) Density (J/mm3
.03 .025 95 1,050.00 75.0Q
.03 .025 95 1,700.00 225.00
.03 .025 95 380.00 200.04
.03 .025 95 434.29 175.00
.03 .025 95 506.67 150.0(¢
.03 .025 95 608.00 125.0¢
.03 .025 95 760.00 100.0(¢
.05 .025 95 1,050.00 250.04
.05 .025 95 337.78 225.00
.05 .025 95 380.00 200.04
.05 .025 95 434.29 175.00
.05 .025 95 506.67 150.0(¢
.05 .025 95 608.00 125.0(¢
.05 .025 95 760.00 100.0(¢
.08 .025 95 304.00 250.04
.08 .025 95 337.78 225.00
.08 .025 95 380.00 200.04
.08 .025 95 434.29 175.00
.08 .025 95 506.67 150.0(¢
.08 .025 95 608.00 125.0(4
.08 .025 95 760.00 100.0(4

Table 4.4: Scan line length arsanding parameters used in this study, the X and Y size determine the scan line
length. THe X and Y step determine how much this pattern shifts from one layer to the next and the angle of
rotation is the angle of the island about the z axis relatitteetgample X and Y axes.

Parameter Dimension
X Size 10 mm
X step 2.5mm
Y size 10 mm
Y step 2.5mm
Angle of Rotation 45 deg

61



A B
Figure 46: Example of the toolpath output showing the 10mmx 10mm islands on a single layer of a 7.5 x 15mm
sample. Lefsample has a 30pum hatch spacing (A) and right sample has 80 pm hatch spacing (B).

Figured.7: Photograph of the 1509 vial of ASIE81 powder used for each experiment (A) and photograph
showing how the powder was loaded into the LPBF powder deposftamber (B).

The chamber gas flow, at the surface of the posoger moves from left to right as
evidenced by the direction of the weld spatter in FiguBa.4zigure 48 B shows one of the sample

inserts after removal from the powder bed with seven samples.
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Figure 48: Photographs showing an example of the samples being processed during LPBF (A), and after removal of
the sample insert (B).

4 .4 Discussion

4.4.1 Powder Characterization

The internal structure of the powder particles was examined by TEM to determine the
distribution of elements and to confirm the absence-0i Wispersoids in the precursor powder.
Figure 4.10 A shows a TEM image of a liftout from a typical mediaad péticle. The arrows
point to regions along grain boundaries where continuous pockets rich in Y were observed. These
were often associated with discontinuous regions rich in Y with spherical and elongated
morphologies. Previous studies ustigl66compositons identifiedyttrium as elementalttrium
at the grain boundaries, in solution in the matrix, or as a stable intermetallic comp&end NV
11]. The labeled boxes in FigureA.refer to regions inspected with higimgle annular darkeld
(HAADF) imaging and EDS maps of Fe, Cr, Ti, Y, and O in FiguréB4.C & D. Figure 4.10

shows a region through the surface of plogvder particle. The oxide crust was observed to be
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continuous and consisted of a top layer of Cr and O, followed by a thin subsurface layer of Ti, Y,
and O, where both layers combined, were less than 50 nm as measured by an EDS line scan in
Figure 4.10 EDuring gas atomization, the interaction of the-@ch gas stream with the liquid
droplet resulted in the formation ofkinetically favoredoxide shell/skin rich in GOs. Since
GARS powders are intentionally oxidized during atomization, the oxid& wften slightly
thicker than traditional steel powder.@m-166 compositions, the continuous surface layer of Cr
O was typically < 150 nrfB].

Figure4.9 C shows an area near the surface and reveals the presence of Y near a grain
boundary. From thEDS maps, it would appear that these same regions are lacking in &ed Cr,
O. Figure4.9D shows a region on theterior of the particle. The EDS maps show that the internal
features, indicated by the red arrows, are deplet&t,ifii, and O, indicating mixed Y and f&
rich phases regions. These regions were identified-Be1 The bulkof the reactive Y & Ti
elements were observed to be available in submicron sizes individually or as intercellular Y
containingintermetallic which is critical to the process where they may be available for reaction
with the Croxideshell,which acts as a chemical reservoir during LPBF to form 1s&ate oxides

in the melt poal

64



100 nM == 100 M - 100 NN = 100 M - 100 nM = 100 nM

500 nm e S00 DM e 500 nm e 500 nm . 500 nm e 500 nm e

10 nm _‘ ] ] nm_ e | 10 NMm s ]CI nm_ s | 100.nm — 1(0 N ——
Figure 49: TEM image of a liftout harvested from a powder particle (A). The arrows indicate larger argasyrich

and the red arrows indicate discontinuous regions rich in Y. The labeled boxes indicate areas analyzed with

