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Oxi de dispersion strengthened steels are a

stable nanoscale oxides for improved mechanic
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temperatures.umeacrieasdemgsitthy ofolt hese oxides |
which i mproves diAgersionaktbengthesiof.this
steels is Iimproved hakieumomamaagame omedmdhagesi
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make this category of materials veltw prdmrsio
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nucl ear reactors have been designed. Due to t
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to have stable structur al materials that have
favorabl e mechanical properties, resistance t
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well as corrosion resistance supplied by chro
promising candidate for structural applicatio
exception e® dGhipodDScenr osi on resistance i n
reactors, in wlhiashe dc add o9DBS[ a@r]iec kndlr e sui t abl e
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met all urgy technigues, such as hot extrusion,
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recent techniques used to sinbdbaege dDSo rsg eleil d atoi
spark plasma sinteringgdwardc emd Mt ss pirra ya dnkeit thiowe

| i guasdded consolidation processes are becoming
Shown inbd&ligwrer e yield strength values obtair
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l1.12fterature on Feedstock Effects on Precipita

1.2.1 Processing Routes for ODS Steel Feedsto

One of the most i mportant variables that c
feedstock usedPofwdre rc ounsseodl ifdoart icooon.sol i dati on co
techni €Cwoemamer ci al st eel powders typically do n
oxide production, and additi onalLipsrtoecde sisni nTega bil

bel ow are different powder production technigq

with these techniques.
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on ODS steels produced through casting and ad

relevant to this study.
1.2.2 Effect of Yttrium Additions

I n order to produce nanoscale oxides that
add el ements that will readily oxidize upon c
this study is yttrium addi tciipndg.adiOf[loak,o f&alvdi g9,
90Q]visQ 74, ,88Y0/[9613, 74, YHL7.6801] 92 okbEEs
andAlY oxb5&es 81l,n 9OBDS BS4]leel s consolidated via I

t wo aspects of yttrium that make it extremely
steels. The first aspect is the | owtsoliumidbkit
solubility in iron is |l ower than O[ 99RIOn at % a
contrast to this, experimental results show t

0.060 at 1153 K to 0.029 at 873K, and calcul a
yttrium in iron at roqgdm.6tjlathdetaboael ys wattOi

o

avail abl e o020y ge€elmetranofdoyrnmm ¢ cal cul ati ons for
titanium and oxygen have ssbwenmbhaobnai sl 6weor
Y-Ti oxi desi @®s&l]Thie pr Osaenndc eTioNf wi t hin Ritrogen
al | oy2e2d&GrF®AIS0TiI26Y (wt %), shows that the combi
titanium, nitrogen, and |l ow amounts of oxygen
[ 5.2]

I n the case where there is insufficient ox
resulting im[ 4Fe,8NigBNMRIPBDH®EO9Jdss both solid
based processes. Formation enthalpies of yttr
preci,pivwiattbbeFHeng t he most stable intermetallic
andYFei th approxi mately D9.8PFurtt% ert tirn wers tiing gt

thermodynamics of these intermetallic has bee
of thifdodtflmdywast alloysytthou@a@hNwenonanl bby1. 6
without oxygen | ead to the precipitation of |
for dispersi[oB9|Meaawhpti heni mghot 1 sostatic pre



t he nanos[c&T]Jee vifiodrermecd ng t hat i ntermetallic mor

precipitation can vary due to the consolidatd.

I n a study by Yin et al. ODS steel with va
under i dentical | aser powder bed fusion condi
milling. l ncreasing the yttrium caonngtee notx ifdreo ns i
but i1t increased volumetric oxide density and

attributed to oxide aggl omer aftli @IN]T bies ngl g o mo
formation has also been observed in LENS cons
contributes to the -Tioramait ®.d{T lwefr enfiocrreo,n ystctarlieu n
cruci al role in the formation of precipitates
types of oxides #ggathilgdhw oxxyywyeean |leevwedlIss, Yand i
insufficient oxygen. l ncreasing yttrium conte

has been shown to promote additional oxide pr
1.2.3 Hiteadiddmfti ons

Titanium is added to ODS steels to help fo
within the iron matrix. Across I|liquid based c¢
formati on, ga[ersAuyl f@GInbg0 Vi T4 O @ {TWO Y63, 91]
Thermodynamic cal cul ations shoWw tohxaitd-ewsi tahn ds uTfi
oxides become favorab] @9, n9hlha etedegenper bdr mme
et al ., the castimngdditaaoan®DSesalul o®Padwvitohh tafine Of
average size ofTes@6thmanasveehlgeasi ¥meter of
evidences that titanium can play a cruci al ro
stée8P]Titanium additions has-:2sahlesl obOzsounp gfamt @ch t |
LPBF consoli d&8tldgdnO®Ssepaerbhte study on printe
titani ulm atowG@Gr Fel | oy resulted in the formatior
textur e, i mproved tensile strength, anals reduc

within th®23materi al

Il n the circumstance where titanium i s adde
concentrations below 0.2 at% titani um, and ab
bet ween | attice parameter valrtatdong ahdtbenm

(0))



det
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rmined no prior titanium oxidation for med
ni umbés abil ity [tld 2fMéhrim ea osxoyl guetni osnu pwpiotrht si rt
steel, titanium nitrides @as2 ftfo%3aped uan chaelbli de
observed in DED [ah&, &SAM3ipmr i prtiemdt €O Smasrt aecei
titani uml®4Alr irdiesh preclipltzmjisi berenanodsHir ved. I

e
a

titanium oxi des, It is not the only el ement t
e
n

bee

formation of nitrogen atomized powder, and in
addi tions Ti N ha2,.b¢leadgtolbys,eravsedan all oying el e
that titanium h&0pp stabilize ferrite

1.2.4 FEFiftreokdaiimt i ons

Zirconium i s addemposi tihen OD& moeaiedly preci |

Among | iquid based consolidation techniques,
YsZ501d n ODS st eel pl roddhudc dJoONRSi VA t LhHpBnFi mh @ da snat er |
LENS consolidation resulted in th@ahdr mati on

