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Abstract

Oxide dispersion strengthened (ODS) steels have continuously attracted interest over the
past few decades for their potential applmasi in fission and fusion nuclear systems, high
temperature heat exchangers, and gas turbines. While powder metallurgy (PM) is the typical
process for manufacturing this class of materials, it possesses a great limitation in producing
complex geometry foreasonable cost and time. Laser powder bed fusieRBJE) additive
manufacturing (AM) offers great advantages over PM, enabling complex component design, high
production rate, and reduced design iteration. Research has been carried out to fabricatel©DS ste
by laser AM. Challenges still exist in producing the hagnsity oxide dispersion during laser
solidification.

In this dissertation, the fabrication of ODS steels byPBF) was systematically studied.
Different pathways of oxygen intrusion and praieg parameters were investigated. The goal is
to develop methods and mechanistic understandings to utdstiinxidation to form nanoscale
oxides in the steel alloy during laser solidification. Firstsitn oxidation by reacting with a gas
phase oxgen donor was explored. Factors influencing the oxide dispersion in AM steels such as
alloy composition, oxygen getter elements, atmospheric oxygen partial pressure, and laser AM
parameters were studied. The reasons that presenddiggity nano oxide diersionwere
identified. Second, a reactive AM method was developed to produce AM ODS stainless steel by
reacting ¥-containing stainless steel powder with sgilthse oxygen donors, like low melting
temperature oxides (Maand FeOz). High thermal stabilit was achieved, and the underlying
strengthening mechanism was investigated. Third, a different laser mode, pulse wave (PW)

emission laser, was used to reduce the oxide spattering during laser melting and thus increase the
i



oxide density in AM ODS steel. Be laser showed a great advantage in refining the oxide size
and microstructure. The effects of PW laser power, pulse interval, pulse width, and repetition rate
on oxide dispersion and steel microstructure were systematically explored. The mechanistic
insights on how pulse laser helps oxide dispersvasobtained. Last but not least, the melt pool
simulation was performed to understand the effects of pulse laser on melt pool dynamics and
temperature distribution, which are believed to be the key conggdlictors that affect spattering

behavior and phase transformation during laser solidification.
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CHAPTER 1

INTRODUCTION

1.1 Motivation for This Research

The rapidly growing demand for energy forms without green gas emissions stimulates great
interest in advanced fission and fusion reactors. However, the advdasgns of fission and
fusion reactors require the systems to operate under extremely harsh conditions where high
temperature, radiation, stress, and corrosion/oxidation are expected. These enormous challenges
demand the development of higkrformance raterials with a good balance of mechanical,
physical, and radiation properties that can be sustained undetelongservice in the above
mentioned hostile environment. Over the past few decades, ODS steels have continuously attracted
interest for their ptential applications in fission and fusion nuclear systems andt@igperature
heat exchangers.

The excellent properties of ODS steel come from the -tHaisity nanoscale oxide
dispersion in the alloy matrix. Alloy composition and manufacturing processtel the oxide
formation, dispersion, and mechanical properties. The traditional method to fabricate ODS steels
is through the powder metallurgy (PM) process, involving ttmesuming ball milling and
mechanical alloying and consolidation. Its incompegeim creating geometric complexity limits
the use of ODS steels in energy sectors.

The ongoing development of additive manufacturing (AM) technology presents an
opportunity to produce complex parts with ODS steels. By rapid and localized laser sabdificat

the formation of nanoscale oxide particles bgiitu oxidation in the melt pool during laser AM.
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Although a tremendous amount of work has been conducted to fabricate ODS steels by laser AM
over the past few years, none have demonstrated a compaala@ensity to those made by the
conventional method. A systematic study of oxygen uptake, reaction, and oxide nucleation/growth
during laser AM is desired. On the other hand, oxygen loss during laser AM was often significant
but not well understood. Adtter understanding of the oxygen pathway in the melt pool and
reaction dynamics is critical for uncovering the factors that inhibit the oxide dispersion during

laser AM.

1.2 Research Objective and Technical Approaches

This work focuses on fabricating AMIIB stainless steels via-gitu oxidation between
alloys and oxygen donors. The laser processing of alloys mixed w@hi¥ not of interest. The
primary goal of this work is to establish mechanistic understandingssituimxide dispersion
during lasesolidification and develop insights to further optimize the process to achieve true oxide
dispersion strengthening. The specific technical objectives are:

(1) To systematically investigate the-sinu oxidation of AM 316L SS alloyed with
different oxygergetters under an oxidizing atmosphere {RPRBF. Factors influencing the oxide
dispersion in AM steels, such as alloy composition (mainly oxygen getter elentieatsjygen
level in the shielding gasnd laser AM parameters, were studied.

(2) To understamh the effectiveness of solighase oxygen donor (other type oxides,
MoOs/Fe0Os) to in-situ oxide dispersion during-BEBF AM. Excellent thermal stability and
mechanical properties were observed by optimizing the oxide concentration, process, and heat

treatnent. The advantages and challenges of fabricating ODS steel by reactive AM were discussed.



(3) To develop the pulseave (PW) laser technology to promote hagmsity oxide
dispersion by reactive AM. The study understands the impacts of PVpéaiaareters on the oxide
size, distribution, and mechanical properties.

(4) To reveal the mechanisms that inhibit h@gnsity oxide dispersion during laser AM
through the melpool dynamic modeling and powder spattering study.

In order to achieve these eljives, microstructural and mechanical characterization of
different samples fabricated byRBF were carried out in this study. The oxide chemistry, size,
and distribution were analyzed by scanning electron microscopy (SEM), transmission scanning
microsopy (TEM), and atom probe tomography (APT). The maand micremechanical
properties were investigated by the Vickers hardness tester, nano indenter, and micropillar
compression. The spattering video was captured by aspigbd camera. The melt pool miialg
used a finite volume method (FVM) by commercial software, FL-BDV Thermodynamic

simulations were calculated with the Pandat using the PanFe database.

1.3 Organization of Upcoming Chapters

In the following, Chapter 2 will provide a review of the ODS steels, additive
manufacturing, PW laser, and previous studies on the AM ODS steels. Chapter 3 will summarize
the experimental and simulation methods, including materials, AM processing cadrieterial
characterization, mechanical testing, melt pool simulation, and thermodynamic calculation.
Chapter 4 will present the-situ oxidation during laser additive manufacturing (AM) by tailoring
the oxygen level in the shielding gas during the prinprocess. This work seeks to validate if the
gasphase oxygen donor can enablesitu oxide dispersion and understand the roles of major

controlling factors, including the choice of the alloying element with different oxygen affinity,
3



concentrationand oxygen level in shielding gas during AM process, and laser parameters. Chapter
5 will demonstrate reactive AM by using seBthte oxygen donors as an effective way to promote
oxide nucleation and stabilize cellular dislocation boundaries. High thetabditg was achieved

by optimizing the oxygen concentration, alloy design, and heat treatment. The root cause of the
excellent mechanical properties was studied through advanced characterization aisdadenall
mechanical testing. Chapter 6 will investggahe advantage of pulse laser AMrefining the
microstructure in AM steels. The study evaluates the effects of various pulse laser parameters on
the microstructure and mechanical properties of AM 316L SS. In Chapter 7, the material
characteristics andhechanical properties of AM ODS steels by eithesiin reaction to low
melting temperature oxides or laser solidification wit®¥pre-mix were evaluated under various

PW laser parameters. In Chapter 8, the fundamental reasons that inhibit tukermsghnano

oxide dispersion are studied by melt pool modeling, thermodynamic simulation, and experiments.
Chapter 9 will give an overview of the fabrication ofPBF ODS steels by reactive AM and

provide recommendations for future research.



CHAPTER 2

BACKG ROUND

2.1 Oxide Dispersion Strengthening (ODS) Steels

The challenges of meeting the rapidly growing demand for energy while reducing reliance
on fossil fuels have been a worldwide interest in advanced fission and fusion grjekjgsion
and fusion reactor service conditions are charastérby combinations of high temperatures,
significant timevarying stresses, chemical reactive environments, and intense neutron radiation
fields [2i5]. These enormous challenges underscthe need to develop higlerformance
materials with an outstanding balance of mechanical, physical, and radiological properties that can
be sustained under losigrm service in the abovementioned hostile environment. ODS steels are
the most promisingtgictural material. Over the past few decades, they have continuously attracted
interest for their potential applications in fission and fusion nuclear syq4&irf@f and high
temperature heat exchangf@k

Oxide dispersion strengthening steels generally contain a dense and uniform dispersion of
nanoescale oxides (typically yttrium oxide or its variants) with an average size of sub 10 nm and
the volumetric numér density of 18-10°4Ym? [10i 12]. The dense oxide dispersion is critical to
improving the hightemperature mechanical properties by limiting dislocation mobility and
reducing the structural damages by neutron/ion irradiation by providing sinks to recombine point
defects. Therefore, OD$e=l has been considered one of the most promising materials for fourth

generation nuclear fission reactor cladding tubes and nuclear fusion reactor HER\Rdis



2.11 ODS Alloys

Advanced steels and Mased superalloys are commonly used in {wéghperature
applications because of their excellent kigmperature strength, ductility, excellent creep
strength, and gaboxidation/corrosion resistance. Unfortunately, these alloys cdmihotmeet
the requirements for higtemperature reactor applications. For example, ferritic/martensitic steels
(FMS) are limited to anand 600 [13] due to inferior tensile and creep strength at higher
temperatures. The use of-hasedalloys is also limited by radiatieimduced transmutation and

the thermal stability of the precipitates in higimperature irradiation environmefi$].
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Fig. 21 Overview of operating temperatures and displacement damage dose regimes for structural materials in the

current (generation 1l) and proposed future (Generation |V) fission and fusion energy §i&kems

Fig. 21 compares the proposed operating temperatures and lifetime displacement damage
level for structure materials ithe six Generation IV reactor concepts and three fusion energy

systems. While the high operating temperature contributes to economic benefits, it demands better
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materials to service in harsh conditions. ODSbbised and Fbased alloys have attracted dgrea
research interest from both hitgmperature material and nuclear material communBigsjamin

et al. first developed Nbased ODS alloy with his emorkers around 1966L7]. Since then,
various ODS allys have been developed and commercialized for nuclear and aerospace
applications. Table-2 summarizes some typical mechanically alloyed (MA) ODS alloys that are

commercially availableY >0z is the choice of oxide reinforcement in all these alloys.

Table2-1 Summary of typical ODS alloy&8i 20]

Chemical composition in wt.%

Type Matrix
Ni Fe Cr Ti \Y Mo w Al C Ta Y203
MA754 Bal 1 20 0.5 - - - 0.3 - - 0.6
MA758 Ni- Bal 1 30 0.5 - - - 0.3 0.05 - 0.6
MAG6000 based Bal - 15 0.5 - 4 - 45 - 2 1.1
PM 1000 Bal - 20 - - 0.3 0.3 0.6
12YWT - Bal 12.3 0.39 - - 3 - - - 0.25
14YWT - Bal 14 0.3 - - 3 - - - 0.25
Fe
PM2000 - Bal 18 0.5 - - - 55 - - 0.5
Based
MA 956 - Bal 20 0.5 - - - 4.5 - - 0.5
MA957 - Bal 14 1 - 0.3 - - - - 0.25
Eurofer97 F/M - Bal 9 0.3 0.2 1.1 - - 0.14 0.3

The microstructure and mechanical properties of ODS steels depend not only on the
manufacturing process but also on the alloy composition. In view of the mechanical properties, W,
Mo, and Ta are sometimes added to provide solution strengthening. A hi@b5-€0 wt%)

strategy and a certain amount of Al is usually adopted in composition design for good corrosion
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and oxidation resistance. For example, PM 2000 and MA 956 have 5.5 wt% and 4.5 wt% Al,
respectivel y. The al umi num and oxidation pesistanee byOD S
forming a dense alumina lay@1]. A small amount ofransition metal additions is also necessary
for hightemperature ODS alloylsecause of their beneficial effects on controlling nano oxide

composition, which will furtler affect oxide size, density, and thermal stability.

2.12 Characteristics of Nanoscale Oxides in ODS alloys

Y20z is the most commonly used feedstock oxide to prepare ODS alloys due to its
remarkable thermal stabilif22]. A small amount of transition metal elements such as Ti, Al, Zr,
and Hf are added to refine the oxidesl improve oxide dispersiotli.was reported that Ti plays
a significant role in improving the dissolution o£Q3 particles during the MA process and
promoting the formation of ¥i-O nano dispersoid&3]. The structure and chemistry of the phase
transformation of oxides in ODS steels have been extensively investigated using TEM and
APT[24i 29]. Based on TEM observation, largeTY-O nanoparticles have been transformed into
two equilibrium phases, Mi>0; and Y-TiOs [23,28] However, the results from atom probe
tomograply (APT) show the Y/Ti ratio is much smaller than ¢8@], far from the reported TEM
Y2Ti207 and Y2TiOs. Non-stoichiometricTi, Y, andO enriched small nanoclusters at the size of
2-15 nm and ¥Ti2O7 precipitates at the size of ~B5 nm were reported by Sakasegd®@a4)].
Although the composition depends on the chemical composition and the processing parameters of
the ODS steel, generally, Ti addition can reduce the oxide size by forming nanoclusters or Y
O oxides. Aluminum addition is favorable foorrosion resistance, but it enables the formation of
large Y-AI-O particles, such as YAK) Y4Al20e, and YzAls012 [32i 34]. The size of YAI-O

particles range from several to hundreds of nanometers and can deteridbra mechanical
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properties. The addition of Zr was found to strongly suppress the formation of Al and Y oxides in
ODS steel35]. Also, the first principle calculation inzhtes that the binding energy ofZf-O
and Y-Hf-O clusters are higher thanM-O and ¥-Ti-O clusters in the ferrite matf{6]. Smaller
Y-Zr-O oxide nanoparticles in Zrontained ODS steels can lead to the formation of more
homogenas and dispersive oxid¢37].

