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Abstract

Additive manufacturing (AM) is a tool for rapid prototyping with complex geometry. However, the cyclic
heating and cooling in laser melting processes often cause large columnar grains that dominate the as-
printed microstructure, resulting in a strong texture and anisotropic properties that limit the application of
AM. In this work, we apply powder-based directed energy deposition to discover new alloys using mixtures
of Inconel 718 (IN718) and Stainless Steel 316L (SS316L). We discovered that the 77 wt.% IN718 alloy
mixture, with the highest configurational entropy, demonstrated an intriguingly fine grain structure in the
as-built condition and after homogenization at 1180°C. Residual stress from the laser melting process was
identified as the primary cause of the observed grain refinement phenomenon. Although, a quantitative
analysis of the changes in grain size after homogenization in the alloy mixtures of IN718 and SS316L
requires further research. The discovery of this unique microstructural behavior shows how in-situ mixing
of commercially available powders can be used to develop next-generation feedstock materials for AM and

improve the understanding of fundamental process-microstructure-property relationships.
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1. Introduction

Laser-based additive manufacturing (AM) is a promising prototyping technique because net shape
components with complex geometries can be easily fabricated using sliced 3D models [1, 2]. However,
many AM processes introduce anisotropy in microstructure and properties due to the unique cyclic melting
process with a high thermal gradient [3]. For example, strong grain texture along the build direction in as-
printed Inconel 718 (IN718) requires post-heat treatment to reduce directional differences in mechanical
strength [4, 5]. Unlike traditional manufacturing methods, thermomechanical processes, such as forging
and cold rolling, are avoided to maintain the geometric integrity of AM components. Therefore, identifying
effective post-processing steps that eliminate grain texture, residual stress, and segregation while

introducing grain refinement is highly desirable.

Directed energy deposition (DED) can mix multiple feedstock materials together to produce new alloy
compositions [6] and composition gradients known as functionally graded materials [7-9]. This unique
manufacturing capability is a useful rapid processing method for high-throughput alloy development [10].
Welk et al. [11] mixed a bulk metallic glass with a high entropy alloy to investigate the glass-forming ability
of novel alloy mixtures. Kong et al. [12] used dual feed additive manufacturing to investigate the effect of
Nb concentration on the microstructure and mechanical properties of IN718 by mixing two IN718
feedstocks with different Nb content. Pegues et al. [13] mixed Ta, Nb, and T-6A1-4V with a transition metal
HEA (CoCrFeMnNi) to investigate the effect of refractory elements on the properties of high entropy alloys.
These works primarily focus on the as-built condition of the alloy mixtures or FGMs and do not investigate
the impact of heat treatment on the microstructure and properties of the samples, except for the aging study
by Kong et al. [12]. Future studies should extend their investigation of as-built alloy mixtures to include

post-processed conditions.

It should be noted that, although starting from pure elemental feedstock is possible, it is rather challenging
to manufacture components with the desired composition, especially when alloying elements are required
at very low concentration levels [14-17]. Additionally, purchasing feedstock powder with custom
compositions typically costs much more than established off-the-shelf alloys, and minimum order size
requirements significantly increase the upfront cost and material waste during materials innovation.
Qualification of new feedstock powders also requires significant effort with no guarantee the new alloy
composition will be successful. Therefore, in-situ mixing of off-the-shelf feedstock materials using the
DED process is a promising tool for discovering fundamental process-microstructure-property relationships
and developing next-generation alloys for AM at a significantly reduced cost [13]. This work demonstrates
that the DED method can effectively discover new alloy compositions by mixing available feedstock

materials with good characteristic microstructure-property relationships. Such a methodology of using AM
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for materials design will assist in expanding alloy inventory for cost-effective engineering applications with

increased sustainability.