YsZ 5014 9.2]1]For current additive manuf acdmutrainmgi g
ODS steels has involved the dielhhpattpbh@&petic
el ectrost at isLsO@abasnoa ppat ri toinc |oef-g efpoSrdehpda rtende bnyo rseo |

traditional rout ¢ 9.@81Whmert haans tc,al ziald oryii nrg addi t
formation of micr on-ZiOSc lawkKdZ @Wiss @enwms tr mag sfub
Y-Z+O-S preci piBfilan itome absence of oxygen, zircon
of intermetallic. WAenioaetmetahlicohommenean
varies with ther mal hi story, =#stsoesfdefaltOI]reat men
Additionally, studdrest pendoy meidag-hd&mhleay showl
intermetallic phases [fldrOna nadt cealsaef/rant eada nt lednd etr ca
format isZofnl o] Alt he case of solid state ODS st

zirconium to an ODS steel containing yttrium,
YiZ§Or0veTi Yoxi des, i ncreasing the volumetric d
reducing grain size, and I mproving strength a
[ 112Whil e these results ar el ipguamperso megs s & urwadtel
be needed to determine if zirconium provides
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manufacturing of ODS steels. Variations in pr.
been obse€rrAle¥-ZrnaFé oys. Thr eZuw@ hp rhioma reixIt y ufsa roms
foll owé&®d, AWO,Y and 128Meanwhil e, in a printed s
of addiZuO.An@G&apyendage siTiucti crheo xamaesYwith 1o
i n bhe&c¥Yystal structure formed. A heat treatm

consi stent sAd50.ronxaitdieosn eovfi dyencing sensi fi9R2ity to

Thus, through Il iquid based consolidation, zir
strengthen the steel, and in environments wit
intermetallic.

1.2.5 BfiuexcAadadifti ons

While this study does not focus on al uminu
di scuss aist @ e@fofpaudtag addini ODSt st @eBSssceabksl id
processes, a thiuAp8sspbpvemsonhtithbhgmcria&si ng

aluminum additions has been shown[iLbddkheduce i

i mprove corrosion resistance in conpllrdjsmn t o
the case of a |liquid based process, <c-asting,
oxidation treatment increases corrosion resis

[ 118] n addition to surface oxidati oAl @Xiuddaiu
[ 55, 81, A9 3y i[eshl],o x9i2dkl R0 lanD[ BIPMeci pitation wi
matri x across ODS steels consolidated via |ig
treated LPBF cAnGpiedapetdasierl way identified
AbOshas been identified in92ENS a@aonObfisueeld POI
LPBF in a nitrogen atmosphere, aluminum nitri
aluminum oxides had an average diameter of 49
role in the size [d8.6]JMiicbruothAil osne ad fé edyi shpesres ddieedn
mul ti pl[eb5s,t uddh,eslh0I]Jesults in | ess oxygen, ytt
the formation of nanoscale oxides needed for
Al oxides is sensitive to LPBF printing at mos

increased the am6.8 hAd dift itchreaslel yo,x iwdheesn i ncr easi
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FeCr Al ODBiOabkodatYon becdaAmr2, fasv oavaadillea olves ralYL
within the melt poolbodépingt ¢ € mpldegalt]lailr iemii sumé&sa

1.2.6 Bikfyeg®dantodnt

One <cruci al el ement needed for the synthes
incorporated into ODS stAerdtfhaetnt roirng op cawderi dea

oxi dati om -agsoemieznedd opowldEe9, ph2@hasebeen det er mi
of water atomization over gas attohm z@EdawabGnr i nc
|l ncreasing oxygen content within the printing
number of oxides present wi t[Mi3n QOD®SHosit@eldelrs, c o
oxygen additions to the printing chamber can
the printing of tungsten, idar doadixgmte nwiatf li ierc
[ 121 Experi ment and simulation results on LPBF
oxygen incorporation tienr ntsh eviaad |tohyd thNadr aanl goenri fe
Meanwhil e, a balling effect 1 nhmptedt et OBBi $1
[ 123, 124t he case of LPBF consolidated oxidiz
oxide | ayer that forms increased | aser absorp

powder bed, resulting in a wi[deer] bead width a
1.2.7 BNiteogeof and Argon

Ot her gases present during synthesis of po
mi crostructure. The use of a nitrogen printin
formation of nanoscale nitri des owintghtihre ntimeg md
the stdgeBlO]mddritxonally, both oxygen content a
LPBF printing parameters, and oxygen[80htent
Argon present during atomi zati onmmea nedhtmeacphpaendi c
wi t hi n t[hle2 S5pjoevgdwelrt i ng i n adr gwint hbi enc ot nien gc oennstorl ai
[ 126, 127 study performed by G. M. JanowsKki,
a backfill gas duri ng tdes aanoawmitz atf Th2a8h]gl roeva tplay
the use of nitrogen atomized 304L powder over
strength of LPBF12®8hspoalaiodeaotne d os tgeaesl sat omi zat i o
nitrogenwatrerargtommhaeldowewdeascski ng density anc
N



mor phaowholgas | ed to | ower hbaesa b eheeni gchotnss ow h edra t setde
[ 8.8]

1.2.8 EfAccittsi dmalm Al 1l oying EIl ement s

Tungsten and chromium are both known to fo
chromium forms a passive surface oxidation th

consolidation of ODS steels via |fgpiecbpisteat

with these el ements, based on consolidation p
i mportant to note that increasing chromium co
ability to absorb nitrjopg2&Tdngsngnni sradgeadat
steels to further strengthen the material, wh
ODS steels, but excessive amonmntt bDhetuagses ep!
st e e2l0s]

Common commercial austenitic stainless ste

nikel as an auslt3ednsitlei csam,bimamganese,[5@hosplhor
[ 13In]d mol ybdeni®m7i.n1ll3Mpa s3I ®@£LlLl ODS all oy conso
additions |l ed S0 okedesr mani ohadm Whotthh& 16y pi
consolidated via LPBF with oxidized 316L powd
segregation can be obser vedusasd almy imdpad,ranluil c
131]In multiple studies on printed ODS steel s,
di sl orciadh oenér U@ Br,eld8Md have been s halwnsttabiilnict
of thi s[ 1s3t2rjJlutctiug ei mportant to note that the el

structure has ffaesmr sahwawn ftrow tthelseafced]l e astt mairc
1. Powder SiQlesé&rfvedtisn Additively Manufactur e

Whil e chemistry typper ihmtsed ORI gst edlfse,ctp mwmc

maj or feedstock characteristic that is tested
that | aser absorptivity delcadeldsebkatwwithel ayper
used, as wel | as printing parametef$34hn infl
Further more, | aser deposition of an RAFM stee
steel production using mechanically alloyed p

N O



required to prevent porosi[ty8 ,whid3ebgudiyng viaarn qad
GARS powder sizes used for ODS steel product.ii
influences on the precipitation that for med.
oxi des, which was atitnrgi beu teende nttos nboeri en go xtirdaep pfeod
t he f i ne8.7pjlowder

1.3 RemainiaboQueBeedossock Effects on ODS St e

Powder Bed Fusi on

Studies across additive manufacturing and
regards to the tygesrofbapleddqippridtcaetsisd m gt lnadt ODS

powder chemistry is adjusted. Additionally, a
changes in additively manufactured steels as
Si ze awagsed.h However, no current studies have d

feedstock has on the precipitation within ODS

Below is a |ist of questions addressed in thi

(1How does the GARS powder microstructure vary

chemistries and processing conditions?