In summary, the oxide types in ODS alloys are complex, highly depéowl the alloying
elements. Zr and Ti addition generally favors the formation of small oxides and incieases t

number density, while Al addition results in oxide coarsening.

2.13 Conventional Preparation Process

In addition to alloy composition, numerous studies show that the preparation process
significantly affects the average size, number density, amdbdigon of naneoxides[38]. The
preparation process also determines the -teghperature service performance and irradiation
swelling resistances. This section summarizes thearels progress on ODS steel preparation,

including powder metallurgy (PM), liquid metal forming, and hybrid processes.

2.13.1 Powder Metallurgy Process

At present, the primary preparation method for ODS steel is thtbeglowder metallurgy
process. Fig2-2 shows the detail of the PM process. The standard PM route consists of the
following stepq13], including (1) selection of the steel composition; (2) steel powder production
through gas atomization (master alloy); (3) blendhthe steel powder and commercialOg at

the size of 2€200nm; (4) mechanical alloying (MA) by ball mills or attritor mills; (5) canning and



degassing; (6) consolidation using hot isostatic pressing (HIP), hot extrusion (HE), or spark plasma

sintering (SPS); (7) heat treatment or thermomeciaatieatment.

Hot consolidation

Canning (extrusion)

L/

“ As-extruded bar

.
A
o’
. Heat treating

milling

Fig. 22 Powder metallurgy process of ODS st48DB].

Among thesateps, MA is critical to the quality of the final prodUetocessing parameters
such as miing speedbpall-to-powder weight ratio, milling time, milling atmosphere, and milling
temperature need to be optimized to break the oxide particles down-{Dtdidpersoidswhile
the PM process has been commercialized to produce tube and bar forms$Saft€dy6,9], it
suffersfrom low yielding and poor bateto-batch repeatabilitj38,40] High manufacturing cost
and lack of the abilityo form complex geometry limit its uge manufacturing large and complex

component$41,42]
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2.13.2 Liquid Metal Forming Process

The liquid metal forming of ODS steels direc#igtds fine oxide powders into molten steel
during casting and dispessexides uniformly in the steel matriXhe process was affected by the
poor oxide wettability in molten metal, agglomeration, and the buoyancy of lower density oxides.
To prevent agglonration of the nano oxideshe use of YOs colloidal suspensions with low
concentration/viscosity has been investigg&], resulting in nonuniform oxide dispersion in the
steel matrix. Interestingly, the addition of Y improved the wettability gibvand promoted the
dispersive distribution of XOs. Instead of adding X0z directly to molten metal, an alternative
method by pouring ¥ontained liquid metal into the oxygen carrle®Os demonstrated the

possibility of directly casting ODS steels, as shown in Fi§.[24].

s — 3\
'-:O}. Metallic Y powder %o Fe:0, powder
0 o
d (| Step 02 )
7 N
30k 3
2 26
Y20s 5: 2
Particle g [
5 15}
o
Solid steel]l 2 '°ro
& st
I\ Step 03 -/ o= . . .
05 1.0 15 2.0 25
Particle size, pm

Fig. 23 Schematic representation of producing ODS steel by th@slexygen carrier casting meitf44].

Through reactive casting, the formation ofO¢§ was completed in a short time, whic

inhibited the oxide coarsening and agglomeration. Unfortunately, this process can only obtain sub
11



micron size oxides. The cooling rate of the casting process is slow, which provides time for oxide
growth.

The development of casting technology for ODS steels requires innovative sotations
several complex engineering challenges: dispersing particles uniformly in the liquid, avoiding the
agglomeration of the nanoparticlesd improving the wettability betwa oxide and liquid metal.

Key challenges remain for the liquid metal process, but its potentials to lower manufactusng cost

and scalability continue to attract research in this field.

2.13.3 Hybrid Process

The term hybrid process refers to the fabraraimethods involving MA or liquid metal
processes. It can be understood in a broader context to contain elements of chemical, physical or
metallurgical principlesFor examplethereis a continuinginterestin contrdling the internal
oxidation of steel powds to reduce or even eliminate the MA step in the standard PM route. There
are also attentp to combinghe MA process with the casting procaedorm oxides byhein-situ
reaction. The challenges listed above still exist when multiple processes are involved in
manufacturing.

In summary, the conventional PM process is able to fabricateguiglity ODS steels for
simple geometrie®ut the high manufacturing cost and difficuttfformingcomplex components
limit its adoption atlarge scale in the industr@ther methods based on liquid metal forming are
actively explored with the intention to lower manufacturingast support largscale industal

use.
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2.2 Additive manufacturing

Additive Manufacturing (AM), also known as thrdamensional (3D) Printing, has
gathered much interest from researchers in the past few[4&jaBased on the digital model,
parts can be built layer upon layer by a localized laser solidificatfiolike traditional subtractive
manufacturing, it providea bottomup approach to form nehape structures. This technology
makes it possible to manufacture complex structural parts that cannot be made by traditional
manufacturing methods. Common materials for laser AM include stainless steel, aluminum alloys,
titanium alloys, Nibased alloys, CoCr, etf46,47] According toASTM Standard48], laser
based AM processes include directed energy deposition (DED) and powder bed fusion (PBF), with
laser beam as the primary heat sout@ser powder bed fusion {RBF) represents the most
widely adopted metal dalitive manufacturing (AM) technology, offering high geometric

resolution and fast fabrication speed to produce corgileped components [225].

2.21 Laser Powder Bed Fusion-@BF)

According to Smar Tech Publ i shi nogufasturiigat e st
wi th Metal P #BFdexhnglogyRiHoheBobthe miost studied AM metHdés Also
known as selective laser melting (SLM), it spreads and solidifies metallic powder layer by layer
in a powder bed to produce dense metallic p&its.2-4 shows the typical working mechanism.
Thepower input and layer thickness need to be optinszetthere is no lack of fusion through the
build direction.Inert shielding gas (typically argon or nitrogdlows above the powder bed to
prevent extensive oxidation and carry away the spattered powter obtained geometric

toleranceantdhi ni mum f eature sizel[5@.re between 40 and
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Fig. 24 Schematic of operating pecess design in-PBF.

L-PBF process has the advantage over the conventional mettiabricateparts with
complex internal features at high production r#ttesan also be used in prototyping to reduce
design iteratiorf51,52] Depending on the materials to be fabricated®BF AM can still face
challenges fromprocessnduced thermal residual stress, solidification cracking/defects,
dimensional inaccuracy, paud-part variability, and many metallurgical imperfectigi83].

The laser solidification produces a smaller rpelbl, resulting in a cooling rate up to°L0
10° K/s. Such a high cooling rate was reported to induce-avprilibrium microstructures,
including ultrafine nanostructures and precipitates, unique local elemental segregation,
disconnected low angle boundari@anoscale cellular structures, metastable phasefREft€].

These unique structural features can play either beneficial or detrimental roles in the physical and

mechanical properties.
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2.22 AM ODS Steels

If AM can be further developed to fabricate SBteels, it will solve many grand challenges
that were discussed in the earlier sectigkttempts were made to develop laser AM for ODS
alloys.High oxygen content is usually harmful to cast or weld metals due to the formation of large
oxide inclusionswhich degrades the mechanical properties. However, with the rapid and localized
solidification, laser AM was reported to produce oxide inclusions at the nan{s¢4&8] For
instance, AM 316L stainless steel (SS) made HRBE contains higidensity Si and Msrich
oxides at an average size of-80 nm[56i 58]. With theseunique processing characteristics, a
tremendous amount of work $laeen reported to fabricate ODS steels by laser AM, which can be
categorized into two &in approaches. In the first approach, AM ODS steels were made by laser
melting a mixture of steel and nan&ide powders prenade by higkenergy ball milling. Walker
et al.[59] reported to use PBF to fabricate preynthesized PM2000 ODS steel powder. This
method produced MAI-O oxides with the size of 580 nm, one ordeof magnitude larger than
those found in traditional ODS steels. Other similar work done by Boegeleingsét@l]showed
the thinwalled builds of AM PM2000 with MA powders had yield strengtiS) inferior to the
HIPed counterparts that were made with the same powders. Still, the YS could be further improved
by postheat treatment due to the precipitation of fineenfiched particles. Recent work by
Ghayoor et al[62,63]showed that AM ODS steels with similar quality could be fabricated without
involving powders broken down via higdmergy balmilling. Submicrometer yttria particles could
be broken down by laser melting to form ODS 304L SS. Zhai @4lreported that the feedstock
powder containing nanroxide particles and coarse SS powders mixed bydoergy milling
yielded anexcellent quality ODS SS with a density of 99.5%. In this cas®; #gglomeration
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was observed. Similar approaches by using powder mixing, such I8k -03[65], and Ti-
45A1-3Nb-Y 203 [66], were also reported for AM.

Oxide dispersion via Hsitu oxidation reaction during melting was recently reported as an
altemative approach to fabricgag ODS steels during laser solidificati¢67i 73]. This method
eliminates higkenergy ball milling and can potentially reduce the overall manufacturing cost.
Mirzababaei etl. [67] reported nano oxide dispersion in FeCrAlY steel via internal oxidation
could be enhanced by higlevel excess oxygen in the powder and surrounding environment.
Hai nes e t68]also.démonstvated that reactive gases such as oxygen and carbon dioxide
could be used in the printing atmosphere durifi@BF AM to produce oxideich FeCrAITi SS
with improved mechanical properties at both room temperature and elevatedatensse
However, their results showed the produced oxide density was at the levE¥of 1€ignificantly
lower than the conventional ODS alloys.

While a large body of recent studies has reported the development of AM ODS steels, to
the best of our knol@dge, none of them demonstrated comparable oxide density as those made by
conventional means. Under laser solidification, both manufacturing approaches, either exide pre
mixing or in-situ formation, face the same challenge of maintaining material gaabtydequate
oxide size/distribution. The loss of oxide or oxygen reactant was the primary factor limiting the
performance of the final product. Introducing the amount of oxygen reactant higher than expected
was generally utilized to maintain the oxygewekin the materia]62,74,75]but often led to a
highlevel of manufacturing defects in the product. It should be noted that most work so far focused
on simply reporting the ODS fabrication for different alloy systems and the resulting properties.

Systematic studies of oxygen uptake, reaction, and oxide atiaciggrowth during AM are
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limited. Understanding oxide reaction in the melt pool and its pathway is critical for revealing the

mechanistic obstacles that inhibit the dense oxide dispersion.

2.3 Laser configuration in Additive Manufacturing

As an esserdl component in theIPBF system, laser working mode and parameters can
significantly affect the quality of the AM metal parts and microstructure developfentietails

are summarized in the following sections.

2.31 Laser Working Mode

A laser can be opated as a continuous wave (CW) laser and a pulse wave (PW) laser. CW
laser provides constant power output over the time of manufacturing, while PW laser operates in
the pulse mode to output in a short and periodic fasBioth laser modes have been usethser

AM to manipulate part quality and microstructure.

2.31.1 Continuous Wave Laser

At present, metal AM technologies are predominantly reliant on CW laser to melt materials
[76]. In industry, CW lasers are normally utilized for welding and cladding, whereas PW lasers
are considered when precision igjuged for fabricating and cutting thin paf#&/]. In the CW
laserbased AM, the important processing parameters include hatch spacing, scanning speed, laser
power, and layer thicknes These parameters combined contribute to the overall laser energy
density used for meltings3]. Despite the popularity of CW laser in the commercid?RF
process, there are challengesising CW laser to fabrita ceramics and refractory metals due to

their high melting temperatures and high thermal conductjiv&}. To process such materiais,
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pulse laser has been used to reach very high temperatures while minimizing-tifésicéad zones

[79].

2.31.2 Pulse Wave Laser

PW laser, on the other hand, produces an intermittent release of energy during the process.
Recently, the need for PVaser AM has increased theindustry to satisfy the demands to print
those hardo-print materials. Although PW laser AM is a relatively new area, recent wark ha
highlighted its advantages over CW lasenandlinghigh-temperature material80,81] PW laser
offers greater advantages over CW laseterms of better manufacturimgsolution, lessesidual
stress,and reduced global heat input. PW and CW lasers create different heatingsaofile
thermal histaes during AM, which further produce vastly different microstructural and
mechanical propées.A faster solidification rate is created by PW laser, leading to microstructure
refinement.

Ullsperger et al[82] utilized ultrashort PW laser to fabricate-#0 wt.% Si alloys thin
wall structure with high precisioAs shown in Fig. 25, the refinement of primary Si particles and
the reduction in the melt pool size were observed by decreasing PW laser pulse duration under the
same scan speed of 167 mm/s and the repetition of 20 MHz ¢(6)gTRe unique microstructer
produced by pulse laser results in a microhardness that is distinctly higher than the material that

was produced by CW laser and thermal spray.
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Fig. 25 (a) OM images of the fused walls using a repetition rate of 20 MHz and a scan speed of 167 mm/s. Si
appear s i nAlibwhiec (k) BSEaimages bf thePBF samples at higher magnification, where the white
phase is Si, -Aa(o)@hembar sizk 6f the gkimarysSi pblase and the melt pool area depends on the

pulse mod€82].

