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Abstract

Fusion-based additive manufacturing techniques leverage rapid solidification (RS)
conditions to create parts with complex geometries, unique micro/nanoscale morphological
features, and elemental segregation. Three custom composition stainless steel alloys with varying
chrome equivalence to nickel equivalence ratio (Cr/Nieq) between 1.53 and 1.95 were processed
using laser powder bed fusion (LPBF) and/or two-piston splat quenching (SQ) to produce
solidification rates estimated between 0.4-0.8 m/s. Both SEM and TEM were utilized to collect
high-resolution images, electron backscatter diffraction (EBSD) phase identification, and measure
cellular segregation in various RS microstructures. Similar features were observed in both LPBF
and SQ samples including phase and microstructure, nanoscale oxide particles, cell size, and
segregation behavior. However, dislocation pileup was observed along the cell boundaries only in
the LPBF austenite solidified microstructure. Targeted adjustment of the SQ feedstocks Cr and Ni
concentrations, within the ASTM A240 316L specification for 316L, resulted in no observable
impact on the cell size, oxide particle size, or magnitude of segregation. Also, the amount of Ni
segregation in the ferrite solidified microstructures did not significantly differ, regardless of
Cr/Nieq or processing technique. SQ is demonstrated as capable of simulating RS rates and
microstructures similar to LPBF for use as an alternative screening tool for new RS alloy

compositions.
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1. Introduction

Powder bed fusion (PBF) processing techniques rely heavily on rapid solidification (RS)
to create parts with complex geometries that would not be feasible through traditional production
processes. Austenitic stainless steels are commonly used in PBF processing with great success to
create high strength parts with good corrosion resistance and thermo-mechanical properties.
(Bartolomeu, et al., 2017; Cheruvathur, et al., 2015) These properties are achieved partially as a
result of the unique micro and sub-microstructures formed by rapid solidification (RS). (Akbari &
Kovacevic, 2018; DebRoy, et al., 2018; Deng, et al., 2020; Qiu, et al., 2018; Wang, et al., 2018)
Cooling rates and solidification rates experienced during PBF processing can vary extensively
based on the material and build parameters, for example, stainless steels processed via laser powder
bed fusion (LPBF) can achieve cooling rates between 10° and 107 K/s. (Bertoli, et al., 2019;
DebRoy, et al., 2018; Kong, et al., 2019a; Kong, et al., 2019b; Sun, et al., 2016) However, the
relationship between composition, microstructure, and rapid solidification is not fully understood,
so before new alloys can be used, they must be investigated to ensure the desired properties will
be achieved after RS. (Bartolomeu, et al., 2017; Kirnsteiner, et al., 2017; Tchuindjang, et al., 2017)
The metallic powder used in PBF processes requires specialized equipment to make, can cost
thousands of dollars to purchase in sufficient quantities for PBF, and generate waste from required
size distributions that are necessary for consistent and quality results. Also, the PBF equipment
must be emptied and cleaned when changing alloy compositions. These factors make testing new

alloy compositions a costly and time-consuming processes.
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RS that occurs during fusion-based additive manufacturing (FBAM) processes such as
PBF, enables the formation of unique micro and sub-microscale structure and features in stainless
steels. RS conditions are generally considered to be achieved at solidification rates above 10 mm/s
or cooling rates above 100 K/s. (Elmer, 1988; J. A. Sarreal, 1986; Kurz & Trivedi, 1994) Most
FBAM stainless steels are characterized by the cellular solidification structures that can form as a
result of RS. solidification structure can be observed by etching a polished cross section, or by
using TEM bright field (BF) imaging. In BF images of 316L, the solidification structure is outlined
by networks of dislocations along the cell boundaries.(Bajaj, et al., 2020) The dislocation networks
result in a sub-structure within the microstructure. (Bajaj, et al., 2020; Gao, et al., 2020; Jacob,
2018; Liu, et al., 2018; Voisin, et al., 2021; Voisin, et al., 2018; Wang, et al., 2018; Wilson, 2019)
Along with the dislocation pileup, nanoscale oxide particles have also been found along the cell
boundaries.(Bajaj, et al., 2020; Liu, et al., 2020; Liu, et al., 2018; Voisin, et al., 2021; Wang, et al.,
2018; Wilson, 2019) These oxide particles were identified as Mn enriched Si oxides, or Rhodonite
(MnSiOs) and have been found to range in size between 10 and 300 nm. (Bajaj, et al., 2020; Gorsse,
etal., 2017; Qiu, et al., 2018; Wang, et al., 2018; Yan, et al., 2018) In some studies, other Cr-rich
oxides have also been reported, but these were not found as frequently. (Deng, et al., 2020; Qiu,
et al., 2018) The MnSi oxides are reported to act as Zener pinning sites at the cell boundaries for
the dislocation pile up and are partially responsible for the improved material properties. (Deng,
et al., 2020; Yan, et al., 2018) In rapidly solidified austenitic stainless steels the segregation of Cr,
and if present, Mo to the cell boundaries has been repeatedly reported. (Deng, et al., 2020; Voisin,
et al., 2018; Wang, et al., 2018; Wilson, 2019) The segregation of these heavy elements to cell

boundaries has also been suggested to contribute to improved material properties. (Deng, et al.,
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2020; Voisin, et al., 2021; Wang, et al.,, 2018) The ability of RS processing to produce
microstructures and features that are distinctly different from what occurs at slower solidification
rates creates an opportunity for current metallic systems to be implemented in new ways.

Rapid solidification is known to affect the resultant phase/microstructure formed at certain
compositions in austenitic stainless steels and, in some cases, this deviation from the equilibrium
predicted microstructure can significantly impact the properties of the final product. Stainless steel
and RS literature use the concept of equivalence equations, such as WRC-1992, to quantitatively
represent a materials tendency to form either austenite or ferrite microstructures based on the
chemical composition. (Elmer & Eagar, 1988; Elmer, et al., 1989; Elmer, et al., 1990; Lippold,
1994; Lippold & Savage, 1979; Lippold & Savage, 1980; Schulz, 2020; Wilson, 2019) The WRC-
1992 equations have undergone significant evaluation and review to confirm the accuracy of the
predictions and have been shown to have a wide range of applications from estimating ferrite
content in dissimilar metal welds to predicting microstructures and material properties for stainless
steels. (Kotecki & Siewert, 1992) The equations are used to calculate what are referred to as
chrome equivalence (Creq) and a nickel equivalence (Nieq) values to indicate the materials tendency
to form either ferrite or austenite respectively. A ratio of the Creq and Nieg (Cr/Nieg) can also be
taken and used in a similar manner. Higher solidification rates have been found to increase the
range of equivalence values over which austenite and ferrite solidification was stable, reducing the
predicted two-phase region. (Stefanescu, 2002) Rapid solidification rates tend to produce single
phase solidification of either austenite or ferrite, typically resulting in three possible
microstructures; primary austenite (PA) from austenite solidification, primary ferrite (PF) from

ferrite solidification, and austenite formed from a solid-state massive transformation of ferrite
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(F/MA). (Elmer, et al., 1989; Lippold, 1994) While the WRC-1992 equations were developed with
respect to techniques like arc welding that had slower solidification rates than RS, the equations
are still able to provide a foundation of what would be expected from the steel at slower
solidification rates and allows for a better understanding of how that has changed at higher
solidification rates. Separate works by Jacob and Lippold each demonstrate the use of WRC-1992
equivalence ratios being used to compare stainless steels of different composition for RS processes
like pulsed laser welding and LPBF. (Jacob, 2018; Lippold, 1994) The effect of RS on the ranges
of equivalence values over which these microstructures form is critical to understand when
performing FBAM processes in order to ensure the desired material properties in the finished part.