Whil e trends hianv emibcereons tweulclt udroec ument ed i n pr
powder processadi wibohsdiah8&@c b ®bishhils3 ésst udy air
more context to this subject. I n Chapters 4 a

varying chemistries and produced with differe
high resaludi 6fhr saotiisen oamndltercdm on microscopy

nanoscale features present.
(2How does GARS powder microstructuré& vary actr

Similarly to the question above, stuWwdi,es hayv
136,. 1BdWever, hn gyh diefsfol aad tiioomn xand transmi ssi
phases present within steel GAMRISo fiekals t dad ki toif ¢
insight into the effects of powder si ze.
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(3How do variations in the yttrium, titanium

powder infmicewmwmscse rulce ure of ODS alloys consol

Whil e previous studies have IiLiPBd|l wed ntgh 66 ARISo
powdelB, ®9he have dihreectfifyecdadesmmpavheodadkeeepheqi
processing conditidpnprebepsamei ohnaC€hapseprin
from foutryped f@frheafrvéee dbseteonc ki dent i fi ed and quant

feedstock chemistry. |l Bgadsdit nbo depODSostekeé
variations in yttrium, titanium, oxygen conte
(4How do variations in GARS powder size influe

consolidated via LPBF

Il n current | iterature, only one study was f o
steel consolidated visanbPBPB/) odmnd5se8lh eni fEeh@PpRitBa C
ODS steels were produced via LPBF under ident
using fine, medium, and coarse powder particl
atomization batch. Observations of the porosi
guality as a function of powder si ze. Nanosca

guantified to determine how GARS pPacwders sihzani
and powder size changes, variations in oxide

precipitation.
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CHAPTRERRAaterials and Met hods

The objective of this chapter is to descri
and pmatneé reidhd ssc rainkde how t hey were characterize
feedstock conditions, all/ printing parameters

across all experi ments
2.1 GARS Powder Feedstock

Four batches of GARS f ewdpd ockded burAmeg I
Labor.atHargyh purity (99.9%) all oy compocasntt s i n
master &Llrl -WFe¥F, € Hee, alndr )JFewere | oaded into a zi
within a @gablbetlt &wi zddrows t he vendors wused for
The-CFeall oy was p-poducefdi Vi acTasg-¥YiFeod Wai il egée
were produced t hW oiumgdgo tasrdcweceads tghnrgougrhe pl as ma

TablSouwr ce of raw materials for GARS powder sy

1-81 1-8 7 1-89 1-95
Fe Tophet Corp Electrolytic
W REMBAR Co. ASTM F288 Bar
Ti Fine Metals Corp 99. 9994¢
Y Ames Lab Refined Y
Atl antic Equip. |Preal |-Oyeslupel i ed
Cr CRL20, 99.99|All oys
ATl Speciality Al
Zr Sponge
Once the components were melted under argo
zirconliemadiumege-ctoau pd edl mademi zati on gas die in t
When the molten met al reaches the chamber, It
contains a controlled amount of o0Xxytgheen. Met al
chamber, resulting ihnasplhheaiiddc &le dshtoaneslf aghaewd da b

processing parameters used for each powder ba
N2



Tabl ePédwder batch annotation, oxygen co
Powder Al l oy E/ Oxygen C¢ Melt Or At omi z
At omi zat| Di amet e Temper
(ppm) (AC)
1-81 Fe, Cr, 1760 0.1009 1750
O
1-8 7 Fe, Cr, 2000 0.117 1850
O
1-8 9 Fe, CIT,i 1000 0.125 1800
O
1-95 Fe, Cr, 1000 0.140 1775
Zr , O
Bat e8Bhl was based on the 14YWT

hi gh ssttteeeagt by s

yttrium and oxygen to see

oxi desonpohi-8@&tiiont hed

the atomization gas, 1in

195 was created to observe

substituted for zirconi ufb5
The composition of

masstspméeCHM®ahd was

varying sizes for

obt aperedsi ze

batch

where each curve is a

the horizontal -diaze

narroameige stsh a e

t o

oxygen

provi de

r anget of ourn deearcsht acnhde at shsel rofxuyngcetni ocno nc

mor e

content

dat a

i s

order

points

i f

t o

effectanofumziat oms i
b B8eOmB a me i an

Ahe

mor e

wa s

of

si e

repgesemseadpelbat ¢l
t holsasesepgoWvwdeondeldi dvatsieo m seerdd
dheskheresyges
signi fi clama |t dimigzhetri dm dan

composition,
vialho#®B&8wasusinoenti onally
t hese
sam8lcwmpbsiati oweasokyg

oObserve

eachipdwadern viedtycltowapd em
s hoblfalb® ®w dbe r

evalomatiogasffosygenmeasteal

ved

(chemi ster.y )Thend epawdesmeosi & haersee snmhecavsnu
c hemitstrr yi,n ecaacchh psaiernvte di

NT

nt ent

Si eve.q



strong role in the oxygen content within the
substitution of half the titanium for zirconi
the atomization gas.
TablGhebmi stry of each powMS®ri b aweihg hme apairr can tv i
SampliPowdeChromTungsYttriTitanZirco|lron
| D Si ze
181 -150 14.03/3.06|0.35|0.40 |N/A Bal
1-8 7 -150 13.20/3.01|0.47 |0.39 |N/A Bal
1-8 9 -150 13.30/2.86 |0.33|0.40 N/A Bal
195 -150 13.19/2.96 |0.37(0.18(0.42 |Bal

1600

1760 ppm oxygen in
atomizing gas

1400—+ .