Pinkerton and L[83,84]found that the hardness of the stainless steel clads made by PW
laser was positively correlated with the pulse frequency but negatively correlated with the pulse
duty cycle. Lower surface roughness and higher hardness were obtained in-8M-4V by
usingaPW laser. Another study by Rave et[8b] shows PW laser can refine grain structure and
induce the nucleation of fine equiaxed gralP¥/ laser also showed great potential taioedthe
Nb segregation and control the morphology of Laves phase in Incon@al B8]. The refinemat
in the microstructure by PW lasefas claimedhat attributed to a high cooling rate and a melt
pool disturbancéy Ravi et al[85] andXiao et al.[86,89] The enhanced cooling rate and refined
phasen the PW laser AM process could also benefit ODS alloys with PW laser. The PW effects

on the AM ODS 316L SS will be discussed in chapte8s 6
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2.32 Critical Laser Parameters

For CW laser AM, laser parameters include laser poRek\) |, scan s/9,eed
hatch spacingh( em) , and ITay eThg blimetdckenezgy density (VED) is
employed to examine the overall energy input to the material, which can be linkedimng pusi

dimension and microstructuf@0,91] The VED is expresseda
w00 — 1)

Sometimesh also refergo the spot size of the laser rather than the hatch spacing, especially
in the case of the singteack scan. Many studies have been performed to verify the relationship
between the process parameters and the relative density of the material. The meetatiuen
density is required for structure materials, and usually, there is a range of VED values to achieve
the highest density.

Compared to the abovementioned parameters that CW laser operates on, PW laser
parameters are more complicated. Square waapirsh of laser power is a standard method to

transfer the laser energy into PW lagdre pulse laser configuration is presented in Fg[22].

The pulse energy E can be expressg@2is
0 0 0Q6 2

whered 0 is the power levelwhich can vary as a function of timigd is the duration
of the pulse or the pulse width. Pulse repetition rate (RR) can be defined as:

- Y
YYW (3
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wherelorr is the temporal distance between the end of the pulse and the beginning of the
consecutive one, also being reégtras pulse interval in this dissertation. There is another critical
parameter in PW |l aser, duty cycle U, which ex

period and can be calculated as:

- @

For a squarevaveshapedpd e, t he pul se profile doesndt
Hence, average powab ( ) in PW emission can be calculated as:

0 ooYY 0 2 (5)

a) P+ t t b) d Scan direction

on off

peak

avg

1/PRR \ t

Fig. 26 Schematic representation of (a) temporal andatial disposition of PW laser.

Laser power, pulse width, and the repetition rate can be classified as independent
parameters, which are related to the melt pool geometry of a single pulse laser spot. The others are
dependent variables that can be detit®m the independent ones. These make it even more

complicated how PW laser parameters affect the relative density and microstructure of AM parts.
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2.4 Spattering During the Additive Manufacturing

The powder spattering phenomenon is generally observeagdaserbased machining
and manufacturing processes. In AM process, spattering refers to the ejection of materials from
the melt pool and then possitideing redeposited in the nearby region or removed by shielding
gas[93]. The spatters have been confirmed to create defects in thg¢9#rtSpattering during
AM of ODS steels can be more complex. Oxides in the melt tend to float to the surface and
agglomerate to create scales. A thick scale reduces the abilitglager to provide energy to the
metal,whichin turn deteriorates the melting and stability of the medtl [o5]. Also, these oxides

can be spattered during the laser process and lead to the loss of oxygen from AM ODS alloys.

2.41 Powder spattering mode

Melt pool spattering has been studied by utilizing different techniques, such as visible light,
IR videography[96i 98], simulations[99], and highspeed xray imaging[94]. Five types of
spattering modes (solid spatter, metallic jet, powder agglomeration spatter, entrainment melting
spatter, and defeabduced spatter) were identified, as shown in ., and the formation

mechanisms are discussed be[64].

(1) Solid spatter: during scanning, a large amount emefted spatter is generated
throughout the entire build proce§fie intense vapor generated by the localized laser heating
referedtoasii vap @r cjretat ed s uf f i-noelted potvderf beforeneelting.dSolid | e ¢ t
spatter formation can lead to raniformity in powder layer thickness but has less effect en th

overall part quality.
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(2) Metallic jet: liquid droplets are observed ejected from the melt pool at the edge of the
depression zone, and this type of spatter is referred to as metallic jet spatter. The intense metallic
vapor generates high recoil pressaral strong melt flow. When the metallic vapor is intense
enough to produce force capable of overcoming the surface tension, liquid metal can be ejected
from the melt pool and form metallic jet spatters.

(3) Powder agglomeration spatter: powders and spatte agglomerate and coalesce to
form spatters much larger than the original feedstock powder. Lgplid and liquidliquid
powder agglomeration are the two main kinds of powder agglomeration spatters.

(4) Entrainment melting spatter: ambient gas fltam carry powders/spatters to the laser
heating region, and once they encounter the laser beam, the solid powders/spatters are melted and
ejected by vapor jet. This type of spatter is referred to as an entrainment melting spatter.

(5) Defectinduced spatte when the laser interacts with a severe defect like large pores,
laser interaction with these large pores exhibits sudden instability, resulting in the eruption of

liquid spatter. Fig. 2 schematically shows the spatter types and their formation meptsani
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Fig. 27 Schematics show the formation mechanisms of all spatter types. (a) Solid spatter (A). (b) Metallic jet spatter
(B). (c) Powder agglomeration splatter (C1, ligsmlid agglomeration spatter, C2, ligtliquid agglaneration
spatter). (d) Entrainment melting powder spatters (D). (e) Déidaced spatter ([94].

During theL-PBF process, different parameters like laser power and scan speed will cause

various spattering phenomena. PW laser may cause different spattering behavior from CW laser.
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CHAPTER 3

EXPERIMENT

3.1 Materials

316L stainless steel (SS) is widely selectadehergyindustry applications such as nuclear
reactor services. This is primarily due to its good mechanical and corrosion properties in the low
to intermediate temperature range. While many similar performing materials are still challenging
to produce Wwh AM processes reliably, 316L SS by AMRBF is well accepted as a leading AM
material due to its easy fabrication, good mechanical and corrosion properties, and good overall
part quality.

In Chapter 4, three different alloying elements, Si, Al, andéfevgelected as the candidate
oxygen getter elements for ODS 316L SS due to their different oxygen affinity. Faldb@vs
the alloy compositions of the feedstock powders used in this work. Commercial 316L powder
manufactured by nitrogegas atomizatiorfCarpenter Technology, USA), designated as "316L
Si", was employed to study the Si effect-ddped 316L SS powder, designated as "326l.
was also manufactured directly by nitroggas atomization (Carpenter Technology, USA). It
should be noted that 8i 316L-Al powder was removed to prevent the effect of Sdoped 316L
SS powder was prmade by balmilling a custoramade 316L0Si SS powder and higpurity
yttrium powder with a planetary ball miller (Fig-13 at different concentrations. 316ISi was
fabricated via nitrogelgas atomization (Carpenter Technology, USA) by intentionally removing
Si and Mn from the standard 316L SS composition. The-pighy irregularly shaped yttrium

powder (99.9%, US Research Nanomaterial Inc., USA) withan averagepac | e si ze of
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used. The lowenergy ball milling resulted in Moped 316L SS powder with Y content varied
from 0.5, 1.2, and 2 wt.%, designated as "306&hY", "316L-1.2Y", "316L-2.0Y", respectively.

The planetary ball milling process was carreed in a vacuum SS jar at the rotation speed of 200
rpm for 2 hrs with a baflo-powder weight ratio of 5:1. The milling protocol involved changing
rotational direction every 30 mins, followed by a pause interval of 5 mins to avoid overheating.

All powders were sievedto 84 em f or good fl owability.

Table 31 Chemical compositions of 316L powder with different oxygen getters purchased from Carpenter

Powder Products and planetary ball milled powder (wt.%).

Fe Cr Ni Mo C S Mn (@] Si Al Y
316L Bal 16.7 10.7 2.29 0.002 0.0006 1.02 0.0384 0.74 / /
316L-Al Bal 17.88 14.18 0.14 0.0071 0.0039 156 0.0126 0.03 0.85 /

316L (Si, Mn free) Bal 17.7 13.9 2.84 0.0004 0.0004 0.02 0.044 0.01 / /

316L-1.2Y Bal 17.7 13.95 2.84 0.0004 0.0004 0.02 0.078 0.011 / 1.03

(a)

Fig. 3-1 Planetary Ball mill (XQM2A), vacuum stainless steel mill jar, and stainless steel balls were used.

In Chapter 5, gaatomized Y doped 316L SS and 316L SS were used as feedstock powder
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materials. The study focuses onsitu oxidation to form ¥Os dispesion in the alloy. Table-2

shows the chemical composition of these two powders. The two powders were mixed at different
ratios to create a range of2¥s concentratiosin the final produc{(0.5, 1.0, 2.0, and 3.5 wt%),

assuming all Y will react with oxyan and generate 2¥03. The oxides with lower melting
temperature, Mo®(high purity, 99.94+%, -8 0 n m, mel ting temp®rature
(high purity, 99.5+%, 20 n mdasorgeéntcarriergtopr@notp er at
oxidation reactionConsidering the oxygen loss during the AM printing process as reported in

ot her §[HO]whe préestimated oxygen concentration ofvi% (10000 ppm)in the final

steel was used to prepare ODS steels, which is higher than the oxygen level in the commercial
ODS alloys. In contrast tihein-situ reaction, AM ODS steel was also fabricated by laser melting

a powder mixture with 2 wt% X03+316L SS, wherehie Y-Os3 size used is 3@5nm. The same

planetary ball milling process mentioned above was carried out to prepare the materials in Chapter

5.

Table 32 Chemical composition of Y dopped 316L SS§Y6L) and 316L SS.

Mn Si Ni Cr Mo Y Fe
Y-316L 1.42 0.68 9.95 16.46 1.96 1.69 Bal
316L 0.92 0.73 12.9 17.7 2.32 - Bal

In Chapters €8, gas atomized 316L SS powder, 2 wt¥O¥+316L SS powder mixture,
and a powder mixture of 3.3 wt% e+ 1.57 wt% Y+316L SS ereused to investigate the effects

of PW laser parameter orRBF ODS steels and the spattering behavior.
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3.2Laser Powder Bed Fusion Process

Two laser systems were used in this study. A commercial Concept Laser, Mlab™®using
system, was used to build saegplfor study in Chapters 4 and 5. A sidkigned LPBF system

equipped with a PW laser was utilized for studies in Chapters 6 and 8.

3.2.1 Continuous Wave Laser
In Chapter 3, EPBF AM was conducted using a Concept Laser Mlab ClMisgstem

(Fig. 3-2) equipped with a 100W Yb: YAG fiber laser, with a wavelength of 1070 nm and a focus

di ameter of 50 & m.

CONCEPT

Fig. 3-2 Concept Laser Mlab Cusif{ system

Printing parameters were chosen based on the optimal density for 316L SS parts, with 90
W | aser power, 600 mm/ s scan speed, 80 em ha
baseline study utilized the same printing parameters to fabricate all thiexgaiadb compare in

situ oxidation among different materials. To evaluate the effect of laser energy input on oxygen
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pickup, different scanning speeds were also applied to-315Y.

The effects of atmospheric oxygen partial pressure-gituroxide fornation were studied

by adjusting the oxygen level in the shield gas. The atmospheric oxygen level of 0%, 1%, and 2%

in the processing environment was achieved by introducing shield gas of argon mixed with

different percentages of2OThe oxygen content ilné Concept Laser AM system cannot be safely

increased beyond 2%. The oxygen level in the machine was continuously monitored by the

Metrotec A19S oxygen sensor. The shield gas flow rate was maintained at approximately 10

13L/min during the fabrication. THest of samples, processing parameters, and oxygen levels in

the atmosphere are shown in Tabid.3

Table 33 Processing parameters and printing environmental oxygen levels investigated in this study.

Printing Printing parameters
Sample Powder environmental Laser Scan speed Hatching
oxygen level (%) power (W) (mm/s) di stani

#1 0

#2 316L 1 90 600 25
#3 2

#4 0

#5 316L-Al 1 90 600 25
#6 2

#7 0 600

#8 1 400

#9 316L-1.2Y 1 90 600 25
#10 1 1000

#11 2 600

#12 316L-0.5Y 2 90 600 25
#13 316L-2.0Y 2 90 600 25
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In Chapter 5, samples were also fabricated by Concept Laser Mlab €lsysgem with

90 W | aser power, 600 mm/s scan speed, 60 e&m

3.2.2 Pulse Wave Laser

In Chapters @8, samples were fabricated by a custoffaBRF machine (Fig.-3) equipped
with an IPG model YLRAOO-AC ytterbium fiber laser with both CW and PW operation modes.
The maximum laser power is 400 W, the laser wavelength is 1070 nm, and the maximum power

modulation rate is 50 kHz. The detailed printing parameters are listed in FTap@h@pter 6.

Fig. 3 3 Custom L-PBF equipped with IPG model YI-RO0-AC ytterbium fiber laser.

3.3 Microstructure Characterization

3.3.1 Sample Preparation

For microstructure analysis,-asilt or heattreated samples were sectioned lB/@e h | er E

Isomet 2000 Precision Sa{fig. 34 (a)) along the build direction. The heat treatments were
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conduct ed by -tanpdvatute fumac& with ang without wajaenchdepending on

the requirements. The specimens were meéunted
Mounting Press (Fig.-8 (b)) and then polished by a Strue
machine equipped with Tegrafortenead (Fig. 3! (c)), starting from 220 grit SiC polishing pad,

and followed by 9 em, 3 em, and 0.25 e€m suspe
the Buehler Vibrome® Vibratory Polisher (Fig.3 (d)) in 0.04 em coll oi
After vibratory mlishing, the surface of specimens was first cleaned with 1% Alconox solution by
wiping using a microfiber cleaning cloth to remove the remaining suspension particles. Then the
specimens were further washed with ultrasonic cleaner (F4.(6) for 15 mimites. This
preparation method produced a striige and scratclree surface on the relatively soft austenitic
stainlesssteel samples. Electetching was sometimes required to reveal the melt pool and
cellular/columnar structureff was conducted at ¥ oxalic acid with a Voltage of 5 V and a time

of 35 s.