In slower, non-rapid solidification rate processes, such as arc welding of austenitic stainless
steel, dendritic solidification will occur along with elemental segregation. During austenitic
soldificaiton, Cr and Ni exhibit an inverse segregation behavior in which Cr becomes enriched at
dendrite boundaries and depleted at the dendrite core, and Ni enriched at the dendrite core and
depleted along the dendrite boundaries. (Brooks, et al., 1991; Brooks & Thompson, 1991; Mas, et
al., 2018) The opposite segregation response was observed in ferritic microstructures in which
there was Ni enrichment at boundaries and Cr at cell centers. This difference in elemental
segregation in which Cr is rejected during austenite solidification and Ni is rejected during ferrite
solidification is explained by Cr being a ferrite stabilizer and Ni being an austenite stabilizer. (Kou,
2002) This type of segregation is under the assumption of the limited diffusion in the liquid with
no solid diffusion model. The segregation at the dendrite core is referred to as an initial transient
region and the segregation at the dendrite boundary is the final transient region. In welding and

FBAM processes that experience rapid solidification rates, the solidification morphologly will
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typically be cellular and can produce microscale cellular segregation. When electron beam welding
was used, which has a much higher solidification rate, the initial transient region was no longer
observed but the final transient region remained. (Brooks, et al., 1991; Brooks & Thompson, 1991;
lamboliev, et al., 2003) In a different study of austenitic 316L, produced by LPBF in which the
solidification rates are higher than conventional arc welding, the enrichment of Cr, Ni, Mo, and
Mn was reported at the cell boundaries with no observable change in composition within the cell
body. (Gorsse, et al., 2017) Similarly, in LPBF processed austenitic 316L material, VVoisin et. al.
reported both Cr and Mo segregation to the cell boundaries. (Voisin, et al., 2021) This study did
not mention the Ni or Mn response at the cell boundaries. The variation in reported segregation
profiles found in rapidly solidified stainless steels further highlights the need for a better
understanding of how RS changes solidification microstructures in various processing methods.
Along with micro-segregation, the possibility of solid-state diffusion (SSD) after
solidification has been previously proposed. During separate studies by Brooks and lamboliev,
they reported rapidly solidified ferritic structures in which cell boundaries were homogenous after
solidification and SSD was used to explain the resulting lack of observed segregation at the RS
cell boundaries. (Brooks, et al., 1991; Brooks & Thompson, 1991; lamboliev, et al., 2003) There
are multiple factors that can impact whether SSD will occur, such as crystal structure, element,
distance, and temperature. The amount of SSD that can occur in a solidified material will change
based on the phase, as the diffusion properties of elements is different in austenite vs ferrite.
(Brooks, et al., 1991; lamboliev, et al., 2003; Wilson, 2019) Also, whether SSD will occur or to
what degree is dependent on the processing technique and conditions, as sufficient time and

temperature are required. Although, micro-segregation in rapidly solidified stainless steel has been
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reported in the solidified microstructures, the possibility that the observed segregation has been
modified by SSD must also be considered.

Several solidification models have been developed and or modified to simulate rapid
solidification conditions more accurately using correction factors or by incorporating phenomena
such as solid-liquid boundary diffusion and solute trapping. At equilibrium solidification rates,
tools such as phase diagrams and the lever rule generally predict solidification segregation well.
More complex, non-equilibrium solidification models, such as Scheil, are useful for simulations
at intermediate solidification velocities and can produce first order estimates for the low end of
rapid solidification. (Cheruvathur, et al., 2015) As solidification rates increase, prior assumptions
about diffusion and interface kinetics are no longer accurate requiring velocity corrected models
such as the continuous growth model presented by Aziz. (Aziz, 1982; ThermoCalc, 2021) These
typically combine models addressing effects such as undercooling, dendrite tip radius, and the
absolute limit of stability with larger models to improve results. (Kurz & Fisher, 1981; Kurz, et
al., 1986; Kurz & Trivedi, 1994; Lipton, et al., 1987; Trivedi & Kurz, 1994; Trivedi, et al., 1987)
Additionally, to validate these models, a more comprehensive understanding of rapid solidification
for stainless steels may well require the study of many, different alloy compositions which span
the microstructure space from PA — F/MA — PF. To do so, will require an efficient means of
producing a variety of stainless steels, performing rapid solidification experiments, and
characterizing the result RS microstructure.

Two-piston splat quenching (SQ) is a useful tool for generating samples with RS rates
similar to PBF processes. The technique requires very little feedstock (<1 gram) to perform

experiments, feedstock does not need to be in powder form, and experiments can be completed
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from start to finish in a matter of a couple hours. By comparison, a standard LPBF build process
requires several kilograms of powder to be produced by a series of atomization experiments and
subsequent powder sizing and characterization, costing significantly more time and capital. The
SQ process utilizes rapid solidification to create thin foils with high cooling rates and cellular
solidification structures. (Inokuti & Cantor, 1977) SQ is capable of achieving cooling rates
beginning around 10* K/s and increasing up to 108 K/s or higher under the right circumstances.
(Jones, 1996; Jones & Suryanarayana, 1973; Prakash, et al., 1992; Predecki, et al., 1965; Quintana,
et al., 1979; R. W. Cahn, 1976; Ruhl, 1967; Ruhl & Cohen, 1969; Scott, 1975; Wood &
Honeycombe, 1974) Such a wide range in cooling rates is achievable through targeted
modification of key experimental parameters such as sample size, surface roughness, and platen
material. (Jones, 1996; Jones & Suryanarayana, 1973; Prakash, et al., 1992; Ruhl, 1967; Ruhl &
Cohen, 1969)

This paper compares the RS microstructures produced by LPBF and SQ experiments using
a variety of custom stainless steel alloys which span the microstructure space between PA, F/MA,
and PF. The solidified materials were examined using a combination of micro and nanoscale
analysis techniques to assess microstructure, solidified phase, elemental segregation, and
micro/nanostructural features. Unlike in previous works, this paper discusses the similarities and
differences between microstructures for a single alloy chemistry produced with two unique rapid
solidification processes and investigates the potential relationship between the Cr/Nieq and
elemental segregation in multiple alloys and microstructures produced by SQ. Detailed imaging
using scanning electron microscopy (SEM), transmission electron microscopy (TEM), scanning

transmission electron microscopy high-angle annular dark-field (STEM-HAADF) was performed,
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and analysis using electron backscatter diffraction (EBSD) and STEM energy dispersive X-ray
spectroscopy (EDX) measurement techniques were implemented to examine the samples at the
micro and nanoscales. In addition, segregation ratios estimated from the experimental results were
compared to segregation ratios from simulated solidification using both classic Schiel
solidification and Scheil with solute trapping modules in Thermo-Calc. Finally, this paper
demonstrates that the SQ technique can be used as an effective means to efficiently explore the RS

microstructure space similar to LPBF for stainless steels.

2. Materials and Methods

2.1 Alloy production and rapid solidification processing.

A total of three different alloy compositions were produced in this investigation that had
increasing Cr/Nigq ratios of 1.53, 1.71, and 1.95 using the WRC 1992 equivalence equations.
(Kotecki & Siewert, 1992) Alloy 1 was a 316L type stainless steel that was within the ASTM-
A240 composition specification had been processed via LPBF. (ASTM, 2020) Alloys 2 and 3 were
produced using high purity raw material that was arc melted together to achieve homogenous
feedstock with the targeted chemistries. All raw material purities were 3N or higher. Iron was in
the form of 1/8” pellets and Cr sputtering targets were used for alloying while the rest of the
material was in powder form and pressed into a pellet. Alloy compositions were measured after
arc melting and rolling using the following bulk chemical analysis techniques: inductively coupled
plasma optical emission spectroscopy, combustion analysis, and inert gas fusion. A portion of the
LPBF material was sectioned and used for SQ experiments of that alloy composition. Three

replicate samples were made from each alloy composition using SQ. SQ was performed in an ultra
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high purity Ar environment. For the SQ experiments, the samples were electromagnetically
levitated, melted, and brought to a target temperature of 1600°C before being released and splatted

between two Cu platens to create the thin foils.

2.2 Sample preparation.

To prepare samples for analysis both SQ and LPBF samples were cross sectioned and
mounted in the electrolytically conductive hot mount material, PolyFast. The LPBF sample was
cut through the middle to expose melt pool cross sections. SQ produced thin foil samples were
sectioned longitudinally through the middle, as if cutting a coin in half, and mounted with the cross
section exposed. All mounted samples were ground and polished to a 1um finish then either
electrolytically etched in a 60/40 solution of 70% nitric acid and deionized (DI) water using a DC
power supply at 1.25 V to reveal solidification microstructure, or vibratory polished using 0.02um
solution for EBSD.

TEM foils were made via focused ion beam (FIB) lift outs from etched samples. FIB lift
outs were performed using either a TESCAN LYRA FIB-FESEM or FEI Quanta 3D Dual Beam,
both of which use a gallium ion source. First a region of interest was identified, in which a group
of cells were aligned and in-plane. In splat quenched samples this was within the radial center of
the splat quench. For LPBF material the region of interest was within the interior of the build away
from any edges. The FIB was used to deposit a bar of platinum perpendicular to the orientation of
the solidification cells to produce a cross section of the cells when viewed in the TEM. The TEM
foil was then cut and lifted out from the sample and attached to a Cu grid. The foil was thinned

until a thickness was 150 nm or less was achieved.
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2.3 SEM imaging and EBSD.