STEM/EDS (B,C, & D). The STEM/EDS images highlight the distribution of elements in the shell of the powder

(B) and the interior (C & D).
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X-ray diffraction (XRD) pioneered in 1912 by Max Von Laue, is a tool that is used for
identifying and quantitative analyze crystalline peaks in material (as each crystal is a regularly
spaced atom, it acts as center of scattering.), which can be usedtify ittee presence of
intermetallic and or elemental composition within the powder or solid sdfif#¢ When high
energy electrostatic and electromagnetimy beams with a wavelength betweer? 10 10 nm
strike the crystal, energy from the impact causes electrons from the outermost shell to eject, which
causes a vacancy, which is filled by the transff an electron from higher energy levels to lower
energy level causing the emission of a phqfiaté]. The emitted photon wavelength is captured,
and information can be obtained from analysis of diffraction peaks which are affected by crystal
size, shapeand orientation[177]. XRD pattern was performed on the GARS powder, and LPBF
fabricated solid to accutely identify and quantify the presence of nano oxides on the surface of
the powder and on the cressction of the as printed solid sample. Another reason to perform
XRD was to identify and quantify the phase shift of intermetallic in powder and soljglesam
Results from the analysis are shown in Figur@AXrom 1080 2d wi t h 0. 013 st er
ferrite Fe peaks dominate the spectra, and the effect of the laser PBF on the solid spectrum is
observed in the peak positions and relative intensity. ®he sample exhibited peak shifts -of
0.09,- 0.22, and0.25 , for (110), (200), and (211), respectively, as well as the increased intensity
in the (200) peak. These effects are most likely related to residual stress in the solid samples from
thermal cyting during fabrication. The XRD pattern of the powder showed minor changes
compared with powder diffraction standards-[I5-0696].

The inset in Figure 4.0 A shows a scan between 3hd442 d t hat hi ghlight
40.2 associated with umeltedW in the powder and, barely visible at 42.8 degrees, is one of the

two main peaks associated withFé7. These small and broad peaks associated with small phase
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fractions are difficult to resolve from background signal with standard Bragg Brentano XRD
sdaups, even with long scans and small step sizes. High EneRpy>Diffraction (HEXRD) is a
technique that over the years has been used for faster data acquisition for 3D structXRBb. HE
uses high energy sources and devices to generatdlimghigh-energy photons (>100keV) that

can penetrate through thick materials and bulk environnfen®. There are many advantagds
HE-XRD over XRD such as high penetii of bulk materialand smaller scattering angle
allowing for large range of lattice spacifiy8,179] HE-XRD on GARS powder was performed

at advancedphotonsource (APS) at Argonne National Lab. As Brentano XRD setup was unable
to identify with higher certainty and confidence the presence of oxides and W peak against the
bulk BCC Fe background, HERD was performed on the powder to resolve this issue, which
clearly identified the presence of thePé 7 intermetallic peak was confirea using HEXRD.

Figure 410 B shows the APS HXRD data between 830 2d. Her e t hemain pe
located at 42.507(220) and 42.795(303), are clearly visible against the background BCC Fe.
These data corroborate the previous TEM powder ctaization and confirm the presence of Y
containing phases that then dissociate in the LPBF melt pool. In order to investigate the formation
of nanascale oxides from th€ér-166 powders, TEM analysis was conducted to identify the hano

dispersoid elementabmposition and size.
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Figure4.D: XRD results between 10A and 80A 2d for the GARS
in 6A6 shows a higher r es ol-XRDiscansfrentAPS behndinewBeonfirBteA and
presence of the Y2Fel7 in the powder (B).

4.4.2 Solid Sample Characterization

For each steel insert containing seven LPBF samples, the steel insert was cut with a liquid
cooled alumina blade (for metallurgical prep). To improve the efficiency of sgmgpe where
possible samples were cut from the insert in pairs. As shown in Figuretlell PBF samples

were then crossectioned perpendicular to the long dimension (resulting in a 7.5mm x 4 mm area
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crosssection for each test condition). A 4mm thickslof this crossection was prepared from

the right half of the sample for metallurgical evaluation. This was potted in 25mm diameter cold
mount epoxy (MarkV). The samples were progressively ground and polished using a Beuhler
Ecomet 30 Automatic poligln. The rest of the rigitand sample was retained for future study.
The left hand samples were progressively ground to 600grit and used for microhardness

indentation studies.