In this work, we demonstrate a pathway of alloy design and adaptation for AM through microstructure
analysis of a functionally graded alloy from stainless steel 316L (SS316L) to superalloy IN718
manufactured using Laser Engineered Net Shaping (LENS®). IN718 is a widely used Ni-based superalloy
with excellent high-temperature mechanical properties. SS316L is austenitic stainless steel that is used
extensively in different engineering fields [18, 19]. Although these alloy powders are commercially
available and have been studied extensively over the past decade [18-26], both alloys suffer from

anisotropic properties caused by the columnar grain texture introduced during laser melting [5].
2. Experimental Design & Methods

As the starting point of this investigation, an attempt to manufacture a functionally graded material (FGM)
from SS316L to IN718 has been made using the LENS® 450 system (Optomec, Inc., USA) [27, 28]. The
as-built condition of the SS316L and IN718 FGM was analyzed with optical microscopy and electron
backscatter diffraction as shown in Fig. 1 (a-d) [27, 28]. High-throughput characterization of the FGM
from SS316L to IN718 revealed significant grain refinement within the 75 wt.% IN718 composition block
as shown by the inverse pole figure maps in Fig. 1 (b) and (d). Using CALPHAD modeling, the alloy (total)
and configurational entropy were calculated as a function of composition for all the possible mixtures of
IN718 and SS316L. The configurational entropy, shown in Fig. 1(e), reaches a peak at 77 wt.% IN718 and
corresponds well with the observed grain refinement in the 75 wt.% IN718 intermediate block within the

FGM.

From this initial study, a correlation was observed between configurational entropy and grain refinement,
prompting further investigation. It should be noted that the entropy debate in the high-entropy alloy (HEA)
research community drove the model prediction of alloy entropy in this work [29, 30]. From a
thermodynamic viewpoint, the total entropy is the intrinsic quality that determines the alloy behavior, while
the configurational entropy is just one part of the mixing entropy term and is easy to calculate without using
software such as Thermo-Calc [31]. As a consequence, both total and configurational entropy are calculated
as a function of alloy composition (Fig. 1(e)) to guide the experimental design. According to the CALPHAD
prediction using the Thermo-Calc TCNI11 database, the alloy with 62 wt.% IN718 has the highest value in
total entropy, and the alloy with 77 wt.% IN718 has the highest value of configurational entropy. In addition,
the alloy mixture with 47 wt.% IN718 shows the same total entropy as 77 wt.% IN718, although its

configurational entropy is lower than 77 wt.% IN718.



Based on this analysis, three monolithic coupons with 47, 62, and 77 wt.% IN718 were manufactured using
the Optomec LENS® 450 system to evaluate the impact of total entropy versus configurational entropy.
Figure 1(f) illustrates the DED process used to manufacture the alloy mixtures studied in this work. Cubes

with side lengths of 1 cm for each of the desired compositions were manufactured by calibrating the mass

flow rate of two powder feedstocks.

(e) Entropy of SS316L & IN718 Mixtures
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Figure 1. FGM manufactured using powder DED for high-throughput experiments [27, 28]. (a) Optical
metallography of additively manufactured FGM from SS316L to IN718. (b) Inverse pole figure of grain
texture. (¢) Image of the IN718 and SS316L FGM before sectioning. (d) Magnified inverse pole figure of
75 wt.% IN718 and 25 wt.% SS316L composition block showing grain refinement. (e) Calculated
configurational and total entropy of SS316L and IN718 mixtures. (f) Mixtures of SS316L and IN718 printed
to study the effect of entropy on grain refinement.

All samples printed in this work share the same printing parameters. The printing process optimization was
conducted based on the parameters used for pure SS316L and IN718. The optimized parameters are 300W
laser power, 50 cm/min scanning speed, 0.381 ¢m hatch spacing, 0.25 cm layer height, mass flow rate of 6

g/min, 570 um diameter spot size, and 38 cm/min contour scan speed. The SS316L powder is manufactured



by PRAXAIR with the composition of Fe-0.004C-1Mn-2Mo-17Cr-12Ni (wt.%), and the IN718 powder is
from the same company with the composition of: Ni-0.04C-0.01Mn-2.93Mo-0.06Si-18.98Cr-0.41Al-
0.94Ti-5.09Nb-18.15Fe (wt.%).