An SEM was employed for high-resolution imaging of the etched cell structure and to
perform EBSD analysis of polished samples. Images were collected on a Thermo-Fisher Apreo
SEM while EBSD was completed using a JEOL 7000 SEM and the software Aztec produced by
Oxford. SEM images and EBSD scans of SQ material were collected from the radial center of the
samples. Images and EBSD scans of LPBF material were from the interior of the sample build.
All TEM and STEM work was performed on an FEI TECNAI F-20 microscope at 200 kV. BF and
STEM-HAADF images were collected using the GMS 111 software and images were collected at

a range of camera lengths.

2.4 Cell size measurement and solidification rate estimates.

Cell diameters were measured using a combination of SEM images of the etched
microstructure and ImageJ software. Multiple sets of cell size measurements were collected from
both the LPBF and SQ samples. Cooling rates were estimated based on the range of cell sizes
measured using an empirical relationship proposed in work by Katayama et. al. for 310 SS in which
D is the cell size, R is the cooling rate, and A and n were material constants, 80 and 0.38

respectively. (Katayama & Matsunawa, 1984)

D=A*R)™" Equation 2.4.1

To solve for the solidification rate, the cooling rate was divided by temperatures gradients that

were extracted from 2-D ANSYS heat transfer simulations of the solidification event. The
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simulation used a heat transfer coefficient of h=1E7 W/m?K and a solidification temperature range

of 40K. (Katayama & Matsunawa, 1984; Zacharia, et al., 1989)

2.5 ThermoCalc simulations.

The thermodynamic modeling software Thermo-Calc 2022a was used to run multiple
solidification models for each alloy feedstock composition being studied. Simulations were
performed using the classic Scheil solidification module (Equation 2.5.1) in which Cs is the
composition of the solid, keq is the equilibrium partition coefficient, Co is the initial composition,

and fs is the fraction solid. (Kou, 2002)
Cs = kog * Co * (1 — f)fea™? Equation 2.5.1

The velocity modified Scheil with solute trapping module was also used to perform solute
trapping simulations at three different rapid solidification rates 0.1 m/s, 1.0 m/s, and 5.0 m/s. All
simulations were completed using the TCFES8 Steels/Fe-alloys database. The allowed phases in
each simulation were restricted to only the liquid phase and the observed primary solidification
phase of that alloy. This was done to account for the change in primary solidification phase caused
by rapid solidification and to reflect what was observed in the experimental results. The classic
Scheil and Scheil with solute trapping model were ran to 95% completion. The Scheil with solute
trapping module is based on previous work by Aziz and Jackson that presented an equation for a
velocity corrected partition coefficient shown in Equation 2.5.2. (Aziz, 1982; Boettinger, et al.,

1984; ThermoCalc, 2021)

k — keq+ﬁ0*V
1+ﬁ0*V

Equation 2.5.2
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In this equation, kv is the velocity corrected partition coefficient, keq is the equilibrium partition
coefficient, V is the solidification front velocity, and Po | s a ratio between the interatomic distance
length scale and diffusion coefficient. This ThermoCalc model solves for the partitioning

coefficient at each step under increased solidification rates.

2.6 STEM-EDX line scan and analysis.

STEM-EDX line scans were collected from TEM foils using a single tilt, low background
beryllium sample holder. STEM-EDX was performed using an EDAX Optima-T-60 windowless
detector and analyzed using the EDAX-TEAM software. To assess overall variation of the
concentration of each element across individual solidification cells, a ratio of element signal
intensity vs Fe was used to account for and remove any variation in signal intensity caused by
changes in sample thickness. However, this method does not differentiate between changes in the
individual element signal intensity vs changes in the Fe signal intensity, both of which can shift
the ratio of signal intensities. As a result, this method was only used to qualitatively analyze the

change in signal intensity over the course of the line scan data.

2.7 Segregation ratio and solid-state diffusion calculations.

The partition coefficient, keg, is commonly presented as shown in Equation 2.7.1, in which
Cs is the concentration of an element present in the solid, and C is the concentration of the same

element in the liquid.

Keg = = Equation 2.7.1
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For equilibrium and near equilibrium solidification conditions, C. can be replaced with the
concentration of the respective element in the final solid to solidify. However, under rapid
solidification conditions when solving for the partition coefficient, C. can not be replaced with the
concentration in the final solid due to phenomena like undercooling, cell tip radius, and diffusion
in the liquid and solid to name a few. Instead, the ratio of initial vs final concentration that was
previously the partition coefficient, now is the segregation ratio.

In order to quantify the amount of segregation, segregation ratios were measured using
experimental data from multiple cells in each microstructure and compared with thermodynamic
simulations. When calculating the segregation ratio from solidification simulations Cs was the
initial composition and C. was the final composition of the solidified phase. For the experimental
data, integrated and background subtracted X-ray signal intensities from individual line scans were
used to represent individual element concentrations. This was done because of difficulties
associated with precisely and accurately converting STEM-EDX data into elemental compositions
for complex alloys. The average signal intensity from the cell center was used as Cs and the signal
intensity at the cell boundary was C.. In cases where individual element signal intensity was
skewed by variations in foil thickness, the ratio of signal intensities data was used to identify the
location of the cell boundary and the start of the segregation and in which the signal intensity
stabilized, and these values were used. The segregation ratio was not calculated using the ratio of
individual element signal intensity vs Fe signal in order to provide a more accurate representation
of the segregation of each individual element.

Fick’s law of diffusion was used to estimate SSD distances for the LPBF and SQ processes.

Equation 2.7.2 shows Fick’s law of diffusion in which D is the diffusion coefficient, Do is a
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temperature-independent pre-exponential constant, Q is the activation energy, T is temperature,

and R is the gas constant.

D =D, * exp (;—S) Equation 2.7.2

Values for Do and Q for Cr and Ni were selected from work by Brooks et. al., and D was solved
for temperature values between the 1410°C and the estimated transformation temperature 1350°C.
(Brooks, et al., 1991) Three potential diffusion times were used in diffusion distance calculations
that were based on cooling rate estimates from cell size measurements, 1E-4, 1E-5, and 1E-6

seconds.
3. Results

3.1 Microstructures and cellular morphology.

The three stainless steel alloys used in this study had similar compositions that spanned a
range of Cr/Nieq values from 1.53 to 1.95 through varied Cr, Ni, and Mo concentrations. The
measured individual alloy compositions are listed in Table 3.1.1 along with the WRC-1992
equivalence values and Cr/Nieq ratios for each alloy. Alloys 1 and 2 were within the ASTM A240
compositional specification for 316L SS which defines a range of allowable concentrations for Cr,
Ni, and Mo. Alloy 3 almost met the specification, but contained 0.1 wt% Cr more than allowed for
316L SS. The only other major compositional difference between the alloys was that the
concentration of C in alloy 1 was an order of magnitude greater than in alloys 2 and 3, but still

below the 0.03 wt% upper limit for low carbon SS. Alloys 2 and 3 had lower C contents than alloy
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1 because they were custom alloys made using high purity raw elements and alloy 1 was supplied
for the study.
Table 3.1.1. Measured bulk chemistry analysis results for feedstock alloys 1-3 with equivalence

values.

Alloy Fe| Cr [ Ni |[Mo|Mn[si|N|o| c |nNb]|cul Ti|Cr,[| Ni, |CrNi,

1-LPBF  |67.1/16.90/11.70|2.55]1.20]0.53]0.02]0.04/0.018]0.000[0.040[0.000[19.45| 12.74 | 1.53
1-SQ 67.1]16.90]11.70]2.55[1.20[0.53]0.02]0.04/0.018/0.000[0.040[0.000[ 19.45| 12.74 | 153
2-SQ 68.0[17.20[11.10]2.22]1.10[0.38[0.01[0.02[0.001]0.000[0.000[0.000[ 19.42| 11.34 | 1.71
3-SQ 66.9/18.10]10.50[2.92[1.10[0.42[0.01]0.02[0.002]0.000[0.000[0.000]21.02] 10.77 | 1.95

EBSD phase mapping was used to identify austenite and ferrite phases in the rapidly
solidified samples produced by LPBF and SQ processing. Alloy 1 samples that were processed
using LPBF and SQ both produced fully austenitic microstructures. A fully austenitic
microstructure was also observed in the SQ alloy 2 samples at and around the radial center with a
few, very small pieces of ferrite were found near the outter radial edges of the sample. It should
be noted that the PA and F/MA microstructures are both crystallographically austenite and can not
easily be distinguished when in EBSD. In the EBSD phase map of alloy 3, both austenite and
ferrite were found in significant amounts. (Figure 3.1.1D) Figure 3.1.1A-D contains phase maps
for each of the four samples in which blue is austenite and red is ferrite. In Figures 3.1.1A-C, small
amounts of ferrite are indicated at the grain boundaries of the austenitic material. This was due to
low quality Kikuchi patterns generated at the grain boundaries that were mis-indexed by the

software and can be ignored.
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Alloy 1 SQ Cr/Ni,, 1.53

Alloy 1 LPBF Cr/Ni,, 1.53

Solidification Direction

Solidification Direction

25um 25um

Alloy 2 SQ - Cr/Ni, 1.71 Alloy 3 SQ - Cr/Ni,, 1.95

Solidification Direction
Solidification Direction

25 um 25 um

Figure 3.1.1. EBSD Phase maps from (A) build center of LPBF alloy 1 and (B-D) from radial

center of SQ alloys, 1-3 respectively. Blue represents austenite and red represents ferrite.

