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Abstract: Directed energy deposition (DED) is an efficient method to fabricate
functionally graded materials (FGMs) with gradient composition and complex
structures, allowing for local tailoring of properties instead of the costly need for
extraneous welds and joints. In this study, a FGM from stainless steel to Inconel alloy
was successfully fabricated using the powder-based laser DED. A very refined grain
structure has been observed in at the composition with 75 wt.% Inconel alloy content,
which also exhibits the highest (entropy). For the first time, the post heat treatments,
microstructure and aging precipitation behaviors of FGMs were systematically
studied via experimental characterization and computation, to elucidate their effects
on the gradient smoothing and mechanical properties. The diffusion and segregation
of Ni, Nb and Ti elements underly the transformation mechanism between Laves, 9,
Y’ and y” phases during precipitation. Homogenization on FGMs not only eliminates
the heterogeneity inherited from the AM process, but also provides a practical way to
smoothen the gradient on composition and microstructure for the eventual good
gradient properties. It has a direct influence on the following precipitation behaviors
in the FGM, which highly relies on the diffusion degree of the elements in the matrix
and grain boundaries. The high-throughput thermodynamic modeling and kinetic
modeling were exploited to evaluate the experimental microstructure and address
computational uncertainty using different thermodynamic conditions and databases,
which enables an accelerated design through local tailoring of process-structure-
property relationships to develop new functional materials.

Keywords: Directed energy deposition; functionally graded materials; precipitation;
high-throughput design

1. Introduction

As driven by the need of lightweight and cost-effective structures in the
current society, dissimilar metal joints with multi-materials are highly
demanded for aerospace, transportation, bioengineering, nuclear power
generation, navigation and military fields [1-6]. However, dissimilar joints
are prone to fail because of unexpected distortion and high gradient of
residual stresses at large scales stemming from the sharp changes in chemical
composition, microstructure and properties across the joint interfaces [7-15].
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Functional graded materials (FGMs) can overcome these difficulties with
their continuous development since they were first conceived of in 1980s,
which possess spatially varying properties with gradual transitions in
chemical compositions or structures [16-20]. They also benefit basic material
science by providing a new method for combinatorial alloy design and
computational modeling validation [21-23].

To create FGMs with optimized stress profiles and excellent formability,
additive manufacturing (AM) with a layer-wise synthesis is currently among
the most dynamic developing trends to replace the traditional manufacturing
methods including chemical and physical vapor deposition (CVD/PVD),
plasma spray, powder metallurgy, welding processes (e.g. fusion and solid
state welding) and centrifugal casting methods [24-33]. Currently, metallic
material AM can be classified with two major processes: Powder Bed Fusion
(PBF) and Direct Energy Deposition (DED). Compared with PBF, the DED
method is more suitable to create a gradient structure due to more flexibility
in the ability to change the melt pool size and powder/wire composition [33-
35]. Moreover, the discrete nature of DED provides the potential for
geometrically complex components without any extra supports [35-37]. The
laser-based DED with the powder feedstock, also well known as Laser
Engineered Net Shaping (LENS), is a compelling method in the additive
manufacturing of FGMs because of the flexibility in control space and non-
requirement of atmosphere vacuum compared with the electron beam DED
[34,38,39].

In recent years, the primary focus of additive manufacturing of FGMs
has largely been devoted toward exploring the alloy compatibility and
joining possibility. The challenges associated with joining different types of
alloys are comprehensively learned. They spread widely in the aspects of
element incompatibilities, intermetallic formation and solubility limitations,
thermal property mismatch, phase transformation and species migration,
unwanted inclusions and so on, which would cause serious segregations,
brittle phases, large residual stresses, distortions, cracks and failure of joining
in the non-equilibrium state alloy components [40-48]. In addition, dilution
as a nature of fusion processes, is another stubborn problem if it is not well
controlled, which consequently resulting in issues ranging from detrimental
phases to hot cracking [49-55]. To date, many researchers studied different
FGMs using DED process. Ti-based and Ni-based FGMs have been widely
exploited because of their high strength to weight ratio, high strength and
corrosion resistance at extreme conditions, including Ti6Al4V/stainless steel
(304 or 316), Ti6Al4V/TiC, Ti6Al4V/Invar, Ti6Al4V/Mo, Ti6 Al4V/Inconel 718,
and Ti/TiC [56-63]. Meanwhile, Fe-based FGMs are also extensively studied,
especially for 316(L) and 304 stainless steels due to their low cost and high
corrosion resistance, which covers 316L/Stellite 12, 316L/Inconel 718,
316L/NiCr, 316L/Ferritic steel, 3161/FesAl, and 304/Inconel 625 [64-70]. It is
obvious that Ti-based and Ni-based alloys and stainless steels are the
attractive and favorable candidates for FGMs additive manufacturing.
Domack et al [62]. studied the deposition performance for an FGM from
Ti6Al4V titanium alloy to Inconel 718 with nearly continuous composition
grade using the laser DED. The deposited samples exhibited coarse dendritic
microstructures and significant elemental segregation with macroscopic
cracking occurred for composition greater than 60vol.% Inconel 718, because
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of their different coefficients of thermal expansion (CTE) [33, 71] and brittle
phases easily formed in Ti and Ni alloys [47,60]. Bobbio and Reichardt et al.
[40,56] synthesized an FGM by DED consisting of Ti6Al4V and SS 304L
stainless steel with V as a transition material. The distinct changes in
compositions, phases and hardness across gradient were thoroughly
exhibited. The cracks occurred in the SS 304L/V transition range from 50vol.%
to 75%vol.% V because of the intermetallic phases [56]. Li. et al [57] proposed
a successful FGM consisting of Ti6Al4V and S5316. The formation of
intermetallic phases was avoided by introducing a transitional composition
Ti6Al4V—V—Cr—Fe—S55316. Moreover, Inconel 718 and 316 stainless steel
are two preferred materials for a critical high-integrity joints in nuclear and
aerospace industries [37,72,73]. Shah et al. [66] studied the parametric
behavior of an FGM wall fabricated using laser DED between these two
materials. The increase in the heat input accelerated the grain growth,
reducing the hardness. However, post heat treatments are rarely studied in
the existing literature, which are usually required for the precipitation-
hardening alloys to achieve the final mechanical properties for industrial uses
[72,74,75]. In addition, post heat treatments are effective to relieve residual
stress, eliminate the non-equilibrium phases and heterogeneous
microstructure coming from the nature of additive manufacturing [76-79].
Furthermore, the proper post homogenization or solution heat treatments are
also a promising way to smooth the gradients in composition and
microstructure.