To evaluate the grain size and phase stability during post-heat treatment after laser melting, both as-built
and homogenized samples were studied. After printing, the three alloy mixtures were subjected to high-
temperature homogenization at 1180°C for 20 minutes, 1 hour, and 2 hours in an inert atmosphere, followed
by ice water quenching. Microstructure analysis was performed using an SEM (FEI Apreo LoVac
Analytical) equipped with an EBSD (electron backscatter diffraction) detector at an acceleration voltage of
20 kV and probe current of 13nA. It should be noted that the homogenization temperature is selected

according to a comprehensive study performed by Zhao et al. [4] on the IN718 alloy made by AM.
3. Experimental and Computational Results

To better understand the phase stability and microstructure of the three alloy mixtures, the equilibrium step
diagram (phase fraction vs. temperature) and Scheil solidification path have been predicted using the
Thermo-Calc software with the TCNI11 database as shown in Fig. 2. The compositional accuracy of the
printed samples was confirmed by comparing EDS measurements with the mixing ratio of the original
feedstock powder compositions. This composition data is included in Table S7 in the supplementary
materials. The Scheil modeling indicates that all three samples have two major phases, FCC (y) and Laves,
coexisting in the as-built microstructure. Both the Laves and y phases are observable in backscatter electron
images of the as-built microstructures shown in Fig. 3(a-c). The Nb-rich Laves phase precipitates along the
grain boundaries and in all three alloys. Due to the rapid heating/cooling process, the intermetallic
compounds with low phase fractions, such as n and o, predicted by the Scheil model are not observed.
These findings are in good agreement with our previous experimental study on IN718 made by AM [4].
Although MC carbides are not observed in the as-built microstructure, after the dissolution of the Laves
phase at 1180°C for 20min, a considerable amount of Nb-rich MC carbide forms inside the grains and along
grain boundaries, as shown in Fig. 3(d-1). This is consistent with the equilibrium step diagram shown in
Fig. 2(d-f), where the y matrix and MC carbides are stable at 1180°C. Table S8 in the supplementary
materials summarizes the measured volume fraction of MC carbide and Laves phases from the SEM
images shown in Fig. 3.The phase fraction of Nb-rich MC carbide is low in all three alloys, with a slight
increase of the MC phase fraction from the alloy with 47 wt.% IN718 to the one with 77 wt.% IN718.



Scheil Simulation
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Figure 2. Step diagrams and Scheil solidification simulations of the SS316L and IN718 alloy mixtures. (a-
¢) Eon-equilibrium Scheil solidification modeling of 47, 62, and 77 wt.% IN718, respectively. (d-f)
Equilibrium step diagrams of 47, 62, and 77 wt.% IN718, respectively.
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Figure 3. Microstructure of SS316L-IN718 alloy mixtures under SEM using backscatter electron imaging.
(a-c) show the as-built condition. The samples after homogenization at 1180°C are presented in (d-f) for
20mins, (g-i) for 1 hour, and (j-1) for 2 hours. MC carbides are highly concentrated with Nb and can be
considered as NbC. The scale bar shown in () can also be used for the other microstructure images.

IPF (Inverse Pole Figures) with a size of 1200 by 1200 um were taken to determine the average grain size
of the as-built and homogenized samples. Fig. 4 compares the grain size of the as-built and homogenized
samples as measured using EBSD. The as-built conditions of all three alloys have a columnar grain structure,
and the average grain size is lowest in the alloy with 77 wt.% IN718 (85.5pum) when compared to the other
alloys (106.2um for 47 wt.% IN718 and 141.7um for 62 wt.% IN718). Using the TSL OIM Analysis
software developed by EDAX, Inc., the average grain size from each sample and condition is given in Fig.
S1(a). The aspect ratio calculated from the EBSD data is shown in Fig. S1(b). Although the aspect ratio
remains relatively the same after homogenization, the grain structure in the IPF maps appear less columnar,

especially for the 77 wt.% IN718 sample homogenized for 1 hour. One possible explanation for this