Electrolytic etching exposed the cellular solidification structure of each sample and also
used to differentiate the PA microstructure from F/MA or PF microstructures. Two distinctly
different cell types were observed after etching. Type 1 cells were identified by the preferential
etching response at the cell boundary while the body of the cell remained mostly unaffected. Type
2 cells were characterized by an overall less defined etching response under the same conditions,
with cell boundaries being etched less preferentially to the cell body compared to type 1 cells.
Examples of the two cell types can be found in Figure 3.1.2A-H. Type 1 cells were identified to

have formed from austenite material that experienced austenitic solidification. PF and F/MA
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microstructures both formed type 2 cells as a result of the ferritic solidification. Previous work by
S. Venkataraman shows examples of primary austenite cell structures (type 1) and cell structures
from the ferrite to austenite transformed material (type 2) in 316L stainless steel. (Venkataraman,
1984) While it was observed in EBSD phase maps that LPBF and SQ alloy 1 were fully austenitic,
both type 1 and 2 cells could be distinguished in the samples after etching. (Figure 3.1.2A-D) In
LPBF alloy 1, type 1 cells consistently formed along the bottom edge of the weld pool and type 2
cells formed closer to the interior/top of the weld pool. In the corresponding SQ sample from alloy
1, type 1 cells were typically observed along the PS interface while type 2 cells were found more
commonly in the middle in which the two solidification fronts meet. In both processing techniques
of the alloy 1 composition, type 1 cells were found in areas in which cooling rates and solidification
rates were predicted to be the fastest and type 2 cells in the areas in which lower cooling and
solidification rates were expected. Unlike in alloy 1, alloys 2 and 3 formed only type 2 cells
regardless of if the sample indexed as austenite or ferrite in EBSD. The cellular structures for these
two samples are shown in Figure 3.1.2E-H.

The cell size measurements showed a larger average cell size for LPBF processed material
compared to in the SQ sample but overall, the two processes both produced solidification cells
between 0.20 and 0.40 um in diameter. This range of cell sizes translated to cooling rate estimates
between 9.3*10° — 7.7*107 K/s based on the empirical relationship discussed earlier. Solidification
rate estimates using the extracted temperature gradients and cooling rate estimates were between
~390 mm/s and 830 mm/s. The cell sizes measured from SQ alloy 2 and alloy 3 were similar in
magnitude to the cell size measurements of SQ alloy 1. In order to achieve a more detailed

comparison of the nanostructural features between samples, TEM and STEM analysis of both type
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1 and type 2 cells from LPBF and SQ samples of alloy 1, type 2 cells from F/MA in alloy 2, and

type 2 cells from PF in alloy 3 were performed.
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Figure 3.1.2. Low and high magnification SEM images of type 1 (austenite solidification) and
type 2 (ferrite solidification) cells observed in: (A, B) LPBF alloy 1, (C, D) SQ alloy 1, (E, F) SQ

alloy 2, (G, H) SQ alloy 3.

3.2 TEM and STEM-HAADF images.

BF and STEM-HAADF imaging of PA in LPBF and SQ samples revealed mostly similar
micro and sub-microscale structures and features between the two processing methods. The
cellular solidification structures were easily observable in BF and STEM-HAADF images of the
PA, type 1 cells from LPBF produced alloy 1. The cell boundaries were identified in BF by the
dislocation pileup at the cell boundaries, which could also be seen in the STEM-HAADF images,
Figure 3.2.1A-D. This type of dislocation buildup along the cell boundaries is characteristic of
LPBF and other PBF processed austenitic stainless steels. In addition to the dislocation pileup, a
network of oxide particles could also be observed that formed along the cell boundaries. The oxide
network was most easily observed in the STEM-HAADF images but could be observed in BF
images by over or under focusing the image. In Figure 3.2.1B, the image was intentionally under-
focused to make the oxides more visible through the dislocation pileup. Cell boundaries were not
always constrained by grain boundaries and were found across and along grain boundaries. The
size of the oxides formed in this material ranged from ~5 nm in diameter at the smallest to ~100
nm in diameter for the larger oxides. Oxide particles were found primarily along the cell
boundaries and sometimes at grain boundaries but not all of the time.

The PA, type 1 cells produced by SQ in alloy 1 were similar to the PA from the LPBF

material but exhibited smaller oxide particles and lacked the dislocation pileup observed in LPBF.
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The SQ PA sample formed a similar oxide network along the cell boundaries, like in the LPBF
material, that was visible in both BF and STEM-HAADF images. (Figure 3.2.2) Unlike the LPBF
sample, no dislocation pileup at the cell boundaries was observed in SQ PA material. Although,
under-focusing the BF image was still required to observe the oxides. The oxide particles that
formed in the PA SQ material did not form as large as in the LPBF PA, only ranging from ~5nm
to ~30 nm in diameter. The oxides in SQ PA were found along cell boundaries and at grain
boundaries when they were the same. While SQ PA exhibited cellular solidification and a network
of oxides along the cell boundaries similar to LPBF, the oxide particles formed were not as large,
and no observable dislocation pileup along the cell boundaries are what features differed between

the PA microstructures formed by LPBF and SQ.
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Figure 3.2.1. PA microstructure (type 1 cells) in alloy 1 produced by LPBF. (A-B) TEM-BF

images and (C-D) STEM-HAADF images. Image B and D are higher magnification to show
detail that is difficult to resolve at lower magnification. Image B was intentionally under-focused

to make oxides more visible through dislocation pile-up.
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Figure 3.2.2. PA microstructure (type 1 cells) in alloy 1 produced by SQ. (A-B) TEM-BF images
and (C-D) STEM-HAADF images. Image B and D are higher magnification to show detail that
is difficult to resolve at lower magnification. Images A and B were intentionally under-focused

to make oxides more visible.

BF and STEM-HAADF images of the F/MA microstructure, type 2 cells from LPBF and
SQ alloy 1 were more similar than the PA microstructures, in which the only difference was how
large of oxide particles formed in the LPBF vs SQ material. The network of oxides was observable
in the F/MA samples from both LPBF and SQ material. As described earlier, the oxide network

that outlined the cell boundaries was observed in STEM-HAADF images normally and BF images
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more easily by under-focusing the image. (Figure 3.2.3A-D) Unlike in the LPBF produced PA,
dislocation pileup at the cell boundaries was not observed LPBF produced F/MA samples. The
oxides that formed in the LPBF F/MA material were similar in size to what was observed in PA,
~5to ~100 nm in diameter. The same was true for SQ F/MA in which the oxides ranged from ~5
to ~30 nm. The F/MA microstructures in LPBF and SQ processed alloy 1 were more similar than
the PA microstructures since no dislocation pileup was observed in either sample, however, the

size range of oxides in the LPBF material was still larger than in the SQ material.
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Figure 3.2.3. Under-focused BF-TEM and STEM-HAADF images of F/MA microstructures

(type 2 cells) in alloy 1 produced by (AB) LPBF and (CD) SQ.
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TEM foils of F/MA and PF microstructures (both type 2 cell) from SQ samples of alloys
1-3 showed no observable change in the sub-microscale structure and features with respect to
change in composition or phase (F/MA or PF). In the BF and STEM-HAADF images of alloy 2
(Figure 3.2.4A-B) and alloy 3 (Figure 3.2.4C-D) no dislocation pileup was observed along the cell
boundaries similar to in alloy 1. The oxide network that formed along the cell boundaries was the
primary method of identifying the cellular structure. Still, the BF images needed to be under-
focused to make the oxide network readily visible. The size range of oxides observed in alloys 2
and 3, like in alloy 1, ranged from ~5 to ~30 nm in diameter. No significant change was observed
in the sub-microscale structure and features between the F/MA alloy 2 material and PF alloy 2

material.
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Figure 3.2.4. Under-focused BF-TEM and STEM-HAADF images of type 2 cells (ferrite
solidification) from (A-B) the F/MA microstructure in SQ alloy 2 material and (C-D) the PF

microstructure in SQ alloy 3 material.