In this work, successful builds of FGM bulks from 316 stainless steel
(55316) to Inconel 718 superalloy (IN718) were achieved using the powder-
based laser DED. The element composition, microstructure and mechanical
properties in as-deposited FGMs were evaluated. A potential composition for
novel alloy design was found using this additive manufacturing FGM as a
combinatorial alloy development. The post heat treatments including
homogenization and aging on the FGMs were for the first time studied to
systematically elucidate their effects on the gradient smoothing and aging
precipitation behaviors. The CALPHAD-based (CALculation of PHAse
Diagrams) high-throughput modeling was performed to predict and
compare the phases observed in the experiments. Using the different
thermodynamic conditions created from post heat treatments, the
thermodynamic modeling databases were evaluated via experimental
characterization. This work performs a comprehensive study in deep on the
microstructure evolution, gradient smoothing, precipitation behaviors and
thermodynamic modeling of the FGMs, which provides a fundamental
guidance for further development on FGMs.

2. Experiments and modeling
2.1. Materials and experimental design

The gradient components were fabricated on a substrate plate of
stainless steel 316L (SS316L) using a directed energy system (Optomec
LENS® 450 System) embedded with a Nd:YAG laser, as schematically shown
in Fig. 1. IN718 and SS316 powders (Praxair Surface Technologies Inc) with
particle size range of 45~125 pm (mesh size -120/+325) were used into two
feeders for LENS processing. The materials compositions are noted in Table
1. Through the initial attempts, the building parameters were chosen and
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adjusted depending on the height and width of melt pools of two different
alloys. After parameter optimization on block builds, the graded alloys
samples are built using a laser power of 300 W, a scan speed of 5 mm/s, a
layer thickness of 0.25 mm and a hatch spacing of 0.75 mm with a scan pattern
of 90° between each layer, which is illustrated as scan direction 1 (S51) and 2
(S2) in Fig. 1. The LENS system is flexible to deposit powders with variable
fraction of powders by controlling the feed rates. Through our baggie test and
taking into consideration of the acceleration and deceleration of powders, the
weight percent of each powder can be accurately alternated by the feed rate
of each nozzle. In this work, the FGMs were built from pure 55316 to pure
IN718 with an increased alloy gradient of 25 wt.%. Each composition of the
material was applied to deposit four layers.
Table 1. The compositions of powders and substrate plate (wt.%0)

Material C Ni Cr Fe Nb Ti Al Co Mo Mn Si Others

In 718 0.04 53.35 18.98 18.14 5.09 0.94 0.41 0.03 2.93 0.01 0.06 Bal.

SS 316 0.08 12 17 67.97 — — — — 2 1 — Bal.
Substrate 316L 0.004 12 17 66.75 — — — — 2.5 15 0.75 Bal.

Laser beam
Powder SS316 Powder IN718
Melt pool /7
100% In 718 |

Building direction Z

Substrate 316

-

Scan direction

Figure 1. Schematic of laser-based directed energy deposition (DED) for the functional graded material
(FGM) building from SS316 to IN718.