- p 2000 ppm oxygen in

g \ atomizing gas

51200-

%J —o—1-81

£ 1000 -

g —-2-1-87

8 -=+-1-89

3 ot 1-95

c}:soo~

600 +

400 T T T T T T T

0 20 40 60 80 100 120 140 160
Powder Batch Size Range [um]

FigaOeygen content measured via inert gas f usi
powder si ze
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Addi ti evmSalmelaGRur ement s we8 ¥opeéegfioamedomposh
powder sieved to batsbesi bfowvheyi aogemi gesy ch.
presennctaisom dfu powdedrows isheo.wsTabhlagg 6o signi fi
chemistry are present in the GARS batch as a

TablGhebmi s t8rly pofwdler batch of different powder

Powde|[Chrom|{TungsiYttri |(TitanjCarbof(lron

Si ze

15 Om13.94|2.97 0.40 0. 37 0.005|Bal
-45+15/14.11|2. 97 0. 34 0. 36 0.003|Bal
53+45/14.001(2.99 0. 34 0. 35 0.002|Bal
2 . lezaser Powder Bed Fusion Consolidation

The primary focus bDhet &ff f ausstisndgy dii § f el eert v iG
feedstock on the microftneot udatttorbopelit ndielde OtDI
mel ting .afm mmis® section of spread. powder ove
Subsequent | ayers are then spread and mel ted,
bl ock. It is Iimportant to choose appropriate
density of thTeheprgonatle df ommateearcihalpr i nt Tvachd et o pr
bel ows sthimev printing parameter g ewsudd st d rpmo du Q¢
styddyghi s set of parameted8¥owiagi nakepotvmipeas nsoob
with a powd®&m isn zar @gdn 2®8nd achieved an optical
this density may nfode et ioctekilsi ciampeodr taacrrto stso au sl €
conditions, and based on density values, thes

steel producti on.
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TableP7inting parameters used to produce all

Printing Paran Val ue
Laser Powder | 95
Scan Speed [ mn 507
Hatch Spacing 0. 08
Layer Thicknes:s§g 0.025

23Sampl e Pr ep@hanaotherainddati on Met hods
23. Lnductively coupled pl aMSna mass spectrometr

|l nducecowpell gd plasmaimaas tegdant gamettrhyat uti
i oni ze atoms Wiitthtuigrdh e f mat esrpiexlt.r omet er, i1 ons ¢
their charge to mass ratio to determine the p

this technique cannot be used to reliably det
t heotmain variables in this study, it 1is cruci
are being used to produceMSOR agtacH BMS a&zmd i tomu s
measurements WwWNeSLe Apnearlfyotrintead aats wel | as Labor a

23. Pnert gasedQsi on

|l nert gas fusion measur emefntgasaags. oby amelletdi
samples in an inert atmosphere with specific
nitrogen react to form a gas. An infrared |ig
system. Gases intoer ftdree |l wigthh tslhherafkei ltioty efach
interferedeéeerminsettheoconcentration of gases

formingThdlesesmentypes of measurements were pri ma

each pawdcerr, as the oxygen content can influen
potentially their di mensions. However, in som
via isnefruusigpan measurements and noted. These ty
AMES National Laboratory, CAMAL facilities at
Testing | nc.

Il
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2. a3 ticl eysSisze Anal

A Microtrac S3500 |l aser diffraction partic
particle size distribution. The powder partic
the powder. Uneven sprdeddicng dfn pdved eoro wadeerr |, | e
in regions where | ess powder is present. Addi"
| arger powder particles can | ead to unmelted
guantitiesomwnft pseewsleerad le gprfams are added to the
mac hasneve lsdr fascdlaineéd T.r i Thoen nXalcOh0i ne ai ms mul t i p
the powder in solution. Based on the diffract
vol ume of individual powder particles and gen
was usadutre meéze distributions of powder of v

the same chemistry but sieved to different si
2. BEM | magidn®Rel ati ve Density

Scanning electron microscopy was primarily
prepar atQuoankrtto@®. thEM I mages of the powder were
mor phol ogy of t he poowdseerrsvaaad o@eé zieSEE@MBIt madped a ©
oftross secti omreidntasn dwerod i shhteadi ned t o descri be
within sampl isntéghde zpmltirash! evi t hin the pores v
interior features, porlousaitteya esdahse nernatcaeld nbayp sh awe
obt afi nemoa mpulsei ng scanni ng Telneatgryo rd irrsEapoerr 9 ov@Ep yX
spectros-Ebpy ISEMwhi ch a focused el-eays oamibt @ enc
from the surfTAce anes geréoremeéd on the Quant a
Scanning EI ecitHi dmcMiicrSAU8c/rdd@e at t he Analytical

2. High Resd®layt Do fXacti on

Hi gh r esrodyutdiofnf-XXKRO) i pat ( BERNs were recordec
varying sizes and eBWM maits ttrhiee sAdovma nbceeadm|Pihmoe 0lnl S

Argonne Nati onal Lab. Sample powders wese coa
with the use of Dow Corning vacuum grease, i n
measured diffraction signals. The data coll ec

N



wavelength of 0.46 i, and t heawdahbhasaiwsd epfcol | e
0.001A and 0.Di fsfecaontdi @rerp sttte®@rr.ns were opened
identified bypacmpasi ®bnveaoi dus phases on the
Project ClSaAtISRbh @3 eyl d r ef | bhavapn tu sseaf tthpehrgqes aat i f vy
present in each size range of powder. This da:
observed in TEM, it also veri fi ebDsattah aatc qtuhiessiet i
Argonne National Laboratory dvaRi etevélod meaf ibrye
performed by Dr. Jenny Forrester.

2. Fokused ISampBeamMrampar Btamami ssion El ectron

An FEIlI Quanta field emission gun (FEG) wit
samples for transmission electron microscopy.

depositi-hgeealmayger s of thin platinumosiwthit i ak

|l ayers of protective platinum, and mil|l mat er
sampl e. I n order for deposition to occur, a g
are sent towards t heunsanphlre utgcdh iamgshea nitenst Foidg ysite
bel ow, a panel of materi al is removed from t h

approximately 10083@0Katv whechrposnar20@bl e to
This form of sample prepar atritoinc lweass aunsde dp rtion tpe
for TEM c harnadc teexraingpd teisonmo fe atcthe apreo sehsoswnf a n  Fi ¢
belBwior to FIB sample preparation, oawnared s
polished to 2200 wgisi a mkEhe ¢t¢emnter of t-dhiet cr os:
from the center of the sample ensures that no
observed in TEM, and polishing helps remove o
the TtoOMLtIl. i f



Figurd&l®8 Sample Preparati on8X)o,r s3Bowim ¢ o(wad)e rp
deposition-cgn mau redriatada rddpty @a)r ound sampl sampt em

after transfer to copper grid, and (f) sampl e

Figurd&g&l4d sample preparati-ah powd©ODSIi staegompy i
pl atinum depos-c) i mat eruita tarnfda gde ,0o u(nkd s a-mpl e per

sample after transfer to copper grid, and (f)