3.3 STEM-EDX LPBF and SQ alloy 1.

STEM-EDX line scans of the PA microstructures produced by SQ and LPBF in alloy 1
revealed that Cr and Mo were the two main elements that segregated to the cell boundaries during
austenite solidification. (Figure 3.3.1) Line profiles of the integrated and background subtracted

signal intensities across solidification cells showed increased signal intensities for primarily Cr
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and Mo of the major alloying elements, and a decrease in Fe signal at the cell boundaries. This
was observed in the STEM-EDX line profiles plotted in Figure 3.3.1 of PA cells from LPBF
material (3.3.1A-C) and SQ material (3.3.1D-F). The red lines in Figures 3.3.1A and D represent
the path that the line scans were collected over. Figures 3.3.1B and E are the integrated and
background subtracted signal intensities of Fe, Cr, Ni, Mo, Mn, Si, and O from the line scan across
the solidification cell marked in Figures 3.3.1A and D. Here the increase in Cr and Mo signal, as
well as the decrease in Fe signal are visible, while the Ni signal shows no significant change in
intensity at the cell boundaries. In Figure 3.3.1C and F, the ratio of signal intensities for Cr/Fe,
Ni/Fe, and Mo/Fe are plotted for the same line. As mentioned in the methods section, a ratio of
signal intensity vs Fe signal intensity was plotted to account for the changes in intensity resulting
from changes in foil thickness. In Figures 3.3.1C and F, it is more easily observed that the intensity
of Cr, Ni, and Mo remain stable throughout the body of the solidification cell. There was no
observable change in signal intensity until the cell boundary was approached in which segregation
is seen. The segregation of Cr and Mo in PA from both LPBF and SQ samples typically occurred
within ~30nm on either side of the boundary. In the ratio of signal plot, the Cr/Fe, Ni/Fe, and
Mo/Fe ratios were found to increase across the cell boundaries. This result differed from what was
observed in the individual element signal intensities in which only Cr and Mo signal increased at
the cell boundaries. The increase in Ni/Fe ratio was attributed to the decrease in Fe signal, not an
increase in Ni. It was also observed that, in addition to increased Cr and Mo signal intensity at the
cell boundaries, in some line scans, the intensity of the Mn and Si signals also increased. However,
the increase in Mn and Si was not consistently observed and was not present in all line scans. There

are a few potential explanations for this that are covered in the discussion section.
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Figure 3.3.1. STEM-EDX line scans across a type 1 (austenite solidification) cells showing

segregation of Cr and Mo to the cell boundaries in (A-C) LPBF and (D-F) SQ alloy 1 samples.
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The F/MA microstructures produced by LPBF and SQ in alloy 1 were also very similar in
segregation behavior in which Ni was the only observable element to segregate to the cell
boundaries. Ni was the only element that experienced an increase in signal intensity across cell
boundaries in the F/MA microstructures of LPBF and SQ samples. STEM-HAADF images with
line scan locations indicated, signal intensity plots, and the ratio of signal intensity vs Fe plots
from both line scans are shown in Figure 3.3.2A-F for the F/MA microstructures. Similar to the
PA microstructures, the signal intensity remained stable throughout the cell body and only began
to change when the cell boundary was approached. Unlike the PA segregation, the decrease in Fe
signal was not as intense, so there was no observed increase in Cr/Fe and Mo/Fe signals when the
ratio of signal intensities was plotted. The large variation in X-ray counts seen in Figure 3.3.2E
were caused by variations in the sample thickness that occurred during FIB thinning, also known
as curtaining. The curtaining is visible in the STEM-HAADF image in Figure 3.3.2D. The effects
of curtaining are eliminated when the signal intensity of each element was plotted in a ratio against
the Fe signal intensity, Figure 3.3.2F. (Goldstein, et al., 2018) Ni segregation in F/MA occurred
over a greater distance from the boundary in LPBF than SQ, typically 150-200 nm on either side
of the cell boundary in LPBF and between 50-100 nm in SQ samples. Both of these distances are

larger than what was observed for Cr and Mo in PA microstructures.
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Figure 3.3.2. STEM-HAADF images and STEM-EDX line profiles from cell boundaries in the

F/MA microstructure formed by the ferrite solidification mode for (A-C) LPBF alloy 1 material
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Using results from multiple STEM-EDX line scans, average segregation ratios were
calculated to quantify the intensity of Cr, Ni, and Mo segregation in the PA and F/MA
microstructures in LPBF and SQ processed alloy 1 samples. The average values and one standard
deviation are listed in Table 3.3.1. In PA produced by LPBF and SQ, the segregation ratio for Cr
and Mo were almost the same. The average value for Cr in LPBF was 0.94 £0.01 and in SQ was
0.92 +£0.02. The segregation ratios for Mo in PA from LPBF and SQ were also close, at 0.84 £0.01
and 0.82 £0.03 respectively. The average segregation ratios and standard deviations for each
element in PA for alloy 1 produced by LPBF and SQ are listed in Table 3.3.1A. The difference in
the estimated average segregation ratios of Cr and Mo between LPBF and SQ were not large
enough to be significantly different. The average segregation ratio of Ni in the PA microstructures
from LPBF and SQ alloy 1 was 0.97 £0.02 for both samples. While it is possible that a small
amount of Ni segregation could be occurring, more extensive STEM-EDX analysis is required to
confirm.

In LPBF and SQ produced F/MA microstructures from alloy 1, Ni was the only observed
element to segregate to the cell boundaries. The average segregation ratios of Cr in the F/MA
microstructures were near or equal to 1.00, indicating no meaningful segregation of Cr occurred.
The segregation ratio of Mo in F/MA was slightly lower than 1.00 at 0.97 £0.02. Similar to Ni in
PA, whether a small amount of Mo segregation occurred or not can not be determined from the
current data. Table 3.3.1B lists the average segregation ratios calculated for each element in the
F/MA microstructures. Unlike in PA, the average segregation ratios of Mn and Si in F/MA were

much closer to 1.00 for both LPBF and SQ sample. Possible causes for the difference of Mn and
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Si segregation ratios between PA and F/MA microstructures will be addressed in the discussion

section.

Table 3.3.1. Average segregation ratio estimates from STEM-EDX data with one standard
deviation in (A) PA and (B) F/MA microstructures from LPBF and SQ alloy 1. Green bar

represents primary segregating element in the respective microstructure.

Alloy 1 PA Microstructure Alloy 1 F/MA Microstructure
A Solidification Mode - Primary Austenite B Solidification Mode - Primary Ferrite
LPBF SQ LPBF SQ
Segregation Ratio | Segregation Ratio Segregation Ratio Segregation Ratio

Cr 0.94 £ 0.01 0.92+0.02 Cr 1.01 £0.02 1.00 £ 0.02

Ni 0.98 + 0.02 0.97 £ 0.02 Ni 0.91 £0.03 0.92+0.02
Mo 0.84 +0.01 0.82+0.03 Mo 0.97 +0.01 097+0.02
Mn 0.90 £+ 0.02 0.90 £ 0.05 Mn 0.99 +0.01 0.98 +0.02

Si 0.92+0.03 0.91 + 0.06 Si 0.96 +0.02 0.97+0.02

3.4 STEM-EDX SQ alloy 1-3.

STEM-EDX data from the F/MA microstructure of SQ alloy 2 and PF microstructure of
alloy 3 produced very similar segregation profiles as in F/MA from LPBF and SQ alloy 1. Again,
Ni was the only element observed to segregate to the cell boundaries during solidification in the
F/MA and PF microstructures. The signal intensity remained stable throughout the body of the cell
until approaching the cell boundary. The distance from the cell boundary that Ni segregation
occurred was similar to what was observed in SQ alloy 1, between 50-100nm typically. Figure
3.4.1 presents line profiles from two different line scans of the PF microstructure from alloy 3.
Figure 3.4.1A-C spans a complete solidification cell while Figure 3.4.1D-F shows a line scan

across the cell boundary with significantly higher counts. In both of these line profiles the increase
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in Ni signal and decrease in Fe signal are visible across the cell boundaries. Line profiles of the

ratio of signal intensity vs Fe in Figure 3.4.1C and F and show slight increases to the ratio of Cr/Fe

and Mo/Fe as a result of the decrease in Fe, but significant increases in individual Cr or Mo signals

were not seen. Figure 3.4.2A-D show representative line profiles using the ratio of signal intensity

vs Fe for Cr, Ni and Mo in the F/MA and PF microstructures for each alloy.
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Figure 3.4.1. Line scan across two ferrite solidified, PF cell boundaries in SQ alloy 3. (A, D)

STEM-HAADF images of in which the line scans were collected from, (B, E) integrated and

background subtracted signal intensity line profile, and (C, F) ratio of signal intensity vs Fe line
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Figure 3.4.2. Line scan profiles using a ratio of signal intensities vs Fe signal intensity across cell

boundaries in: (A) LPBF F/MA alloy 1, (B) SQ F/MA alloy 1, (C) SQ F/MA alloy 2, and (D) SQ
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The average segregation ratios were calculated for the F/MA and PF microstructures in
alloys 1-3 respectively, and when compared were found to be measurably indifferent regardless of
microstructure, composition, or processing technique. The average segregation ratio of Cr was
consistently at or near 1.00, while Mo, Mn, and Si ranged from 0.96-0.99 and although the average
segregation ratio for these elements across microstructures/techniques were not identical, the
differences between them were not significant. The only element with a segregation ratio
significantly different from 1.00 in the F/MA and PF microstructures was Ni. The average
segregation ratio ranged from 0.89-0.92. A direct comparison of the average segregation ratios for
each microstructure condition can be found in Table 3.4.1. The segregation ratio of Ni in F/MA
from LPBF was not measurably different from the values for Ni in the various SQ samples.
Additionally, the average values of segregation ratios were not measurably different between the

F/MA and PF microstructures or different alloy compositions.
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Table 3.4.1. Average segregation ratio with one standard deviation for elements in F/MA

microstructures in alloys 1 and 2, and PF in alloy 3. Green bar highlights primary segregating

element in the respective microstructure.