Figure 4.1 Photograph showing a pair of LPBF samples after extraction fhe insert and sectioning (right) and
after cold mounting, grinding, and polishing.

The sample crossections were imaged on a digital optical microscope (Hirox) at 100X
magnification. Tiled images were generated from each sample using then bdifox tiling
software. The tiled images were exported in .tif format to imageJ. The region of interest of the
sample (7.5mm x 3.5mm) was cropped excluding the sample edges. The images were thresholder
using the auta@hreshold feature (note15% variationin the thresholding was also carried out and
only resulted in + 2% in the relative density measurements). The imageJ particle analysis toolpak
was then used to calculate the area fraction of the observed porosity in the cross section and
subtracted fronthe total area to obtain the 2D relative density of the samples (note this is the value
most commonly reported in the AM literatuf@g0,181]

Figure4.2shows a coll age of the tiled i mages fr

atmosphere group as an example. The first column shows samples fabricated with a 0.03mm hatch
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spacing, the middle column shows samples fabricated with a 0.05mm hatch spdding third

column shows samples fabricated with a 0.08mm hatch spacing. The beam speed variable
decreases from the top row to the bottom row. To reiterate, the purpose of these experiments was
to span the entire process space, so it was intended tresaomples fail, some samples be porous,

and that some samples fall within the process window. Sample S11, for instance, has a large hatch
spacing and a high beam speed, consequently the energy input was very low and the sample was
porous. From these imagjeand the associated relative densities, we can also see that samples S2,
S3 and S10 show considerable promideesesampledhad a relative density of above >9&#td

analysis of recorded vidgevealedhat these samples were stable throughout themyiptocess

and werehence crucial to identify théeasible process space. Further micro&mlysiswas

performed on samples S2 and S10 to confirnrékalt obtained via optical density analysis.
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spacing combinations.

The numerical value in the bottom left corner of each tile in Figuizig.the volumetric

energy density. The volumetric energy density, E(J/mm3),is often represented by the simple

expressionE= P/vht whereP is the laser beam poweris the beam velocity(mm/d),is the hatch

offset(mm), and is the layer thickness(mmand is a common means by which to visualize the
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processing space for a given alloy or set of conditibhs.plot in Figuret.13 shows the influence

of the volumetric energy density on the optically measured 2D relative densitly sasfmples
across all paameters and atmospheric conditiohkere is a convex trend that appears where
below some critical value, the relative density drops shafpiglyzing the graph, it can be noticed

that the value in this casernsughly 100J/mm3.Then a stable region mhich high density can

be achieved followed by a high energy density region in which the relative density is reduced either
by process instabilities (e.g. sample swelling) or the formation of keyhole porosity (from
evaporated metalhis graph helps to @htify a suitable working process space which is devoid

of any process defects and is also dense and hard.
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Figure 4.B: Measured optical relative density as a function of the volumetric energy density (E=P/vRL J/mm

The following Figures (44-4.18) show maps of the volumetric energy density (JJ/mm3) as
a function of beam velocity for each of the atmospheric conditions that was studied. Lines of
constant hatch spacing are plotted and the experimental data are colored according to the measured
relative density. These data provide a compiled visual representation of the entire processing space
and identify the most promising regions of interest for further evaluation. As it can be seen from

the graphs, for all the conditions, the optimal beamdsped hatch spacing that yield good results
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(>99% RD) lie in between 400600 mm/sec and 0.05mm respectively. In the case of Argon
(Figure 4.31) a region along the 0.05mm hatch spacing line with beam velocities between 400
mm/s and 800mm/s resulted in gaes with the highest relative density (>99%). The samples in
the Ar+3%02 experiment (Figure &)lall exceeded 99% relative density, note again that these
samples and those in the Ar+7% experiment (Figur@)4akre intentionally carried out using
onlyte Aibest o parameters fr om B, foetheAre5%sase folloa | s .
a similar pattern to the Ar case, here again the highest density samples are typically found along
the 0.05mm hatch line. The data from the Ar + 10% experimemdsdeo be much more scattered

with several samples achieving high relative density.
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Figure 4.4 Plot of the volumetric energy density (E=P/vht Jfnhas a function of the beam velocity for LPBF
samples produced in an Argon atmosphere

Figure 4.5: Plot of the volumetric energy density (E=P/vht J/fhms a function of the beam velocity for LPBF
samples produced in an Arger8% oxygen atmosphere
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