=0



Transmission electron microscopy was util:
data. The two TEMO6s used i ncadTudeahd@F80h etrhmos-i s h
technique, electrons pass through the thinned
2di mensi onal I mage of phasTehse pfriersseentt ytpher oou g hdoal
bright field imaging, in which the | east amou
composition, thiclkness,enamd iornystrealsludgrsapmi t h
brighter features. This enables observations
in samples. When adding a selected aperture a
sampli s targeted with the electron beam, gener
pattern can be indexed to identify the exact
orientation of t heCrcygtsalall ogwriagh dhe p thvell esrametil fehr
files were obtained from both the Materials P
di ffracted planes in reciprocal sps@pacwag mea
which was compared to Pthad) .enSirn glse (Crrysttall | o,9
Crystal Maker software, was then Ud%fed te@ecihade gt
known as selected area el ehtaienmdi ffxaoti bhe

ferritic and isdentcihfiy mehte yexdc phases present

Scanning transmission electron microscopy
identify the types of precipitation on a | arg
of electrons is scanned acr ocsosl |tehcet enda theyr iaa | h isg
annul ar dark field detector when diffracted,
mater-iays &mitted from this process can be col
for each 1 mage,pe&rnssiwvenp assp eecnterragsyc adpflysr ana @ ipo intg t( H
study ,-EBS Efvaps have been br i §pohhteerniecdalt op riencpi rpoi vte
identified using EDS, and the di mensions of t
i mage usiWig hl mahgesJ.data, a precipitate size di
measured. Since iIimages are generated via tran
nanoscale can be accurasel ymmgamgrremy cioppt cont
SEMIi spa apyisct ure of just the surface, which | u:

point in which the precipitate was cross sect

Il
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Enhergy filtered trangnkiFsTsiiedss eadl eont rad . mird rnc
samploeutlsi.ftThis technique involves measuring t
the sAampdxampl e of a thickness mapThes |looccaat ed
thickness of ED®umapvsaswictalicrultaite dl iffrtom t he ou
EELS data and the known composiMSi)on hofo utghhe tnmae
of a Digital Mi crograph hsiccehsprandexpkeoped byr bl
[ 140Pividing the total number of precipitates
results in a precipitate or oxide density, wh
steels. ODS steels with a hi ghxerecntuwenbaro dfa voex

strength and creep resistance via dispersion

Il n order to remove bias, EDS maps used to
wersgstematically per fwrremeednt sk xtceekpe n mfomt é mh thteh ene)
si&Ppowder in argon, r e[pdadrltled iizre aipsrteviibauus osn
from three 793 nm field of view EDS maps take
bdtom of -oeuatc.h Fihgbumse a5 schematic of trheedsieumegi o

18 pbowgpern nt in argon, three 793 nm field of vi
bottom ofutt hanldi at 2242 nm field of view map w
di stramdtwafso rusae dpr ¢ VIEJPUSs nsatppdyng for al l ot hel
as STEM i mages with measurements are | ocated
Various precipitate types were observed in ED

stoichiometries dMeadiufrfeenreernts ree ®i iatkaetnes.i r ec
or high angle annular dark fields, when possi
resolution of the precipitation boundaries th
yttrium, tntamd um,r oxryigem (when applicabl e) m:

i mage and marked in PowerPoint to determine w

Il
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Thick regions of
lift-out

Electron
transparent region

Systematic EDS
map placement

Figure 5. Regions -EcDhSarfaocrt esriizzee dd ivsitar i DTUEM on me

precipitates

Lastly, high resolution transmission elect
samples. After finely tuning the transmission
axis, it is possible to reachEBKMtomitts. resol ut.
Additionally, the full thickness of the i mage
and primarily the same phase in order to reac
pl anes associated wittlkerihhe nmajher foome oéxiasf aa
can be generated and collected. Similar to a

identify the phase i maged, as well as its cry
2. Fotused |l on Beam SahtpolRe o Ferep@mrapghyn and

At om probe tomography (APT) was perfor med
were finer precipitation toluam weate wask enmb s arowr
of cross sectioned and polished (pFrEG)t swiutshi mag

focused i on -dbwetagn. veelrheeis@O lanfd onl y aouftesw wweircer or

Il
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sectioned into smaller pieces while being att

deposition. These sectioned wedges were then
and t hen as hcaypleidndienrt.o The cylinder is then shap
point. 1t is important to sharpen the needl e
ready for APT testing, the coupon ier piaceden

directed at the nsediTdeaedi oonsi tedveheé hat ome d

towards a spacect reomediers whs £ ht o charge ratio.
can be identified as specific Iisotopes. By co
needle is able to be reconstruct eddidmegnistiaad nl ay
view of the microstructure inside the needl e.

For this process, samples were either shap

Advanced Energy Studies (CAES) or fully proce
hel ped sharpen needles received atMWCKA&EShH whi |
Bachhav were responsible for APT testing, and
process. Meanwhile Dr. Megan Carter and Dr. D

preparation from bulk samplesfoAEBTUnesveirsgtya
2. 3r@&nsmission Kikuchi Di ffraction

Transmission Kikuchi diffr aeotuitonatwatsh ep elLrofw
Activation Materials Development and,Amwaltysi s
gui dance fr om DOrhr oQhgahd eR aercitsrthon backscatter de
sampl e {OUEM Iliitftis possi bl e t oianatp wihteh grreas sl
on the phasadlscai eéar to EBSD the sample is tilt
is inserted adjacent to the sample. Signal 1is
Ki kuchi bands within the pattern arien immadpe.x e d

Il
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CHAPTBR Vari ati dnxriomthawGAaR® Fteedlst oc k
3.8Slurface Oxidation Characterizati on

I n order to understand why GARS feedstock
i's I mportant to understand what is different
to observe and measure changesthmosgh ftalte GAR:
STEMMDS was used to observe soufscecoassathenf
chemistry batcheshowitighe eEDS maoppiumgd &f each
magni f iAddt iscenss. of figures s haosw welalt & es plxdrdie
titanium rich oxides grow with powder particl
measured using the EDS maps in two ways: one
through measuring theApnexamplbdesgi mpasur amem
equi di stant spacing ac@todasset hveAppamBF ghBolwn i n
Pltes of oxide | ayer atrbeh c WApepsesnBdfiBxr 2 n€lhe memaogeJ

approach resulted in more conservative thickn
percent of oxidation. l maged was also used to
oxides. Two perpendiculfam eneal we®wemdcat dmodver e t
determine the area of the ellipse. An effecti

di ameter of a circl e wiotrh atlHe osfa meh easree aneaass utr he
point is p8&lks(earti ginnalh)e HMat ch, which was meas:!