Alloy 1 F/MA Microstructure A.lloy Al .Alloy shan
Microstructure Microstructure
Solidification Mode - Primary Ferrite Solidfﬁcation Mf)de - Solidiﬁcation Mf)de -
Primary Ferrite Primary Ferrite
LPBF SQ SQ SQ
Segr_egation Ratio Segr_egation Ratio Segr_egation Ratio Segr_egation Ratio
Cr 1.01 £0.02 1.00 +£0.02 0.99 +0.03 1.01 £0.01
Ni 0.91 +£0.03 0.92 +£0.02 0.90 +0.04 0.89+ 0.02
Mo 0.97 +£0.01 0.97 £0.02 0.97 +£0.02 0.96 + 0.02
Mn 0.99 +£0.01 0.98 £0.02 0.97 £0.04 0.99 + 0.01
Si 0.96 + 0.02 0.97 +0.02 0.98 +0.03 0.99 + 0.02

3.5 STEM-EDX: Oxide particles.

STEM-EDX line scans across the oxide particles identified them as MnSi oxides in both

the LPBF and SQ material. EDX line profiles collected across a single oxide particles from the PA

microstructure in both the LPBF and SQ materials are shown in Figures 3.5.1A-B and C-D

respectively. In both cases, the signal intensity decreased for Fe, Cr, Ni, and Mo while passing

over the oxide and the Mn, Si, and O signals increased. In Figure 3.5.2, a higher magnification line

scan of one of the larger oxide particles observed in LPBF material showed a similar increase in

the Mn, Si, and O signals. Similar signal intensity responses were observed in both large and small

oxide particles in each sample.
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Figure 3.5.1. STEM-HAADF images and background subtracted, (AB) integrated signal
intensity line profiles from a small oxide particle in LPBF alloy 1 material and (CD) in SQ alloy
1 material. Oxide particles are circled in red and the red lines indicating the path of the line scans

are offset from the actual path of collection to keep the oxide particle visible.
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Figure 3.5.2. (A) STEM-EDX image and (B) signal intensity profile from line scan across large

MnSi oxide from LPBF PA of alloy 1.

3.6 Thermodynamic simulations.
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Thermodynamic simulation results were used to estimate the segregation ratio for
individual elements in the primary solidification phases experienced in each alloy under multiple
different solidification conditions. When using Scheil, as the system approaches complete
solidification the final compositions become a function of how close to complete solidification the
model is ran, meaning the solution can potentially greatly over or underpredict segregation. The
simulations used in this work were stopped at 95% complete. The segregation ratios from classic
Scheil solidification were the farthest from 1.0 of all simulations, predicting the most segregation
for each element. The results from the Scheil with solute trapping module that were ran at 0.1m/s
were the same as from the classic Scheil simulation results. This is due to the solidification rate
not being fast enough to invoke solute trapping. When a 1m/s solidification rate was used, the
model predicted less segregation shown by segregation ratio values closer to 1.0 for all elements.
Lastly, at 5 m/s, even less segregation was predicted than in the 1m/s simulation with stabilizing
elements (Cr and Mo in austenite solidification and Ni in ferrite solidification) approaching
segregation ratios of 1.00. However, the segregation ratios predicted for the other elements were
still farther from 1.00 than what was observed experimentally. (Table 3.6.1). The segregation ratios
from simulations and experimental data for both solidification modes observed in alloys 1-3 are
presented in Table 3.6.1A-D. In the PF solidification simulations, Table 3.6.1B-D, the segregation
ratio values for Cr and Mo were found to be closer to what was observed experimentally than the
values for Cr and Mo were in PA simulations. In general, the segregation ratios from simulations
more closely matched the experimental estimates for elements that stabilized the primary
solidification phase being simulated. (l.e., Ni in PA and Cr and Mo in PF) Additionally, although

the values for Mn and Si showed greater deviation from the experimental values, this trend was
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still observed as the segregation ratio of Mn in PA simulations was closer to 1.00 than Si, and vice
versa during PF simulations. The larger overall disagreement in Mn and Si was likely caused by

the restriction of allowed phases to only liquid and the primary phase.
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Table 3.6.1. Individual element segregation ratios calculated from Thermo-Calc solidification
simulations using the Scheil module and Scheil with solute trapping module at 1m/s and 5m/s
solidification rates compared with experimentally measured segregation ratios for the (A) PA
solidification mode and (B-D) PF solidification mode for each alloy composition, alloy 1 - 3
respectively. Simulations were ran to 95% solidified. Experimental segregation ratios from

Tables 3.3.1 and 3.4.1 with one standard deviation were included for reference.
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A Solidification Mode - Primary Austenite
Thermo-Calc Simulation Experimental
PA PA PA LPBF SQ
Scheil | 1m/s Sm/s |Segregation Ratio | Segregation Ratio
Cr| 072 0.76 0.84 0.94 £ 0.01 0.92+0.02
Ni 1.01 0.99 0.97 0.98 +0.02 0.97 + 0.02
Mo| 036 0.45 0.65 0.84 £ 0.01 0.82+0.03
Mn| 0.70 0.74 0.83 0.90 +0.02 0.90 + 0.05
Si 0.54 0.60 0.75 0.92 £ 0.03 0.91 + 0.06
Alloy 1 - F/MA Microstructure
B Solidification Mode - Primary Ferrite
Thermo-Calc Simulation Experimental
PF PF PF LPBF SQ
Scheil | 1m/s Sm/s | Segregation Ratio | Segregation Ratio
Cr| 1.16 1.10 1.03 1.01 £0.02 1.00+0.02
Ni | 046 0.55 0.73 0.91 £0.03 0.92+0.02
Mo | 132 1.19 1.04 0.97 £0.01 0.97 +0.02
Mn| 042 0.52 0.73 0.99 £ 0.01 0.98 + 0.02
Si 0.57 0.63 0.78 0.96 + 0.02 0.97 +0.02
Alloy 2 - FMA Microstructure
C Solidification Mode - Primary Ferrite
Thermo-Calc Simulation Experimental
PF PF PF SQ
Scheil | 1m/s Sm/s |Segregation Ratio
Cr] 115 1.10 1.03 0.99 +0.03
Ni | 047 0.56 0.73 0.90 + 0.04
Mo| 142 1.25 1.08 0.97 +0.02
Mn| 044 0.54 0.74 0.97+0.04
Si 0.58 0.64 0.79 0.98 +0.03
Alloy 3 - FMA Microstructure
D Solidification Mode - Primary Ferrite
Thermo-Calc Simulation Experimental
PF PF PF SQ
Scheil | 1m/s Sm/s |Segregation Ratio
Cr| 117 1.11 1.04 1.01 +0.01
UUR Ni | 047 0.56 0.74 0.89+0.02
Mo| 1.40 1.24 1.08 0.96 = 0.02
A Mn| 044 | 054 | 075 0.99 % 0.01
March 2023 Si | 055 | 062 | 078 0.99 + 0.02