discrepancy is that the formation of annealing twins during homogenization counteracts the removal of

columnar grain texture and results in a constant aspect ratio.
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Figure 4. IPF maps of SS316L-IN718 mixed alloys. IPF maps of mixed alloys under (a-c) as-built condition,
after homogenization at 1180°C for (d-f) 20 mins, (g-i) 1 hour, and (j-1) 2 hours. The average grain size
and standard deviation of each IPF map are shown below the image. The scale bar shown in (I) can also

be used for other the microstructure images.
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Figure 5. Directional grain size of SS316L-IN718 alloy mixtures at 1180°C as a function of
homogenization time. Horizontal grain size is determined perpendicularly to the build direction
according to the grain structure shown in the EBSD images in Figure 4. Vertical grain size is

determined along the build direction. The grain size analysis was performed manually according to the
intercept procedure of the ASTM standard E112.



The initial texture of the printed samples and the formation of annealing twins during homogenization
causes a relatively considerable uncertainty in the standard deviation of the grain size. Therefore, a further
dimensional grain size analysis was performed manually on the heat-treated condition according to the
intercept procedure of the ASTM standard E112 (Standard Test Methods for Determining Average Grain
Size). The horizontal grain size is determined perpendicularly to the build direction, while vertical grain

size is along the build direction.

The most interesting takeaway from Figs. 4 and 5 is that the grain size of all three alloys reaches a minimum
after 1 hour of homogenization, and the alloy with 77 wt.% IN718 still has the smallest grain size.
According to the analysis of the average grain size shown in Fig. 5, the sample with 77 wt.% IN718 after
homogenization at 1180°C for 1 hour exhibits the finest average grain size of 68.5 pm. The significant grain
refinement seen between the 20 min and 1-hour homogenization steps in all three alloys can be attributed
to recrystallization. Such a grain refinement phenomenon is similar to the observation identified in IN718

superalloy prepared by LPBF (laser powder bed fusion) [4].

Grain orientation spread (GOS) maps were generated from the EBSD data and are shown in Fig. 6. GOS is
considered in this work as a physical quantity to evaluate intergranular distortion and residual stress.
Through the combined analysis of grain size and GOS, we gain valuable insights into the recrystallization
process. Field et al. [32] pioneered the use of GOS for evaluating residual stress at the microstructural level.
A similar comprehensive analysis has been performed by Zhao et al. [4] on IN718 made by LPBF. All three
alloy mixtures exhibit the highest GOS values in the as-built condition, as shown in Fig. 6(a-c). High GOS
levels in the as-built condition imply a high level of stored energy in the grains due to the residual stress
generated through cyclic heating and cooling. After a 20-min homogenization, recrystallized grains are
found in all three alloys, and the overall GOS value is reduced as shown in Fig. 6(d-f). In the alloy with
47 wt.% IN718, the GOS value reduces rapidly after only 20-min homogenization, implying the rapid
consumption of stored energy. Most grains in the alloy with 47 wt.% IN718, after 20-min of
homogenization, have a GOS value near zero. Although some localized areas show higher GOS values due
to incomplete recrystallization. Since there is no obvious grain size change, it is reasonable to assume that
recrystallization is mostly complete in less than 20-min for the alloy with 47 wt.% IN718. In the alloys with
62 and 77 wt.% IN718, there are several columnar grains with a high GOS value after 20-min
homogenization, suggesting that the recrystallization process has not been completed. After 1-hour
homogenization, both the 62 and 77 wt.% IN718 alloys undergo further grain refinement, particularly in
the vicinity of grains with a high GOS value as shown in Fig. 6(i). Recrystallization is finished after 2-hour
homogenization at 1180°C, and grain begins to grow further. Overall, the GOS in all three alloys steadily

decreases with increasing homogenization time, indicating that the stored energy due to the residual stress
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from the printing process has been dissipated. Among the three alloys, the GOS of the alloy with 77 wt.%
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Figure 6. Grain orientation spread (GOS) maps of as-built and homogenized SS316-IN718 mixed alloys.
GOS maps of mixed alloys under (a-c) as-built condition, after homogenization at 1180°C for (d-f) 20 mins,
(g-i) 1 hour, and (j-1) 2 hours. The average grain size and standard deviation of each GOS map is shown
below the image. The scale bar shown in (1) can also be used for the other microstructure images.
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IN718, shown in Fig. 6(1), is still higher after 2-hour homogenization than the other two alloys.
4. Discussion