(e)

Cutting Mounting Polishing Polishing Cleaning

Fig. 34 Sample preparation flow chart for microstructure and mechanical analysis.
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3.3.2 Density Measurement ofRBF parts

The optical metallographic images were taken usang Olympus BX51 (Fig. -B)
microscope, and the material density analysis was performed with ImageJ software. The optical
images of the polished specimens were taken by optical microscope with 5 or 10 magnifications
depending on the specimen size. The iesagere then processed by ImageJ software to highlight

pore contratand wereconverted into binary images for density measurement.

EEses=m

Fig. 35 Olympus BX51 optical microscope

3.33 Scanning Electron Microscopy (SEM)

SEM characteriion was carried out using a JEOL JSM 7000F field emission scanning
electron microscope (SEM, Fig& with Energy Dispersive Xay Spectroscopy (EDS) detector
(Oxford Instruments, Oxford, UK). Backscattered electron (BSE) images were obtained with a
yttrium-aluminumgarnet (YAG) scintillator detector at accelerating voltages of 10 kV. The
number, density, and size of oxide particles were acquired by using ImageJ software. The chemical

composition of different phases was explored by employing EDS poirysésal mapping.
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E——r i

Fig. 3 6 JEOL JSM 7000F field emission scanning electron microscope.

3.34 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) samples were prepared by focused ion beam
(F1B) milling. An FEI NOVA FIB was used to extract the specimens from the regions of interest,
and the specimens were mounted onto copper grids for further examim&hcharacterization
was conducted in an FEI Osiris FHEM/STEM operating at 200 kV. Brighiteld/dark-field
imaging and elemental mapping were carried out in the scafliiiMy (STEM) mode, while
diffraction patterns for phase analysis were obtained in the TEM mode. Diffraction patterns were
then analyzed using GATAN Digital Micrograph and Crysfaker software. The morphology,

size distribution, and chemistry of oxide inclusions were investigated.

3.35 Atom Probe Tanography (APT) Characterization

The atom probe tomography (APT) tips were prepared using the standarat léhd
annular millingtechniques. Following annular milling, the tips were cleaned with 5 keV and then

2 keV Ga ions to minimize the ion damage near the tip surface. A Quanta 3D field emission gun
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(FEG) focused ion beam/scanning electron microscope (FIB/SEM) was used to giepard

tips. The APT experiments were conducted on a CAMECA LEAP 4000XHR instrument under
laser mode at a specimen temperature 05@%K with a laser energy of 560 pJ, a repetition rate

of 200 kHz, and a detection rate of 0.5%. Datasets &tps wee collectedor each sampleand

the largest one has about 55 million iohke FIB and APT experiments were conducted at the

Microscopy and Characterization Suite (MaCS), Center for Advanced Energy Studies (CAES).
3.4 Mechanical Properties Testing

3.4.1Vicker's Hardness

Vickers hardness was tested using a-B00 FT Microhardness tester (LECO Corporation)
with an applied force of 1 kg and a duration time of 30 s. Eight indentations were tested on each

sample, and the average hardness was reported.

3.4.2 N\anohardness

Nano hardness was obtained using an iMicro nanoindenter (KLA instruments,/Higj) 3
with a Berkovich diamond tip by the continuous stiffness method. 25 indents (5x5 arrays) were
repeated on each specimen to provide reasonable statistifidlec@e. Indents were positioned
with 50 em spacing t dqFiga3v ¢b)) dhe piifaaeseffectés orermame o v er
once the indent pe B NM[IOL].eMse depth énpitefrindentk sas setas 4 0 0

2000 nm to get the bulk property.
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iMicro

Fig. 3-7 iMicro nanoindenter, KLA instrumen{g), and indent array in the sample with&® spacing and 2000 nm

depth

3.4.3 Micro Pillar Compression

Micropillars with diameters of about ~3 enm
prepared by focused ion beam (FIB) using an FEI Helios NanoLab 660 Dual Beam systi&m. In
SEM compression tests were performed using a Hysitron PI85 Picolndent¢h@sisplacement
control mode at the strain rate of 36. Two micropillars were repeated for each tE8SD

guided pillar selectioprinciple was discussed in section 5.3.3, Chapter 5.

3.5 Spattering

The spattering behavior of CW and PWPBFsamples was studied by using a higreed
camera, Redlake Motion Scope Mae distance between the camera and sample is ~3&igm.
38). The iIimages were taken at 1000 fps with a
of scanning directions blotparallel to and vertical to the camera were capturied.sparkline in

the i mages represents the spatter travel di st
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of the lineareused to estimatthe speed athe spatter by using the ImageJ saodire. At least 50

spatter particles were analyzed, and the average speed value with standard deviation was reported.

Fig. 3-8 Set up of higkspeed camera Redlake Motion Scope M2.
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CHAPTER 4

ON THE IN -SITU NANOSCALE OXIDE DISPERSIO N VIA ATMOSPHERIC

OXIDATION DURING LASER POWDER BED FUSION

Argon (Ar) is usually used in the-BBF as the shielding gas to protect the parts being
oxidized for AM materialsBut the oxygen residual in the atmosphere was claimed to be
responsible for the gher oxygen level in the AM parf$02]. The possible oxidation has usually
been regarded as a disadvantage in affecting the toudif83sBut for ODS steels, the oxide is
critical to their mechanical properties. The oxygen in the pignéitmosphere could facilitate the
oxide formation for certain types of steel when it can be manipulated in a controlled manner. Saeidi
et al.[57] reported irsitu oxide formation by printing 316L SS in an Ar atmosphere with 0.1%
residual oxygen. Siich oxide was observed in the material but with a low volume fradtiaimes
et al.[68] proved the increased oxygen level in ferritieGeAl -Ti alloy printed in 0.2% @mixed
argon compared to the counterpart printed in pure Ar. Their work shows the potential for the
fabrication of ODS steel in-PBF by adjusting the oxygen level in theedtling gas. But more
work needs to be done to understand the efficiency of fabrication of ODS stedlituyaridation.

In this chapter, we proposed that the oxygen level in the shieldxygen getter in the alloys
with different oxygen affinity, ge#r concentrations, and printing parameters will affect the
oxidation behavior of steellhese factors were systematically studied, and possible limits to

fabricated ODS steel by4situ oxidation are discussed.
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4.1 Grain Structure and Defects

Typical gran structures of 316iSi, 316L-Al, and 316l-:1.2Y processed at 1% >0
atmosphere were shown in Figl4There appears to be no significant difference. All the samples
exhibited columnar grains along the build direction. The féghperature gradient alongetheat
flow during L-PBF produced highly anisotropic microstructures. Grains with a high aspect ratio
spanned across several printed layers without being limited by melt pool boundaries. The
temperature gradient was dictated by heat removal from the owltqgward the base plate. But
local variations of melt pool geometry are visible. This study applied the same printing parameters
and scan strategy to all three materials. The minor differences in the grain structure were caused
by the materials' differeénthermal properties and solidification characteristics. Different from
316L-Si, Al and Y doped 316L SS exhibited increased porosity levels. Besides tra-faskon
defects and gas pores caused by the less optimal laser parameters, a large amodst of oxi
agglomeration sites formed across the material, as shown in-Eig. 4
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Fig. 41 Lower magnification SEM images showing the microstructure of 316L,-#6and 3161-1.2Y samples

printed at 1% @atmosphere, the presence of oxédglomeration in 316{Al and 316L-1.2Y samples.

Fig. 42 presents the etched micrograph to show the defect structures i 2¥6printed
at 1% Q. Pores and oxide agglomeration are distributed mainly along the melt pool boundaries.
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They can be distingshed by the lighter contrast of oxide agglomeration under SEM, as pointed
by the arrows. Interestingly, most laokfusion pores were filled with oxide agglomerates, either

entirely or partially. The EDS mapping shows that the oxide agglomerates atg yt@ium-rich

oxides.
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Fig. 42 Optical images show defects and agglomeration distributed along with the melt pool boundary-in2316L
Y sample printed at 1% tmosphere(a), SEM images show detailed defects and agglamdmtiand EDS

mapping of oxide agglomerates (c).

Fig. 43 shows the density changes in three materials as the atmospheric oxygen percentage
increased. While 316ISi maintained its high density under all conditions, both 3Aband

316L-Y exhibited redued density with increased oxygen. We emphasize that the laser parameters
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were optimized for 3164Si, not for 316LAl or -Y, which resulted in the discrepancy among
materials at 0% & The lower density of 316HAl or -Y in higher oxygen environments wasinig

caused by oxide agglomeration. Y and Al have higher oxygen affinity, resulting in heavier surface
oxidation during melting. The melt pool turbulence pushed oxides towards the boundaries to form
coarse agglomerates. We suspect the oxide agglomeraigbn atso change the local thermal

properties and residual stress upon cooling, promoting the formation adflficgion defects.

105
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e\0/100— H H tH
2
2
8 o5
90 T T T
0% 1% 2%

Atmospheric Oxygen Content

Fig. 43 The density of 3164Si, 316L-Al, and 3161-1.2Y samples were printed at various atmospheric oxygen

content.

4.2 Dispersed Nanoscale Oxides

Nanoscale oxides were dispersed uniformly in all three materials.-Bighdws the EDS
mapping by TEM, illustrating the typical compositions of the nano oxides. AM-&i@ontains
mainly Si and Mrrich oxides, which have been widely reported in theditee[54,104 107]. In

comparison, Alrich oxides ad Y-Si rich oxides formed in the Aloped 316L SS and-¥oped
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316L SS made by-PBF AM, respectively. Under the-asiilt condition, the oxides are spherical,
resulting from their poor wettability in the mdhk7]. Therefore, we believe the nano oxade
nucleated from the melt state. The selected area diffraction confirmed that all oxides are
amorphous in nature and that the particle was incoherent to the steel matrix. No defects or void

was visible along with the particle/matrix interface.

10 1/nm [

10 1/nm 200 nm

Fig. 44 TEM/EDX element mapping of typical nano oxides irbaiit AM 316L-Si, 316L-Al, and 316l-1.2Y

samples, printed at 1%,@tmosphere.

Oxide formation during laser AM is generally controlled by the oxygen affinity of the
oxygen getr elements in the alloy. Elements with higher oxygen reactivity, such as Si, Al, and

Y, are oxidized first in the melt. For AM 316&i, Pu et al[54] confirmed that the oxygen level
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of feedstock SS powder is the main contributor to the oxide dispersiofPBFLHowever, with
more reactive eiments, studies have shown that increased atmospheric oxygen levels could
drastically promote oxide nucleation during laser f@4,108] The oxide composition is dictated
by Gibbs's free energy in the given alloy system. Complex oxides are generally formed, whose
compositions highly dgend on the type of AM process (mainly thermal history during AM) and
the alloy compositiofr3,109,110]

It is interesting to note that-BPBF typically produces amorphous oxides, regardietise
oxygen reactivity of the getter element. Taking yttria in ODS steel as an example, the conventional
casting or powder metallurgy generally produced the crystalline yttria nanoparticles even with a
2-5 nm particle size. Amorphous yttria was commorgported as being made by thin film
deposition. The high cooling rate kinetically favored the formation of the amorphous phase. For
instance, the critical cooling rate required for the formation of silicate glass is typically in the range
of 10?to 1 Ks™. During L-PBF AM, the cooling rate was reported to bétd@.0' Ks?, depending
on the laser processing paramet§tdl]. We emphasize that the amorphous oxides are

thermodynamically less stable and will transform to crystalline dyrostAM heat treatment.

4.3 Effects of atmospheric oxygen content on oxide formation

The effects of the atmospheric oxygen level on the oxide size and area number density of
316L-Si, 316L-Al, and 316L-1.2Y were reported in Fig.-8. Low accelerating vaiges, ranging
from 7 to 10 kV, were applied to reduce the beam sample interaction volume and increase spatial
resolution under BSE mode. The resolution limitation under this condition was 10 nm. Three
materials show similar average oxide sizes (Fip(a). However, the size does not change

significantly with the atmospheric oxygen level (Figs@)). It is worth noting that the oxide
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density is increased when switching to stronger oxygen getters like Al or Y. The formation
mechanism of nano oxides in ABL6L SS has been explored by different researchers. Most works
focused on weak oxygen getter Si, concluding that the increase in the atmospheric oxygen level
contributes less to nano oxide formation than the oxygen level of the feedstock powder. The recent
development of AM ODS steels using-pnocess oxidatiorj68,108] showed the density of
nanoscale oxides in AM steel could be further improved by stronger oxygen getters and higher
atmospheric oxygen levels; however, the improvement was still mediocre. Our results, shown in
Fig. 45., are consistent with the reported data in the literature.

The oxygen content changing (baseline are the feedstocks powders) in parts produced in
0%, 1%, and 2% @measured using inert gas fusion, as reported in Fgcyt Compared to 316L
Si, the eleated atmospheric oxygen level contributed more oxygen to-Al@hd 3161-:1.2Y. A
significant enhancement in oxygen was detected from AM 3Jl8Y, contradictory to its
negligible increase of nano oxides. Also, 31SLand 316LAI can keep absorbing oxygérom

a high oxygen atmosphere while 31612Y reaches a limit of 2%:0
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Fig. 45 Oxide size in diameter (a), number density (b), and oxygen contemgelod three different oxygen getters

Si, Al, and Y printed at various atmospheres (c) (baseline: feedstock powder).

4.4 Effects of printing parameter on oxide formation and dispersion

Different laser scan speeds, 400, 600, and 1000 mm/s, were appliEeltd.3Y at 1%
O to reveal the effect of thermal history on oxide formation. When the scan speed increased, as
shown in Fig. 46, AM 316L-1.2Y presented higher oxide density with a smaller oxide size, and
the oxide size distribution shifted to a smallees The lower linear energy density (P/v, J/mm)
can increase the cooling rate of the melt pbdl] and reduce the iprocess heat treatment caused
by the thermal cycle from subsequent layers. We note that the total oxide volunaeti@nfr
remains constant with respect to scan speed. The differences in oxide size/distribution in these
samples may be caused by the different levels of oxide coarsening, not nucleation. Thus, a faster
scan reduced the chance of oxide agglomeration antkdirthe oxide coarsening during AM.