44

Alloy 1 - PA Microstructure




4. Discussion

4.1 Comparison of LPBF and SQ samples.

Splat quenching process produced samples with very similar RS microstructures and sub-
microscale features to LPBF processed samples of the same composition despite having different
thermal histories during processing. It should be noted that the LPBF and SQ comparison presented
here was for only a single composition (alloy 1). Although the processing techniques varied, the
two samples produced microstructures that indexed as fully austenitic during EBSD analysis that
were actually mixed microstructures consisting of both PA and F/MA. This was confirmed by the
etched response, solidification structures, and elemental segregation observed in each. (Figures
3.1.1-2 and 3.3.1-2) The LPBF and SQ samples were morphologically different when observed
after etching due to the different processing conditions. In LPBF, a laser is rastered across a thin
layers of metal powder causing the loose powder to melt and resolidify as one piece. An
overlapping raster pattern is typically used to melt and resolidify more loose powder with a portion
of the previous melt pool. This results in at least part of the previously melted and solidified
material to undergo the melt and solidification process multiple times. Additionally, while there
are parts of the original melt pool that may only solidify once, there is a large amount of energy
and heat being introduced to the solidified material from adjacent melt pools, and future layers.
Thus, the bulk of the material will experience multiple heating and cooling cycles before cooling
to room temperature once the build is complete. (Gorsse, et al.,, 2017; Sun, et al., 2016)
Alternatively, in SQ samples are melted and solidified only once and only experience a single

heating and cooling cycle before cooling to room temperature rapidly after solidification.
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(Hayzelden, et al., 1982; Inokuti & Cantor, 1977) The two techniques also differ with respect to
geometric constraints. In LPBF, heat is extracted primarily through contact with the previous melt
pool/layer in which as in SQ, the liquid is in forced contact against the surface of the Cu platens
during the splat event. Regardless of the differences in morphological appearances, earlier work
demonstrated that the two techniques produced solidification cells over a range of sizes that
primarily overlapped between 0.20 and 0.40 pm in diameter with similar solidification rate
estimates between 0.4 and 0.8 m/s.

The sub-microscale structures and features of the PA and F/MA microstructures in both
LPBF and SQ differed only slightly. During TEM analysis of the LPBF and SQ alloy 1 samples,
regardless of whether the TEM foil contained the PA or F/MA microstructures, MnSi oxides of
various sizes always formed along the cell boundaries. (Figures 3.2.1-3) The MnSi oxides ranged
in size from 5-30nm in both the PA and F/MA microstructures for SQ material. However, in the
LPBF material, the oxides formed over a larger size range from ~5 to ~100nm in diameter. (Figures
3.5.1-2) This size range is similar to the size ranges that have been previously reported for MnSi
oxides in LPBF processed 316L. (Bajaj, et al., 2020; Deng, et al., 2020; Kong, et al., 2019a; Voisin,
et al., 2021; Wang, et al., 2018) These oxides have been previously identified as MnSiOs3,
Rhodonite. (Bajaj, et al., 2020; S. A. David, 1987; Voisin, et al., 2021; Voisin, et al., 2018; Wang,
etal., 2018; Yan, et al., 2018) One possible explanation for the formation of larger oxide particles
in the LPBF material compared to the SQ material has to do with the differences in thermal
histories associated with each process. The material in LPBF undergoes multiple heating and
cooling cycles before the finished part is complete while SQ is a single rapid solidification and

cooling event. (DebRoy, et al., 2018) The longer period exposed to elevated temperatures would
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result in a higher mobility and promote a coarsening of the oxide particles. Work by F. Yan et. al.
showed that when LPBF processed 316L was heat treated at 1200°C for 30 minutes the rhodonite
particles increased in size. (Yan, et al., 2018) Additionally, differences in oxygen concentrations
between LPBF and SQ alloy 1 samples are believed to not be responsible for the formation of
larger oxide particles in LPBF material as the alloy 1 SQ experiments used LPBF processed alloy
1 material. As such, the alloy 1 SQ material started with the same levels of oxygen as the LPBF
alloy 1, 0.04 wt%, but did not produce oxides of similar size. Also, the oxide size was consistent
across SQ alloys 1-3 regardless of oxygen concentration.

The other difference was related to dislocation pile-up along cell boundaries in the PA
microstructure. This feature has been reported previously in rapidly solidified austenitic 316L
material processed via LPBF as a distinctive microstructure feature and would not necessarily be
expected in the SQ material. (Bertoli, et al., 2019; Deng, et al., 2020; Voisin, et al., 2018; Wang,
et al., 2018; Wilson, 2019) Dislocation pileup at the cell boundaries in LPBF is suggested to be
caused by either oxide particles acting as Zener pinning sites for dislocations or segregation of
elements such as Cr and Mo to cell boundaries having a pinning effect on dislocations. (Deng, et
al., 2020; Lindroos, et al., 2022; Tucho, et al., 2018; Wang, et al., 2018; Yan, et al., 2018) During
an LPBF build the material experiences repeated heating and cooling, and melting and
resolidifying of the part causing non-uniform thermal expansion and contraction which would lead
to lattice strain. (DebRoy, et al., 2018; Kong, et al., 2019a) Dislocations would be formed by the
material in an attempt to accommodate and relax the lattice strain that built up during processing.
Since SQ is a single thermal cycle technique there is less driving force for dislocations to be

generated and could explain why dislocation pileup at the cell boundaries was not observed in the
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SQ material. (Gao, et al., 2020; Sun, et al., 2016; Voisin, et al., 2021; Wang, et al., 2018; Yan, et
al., 2019) Although, this does not explain the lack of dislocation networks in the F/MA
microstructures of LPBF material. Two possible explainations for the lack of dislocations observed
in the LPBF F/MA microstructure are either the ferrite crystal structure was unable to
accommodate as many dislocations as the austenite structure or the dislocations were
annihilated/relaxed during the solid-state transformation from ferrite to austenite due to the
increase in lattice volume from ferrite to austenite, 0.68-0.74 respectivly. However, the current
literature surrounding dislocation behavior during the ferrite to austenite massive transformations
is sparse.

The elemental segregation observed in the PA microstructures showed Cr and Mo as the
primary elements that segregated to the cell boundaries. (Figure 3.3.1) The segregation ratios that
were calculated from this data represent the magnitude of segregation in Cr and Mo to cell
boundaries and were not measurably different between LPBF and SQ samples. (Table 3.3.1)
Similarly, in the F/MA microstructure, Ni was the only observed segregating element and the
segregation ratios of Ni were not measurably different for the LPBF sample vs the SQ sample.
(Figure 3.3.2, Table 3.3.1) In PA, the segregation ratio of Ni was estimated to be 0.97 £0.02, not
1.00 even though Ni is an austenite stabilizer. In welding literature about segregation in austenitic
316L SS, Ni is regularly reported to segregate away from the dendrite/cell boundaries and be
enriched at the dendrite/cell centers (k>1.0). (Brooks, et al., 1991; Kou, 2002) Based on the
standard deviation and error from EDX collection a deviation of this size is not significantly large
enough to be differentiated as significant segregation and while minor Ni segregation in rapidly

solidified PA has been reported in previous studies of RS of 316L SS, it generally is not mentioned.
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(Gorsse, et al., 2017; Voisin, et al., 2018; Wilson, 2019) Similarly, while segregation ratios of Mo
in the F/MA and PF microstructures were 0.97 £0.02 on average, Mo is a ferrite stabilizer and this
small difference from 1.0 is not enough to be considered significant Mo segregation.

The segregation distance of Ni from the cell boundaries in F/MA microstructures of LPBF
and F/MA and PF microstructures in SQ material were observably larger than the distance over
which Cr and Mo segregated in PA microstructures. Additionally, the distance over which Ni
segregated to the cell boundary in the LPBF material was larger the in the SQ material. One
potential explanation for the larger distance over which segregation was observed could be caused
by SSD during cooling. The presence of SSD of Ni in rapidly solidified ferritic microstructures
has been previously proposed as reducing or eliminating the amount of segregation measured at
the cell boundaries post solidification and cooling. (Brooks, et al., 1991; lamboliev, et al., 2003;
Wilson, 2019) Although both SQ and LPBF undergo rapid cooling rates on the order of 106-108
K/s, the amount of time required for solid-state diffusion at these length scales is estimated to be
very small, between 1E-4 to 1E-6 seconds. The calculated diffusion distance for Cr and Ni in both
austenite and ferrite can be found in Table 4.1.1. SSD would not be expected in a PA solidified
microstructure because the diffusivity of elements in austenite is typically at least one order of
magnitude smaller than in ferrite. (Battle & Pehlke, 1989; Brooks, et al., 1991; Elmer, et al., 1990;
Moharil, et al., 1974) In austenite, the diffusion distances are almost negligible compared to the
cell sizes, even at the slowest cooling rates, around 6 and 2 nm respectively. However, in ferrite,
the SSD distance of Ni was estimated to be around 48-60 nm, while Cr was between 79-95 nm.
The calculated SSD distances of Ni in ferrite supports the idea that both LPBF and SQ processed

samples experienced some significant amount of SSD before transforming. Also, recall the average
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cell size in the LPBF material was larger than in the SQ material indicating slower cooling which
would also allow for increased SSD in the LPBF material. While the diffusion distance of Ni in
ferrite at slower cooling rates are larger, the difference is not larger enough to fully account for the
larger distance over which Ni segregated in the cells in the F/MA LPBF material compared to the
SQ samples. More in depth calculations or diffusion simulations could be used to further
investigate these differences. In a direct comparison of the micro and sub-microscale structures
and features same alloy processed using LPBF and SQ, the samples were similar with the three
main differences being that: oxide particles in SQ microstructures did not form as large as in LPBF,
dislocation pileup along the cell boundaries was observed in only the LPBF PA microstructure,
and Ni segregation in the LPBF F/MA microstructure occurred over a greater distance from the

cell boundaries than in SQ F/MA microstructures.
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Table 4.1.1. Diffusion distance calculations for Cr and Ni in austenite and ferrite for three

different potential durations before transformation temperature was reached.