The entropy effects are intrinsic since they vary as a function of alloy composition. These three alloys are
good candidates for deducing the effect of entropy on microstructure evolution because they all have similar
phase stability, e.g., the same FCC matrix phase, similar amounts of the Laves phase in the as-built
microstructure, and a similar small fraction of MC carbides. Additionally, all three alloys share a similar
processing window. As shown in Fig. 1(e), these alloys exhibit different entropies. To evaluate the entropic
impact on diffusion kinetics, Thermo-Calc software based on the thermodynamic TCNI11 database coupled
with the mobility MOBNIS database were used to estimate the diffusivities in each of the three alloy
mixtures by calculating the diffusion matrix, as given in the supplementary materials. Close inspection
of the diffusion matrix shows that most diffusivities decrease with increasing configurational entropy.
However, if we assume that the diffusion process will be driven by the slowest diffusion, the alloy with 47
wt.% IN718 exhibits the slowest diffusion instead of 77 wt.% IN718, although the difference among these
smallest diffusivities is rather negligible. Overall, the experimental observation and modeling above cannot
provide strong evidence for a definitive relationship between grain kinetics and entropy. Although the initial
experimental design was intended to reveal such a relationship, the debate regarding the influence of

entropy on the diffusion kinetics in high-entropy alloy systems continues [29, 30].

One possibility is that the grain refinement from recrystallization is too strong, hiding the impact of entropy.
Therefore, further work is required to quantitatively describe the effect of entropy on grain refinement and
recrystallization in AM alloys. Consequently, it is more conclusive that in the alloy mixtures of SS316L
and IN718, grain refinement observed during homogenization at 1180°C can be attributed to
recrystallization, which is primary influenced by residual stress due to the complex heating and cooling
cycles during the laser melting process. Even though such a strong influence of the residual stress and its
dissipation through recrystallization could be the main cause for such a grain refinement, it is rather
challenging to perform a quantitative analysis without reliable numerical simulations. Analysis of the grain
size within each of the three alloys using EBSD reveals that the alloy mixture with the highest
configurational entropy, 77 wt.% IN718, has the smallest grain size in the as-built condition and after

homogenization for 1 hour at 1180°C.
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5. Conclusions

e The capability of DED to fabricate alloys with different compositions by easily manipulating feedstock
materials can accelerate alloy discovery and facilitate efficient studies of fundamental process-
microstructure-property relationships.

e By adding 77 wt.% IN718 to SS316L, a new alloy with a refined as-built microstructure is discovered.
This fine grain structure exists even after high-temperature homogenization, and it was less pronounced
in the other alloy mixtures with 47 and 62 wt.% IN718.

e There are three possible factors contributing to the grain refinement identified in this alloy: grain
boundary pinning particles due to MC carbide formation, residual stress induced stored energy due to
the unique laser melting process, and entropic influence on diffusion kinetics. More work is required
to quantitatively identify these three factors and their role in grain structure evolution.

e [t is reasonable to believe that high stored energy due to residual stress from the AM process plays a
vital role in grain refinement by promoting recrystallization. Both entropy and grain boundary pinning
effects may also contribute to the grain refinement observed in the studied samples. However, a more
detailed mechanistic investigation is required.

e This work demonstrates a successful case study developing a new alloy by in-situ mixing of commercial
feedstock powder, SS316L and IN718. The unique grain refinement observed during high-temperature
homogenization indicates that the microstructure engineering of new alloys for additive manufacturing

requires a comprehensive design and analysis in both as-printed and heat-treated conditions.
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