Oxygen measurement from these samples by inert gas fusion was also shown-t Fig. 4
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Fig. 46 Oxide size distributiorfa), average oxide size in diameter, number density and part d@gn)séyd oxygen

content(c) of 316L1.2Y printed at 1% @atmosphere, with different scanning speeds.

The overall oxygen content in the 1000 mm/s sample was 1@08&t than that in the 400
mm/s samples, suggesting a faster scan reduced the reaction time for oxygen foazk the
atmosphere. The relationship between oxide formation and printing parameters of laser AM was

reported in the literature. Eo et 2] found that melt pool residence time was not critical in
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determining oxgen content variation in the AM 316L by laser direct energy deposition (DED)
with Ar protection. In their study, the slower scanning speed led to a slightly lower oxide density.
Haines et al[68] alsofound the oxygen content in the AM&-Al-Ti stainless steel decreased

with an increase in laser energ@ur study demonstrated that printing paranseteould
significantly alter oxidation kinetics and oxide dispersion if higher atmospheric oxygen levels and
more reactive elements are involved. It is worth noting the overall material density reduces as the

scan speed increases. Faster scan speed waltaglgninduce more lackf-fusion defects.

4.5 Effects of oxygen getter concentration on oxide formation and dispersion

Fig. 47 demonstrates how the concentration of an effective oxygen getter affects the oxide
size and density. No visible change is oledrin oxide size/distribution with the Y increase from
0.5 to 2 wt.%. Higher oxide density in 31:8.0 Y samples suggests that adding more reactive
elements increases the efficiency of oxygen-pipkrom an oxygeiftontain printing environment.
Unlike theearlier studies using 316&i [54], this study confirms that the oxygen transfer from the
atmosphere to the melting pool could dominatemilt pool oxidation when more efficient
reactants are involved. On the other hand, the part density dropped significantly as the function of
Y content. A areful investigation of defect types suggests the defect formation was promoted by
more oxide agglomeration during printing. Clearly, excessive oxide agglomeration can take place

when oxide density is beyond a certain threshold.
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Fig. 47 Oxide size distribution(a), average oxide size in diameter, number density, and part density(b) as the

function of Y content printed at an environmental oxygen level of 2%.

4.6 Hardness

Vickers hardness measurement was performed on-8i6B16L-Al, and 316l-1.2Y
samples produced in various oxygen atmospheres, as shown in&ié dlight difference in
hardness was observed in all three samples fabricated in selected atmospheritemeygeve
employed a dispersed barrier hardening model to predict the hardness change based on the oxide

measurement. The estimated obsténtkiced changes in yield strength, (), given ag112]

~

jo 0] ‘mbQ

Yy, 0]
Wherel is the Taylor factor (3.06 for FCC polycrystals)is the strength factor (0.86 for
spherical particlefL12]), ¢ is the shear modulus of the matrix (78 GPa for 316ki}s the Burgers
vector (0.258 nn{113]) ard _ is the interobstacle spacing, a function of particle s&zand
number density .Y, for 316L-1.2Y printed at 0% and 1%@tmosphere are 77.23 MPa and

71.01 MPa, respectivelyThe difference between these two maiesriwas only ~6 MPa. The
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increment in yield strength is generally proportional to hardness:
y, -Y0ooh b o YouQud
The negligible difference ~DOQ'FR & cannot be revealed from resulBue to the
alloying differences, the removal of Mo from 3ElLand Mn from 316L1.2Y could also lead to
lower hardness than AM 316&i. This result was also in accordance with Bogachev Etlad],

who stated that 0.3wt% of20s nanoparticles in an ODS steel matrix is too low to influence the

microhardness of the material.
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Fig. 48 Vickers hardness of three different oxygen getters Si, Al, Y printed various atmospheres.

4.7 Discussion

The study confirmed that the formation and dispersion of nano oxides threomgttipool
oxidation could be significantly improved by selecting m@a&ctive elements, reducing the melt

pool's liquid residence time, and increasing both atmospheric oxygen level and the content of
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effective oxygen getters in the alloy. However, the data also revealed a competitive relationship
between the dispersion aanoscale oxides and oxide agglomeration under a realistic printing
environment. This section will discuss the controlling mechanism, quantify the reaction steps, and
provide our perspectives on employingsitu oxidation during laser AM to manufacture 8D

alloys.

4.7.1 Mechanistic Picture of Atmospheric Oxidation in Laser Melt Pool

Atmospheric oxidation in molten metal has been well described for continuous casting or
welding. The theory originated from understanding how oxygen gas interacts and digsolves
liquid metal. For the oxidation of molten steel, the reaction generally consists of a feyl $&ps
including (1) the diffusion of @towards the gabquid interface, (2) the dissociati of & into
singular atom [O] under the plasma induced by the heat source, (3) the direct oxidation at the liquid
surface, (4) the diffusion of oxygen atom [O] through the oxide film, (5) the chemical reaction at
the oxidemetal interface, (6) the diffimn of [O] in the liquid steel, (7) the chemical reaction
between [O] and oxygen getters in the liquid steel, (8) the diffusion of oxygen getters in the liquid
steel. This oxidation mechanism assumes that the continuous oxide layer is readily formed across
the whole melt pool when exposed to the air. Therefore, oxygen diffusion through the oxide layer
is considered the ratemiting step.

However, in -PBF AM, the reaction steps can be different, considering the highly
localized energy input, unstable mptiol, and fast heating and cooling rate. Fi® #ustrates
the proposed mechanistic explanation of oxygestal interaction during PBF AM. The
localized energy input by laser promotes thed@sociation, resulting in higanergy plasma

above the mebool surface Fig.-9(a). The physicochemical behavior of a plasnetal interface
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is significantly different from that of a gasetal interface, which enhances the local solubility of
oxygen[116]and promotes diffusion kinetics across thterface. On top of the melt pool surface,
metallic elements with higher oxygen affinity, such as Si, Mn, Cr, Al, and Y, were selectively
oxidized.

First, a thin oxide film will form on the melt pool surface, as shown in F@(b4. Then
the dynamic Meangoni convection inside the melt pool accelerates the diffusion and re
distribution of dissolved oxygen and getter elements like Y and Al, promoting nano oxide
dispersion. The convection can also break the oxide film, push oxides toward the melt pool
boundaries and generate oxide agglomerations, as shown in-Bi@).4Laser AM possesses
advantages in enhancing the rate of oxygen transfer across thgughmterface. But the oxide
formation in the melt pool is more sensitive to the physical progedfiehe melt pool. The
oxidation kinetics and oxide dispersion are sensitive to thdiggad interaction time, the
reactivity of the elements, oxygen content in the shield gas, and local turb[68hca semi
continuous slag layer can form on the melt pool surface and will impede the oxygen diffusing into
the melt pool. Moreover, if the slag andtide agglomeration on the previous layer cannot be

fully dissolved into the successive layer, it could induce more defects inside the sample.

(a) \\ Laser /

(b)

Oxygen getter

Dispersed oxide Dispersed oxide

Fig. 49 Schematic of the interactions between laser, gas, and melt pail loxidation by the dissolution of.@s

atomic oxygen diffused into melt pool duringRBF.

50



4.7.2 Oxide Slag Formation on the Melt Pool Surface

Fig. 410 shows the crossectional viewof the surface oxide layers of three materials
printed in a 1% @environment. Surface slag layer formation was reported for laser DED processes
involving an oxygercontaining atmospherfr2,117] Compared to laser DED,-BBF AM
generally presented one to three orders of magnitude higher cooling rate, thus reducing the time
for oxidation reaction during manufacturing. Haines et[@8] discounted the possibility of
forming surface oxide slag on the melt pool surface based on their fabricatiofCof&FeTi steel
in the oxidizing atmosphere byRBF. This conclusion is consistent with our observations from

AM 316L-Si printed in a high @environment, as shown in Fig. 10.
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Energy (keV)

Ni

Fig. 410 Oxide slag layer formation on the melt pool surface of 386L316L-Al, and 316l-1.2Y samples printed

at 1% Q atmospheré¢a), and EDS point analysis show the composition of the slag layeoaggition) (b).

In comparison, AM 316tAl SS shows surface oxides accumulated near melt pool
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boundaries, with an EDS scan confirming they areiek oxides (43.67% Al, 36.66% O, 5.5 %
Cr, 11.05% Fe,1.24% Mn, 1.88%Ni, in wt.%). With more reactive AM 31&Y SS, a semi
continuous oxide slag layer enriched with Y formed in a 12@r@ironment. EDS confirms that
the stoichiometric ratio of Y:O is close teQ3,the same as the oxide agglomerates found in the
steel matrix.

Fig. 411 shows all three materiatsp-view EDS maps of the printing surface. In AM
316L-Si SS, the indication of strong oxidation on the mpeldl surface was only visible along the
melt pool boundaries. This observation is consistent with our earlier [@fkconcluding that
only minor regional oxidation occuis the melt pool of AM 316tSi during LPBF AM. As
arrowed in the figure, the Hiatroduction of spattered powders was also found to contain a higher
amount of oxygen. However, its contribution to surface oxidation is still negligible. In comparison,
AM 316L-Al SS presents a higher fraction of-Ath surface oxide on the melt pool surface. The
surface oxide, visualized in the form of discrete black spots, is located along the melt pool
boundaries. With more reactive yttrium in AM 338L2Y SS, ~50% of thenelt-pool surface is

covered with thick Yrich oxide originating from the melt pool boundaries. A thin oxide layer was

observed in the mefiool interior.
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W T

Fig. 411 Surface oxidation and oxide slags formation on the melt pool surface with different oxygen getters (a) Si;

(b)AI; (c)Y, samples were printed at 1% €ontent.

These results suggest that surface oxidation can contribute greatly to the overall oxide
build-up in the product when more active oxygen getters are involved. In AM-BlL6hd AM
316L-1.2Y, we observed a mixedode of surface oxidation with a thin oxide film on the melt
pool surface and a thick oxide layer near the melt pool boundaries, in toottias continuous
surface slag found in the casting process. At the same time, the differences in the oxide coverage
and thickness still exist, depending on materials and processing condition®BR, lthe melt
pool dynamics are intense and resulturbtilence due to Marangoni flow. The liquid instability
caused by the turbulence constantly breaks apart the surface oxide layer, resulting in the further

exposure of the melt to air. This process contributes to accelerated surface oxidation (more
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slagging and more oxygen diffusion across the melt/air interface. Surface slagging and oxygen
diffusion are the competing processes to consume the total oxygen supply provided by a given

environment, meaning the faster surface oxidation can limit the oxygersidiffacross the

interface and produce less efficient nano oxide formation.

% (6)600 mm/s [T

Fig. 412 Surface oxidation and oxide slags formation on the melt pool surface in1328Lwith different scanning

speed, (a) 400 mm/s, (b) 600 mm/s,{8P0 mm/s, samples were printed at 1%@aMnosphere.

Fig. 412 shows the melt pool surface of 31B62Y printed with different scan speeds. An
increase in scan speed (decrease of liquid melt pool exposure time) led to a great reduction in the
oxide slaggormation. This is consistent with the oxygen content analysis (F6¢c)}. However,
the oxide volume fraction among these samples is similar, suggesting dispersed oxygen intrusion
into the matrix is barely affected, although low scan speed enables Wiffgsion time.

We emphasize that the surface oxidation rate highly depends on the type of reactive
elements and atmospheric oxygen level. AM 3Bblpresented a continuous increase in nano
oxide density as a function of oxygen content in the shieldwgaite AM 316L-1.2Y showed a
slight drop in nano oxide density at a 2%enDvironment. The thick surface oxide slag (shown in

Fig. 411 (c)) formed in AM 316L1.2Y inhibited the oxygen diffusion at the melt/air interface.
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4.7.3 Oxide Agglomeration in Detts

Oxides agglomeration in AM ODS alloys is commonly obsefg2470,117,118]In AM
ODS alloys, the addeakides would agglomerate in the melt pool due to the bad interface between
oxide and matrix. In addition, the lower density of oxide will float onto the melt pool surface and
form slag layers. Oxide agglomeration can take away a large amount of oxygetihéonatrix
and reduce the oxide density in AM ODS steels. In our study, XCT was used to quantify the volume
fraction of the oxide agglomerates in the AM part. The sample with the sizdx2 Inm and a
total volume of 2 mm”3 was characterized bya¥ canputed tomography unit ZEISS Xradia 620
Vesra. Tube voltage was set to 130 kV and current to €830 ensuresufficient sample
penetration. The voxel size was get2.28em with 2400 total amount of projections. The
reconstruction of frames was done using the SaadiScan Control system Reconstructor.
Porosity and agglomeration analysis was performed in VG Studio MAX 3.5. Both porosity and
agglomeration analyses were danehe VG porosity module. Pores and agglomerations were
separated and calculated separately by thresholding them by volume, sphericity, and compactness
simultaneously to ensure the best possible separation.

Fig. 413 shows how oxide agglomerates wereaetad from the bulk specimen by XCT.
The sample is a 316L.2Y sample printed at a 1% @mosphere. Fig.-43(a) is a 2D transverse
crosssection from the XCT reconstructed part. The presence of agglomeration (grey) and pores
(black) can be observed. Tleedeatures have also been verified framtical and SEM
characterization. Fig-43(b) shows that the agglomeration (with color) can be successfully
separated from pores (black). Fig:13(c) and Fig. 43(d) shows the 3D distribution of
agglomerates and wle defects (agglomeration and pores). They demonstrate that the
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agglomeration follows a periodical pattern, which is typically caused by insufficient energy input

[119].
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Fig. 413 X-Ray CT scanning of a 3161.2Y sample printed at 2%,@tmosphere. (a) 2D, transverse cresstion
of the volume from the XCT reconstructed part (b) oxide agglomerate determination via Volume Graphic 3.4; (c)

oxide agglomerate and (d) all defe distribution in the parts.