found in a [pd8gvious study
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10 um

20 ym

33 um

105 pym

Figoar STEM bright field andpoBAdSe rmappapritnigc |oefs tohfe
diameters (lef®88lcdgloemmpaoki bmbbohe 1
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10 um

33 um

100 nm

46 um

100 nm

96 um

100 nm

Figonr &STEM bright field and EDS mapping of the
di ameters (lef87co¢imome) umramhblatbely § en
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10 um

100 nm 100 nm

20 um

100 nm

57 ym

100nm

95 um
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FigaresTEM bright field and EDS mapping of the
di ameters (|l ef®O5zi¢gr]l wadilurhr om) t bat &h

Pl ottedlbrlbiwgusethe volume percent of oxi

as a f uwnocwdieaon soifze and chemistry. As powder di
oxidati omidredragagdes.t he inert gas f2oxiiadmtmeasu
pl ots show a reciprocal behavior between powd
oxidation is dependent on available surface a

regards to the volsumet nd pglhet poavrde rsiprirltarc | ien
area to volume of a sphere, 3/r, where r is t
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cal cul at i1l&res .owisghwrwes t WaO eaxn@hGpd epsr eocfi pYi t at i on

attached to the | ayer of surface oxidation.

BF By YTIOC

e

Fi gl3 eEdDSement al maps of oxidation fro#7t he st
96 Om powder p-87tidél &m(powpdeangatticle (

Lastly, there were significant viadrhradugms
l18how three examples of this variation. A maj
similar to what4iwhsbbwsashowsFigor&arsd imicdh |iary.
chromium and the other rich in yttIXr:oldé and 1t
the el ements can separate into more | ayers, o]

rich oxidati on.
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As shown libre |l Piwgurcdr omi um rich oxidathgn wa
SAED. However, half of tdeffebhcecbnopatpeesen
spacing andO:ashgoboleasidimriz®@mnteh enxgiasn,s wihhiec hoxi de | e
al so cofOsi st of Cr

(212)

. f—
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FigubTeSAED analysis of c¢chr omi8wWm (rliecshs emoxxiydgaetni)c
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3.P2owder Matrix Characterizati on
3. Hih Res®laytiDod fXacti on
Synchroayodi kfraction dat a
(more yttrium-89Md( loexsysyeox)y gaennd) 1b at cliFees .a nPde a k s

YoF ela nadlrsehown 1 h8 Fi gur e

(a)

(b)

(110) (211} (310) (321) (112)
1 1} 1

(200} | (220)}(222) '

" : ] : L]

'
Vo

i H afe
) 1 LI
' | 1 L ]
' [

e 8 1-81 0-20um Powder

¥ 1-81 20-45um Powder

1-81 45-106pm Powder

Intensity a.u

Intensity a. u.

1-87 0-20um Powder

— ¥ 1-87 20-45um Powder

] ¥ 1-87 45-106pum Powder

¥ 1-89 0-20pum Powder

! =4 § 1-89 20-45um Powder

[300}!22})]!302] (004) (222)

¥ 1-89 45-106pum Powder

¥1-81 0-20um Powder

¥ 1-81 20-45um Powder
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1-87 0-20pum Powder

u1-87 20-45um Powder

¥ 1-87 45-106um Powder

§ 1-89 0-20um Powder

H1-89 20-45um Powder

¥ 1-89 45-106um Powder

Figu8e(adYRMRpatterngl ahesi o tUWFee ma(jbo)r npahgarsief,i
regions showing the identifésed planes of the

Dr. Jennifer Forrester used XRD da&ata on ea
software for Rietveld refinement, by fitting
of a calculated pattern superi mpok®damd tthe e
results of refinedmeReés alrtes shloovw t mafTabhe i nt el
with yttrium in the composition, as wel | as p
such as the surf aw eofo xa dvactliuomme, pweerrcee ntto of dro i de

guanti fication.
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Tab8l eResults of Rietveld refinement, showing

each phase i n wejpvgahltu epse rfcoernte,a cahn df itthe R
Chemi|PowdelBCCEe Y.Feddnit C|Rp Phase Phase
Si ze Unit C Propor |Propor
(i) BCC Fe]|YJFer
(wt %) (wt %)
181 020 On2.87688.506(2),[9.7/99.27(|0.73(2
(orig
1-81 295 O/2.87678.484(1),(9.9/98.06(|1.94¢(3
(orig
181 45 06 2.87688.513(3),[(9.0(97.54(|2.46(7
(orig
1-8 7 020 Onf2.8766/8.519(2),(9.1/98.65(|1.35( 6§
(mor e
and O
1-8 7 2:u5 O[2.8766/8.491(2),[(8.6/97.51([2.49(3
(mor e
and
1-8 7 4806 |2.87658.4896(5)|8.5/96.20({3.80¢( 4
(mor e
and O

189 (|020 Or2.87668.509(2),|8.3/98.97(|1.03(2
0)
189 (|25
0)
1891 e/4506 |2.87668.492(7),|10./96.30(|3.70(5
0)

Oy
N
e}
\l
(o))
a1l
(o]

.501(6),|8.8/98.64(|1.36( 2

3. r2ansmi ssion EIl éEDSoNappcngsangdgySAED
Characterization of phaBEsDS awidt hS AnNE DX hwea smanterc

for deter mi nmonrgp htohl eo gsyi zoef aanl d phases in the ma

mi nor phases in the mateXKRBI Fbdatuwas wbthide

each powder batch amadiedr wouotdh toywelerofsi mer phol
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each powdsea HPEBDEi chmel ti pl e regions within eacl
Low magnification TEM-ouna,gi aaxgg wED & amap $ Obidtelri r
each | iftout acrtossesi artee AdhaowwiGymmM@Eagur eg of
the precipitation obsedfeediabrossepmedeat | part
t he@51 (zirconium addi tZiffoen )r ipohwdiemnrt, e rwhe tcahl lhiacs. Y

intermetallicgysizse dapeénmdemphalpon powder si ze.
precipitation along grain boundaries i s obser
particles, yttrium rich intermetallic iIis obse
i nt er md toalgllicect ructures or interdenrtic region
oxides and nitrides were observed in the coar

observed onceApapmraCHixg usrheoswnC 1l ma nodn eCdi in sa xaindces , w aas
observed beneath the peawdaBr3powrdfeac @ ao xai,ddtei, oma
presumably cph®&jsniorbg earvgean during focused i on
Addi tioffal rychapYecipitate | acki wBy/enBfBy gen si n

powder .particle
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Low Magnification TEM Image BF Y (e} N Fe