1673K/1410C Cr Ni Cr Ni
Time(s) Austenite| Austenite Ferrite Ferrite
1.00E-06 0.65 0.27 9.53 6.00 nm
1.00E-05 2.07 0.86 30.14 18.96 nm
1.00E-04 6.54 2:71 95.31 59.97 nm
1653 K/1390C Cr Ni Cr Ni
Time(s) Austenite| Austenite Ferrite Ferrite
1.00E-06 0.58 0.24 8.68 5.35 nm
1.00E-05 1.84 0.77 27.46 16.92 nm
1.00E-04 5.83 2.43 86.83 53.50 nm
1633 K/1370C Cr Ni Cr Ni
Time(s) Austenite| Austenite Ferrite Ferrite
1.00E-06 0.52 0.22 7.89 4.76 nm
1.00E-05 1.64 0.69 24.96 15.05 nm
1.00E-04 5.18 217 78.92 47.60 nm

4.2 Comparison of SQ ferrite solidified microstructures with different Cr/Nieq.

The sub-microscale structures and features, and segregation in the two ferrite solidified
microstructures (F/MA and PF) from SQ alloys 1, 2, and 3 were unaffected by changes in the
Cr/Nieq values. The three alloy compositions had Cr/Nieq value of 1.53, 1.71, and 1.95 and all
experienced at least partial ferrite solidification that resulted in either F/MA or PF as the final
phase. (Figures 3.1.1 and 3.1.2) MnSi oxide particles formed a network that outlined the cellular
solidification structures were observed in all both the F/MA and PF microstructures. The size of
oxides that formed in each SQ sample was consistently between 5 and 30nm in diameter. (Figures
3.2.2-4 and 3.5.1-2). Additionally, although the three alloys had different concentrations of Ni, the
magnitude of Ni segregation from ferrite solidification represented by the segregation ratio was

found to not significantly differ. (Figure 3.4.1 and 3.4.2) From these results, it can be concluded
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that the amount of Ni segregation was not significantly affected by the targeted variations in
Cr/Nieq between the three different alloys, or the two microstructures formed by ferrite
solidification.

The increases in the Mn and Si X-ray signals at cell boundaries in some line scans of PA
from LPBF and SQ are likely not elemental segregation for a number of reasons. To begin with,
the increase in Mn and Si signal at the cell boundaries was not present at all of the cell boundaries.
Additionally, the increase in Mn signal could be caused by the increase in Cr signal at the cell
boundary due to the overlap of the Cr ka and Mn kf energy lines. This is supported by the lack of
Mn and Si signal increase at the cell boundaries and segregation ratios in F/MA and PF
microstructures. Another possible cause for the increase in Mn and Si signal is the presence of the
MnSi oxides found along the cell boundaries and differentiating a signal increase from this vs
segregation is difficult. Finally, it should be kept in mind that Mn is an austenite promoter and Si
is a ferrite promoter, so the segregation of both elements in single phase would not be likely. It is
for these reasons that the increases in Mn and Si signals observed across some cell boundaries in
PA microstructures should not be considered to be from cellular segregation without further

investigation.

4.3 Thermo-Calc solidification simulations.

Some potential causes for the differences between segregation ratio estimates from rapid
solidification simulations and experimental results are due to the fraction solid value used in Scheil
simulations or possible homogenization from SSD. The amount of segregation predicted by both

classic and solute trapping Scheil solidification simulations was overestimated for most elements
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when compared to the experimental results. It is possible that for rapid solidification in LPBF and
SQ, Scheil solidification will more accurately simulate the processes when solved to a lower
amount of solidification rather than 95%. Also, these simulations were performed with only the
liquid and primary solidification mode (austenite or ferrite) being allowed to form in order to
achieve single phase solidification. Although the solidification rate estimates used for LPBF and
SQ are below in which complete solute trapping is expected the observed increasing of segregation
ratio values towards 1.00 for Ni in PA and Cr and Mo in PF are promising. Previous work in
FBAM and laser welding discusses the possibility of cellular Ni segregation to be fully
homogenized in PF as Ni does have a higher diffusion coefficient in ferrite compared to
austenite.(Brooks, et al., 1991; lamboliev, et al., 2003; Wilson, 2019) Similarly, the diffusion
coefficients of Cr and Mo are also larger in ferrite vs austenite. Given the larger diffusion
coefficients in ferrite, it could be suggested that after solidification there was sufficient SSD to
homogenize Cr and Mo across the cell boundaries, but the greater amount of Ni segregation could
not be completely homogenized and the amount observed experimentally is what remained.
However, further investigation and modeling of potential SSD in the primary solidification phases

in order to verify if this is the case.

5. Conclusions

In conclusion, this paper presents a detailed comparison between two rapid solidification
(RS) processing techniques for austenitic stainless steel, two-piston splat quenching (SQ) and laser
powder bed fusion (LPBF), to characterize and discuss the similarities and differences of various

micro and sub-microscale features. Three alloys were used that had Cr/Nieq ratios between 1.53
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and 1.95 and spanned most of the composition space of the AISI A240 spec for 316L stainless
steel. The results found that LPBF and SQ processing techniques produced very similar material
in terms of elemental segregation, solidification morphology, oxide particles, microstructure, and
sub-microscale structures and features. Extensive electron microscopy and EDX analysis, as well
as computational thermodynamic modeling were used to estimate individual element segregation

ratios in austenite and ferrite solidification. In this research we have noted the following:

1. Splat quench (SQ) processing of stainless steel material produced similar microscale and
sub-microscale rapidly solidified features as those observed in the same material processed
using laser powder bed fusion (LPBF). The size range of solidification cells that formed in
both materials overlapped between 0.20 and 0.40 um in diameter suggesting solidification
rates between 0.4 and 0.8 m/s. Elemental segregation to the cell boundaries of Cr and Mo
in PA and Ni in F/MA microstructures were mostly consistent between LPBF and SQ.
Segregation ratio estimates from the segregation of Cr and Mo in PA were not measurably
different between LPBF and SQ material, and the same was found for Ni in the F/MA
microstructures. While the distance that Ni segregated to the cell boundaries in F/MA and
PF were overall larger than Cr and Mo in PA, the distance was observably larger in LPBF
than in SQ samples. This was possibly due to differences in thermal history allowing for
greater SSD in the LPBF sample which is supported by solid-state diffusion calculations
for Ni in ferrite. MnSi oxides formed along the cell boundaries in both microstructures
ranging from 5-30 nm in SQ material and 5-100 nm in LPBF material. Also, dislocation

pile-up along the cell boundaries was observed only in the LPBF PA microstructure.
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2.

UUR

Increasing the Cr/Nieq ratio over a range of 1.53 and 1.95 in SQ processed stainless steels
did not notably change the sub-microscale features observed in the RS nanostructure. There
was no significant change in the range of cell sizes in SQ microstructure of alloys with
increased Cr/Nieq Values. The size range of MnSi-rich oxides that formed in the SQ samples
were not affected by the changes in Cr/Nieq or microstructure. The segregation of Cr and
Mo, or Ni that occurred in each sample was controlled by the primary solidification phase
(austenite or ferrite). The average segregation ratio of Ni in ferrite solidified SQ
microstructures was found to not be measurably impacted by changes in the alloys Cr/Nieq
ratio over a range of 1.53 to 1.95. Also, Ni segregation in F/MA microstructures was not
measurably different from Ni segregation in PF microstructures.

Similar to as observed in the experimental results, segregation ratio estimates from rapid
solidification simulations were not significantly impacted by changes in the alloys
composition or Cr/Nieq ratio over a range of 1.53 to 1.95. Classic Scheil solidification
predictions overestimated the amount of segregation that was observed in LPBF and SQ
samples. The modified Scheil with solute trapping module produced segregation ratio
values closer to experimental estimates, but even at higher solidification rates, were still
farther from 1.00 than measured experimentally. This difference could be explained by
SSD reducing the amount of segregation at the cell boundaries, but further investigation

should be performed to confirm.
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