The volume fraction of overall defects (agglomeration and pores) in AM -318¢
printed in 1% @atmosphere is ~3.3%, and the volume fraction of oxide agglomerates is ~0.71%.
The calculated oxygen content in this sampte9iS0 ppm if we assume the stoichiometric ratio of
Y:O in the agglomerate follows that in-®s; (from EDS point analysis). The measured oxygen
content in this sample (Fig-3) was reported at ~1360 ppandwe conclude that only 410 ppm
oxygen was presentad the form of nano oxides in the steel matrix. This value is significantly
less than the ODS material PRDOO (1080 ppm) and MA50 (910 ppm) processed by
conventional method4.20]. The oxygen trapped in the agglomerates reduced the oxygen transfer
efficiency for n-situ nano oxide dispersion duringRBF AM, even when morthanenough

oxygen can be supplied from the atmosphere.

4.8 Conclusion

In the present study, the-gitu naneoxide formation during tPBF in AM 316L SS
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alloyed with different elements Si, Alnd Y was investigated by utilizing a high oxygen printing
atmosphere. The oxide dispersion and melt pool oxidation behavior are affected by the oxygen
content in the shield gas, the oxygen getter in the steel, and printing parameters. The dispersed
oxide censity in AM 3161-Si is not sensitive to the oxygen content in the printing atmosphere,
with a density of ~1.8x#&m? Higher oxygen affinity elements Al and Y promote oxide
formation.As a result, the oxide density in 318\l and 3161-1.2 Y increases as oxygen content
increases. Up to ~2 timgsigher oxide density than that in 31&i can be achieved in these two
samples. The oxidation behavior of 316L was affected by different oxygen getters. The melt pool
surface of 316LSi was barely oxided, while a thicker oxide layer was observed on 31&Y
samples. Shortening/reducing liquid phase duration using a higher scan speed would help refine
the dispersed oxide and increase the oxide density. The undesired slag layer can hinder the oxygen
pick-up from the printing atmosphere and deteriorate the part densiyP8H.ODS steeldn-

situ reactive AM in an oxygeoontaining environment did not produce desired nano oxide

dispersion to improve the mechanical property.
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CHAPTER 5

IN-SITU SYNTHESIZE D OXIDE DISPERSION STRENGTHENED ALLOY WITH
EQUIAXED GRAIN STRUCTURE AND EXCELLENT THERMAL STABILITY BY

ADDITIVE MANUFACTURING

It has been shown that melt pool surface oxidation hattierdispersed oxidefmation
in the matix by introdwcing a gasoxygen donor (oxygein the shielding gas). Other efficient
oxygen sources for-PBF ODS should be considered. Significant oxygen loss in-fPBE.ODS
steel observed by Zhong et[dl00] also demonstrated the incapability to fabricate ODS wii¢tel
high oxide density by using a mixture ofsixu Y03 particles with 316LSS powder. We believe
the laser can not fully melt the-®z particles instantly due to their high melting temperature.
Floating, agglomeration, and spattering of the unmelted particles will cause oxygen loss during
the L-PBF processTo increase the oxiddensity and improve the mechanical propertiew,
melting point solidoxygen donor, F©s, or MoOs nanopatrticles, were mixed with padloyed
316L-Y SS steel powder. We believe the dissociation of the -salygjen donor and reaction
between oxygen and Yiat occurs in the liquid melt will increase the oxide densityRPBE ODS
steel. The effects of pralloyed yttrium concentration on the mechanical properties and thermal
stability of in-situ reacted ODS steel were investigated. Stabilized cellular boubgalispersed
oxides was believed to contribute to the excellent thermal stability-sifurreacted AM ODS

steel.
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5.1 Microstructure

5.1.1 Feedstock Powder

Oxides with low melting point, Mo®and FeOs, are replacing oxygen containing argon
as the soti-phase oxygen donor for-gitu reactive AM.Feedstock powders were prepared by
mixing nano powders of sokghase oxygen donors and gas atomized steel powders \a low

energy planetary ball millings shown in Fig. 4.

Oxide K
d e
Ve , -'

Metal Powder

Fig. 51 Feedstock powder forigitu reacted AM ODS steel

Unlike the conventional higenergy MA process, lowenergy ball milling can mix

powders uniformly at a lower rotation speed in a short time. This process can maintain the spherical

shape of the g@vder and maintain a good flowability for theABF process. The donor oxides
uniformly decorate the powder surface and serve as an oxygen souresiforaxidation during
the melting process. The loss of oxygen in AM ODS steel was rega@@t In this study, 1 wt%
O (10000 ppm oxygen, equivalent to 3 wt% Madd 3.3 wt%e0s) was added to the feedstock
powder, and theoretically, it can form for up to 3.5 wt¥®Yin the matrix. The oxide (weight
percentage) in the AM ODS steel was controlled by adjusting the Y content in the feedstock
powder.Samplesf pre-alloyed Y comentrations of 0.39, 0.79, 1.57, and 2.75 wt% (Wi 1,
2, and 3.5 wt% ¥0Os) were studied in this work. These oxide percentages were the calculated
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values based on the assumption that oxygen from the donor was completely utilized during the

reaction.

5.1.2 Effects of Y concentration on oxide nucleation and dispersion

Fig. 52 shows the oxide (the black dots in the images) morphology and distribution in the
L-PBF ODS steeloxide donor FgD3) with different prealloyed Y concentration in the SS
powder. h the asbuilt condition, spherical oxides are uniformly distributed in the matrix in all
samples. In abuilt 0.39and0.79 web Y samples, submicron oxides can be observedmiost
oxideswere with an average size of ~50 nm. In comparison, submicron oxides were barely
observed inl.57and2.75wt% Y samp | e s . After heat treat ment
coarsening was evident (h39 and 0.79 wt% amples, but ndt.57 and 2.75 wt% Y saples
In the SS for this research, the reacting priority of elements with oxygen was determined by their
oxygen affinity. The element with the highest oxygen reactivity in the melt will first be oxidized.
Due to the high oxygen content (1 wt#000 pprhin the feedstock powder, once the Y iBD.
and0.79wt% samples were fully oxidized, the excess oxygen could further react with Si, Mn, and
Cr to form different types of oxides.®sand its variantarethe desired oxide for designing ODS
alloys due tots high stability at elevated temperaturescomparison, Siand Mnrich oxides
were reported to be metastable during laser, AMI post AM heat treatmenthey are prone to
oxide coarsening and can be transformed timedvinCr.O4 spinel phas¢s5]. The bimodal oxide
types in 039 and0.79wt% samples suggested that the ratio betwé#teinm and oxygen is crucial
for AM ODS steel made bthe in-situ reaction.The 1.57 wt% sample was selected for further

microstructure and mechanical characterization.
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(a) 0.39% (b) 0.79% (S (©) 1.57% | ¥ (¢)2.75%

1100°C-10h  As-built

il
Q

. 52 Effects of the pralloyed Y concentration on the microstructure 6PBF ODS steel. (a) 0.39 wt%, (b)

0.79 weh, (c) 1.57 wt% and (d) 2.75wt%Correspondso 0.5, 1, 2, and 3.5 wt%,0s, respectively

5.1.3 Grain Structure

Fig. 53 shows the EBSD grain misorientation maps of thleusls AM 316L SS, asouilt
and heat r e at e d-50 (hrs)120W@% ¥Oz ODS sampleg1.57 wt% Y+3.3 wt% FeOs).
Microstructure heterogeneity was present in the pure AM 316L SS, with the coarse columnar
grains oriented along the build direction. The matevid primarily textured along0€1> due to
the directional solidification by laser AMhe unique microstructure features of AM 316L SS as
compared to conventional 316L SS, along with its anisotropic properties, have been well
documented elsewhefg21]. Compared to AM 316L SS, AM ODS SS wittb7 wt%Y addition
showed refined grain structure with random texture. The epitaxial grain growtln, isicrmally
observed in lasekM, wasinhibited. The material showed an equiaxed grain size averaged at ~5.8
€ mMAM ODS SS also showed superior thermal stabilitfter being heat r eat ed at 1100C

50 hrs, no grain growth was observédeaver age grain size was ~5.4
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Fig. 53 Grain structure of the dsuilt 316L SS(a),ab ui | t ( b )-50h lzeatcbatetl (c)irBitu 2 wi% Y203

ODS samplé1.57 wit% Y+ 3.3 Wi FeOs).

5.1.4 Oxide Morphology and Distribution AM ODS SS by Reactive AM

Nanoscale oxides were dispersed uniformly irbat and heatreated AMODS SS

samples, as shown in Fig45and 55. The EDS mapping illustratéise compositiorof the nano

oxides.

500 rm 500m
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Fig. 54 TEM images in HAADF mode and EDS mapping show three types of oxide in-thela2 wt% Y-Os

ODS sample, line scan of-8i-O, Y-O, and ¥Si-Mn-O oxides in abuilt 2 wt% Y-0; ODS sample.

A variety of oxides, including YO, Y-Si-O, and ¥Si-Mn-O typeoxides were present in
asbuilt AM ODS SS. The EDS line scan from different oxides shown in the figure also indicates
the different elemental compositions of the oxides. NgOkavas observed irhe material,
suggesting the oxygen donor was fully reacléuis, we believe that these oxides nucleated from
the melt state, the dissolved.Perelease oxygen and react with higher oxygen affinity getters
yttrium. The oxide composition is dictated by Gibbs's free energy in the given alloy system.
Complex oxidesare generally formed whose compositions highly depend on the type of AM

process and the alloy composition. Unlike the various oxide compositions indtasample,
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most oxides consist of -%i-Mn-O in the heatreated sample, suggesting the oxide evaiu

during the heat treatment.
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Fig. 55 TEM images in HAADFEand EDS mapping show a single type of oxidSMn-O i n  a-50lhth&ad

treated 2 wt% ¥Os; ODS sample.

High-resolution TEM images and the diffraction patterrihef oxide in adbuilt and heat
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treated samples are shown in Fig6.9t shows that the oxide in the -bsilt condition is
amorphous. In contrast, the oxide has a clear crystalline structure in thieehéad sample. The

high cooling rate during the AMrpcess favored amorphous oxide formation. The oxides
transformation from amorphous to crystalline was also reported in conventional ODS alloys. After
MA, the oxide dissolved in the alloy matrix and reprecipitated during thespasting/HIP

procesg122,123]

Fig. 56 HRTEM images and diffraction pattern of oxide in thebadt and HT sample show amorphous oxides in

the AB sample and crystalline oxides in the HT sample.

The oxide size and density analyzed from the TEM images are shown iR7=ighb size
of the insitu oxide formed during AM process using a solid oxygen donor is ~50 nm. The size is
almost identical to that of oxide obtained bysitu oxidation in Chapter 4. This is probably due
to the nucleation and growth of the oxide in the liquid metal beindasto Although the AM
process is noticed with a high cooling rate, the liquid phase duration time is still long enough for
the oxide growth. A decrease in oxide density and slight coarsening are observed after the heat
treatment. The oxide density of theattreated samples is about etiérd of that in the abuilt

sample. The inferior oxide size and density of AM ODS steel can limit the application, and thus it
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is urgent to understand the oxifteming and evolution during the-BBF process. Improvindné
oxide density will be a big challenge for AM ODS steel, and more works need to be done to address

this problem.
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Fig. 57 Size distribution of oxides in awuilt (a) and heatreated (b) 2 wt% ¥Os; ODS samples; (c) average size

and density of oxides.

5.2 Mechanical Properties

5.2.1 Nanohardness

Fig. 58 summarizes the nano hardness of AM 316L SS, AM 316L SS alloyed with Y

(316L-1.69Y), and AM ODS SS with different>®¥s content under abuilt and different heat
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treating condition. In asbuilt condition, AM 316l-1.69Y is harder than AM 316L SS due to the

solid solution strengthening by yttrium. Thelaslt AM ODS steels were softer than 1.63Y6L

and almost identical to the hardness of AM 316L SS. The lower hardnesbuiita3DS steel
suggests that the Y in the feedstock powders fully reacted with the oxygen, and hence the solid
solution strengthening by Y was minimized. However, the mechanical properties were influenced
by hightemperature heat treatmeAftter heattreatedat 1 1 0 0 for 1036l-s, AM
1.69Y SS, and ODS SS with lower.®3 content showetiardness reduction as comparedht®

asbuilt condition. Hardness reduction of AM alloys after heat treatment was known due to
extensive dislocation recovery and sestallization[124]. Recovery reduces dislocation density

and, in many alloygjissemble dislocation cellular structurelewever, AM ODS SS with higher

Y203 content showed hardness increase after beingitezaed at 1100 for an extended amount

of time. After 50 hours at 1100, 1520% hardness increase can be obtained depending on the
oxide content. This contradicts the general decreasing trend of oxisieydgnheat treatment, as

shown in Fig. 57.
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Fig. 58 Summary of nano hardness oflaslt and heatreated 316L, Ydoped 316L, AM ODS steel with different

Y O3 content.

5.2.2 Vickerobés Hardness

Fig. 5-9 shows the Vickers hardness comparison of AM 316L SS, AM -3162Y SS,
and AM ODS SS with different 203 content. Similar to nano indentation results, the hardness
increase of AM ODS SS with heat treatment was confirfredthe insitu reacted AM ODSteel,
the hardness slightly decreases with the increasing contenOafiryasbuilt conditions.In AM
ODS SS with 2 wt% Y03, ~25% hardness increase was observed compareebiglamaterial
However,the dispersed barrier hardening model@mowan strengthening mechanigi?5] is
difficult to explain the increased hardness since the oxide density of thedaat sample is
lower than that in abuilt conditions.