10 um

20 um

33 um

105 pum

Fi g0 eTEM micrographs, STEM bright field and
8 original poaovdpeo 8.1l 8Afdedni)t | on al el ements are sh
D1.
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Low Magnification TEM Image

10 um

33 um

46 um

96 um

FigateTEM micrographs, Sm&pMpibmg gt Mmatdidx amhea
8{ more yttri pomwdedu.tbsAjdgdean)i on al el ements are
Figure D2.
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Low Magnification TEM Image BF Y (o} N Fe

10 um

57 um

Fi g2 eTEM micrographs, STEM bright field and
891l ess poxwdyessru)tl SAfdtdi t i onal el ements are shown
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Low Magnification TEM Image

10 pm

27 pm

51 pm

102 pm

Figa3eTEM micrographs, STEM bright f95l d and |

(zi rconi upno waddedriuttl isAfatd i t i on al el ements are showi
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SAED analysi s 2#&hdwmw iwasFiugwerde to i dentify v
matrix of the GARS powdeFre prarcthi cilnetse.r mfe tnaaljloirci 1

boundaries, as spherical nanoscl ae precipitat

Y1 Fee.osHowever, in oneFensitclangreciapictod tuennwa &

Both intermetallic precipitates are similar,

HCP structures. Oneegtifiad asc¥WNnitride was
160 nm Y, 5¢Fe ;6.5 Precipitate Identified via SAED Columnar YFe; Precipitate Identified via SAED

and EDS in 1-81 33 um Powder and EDS in 1-87 10 um Powder

ey @0

(10) @0y @iz

'(uﬁ)( )nin
@3 ae Maio

112) @0
. (203

HCP YFe, [111]

@)

HCP Y, 76F€16.08 [826
5 nm 1 ~

719 nm x 393 nm Y, ;¢Fe, 605 Elliptical Precipitate
Identified via SAED and EDS in 1-81 105 um Powder

67 nm Y, 5Fe; .05 Precipitate Identified via SAED
7 and EDS in 1-89 10 um Powder

HCP Y3 76F€16.08
5nm-! [211]

= ]HCP Y176F€1605[423]
nm

80 nm YN Precipitate Identified via SAED in 1-89
95 Hm Powder

Y, 76F€16.05 Precipitation along Grain Boundary
Identified via SAED and EDS in 1-87 96 um Powder

S J .

@1

YN [111]

Fi g4 eSAED analysis of precipitates of wvaryini
powdeoutls ftwith matrix planes | abelled in bl uc

precipitatel abeslelnecedk ipd amreasnge.
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3. AZr&nsmi ssion Kikuchi Diffraction

TKD was performed on one fine powder part.
determine i f precipitation was produced along
formed a sa result of diff2a5howst dW®r da-kgnaifn

95 10 Om powder particle, which wasowtsed to d

consists of a singler ferritic grain.

2.5pm 25pm 25um

Figure 25.-95KDzofcbheuim addition) 10 Om powde
| ef t, Uintagpn oifn the center, and a color map of ¢

3.8Bi scussion

Variations in surface oxidation on powder
characteristics in the powder feedstock. The
particles, due to the slower soli diolhmigeati on a
amounts of time for oxygen to diffuse into th
over al l oxide content within the powder is re
surface area to powder volum&M8emeasasesmanst P o
81 powder of varying sizes shows that all ele
powder si ze.
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ert gas fusion HEOSsmeamentemeand STHTEM t ha
ining more yttrium and was produced with
has the | argest volume percentrofioeridat
gas f usi 68l nahdlls lWrheomve ithsatonn hle oxygen con
zation gas ahas a strong influnece on th
ituting half of the, -8t s awvid eart,o nes rf eod u czt
n was observed in the powder.

wder particle size had significant effec
pitates withiXmRDt wasp auwaear tmatdreit>er miRe t h
| es freexc®nd emitghdé&r sYower solidification
|l es enables more uneven concentrations
ion during coolingf @®hhserapsecepabheson

d and oxides within the matri x. Addi tio

c
c

S

e

x of coarse powder particles is favorabl
um onrfheepdedeerasesxrwi tlheavowmde rmodieamdatt r
e matrix. W th respect to powder process
ce, nor presence of intermetallic, nitri
ti oniszatni drhega&d® 0bhpepd (OXGQ®EEN i n argon) .

e morphology of intermetallic varied sig
r particles are expected to solidify and
ntermetallic that has prseceijpeicttatde da.s [u rsio
olid regions into the molten metal. The
a higher solute concentration, which has
I ficati,on hfer a mtt easdilveanmicr é st i che egamen di rect
ated intermetall izb6 pAsicdeiftradm otnh e sseéh ofwenat
nium (when applicable) within the matri X
ast cooling rate suppreses diffusion and
pitati eoxiwitlyi mfcleasd it her. TKD charact

this elongated preonptowards gsanotbeupd
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Fi g6 eExpected point of nucleation (red circl:
based on direction -7 ®0oOmapewdgrSapatstGrmml ¢ hEl
powder partic8 Z0mi@ndleowdeard fdaritguigsacdi ght)
2 3

I n the case of fine and medium powder part
rejection forming along a el liwnlteaerr meettrad dti wr e.r
along cel |l boundaries, and cdau+eienyd nd eo Imern @, | S
precipitate[ 87]LThhien htihgeh cleelviess s of yttrium ri ch
stages can be attributed to the solubility of
1593K, yttrium has a -Gaxs$yysmemodfubd! 15wt %n wini
point of the alloy itse[llf42isn beext pweereenn tli7a4l0 rKe laan
bet ween the solubility of yt[tor5i,unéiinc h rnoena nsi tt
hi gher concentrations of yttrium solute along
cooling occurs, subsequent precipitatifwn of vy
examples of this combination of precipitation
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FigaTTeaight field micrographs of cellular yttr
finer precipi#8dt&88 Wmt piowdi@m 10h €©fint poavder 1 (ri g