Due to theresolution limitation of TEM, swmano particles/clusters may not be captured.
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More characterization like atom probe tomography and micropillar compression test were carried

out to understand the strengthening mechanisms of AM ODS steel after heat treatmen
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Fig. 59 Summary of Vickers hardness oflagilt and heatreated 316L, Ydoped 316L, AM ODS steel with

different Y.Oscontent.

5.3Discussion

5.3.1 Chemical segregation and nanoscale dispersoids i@B#$ISS

Two hypotheses were developed to explain the hardness increase in AM ODS SS after heat
treatmentFirst, the hardness change is mainly contributed by the solid state solution strengthening
by dissolved Y. Second, sutanoscale clusters beyond TEB&olution were formed during heat
treatment. Both hypotheses required atom probe tomography (APT) to conduct high resolution
characterizationlable 51 shows the chemical composition obtained from APT from ashbuilt

and1l 1 0 60 hrsheattrated samplesand the results were averaged from three tips of each
69



sample.There is no Y in either asuilt or heattreated AM, which suggests Y fully reacted with
oxygen and did not contribute to solid solution strengthening. There isnalsabnanoscale
clustering being observed in the hé@ated samples. Although the oxides irbagt AM ODS

SS underwent phase transformation during heat treatment, the element redistribution did not
nucleate new nanoclusters. As shown in Figl05 no evideoe of subnano clustering was

confirmed by this study.

Fe@ENi O | Mo ‘Mo
[sicgd. | [Magde | Y Sl Mn | Y
AB Tip i HT Tip

Fig. 510 Atom probe tomography of dsuilt and 1100 -50hrs heattreated 2 wt% ¥O; L-PBFODS steel.
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Fig. 511 Grain Boundary segregationsin-asi | t a n -®0hrs he@tfated 2 wt% ¥Os3 L-PBF ODS steel.

Fig. 511 shows the grain boundary segregation of various elementsirliaand heat
treated AM ODS SS. The chemical segregation of Cr, Mo, Si, and P on the grain bouneigies w
estimated to be +3 at%, +0.3 at%, +0.6 at%, and +0.3 at%, respectively. This result is consistent
with the study of EPBF 316L SS[126]. AM 316L SS by LPBF was reported to show
[50,113,127,128Mo0 and Cr segregation along both higihgle grain boundaries and lamgle
dislocation cellular wall$11, 14, 19] The presence of these cellular dislocation structures was
determined to be the magontributor associated with the superior mechanical properties of AM

steeld113]. However, the cellular structures and elemental segregation along them &arnish> 8 0 O
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[130] At the temperatur e hi g hbllyrecrystaliaeby dififathg, AM
dislocation cell§130]. Surprisingly, the segregation Gfr Mo, and P remained
50hrs heatreated AM ODS SS, with approximately +0.36at+0.2 at%, and +0.1 at%,

respectively.
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Table 51 Chemical composition of dsuilt and heatreated 2 wt% ¥Os; L-PBFODS steel, in wt%.

wi% Fe Cr Ni Mn Si Mo Y Cu Vv 0 C N P
70.038 15728+ 10.226+ 0964  0.196  2.434 0272 0067 0.0385t 0.006 0.032
AB 0 0
+0.947 0385  0.87 #0019 +0.05  +0.589 +0.172  +0.017  0.047  +0.002 +0.041
68.36  17.612+ 10.925+ 1278 0.3195+ 0913 0002 0366 0064 00105+ 0001 011  0.028
HT
+3.24 1499 1109  #0.092 0.041 #0407 +0.001 *0.066 +0.017 0.006  +0.001  #0.11  *0.019
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5.3.2 Thermal Stability of the Cellular Structure

Fig. 512 shows the cellular structure inlagilt, and heatreated AM ODS SS. Fig.-5
12(a) confirmed the presence of cellular dislocation structures indhalasnaterial even when
equiaxed grain nucleation took place during laser solidification (shown in-Bjg.Gompared to
the reported dislocatiocells in asouilt AM 316L SS from literatures, the cell walls in AM ODS
SS in this work were generally defined by loosely tangled dislocalios.reduced dislocation
density on cell walls in AM ODS SS, as compared to AM 316L SS, may be caused byidikeaqu
grain nucleation during AMFig. 512(b) shows a STEM/HAADF image of the-lagilt sample.
The brighter contrast of the cell wall is highlighted in this mode to show local chemical segregation
[130,131] The oxide was also observed uniformly distributed in the matrix and along the

boundaries.

After heat treatment at 112(6) and (df, therdislécatiorh r s ,
cell structures still remained in the material, with reduced dislatdgasity. Oxide particles were
redistributed along the cell walls and grain boundaries, as shown in-E&fcbWe believe the
high-density oxides along these boundaries might stabilize the structures of both dislocation cells

and grain boundaries atghi temperature
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Fig. 512 Cellular structureinab u i | t a 4bGhrs hedt@dted 2 wt% ¥O; L-PBF ODS steel. (a) BF (b)
STEM/HAADF of asbuilt sample, (c) BF (d) STEM/HAADF of hesieated sample reveal the cellular struetu
remained but showed different morphology from théait sample. The yellow arrow marks the cellular networks.

Black arrows mark the higangle grain boundaries.

Elemental segregation on the cellular boundary was not detecteebunltaand heat
treated L-PBF ODS steel by TEM EDS analysis. It is possible that the contrast was freamdpev
cell structure/grains with slightly different crystallographic orientations. During the annealing

process, the dislocation cell structures are recovered anddpbynexide particles and form
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cell/grain structures with low angle boundaries instead of maintaining the original cellular

structures.

It has been shown that 600°C remains to be the temperature threshold above which AM
316L SS experiences thermal instapi[130]. A clear drop in yield strength was observed by
researchers, concurrent with an increased tensile ductility, leading to a substantial tradeoff in
strength and ductility at éhintermediate temperature range @GDMO0°C). From 60@00°C,
dislocation recovery contributes to the decrease in strength in AM 316L SS tNébhemperature
reaches 80A000°C, cell walls disappear, but LAGBs remain stable. At higher temperatures
>1000TC, grain coarsening and/or recrystallization can occur, leading to conventional 316L SS
grain structure and mechanical properties. Different from AM 316L SS madé&ByF|.AM ODS
SS by reactive AM showed enhanced mechanical properties and outstandirgy tability at

higher temperatures of 1100°C with extended time.

Since no nano or steiano clustering and solid solution strengthenimgagonfirmed by
TEM and APT, we believe the stabilized nasipe cellular boundaries can be the main contributor
to the excellent thermal stability. In nanocrystalline (NC) mefa2,133] the stability of
nanoscale grains can be enhanced by two approaches: a kilnetersprocess wherein the grain
boundary mobility is reduced due to the presence of second phase patrticle by pinning and solute
dragging and a thermodynamiddgven process, wherein the grain boundary energy is reduced due
to the segregation of soluteoats at the grain boundarids.this study, elemental segregation on
the cellular boundaries was not confirmed. The redistribution of nano oxides in AM ODS SS
suggests that the kinetic stabilization of grain boundaries by Zener pinning should be considered

In this case, a critical grain radius Rc can be calculated by the Zener edL@dipRc=r/6f, here
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r and f (~0.008) are the radius and volume fraction of pinning particles. The estimated Rc in our
AM ODS SS is about ~1.27N1.03 em. Consider.
located along the cell walls, the local volumectian of particles could be higher than the
estimation.Thus, we believe nano oxides present in AM ODS SS can stabilize the cellular

structures down tthe sub-micron scale.

5.3.3 Micropiller Compression

EBSD-guided micropillar compression experiment wasnducted to examine the
deformation mechanisms of-bsilt and heatreated AM ODS SS. The experiment was conducted
by comparing grains with similar Schmid fact¢8F). The selection of grains from both materials
to conduct this study is based on thedwiing three criteria: (1) large grain is desired the
micropillar is made of a single crystal; (2) the grain with the largest SF is utilized to study the
activation of the primary slip system; (3) the selected grain needs to have a large difference
between the largest SF and secdajest SF so only one slip system can be activated by the
experiment.For FCC system, slip occurs on {111} planes along <110> direction. FI@ 5

illustrates the grain selection process.

Fig. 513 Selection of micropillars: (a) EBSD shows the grain orientation, (b) largest Schmid Factor map processed

from EBSD data, (c) largest SF minus sectardest SF map
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Fig. 514 shows the stresdrain curve and snapshot of the pillar at different strains. The
appearance of micropillar samples oftaslt AM ODS SS was shown at the strain of 0 and 30%
in Fig. 514(b). The sample was deformed uniformly, and there was no visible slip bands present
on the deformed pillar. Similar deformation behavior was also tegpan AM copper.This
phenomenon was explained by the multiple cell dedlocation interaction where the longnge
gliding of dislocations were restricted by stable dislocation cell bound4886%
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Fig. 514 In-situ micropillar compression tests at room temperature. (a) The truesttaascurves. SEM snapshots

of the micropillars at different strains (b)-hsilt and (c) heatreated 2 wt% ¥Os L-PBF ODS steel.

In heattreated samples, after a shpdriod of homogeneous plastic strain, the first slip
band commences with a significant | oad drop.
reduce the loathearing capability of the pillar, the slip only sustains a small amount without
overallfailure, and the flow stress starts to recover afterward. The several remarkable load drop
on the stresstrain curve indicates that catastrophic stigbhappened quite often due to the
escape of a large number of dislocations from the interactionse cfaime slip planes and the
surface. In contrast, the-asilt pillar had smoother plastic flow behavior. It indicates that the as
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built sample had a much better ability of dislocation storage due to the dislocation networks. The
difficulty of dislocationsslipping out from the surface during glide enabled better plastic stability.
Generally, obtaining the yield stress from the ststsan curves of micron pillars is rather
challenging. Either taper or initial misalignment at the pupitar interface canlead to
measurement deviation of the strggsin profile. In former compressions, the flow stress at 0.2%
offset or 2.5% axial strain has been extracted as a representation of yie[d3#&83] Here, in
order to minimize such issues, the yield strength at 0.2% offset has been chosen as the yield point
(indicated as the dot lines in the strei®in curve). The measured yield stress and calculated
critical shear stress of dslilt and heatreated samples are summarized in TabR Bhe little
difference in yield stress between two pillars from one sample suggests the data was representative.
The yield stress of the hemeated sample is ~13% higher thtae asbuilt one. The mechanical
property of singlecrystal grain obtained from the micropillar compression test is consistent with

the bulk property evaluated by the Vickers hardness test.

Table 52 Summary of 0.2% offset yieldress and critical shear stressobas i | t  a #Ghrs he&tO O

treated 2 wt% ¥YOs; L-PBF ODS steel.

0.2% Yield stress ] Critical Shear Stress
Sample Largest Schmid Factor
(MPa) (MPa)
AB1 467 0.459 214
AB 2 489 0.445 216
HT 1 533 0.467 248
HT 2 537 0.447 240
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5.3.4 4D STEM

With the suite of experimental evidescave conclude that the hardness or strength
increase in hedteated AM ODS SS as compared tebagdt AM ODS SS was NOT due to (1)
solid solution strengthening, (2) dislocatibardening, (3) precipitation strengthening by nano
oxides and clustering@.he stabilization of cellular boundaries by nano oxides andtoeddtect
interstitials (maybe O) is the only possible contributor to the high thermal stability and improved
mechantal properties at higher annealing temperatw® STEM was utilized to characterize the
subgrain cellular boundaries in AM ODS SS after heat treatrr@nt515 shows a 4D STEM
data analysis from 25@56 diffraction patterns. We determine the pigekpixel change in the
center of intensity of the diffraction disk and come up with a vector map of local deflections of the
electron probe. This is encoded in the "horizontal" and "vertical" images as components of the
deflection vector. These images arentltembined into the "composite color" image. Each color
stands for the direction of deflection. While the electron deflection shown in these images is not
directly correlated to the crystal orientation, the analysis has the potential to analyze sma# chang
in crystal orientation in the materighs shown in the figure, different cells in the heaiated
sample clearly show different contrasts of electron beam deflection, suggesting that these cells
may present orientation differersc®lore work is beingconducted to quantify the misorientation

of these cell walls.
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Fig. 515 Deflection of electron beam when passing through the sample with different orientation

5.4 Conclusion

A novel insitu reactive additivenanufacturingy usingalow melting point solidoxygen
donorcreates a new way to strengthen the ODS alloys and imginexkermal stability.Some
specific conclusions are addressed as follows:

1) Uniformly dispersed oxide with an average size of ~50 nndandity of 18%m? was
obtained in AM ODS SS. No sulanoscale clusters were observed in eithdaugs or
heattreated samples.

2) The fast laser process generates inhomogeneous chemical distribution and metastable
oxide precipitations. Cr, Mo, and P segméon were observed on the grain boundary.

Metastable amorphous oxide with differeampositionsof Y-O, Y-Si-O, and ¥Si-
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Mn-O existed in the abuilt sampleAfter heat treatment, these oxides transferred into
thecrystalline structurewith an identicacomposition of ¥Si-Mn-O.

3) Prealloyed yttrium concentration affecthe thermal stability of the isitu L-PBF
ODS steel. Higher yttrium content yields high hardness after heat treatment.