Lastly, medium and coarse powder particle
sl ower cooling and solidification rates. Yttr
precipitation, or along gr aien pareca e@lilt alh o wmd avra

in the powder, but EDS suggests thataneY a di f
preci pigailep.i cts these types of features obse

1-81 1-95

105 pm 105 pm 102 ym 102 pm

1-87 1-89
46 pm 96 um 95 ym

Figa8eBright field STEM i mages of coarse inte]l

precipitation along gmriacm proaeaanidmirt &@tses a@au tsImiar
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EDS maping of these inter met2a&alhlow trhiacth bou

additional yttrium rich precipitation, such a

100 nm 100 nm

Figa9 eEDS el ement al maps of e8n9d 9p50 i Gt sp oiwnd ecre | p
(top)8An4d6 10m powder particle (bottomdlobseryv
ana?2

3. Aummary of Powder Characterization Resul ts
Four batches of powder with varying chemis

reaction synthesisltowa®D8&8eséeeminpdothbhati bhe
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powder particles increases as powder size dec
atomi zatmomeagsaisng the oxygen content in the at
oxidation shell for a given powder size. Fin
but have a higher volume of oxi datowar Bnhnce
small er powder particles. Additionally, the u:
| ower oxygen coretrentl twiitshiimptolrd agjmawd o note th

remains relatively consistent across powder s

The observations | isted above are alll rel e
as the thickness of surface oxidation, and th
t her mal behavior of the matermatomasolwied &t iasnw
powder bed fusion studies with surfaca oxidat
content upopldgB8iasolwieddt iaceni ncreased | aser abs
and r educceodh dtuhcetrimva lt y [i 52w ftihceh pnoawd elre breedl at ed t
percent of oxidation on the powder surface.

Additional observations, such as the preci
yttrium nitrides, spherical yttrium oxides, a
mor phol ogi es and sizes are i mporftoantGAfR®Sr ploowd e
The primary observations made, were that yttr
particles, and that the yttrium rich intermet

solidification rate toh pdvederowsdieze. whkriicht ivarm ic

powder in regions of | ow pldasdgurcf aled lod 4rjad a toino r
Meanwhil e in hot isostatically pressed ODS st
material, and additi onal uhpepaotr tt rtehrea tf noer&fast i wenr
I n circumstances where the powder i s not mel't
within the ODS steel, at which point finer po
intermetallic and titaniumioxi d¢s ewgualhenbheagpr
|l aser powder bed fusion, the prior dni cBystruc

characterizing the prior microstructure and t

chapters), I td htalsa tb eteme dpdvwderi nmi crostructur e

o
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CHAPTHR

Ef fect

of

GARS PoSvé d&d I5Fie e dlisagsdeark i

PowdBedusi on

4 Elxperi Menbhad

an

C

The fist sample that is appadtced tborsaspree
[ 4Bpcused on achieving fully dense samples by
sampl e was p#8ddyoedguswiahgcdbmpositi-mnadm, GARSamo
argon atmosphere. Following thisgepprametar s
occurref7uémogelyttr i8B0Om (dnred sox¥p@yegegn,)r deoomd ulm
addition) powdewwr Al evpdi hbs20eswHhHiteeld wenr  ul |y
character i Qreadd dviitai eTvEIM/. s apinsana fad ctoar adt er i zed Vvi ¢
probe t otnoo gdeatpenrymi ne i f finer precipitates the
within the sampl e.

4. 2 Resul ts

4 . PowdGhrar acterizati on
obsenpnmatoimiscABR 8o M eclistfoackr ba

Mi crostructur al

used for ODS steel producti oni rmatkalbleeh®E di scus

composition of these batcheMdSi Thweioglytgempercoan

obtaimeeértYi gas fusion measurements.

Tabll ePowder chemistry in weight percent acros

Name of |[181 (oril2-87 (mor189 (Il es195 (zir
composityttriumjoxygen) |additi or

oxygen)

Chromiunnl4.03 13. 20 13. 30 13.19

Tungsten3. 06 3.01 2. 86 2.96

Titaniun0. 40 0.39 0.40 0.18

Yttrium|O. 35 0. 47 0. 33 0. 37

Oxygen 0.10 0.14 0. 08 0. 08

Zirconi yN/ A N/ A N/ A 0.42

Il ron* 82.06 82. 79 83.03 82.80

*Val ue deter mi nedebrycernemai ni ng wei ght
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Vol umetric and numeric powdee
bel ow, and verify that the
sieved-27¥BODomeah/ +625 mesh while

Vol umetr i

anddb5l have

c size-8di aatnrdd 9a wngdo W esr
additionalsdntnewiptowidrert lhpearhktatcdhe.s Tph

shaeB@i st Fi 91
p owldhee8 11s baé¢ cdhi svtarsi

BR25/ect6BE&Er meatc
ofattdhteest8 A&r e uni

additional fine powder may be due to screenin
aggl ometeraion, and was not intended.
Volumetric Particle Size Distribution Number Particle Size Distribution
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Fi gBdePowder size distribution across
The percentiles for each pbweémowbatTdhsusad
reflects trends o7k eaxdie ddaitnc htelrse hpalveet ss,| iagshtl y
each percentile in comparison to the other tw
TabllOe Vol umetsriizce pdoiwsdterri buti on i n percentil es
Vol umet Medi u8mi | Me di u8n’ Me di u8n® Me di uw9nd
Percen| (Previo
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I n addition to powder size distribution, t
observed via SEM a8beltwl shown bat Ehgsreontain
which occasional powder particles that are el

powder particle size and morphol ogy analysis

characterichteimée stbegsi(demsgl microstructural effec
there are slight vapowteonsonhat hedamaoauprtchbf s
overall size distribution and morphol ogy of a

Fi gB8teSEM of GARSmMmpok8le umori gi nallamednlpBaisi t i on
(more yttri ghpnadidiB@xy gesfcanxeg ez i rconi um
addi t(idgngowder batches
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4. MiZrostrAdedtiutrMa souffy act uSteegel OD8 c evdr wi b g
PowdE€hreimsr i es
4 2. Plreci pi Madi b8ml i-nFe 03.C0-6 WA-0TBGB.YLPOWAdEBIri nt

EDS mapping of pr ecli plinteadtiiuam woirtihgiim ital e clon
print i s sBawddied oPFmM ganrde sr eveal two types of o
observed is a titanium rich oxi e, rwitihc loxo dea
The other type of -Tpr edichi toxtied eshsevhied iis ¥xp
yttriamygen and titanium are readily avail abl

Line Scan Across Core Shell Oxide
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