4) The stabilization of cellular boundaries by nano oxidespossible contributor to the
high thermal stability and improved mechanical propertiehahigher annealing

temperature.
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CHAPTER 6

EFFECTS OF PULSE WAVE LASER PARAMETERS ON THE QUALITY AND

MECHANICAL PROPERTIES OF THE ADDITIVELY MANUFACTURED 316L SS

The oxides in size of ~50 nm withe density of 16°-10?° m3 were obtained in the isitu
reacted EPBF ODS steel by using gas solidoxygen donors in studies shown in Chapter 4 and
5. TheL-PBF process was carried out using a Concept Laser M2 machine equipped with a
continuouswave (CW) laser. The relative coarser oxides compared to that in the PM materials
indicates there is a large space to further optimize the oxide distribution in Al SDéls.
Recently, the pulsevave (PW) laser has been applied to AM process and shows a vast potential
and advantages over CW lasers, such as increasing part resolution, rapid cooling rate, reducing
residual stresses, ef@.7,79,82,87] We believe the enhanced cooling rate and different PW laser
parameters could affect the oxide distribution in AM ODS steel. Due to the complexity of PW
laser parameters, a parametric stisgdgequired to fabricate parts with reasonable quality. In this
Chapter, the effects of PW laser parameters sudhsas power (P), repetition rate (RR), pulse
width, and pulse interval on the part quality of 316L B&e systematically studied’he

microstructure and the mechanical property of AM 316L using PW laser were also evaluated.

6.1 Schematic of PW Laser with Different Parameters

The high number of parameters in PW laser make it challenging to understand how these
variables affect the AM partSeveral important primary parameteres related to PW laser are laser
power(P, W), pulse widthd ) and repetition rateRR). Other important primary parameters that
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affect the printing quality are scan speed , rana/ hatgh spacingh, ¢ Algo, some
secondary variables related to these independent ones can also influence the sample quality. For

example, the duty cyclé which is defined ds 0 'Y 'Yaverage poweb , which can be

calculated a% 0 1 ; linear energy inputD 0 0 Y'Yz; and pulse
interval ,pZY "YThis section will discuss the k@arameters of PW laser A&hd try to figure out
which has the most significant effedh each individual parameter study, only the interested
parameter was changed, while others are arbitrarily set as cohssertpower, pulse width, and
pulse interval will affect thaingle bser spot geometignd heat dissipation. When applying the
same duty cyclésame energy inpyt)hedifferent combinatiogof repetition rateand pulse width

are also investigated

6.1.1 Laser Power

Fig. 61 shows the schematic representation of temparchtpatial disposition of PW laser
with different power levels. Other parameters like scan speed, pulse width, and repetition rate were
set as constant, and hence the duty cycle and the pulse interval will be constant. In this case, the
energy input to aalser spot is different. A larger laser spot size and melt pool depth are expected

at higher power.
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Fig. 6:1 Schematic representation of temporal and spatial disposition of PW laser with different powers.

6.1.2 Pulse Interval

As shown in Fig. 62, the pulse laser power and pulse width were set as constant. The scan
speed was also fixed, and hence different repetition rates yielded ditfatgycleRR] Pulse

width) and pulse intervals. The energy input to a laser spot is edériiut the spot density or the

distance between two laser spots is different. The size and melt pool depth of each laser spot should

be the same. But a larger spacing enables a longer cooling time for each laser spot, which will

change the cooling rate.

A

Power, (w)
Power, (w)

Time (us)

Time (ps)

Fig. 6-:2 Schematiaepresentation of temporal and spatial disposition of PW laser with different pulse intervals.
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6.1.3 Pulse Width

Fig. 6-:3 shows the effect of pulse width change under the same power, repetition rate, and
pulse interval applied. The extended pulse width will provide more energy to a laser spot and
generate a larger and deeper melt pool. In this case, the duty dycleange along with the pulse
width. Longer pulse width can provide higher energy input to a laser spot and generate a melt pool

with a higher peak temperature as well as a longer liquid phase duration time.

B B
5 5
Time (us) Time (us)

Fig. 63 Schematicepresentation of temporal and spatial disposition of PW laser with different pulse widths.

6.1.4 Repetition Rate

In Fig. 64, constant laser power and duty cycle are applied, but the repetition rate changes.
In this case, the pulse width aimterval will be different along with the change in repetition rate.
The overall energy density put into the melt pool will be identical. However, the energy input for

each laser spot is different, and hence the duration of metal in the liquid phase evwlitiy rate

for each laser spot are tailored.
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Fig. 64 Schematigepresentation of temporal and spatial disposition of PW laser with different pulse repetition

rates.

6.2 Selection of PW Laser Parameter

A continuous laser tr&ds a prerequisite for a quality AM part. Singtack scanning was
applied to examine the melting quality. Fich&hows the tracks with different PW laser power,
and the other parameters are arbitrarily chosen following the description in sectioh&s2rl.
power greatly affects the morphology of the track. At smaller laser power (120 W), the single track
is not continuous, suggesting the energy is insufficient to melt the subStittethe energy
increasing to 150W, a serrated outline of the traok lze observed. The small melt pool cannot
enable sufficient overlap between laser spots. At higher power, continuous melt tracks are
observed. Laser power from 2200 W was chosen to fabricate bulk samples, and these samples
are desiRpwealtebd ,a sa st s h o-W hasar power @ B10 ¥/ was chosen for

studying the effects of other parameters, such as pulse interval, pulse width, and repetition rate.
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Fig. 65 Morphology of the singkerack with different powers andetailed parameters are summarized in tatle 6

(#1-#7).

Figu66 shows the tracks with

di fferent pul se

two laser spots lowers linear energy input and yields a discontinuous track. A decrease in pulse

interval results in wider melt pools. The interval from2Z5 0 was selected to prepare bulk
samples, and
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Fig. 6:6 Morphology of the singldrack with different pulse intervals and detailed parameters are summarized in

table 61 (#8#12).

Fig. 67 reveals the tracks with different pulse widths. The longer pulse width produces a

higher energy input, resulting in a wider melt pool. Pulse width fros6 20

€s was sel
prepare bul k
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Fig. 67 Morphology of the singkerack with different pulse widths and detailed parameters are summarized in table

6-1 (#13#18).

Fig. 68 shows the tracks with different repetition rates. All the tracks have the same energy
input, but some differences in the melt pool width can still be observed with varying repetition

rates. Repetition rate from3) kHz was selected to prepare bulk samples, and they are designated
as NHN-R® in -ITabl

e 6

Fig. 6:8 Morphology of the singktrack with different repetition rates and detailed parameters are summarized in

table 61 (#19#22).
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Table 61 Summary of PW laser parameters wdifferent power, pulse interval, pulse width, and repetition rate.

Laser Power peal Power Speed Duty Duration time/Pulse Repetition Linear Heat Spot/ Interval/

# Designation
mode (W) avg (W) (mm/s) cycle widt h(e Rate Input (J/m) mm €S

1 PW 120 48 80 04 20 20000 600 250 50

2 PW 150 60 80 0.4 20 20000 750 250 50 Power 1

3 PW 180 72 80 04 20 20000 900 250 50 Power 2

4 PW 210 84 80 04 20 20000 1050 250 50 Power 3

5 PW 240 96 80 0.4 20 20000 1200 250 50 Power 4

6 PW 270 108 80 04 20 20000 1350 250 50 Power 5

7 PW 300 120 80 04 20 20000 1500 250 50

8 PW 210 21 100 0.1 50 2000 210 20 500

9 PW 210 42 100 0.2 50 4000 420 40 250 Interval 1

10 PW 210 63 100 0.3 50 6000 630 60 167 Interval 2

11 PW 210 105 100 0.5 50 10000 1050 100 100 Interval 3

12 PW 210 147 100 0.7 50 14000 1470 140 71 Interval 4

13 PW 210 315 100 0.15 10 15000 315 150 67
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14 PW 210 63 100 0.3 20 15000 630 150 67 Width 1
15 PW 210 94.5 100 0.45 30 15000 945 150 67 Width 2
16 PW 210 126 100 0.6 40 15000 1260 150 67 Width 3
17 PW 210 1575 100 0.75 50 15000 1575 150 67 Width 4
18 PW 210 189 100 0.9 60 15000 1890 150 67 Width 5
19 PW 210 105 100 0.5 100 5000 1050 50 200 RR1
20 PW 210 105 100 0.5 50 10000 1050 100 100 RR 2
21 PW 210 105 100 0.5 25 20000 1050 200 50 RR 3
22 PW 210 105 100 0.5 10 50000 1050 500 20 RR 4
23 Cw 210 210 100 1 2100 Cw
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6.3 Effect on the Parts Quality

In the single track study, the widths of the continuous track obtainegdrppriate laser
parameters were in the range of 2@ 0 & m. To enabl e-109%)fhdtweeni e nt
adjacent | aser tracks, the hatch spacing of
was applied to print 3x5x10 nimparts with variouparameters listed in Tablel6 Fig. 69 shows
the optical images of AM 316L SS byRBF printed with different PW laser parameters. The

black contrast indicates defects/pores in the sample.

1 2 3 4 5
99.336% 99.727% 99.863% 99.854% 99.383%

Power

99.998%

99.638% 99.998% 99.993% 99.993%

Width  Interval

98.170% 99.841% 99.938% 99.969%

RR

Fig. 69 Optical microscop@mages of LPBF 316L SS by pulse laser with different power, interval, width, and

repetition rate. Black contrast indicates the defects.
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Three major defects in AM 316L SS are reported: lack of fusion (LOF), gas pores, and
keyhole[138]. Lack of fusion encompaes irregular defects, elongated shapes, and sometimes
unmelted powder patrticles present. Laikusion defects are a result of insufficient energy input.
Gasentrapped pores are characterized by their spherical shape. Pores form and evolve through gas
entrapment, supersaturation of dissolved gases, and chemical reactions that produce gaseous
species within the melt pool. Keyhole porosity is initiated by generating a debppéd melt
pool and vaporizingnetal within the melt pool. Keyhole porosity fdret L-PBF process results
from the rapid local melting of powder, and usually, higher energy input causes more keyhole
defects. Keyhole pores vary in shape and range in size.

In the samples under Power 1, Interval 1&2, and Width 1&2, irregular lack afnfusi
defects are observed, indicating the insufficient energy input of these conditions. The samples
under Power 4&5 and RR 1 show primarily keyhole defects. Fif) $hows the part density as
the functions of power, pulse interval, width, and repetitide. réhe part density was measured
by area fraction analysis in ImageJ software. A parabolic shapghedDensity vs. Power
relationship suggests an optimal power range for dense parts, wibftackion at low power and

keyholing at high powemReducingthe pulse interval is beneficial to increasing the part quality

under this set of parameters. Pul se width c¢cha

repetition rates yield denser parts.
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Fig. 6:10 Density of samples with different printing parameters, power, pulse interval width, and repetition rate.

It is logical to assume that the defect structures can be directly controlled by the input
energy density. The plot of part density vs. linear energy input is shown in-Fig.véhich was
calculated based on PW laser combinations listed in Tablelfeestingly, nearly full dense
material can be achieved in a wide range of energy input, fror1830 J/m. Lower energy at
400 J/m deteriorated the part density. In addition, at the same linear energy input, the part quality
was not identical, from 98.17% 1©99.99%. These results suggest that the linear energy input is
critical to the partquality. However, the understandings of the combined effects of these

parameters, for example, pulse width, pulse interval, and repetition rate are also essential.
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Fig. 611 L-PBF 316L parts density vs. linear egg input. Weak correlation between part density and energy input

in pulse laser tPBF.

6.4 Effectof PW laser parameters orthe Mechanical Properties

Fig. 612 shows the nano hardness and modulus of AM 316L SS with different pulse laser
parameterd~or mmparison, a CW lasgarinted sample was also included. The parameter of CW
laser was listed in TableB #23.We want to note that the same power and scan speed of CW
sample lead to higher energy input compared to the PW samples, thedsmeguse theeduced
hardness. Either incraag the scan speed or redigthe power to maintain the same energy input
asthe PW sample could make the comparison between CW and PW samples more reasonable in
hardness and microstructurfehe CW laser sample showise lowest hardness among all the
conditions.Nano hardness was not affected by the part density due to the small indent size of ~10

em, but the modulus depended on the density
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Afinterval

,d. 0s hegniatansfy RWer rhodulus than others. And higher modulus is

obtained in the sample with higher density.
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Fig. 612 Nano hardness (a) modulus (b) 6PBF 316L SS with differergrinting parameters: power, pulse

interval, pulse width, and repetition rate.

In summary, pulse laser, depending on the laser parameters, may or may not impact the

mechanical properties. Laser power has little effect on nano hardness, causing insignifica

differences in the range of the study. A longer pulse interval is beneficial to the mechanical

properties of AM 316L SS by PW laser. Pulse width in the narrow range®f®0 € s
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the nano hardness too much, but we expect that nanosecorskquind, or even femtosecond
laser would have more profound effects on the mechanical properties. Nano hardness is sensitive
to the repetition rate. With a 5 kHz pulse laser, the highest nano hardness, 3.11 GPa, was obtained

among all the samples.

6.5 Effect on the Microstructure

Three sets of -5s0a mpMReRs , la f @ o-4vék mdckaractesided td
understand how the pulse laser affects the microstructure.-EBjsBows the melt pool structure
of the samples with different printing parameters: power, pulse interval, pulse width, and repetition
rate.The laser energy, absorptioief ci ency, and the material 6s th
and shape of the melt pool. It was concluded that melt pool boundary was the primary factor
influencing anisotropy in AM partgl39], and melt pool boundary allows for preferential slip
during deformation due to its low dislomat density[113]. Crack paths appeared to falldhe
melt pools rather than the grain boundaries, as reported by We1d0&lAs discussed in section
6.1, the laser spot varies in shape and depth with diffpamaimetersHigher PW laser power,
e.g, Power 5 sample, created a larger melt region similar to the sample made by CWhlaser.
sampl e ,d RIRi dhber melt pool boundary density is
width and can generate a deep rpelbl and remelt previous solidifiednd thedistance between
the two melt pool boundaries is close to the
sample Alnterval 10 provides enough time for

next laser spot partially remelts it and creates a melt pool boundary.
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Fig. 613 Melt pool structure of pulse laserBF 316L SS with different printing parameters: power, pulse

interval, pulse width, and repetition rate.
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