Several final deposited FGMs were successfully obtained with good
forming control, as shown in Fig. 2a. Certain blocks were cut into several
samples along A-A cross section parallel to building direction (BD) by wire
electric discharge machine for microstructure and mechanical
characterization (Fig. 2b). Several alloy pieces with composition gradient
were encapsulated into vacuumed quartz tubes filled with pure argon for
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post heat treatments. Then some of the samples were directly subjected to
aging at 718°C for 15 h, followed by water quenching. Other bunch of samples
were carried out with post homogenization at 1200°C for 1 hour (1-h) and 7
days (7-d) followed by water quenching, respectively. Afterwards, they were
all subjected to the same aging process as stated above. The samples were
mounted and polished with standard metallographic methods, then etched
with aqua regia (1 vol.% nitric acid + 3 vol.% hydrochloride acid) for 30 s.
Microstructure as a function of location were observed using optical
microscope (OM, Zeiss Smartzoom5) and scanning electron microscope
(SEM, Zeiss Sigma 500 VP). Electron back-scattered diffraction technique
(EBSD) were performed using the FEI Scios Dual Beam System to investigate
the grain evolution, with a scanning step size of 0.08 um. High resolution
SEM combined with energy dispersive spectroscopy (EDS) were carried out
to elucidate phase morphologies and transformations as a function of
composition. The chemical compositions and phases in the aged FGMs were
analyzed by electron probe microanalyzer (EPMA). Hardness of samples was
evaluated by Vickers microhardness auto-tester (LECO LM800) with a load
of 300 g and a dwell time of 10 s. a minimum of five measurements were
taken for each location on the polished samples with avoiding the pores.

High throughput calculation (e)
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Figure 2. The successful building of FGMs from SS316 to IN718: (a) final FGM blocks, (b) the studied FGM
block showing cross section A-A of sample slicing, (c) overall OM morphologies of the FGM along cross
section A-A, (d) layer height distribution statistically extracted from (c), (e) high throughput calculation of
physico-chemical characteristics using thermodynamic modeling and (f) high throughput calculation of
alloy entropy as a function of composition.
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2.2. High-throughput model prediction of phase stability

As the microstructure in FGMs by AM and post heat treatments contains
stable and unstable phases under both equilibrium and nonequilibrium
conditions resulting from the rapid cooling and solidification, steep thermal
gradients and cyclic reheating from multiple laser passes and post heating
conditions, a comprehensive study of phases in this FGM were systematically
performed using CALPHAD-based modeling and Scheil modeling to predict
the phases and help microstructural analyses. More compelling, TC-Python
interface in Thermo-Calc was applied to understand the phase stability along
the composition gradient developed between SS316 and IN718. The physico-
chemical properties, phase evolution at different temperatures as a function
of composition were calculated to provide an entire insight into the
relationship between phases, mechanical properties, build defects, and
porosity formation. In addition, in order to predict the homogenization
process at 1200°C, the diffusion simulation was performed using the DICTRA
(DIffusion Controlled TRAsformations) module in the Thermo-Calc software
package based on TCFE9 and TCNI8 thermodynamic databases appended
with MOBFE4 and MOBNI4 mobility databases [80].N

Because this FGM was developed from 55316 steel to IN718 nickel-based
superalloy, the Thermo-Calc databases of TCFE9 and TCNIS8 [81] were both
used to improve the prediction of phase formations. For example, the
equilibrium and nonequilibrium phases calculated from TCFE9 and TCNI8
are of big differences for a composition of 50wt.% IN718 alloy, as shown in
Fig. 3. The 6 phase was suspended in the calculation of TCNI8 to make sure
the presence of y' and y”" phases, which was adopted for all the following
simulations in TCNIS. In the case of equilibrium simulation, MX, Laves and
o phases occur in both TCFE9 and TCNI8 databases, while the secondary
phases of y" and y” formed in TCNIS8 are totally different from NbNis and
NisTi phases occurring in TCFE9 (Figs. 3al and 3b1). Nonetheless, The Laves
phase calculated from TCNIS is the primary phase in the nonequilibrium
simulation rather than the NbNis phase calculated from TCFE9 (Figs. 3a2 and
3b2). These discrepancies between different databases, equilibrium and
nonequilibrium simulations need to be combined to evaluate the phase
predictions in this compositionally gradient material fabricated by the DED
process and post heat treatments. Using this compatible approach of high-
throughput thermodynamic modeling, the prediction and quantification of
solidification and phase transformations were studied in depth to leverage
the link between thermodynamic modeling and experimental
characterization, then further guide the experimental design for FGMs.


https://doi.org/10.20944/preprints202204.0139.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 April 2022 d0i:10.20944/preprints202204.0139.v1

0
(a1) 19" 4 (a2)140 ' ' '
] 1350 - Y -
- 107 S 1300 - -
- 1250 -
= 4]
g E
& 1200 -
H 2 «©
o 107 4 F D
@ 21150 - L
5 =
A £ 1100 - -
)
10° 4 || =
5 1050 =
S 1000 5
w1 1 950 e
g 500 700 900 1100 1300 1500 @ 10* 107 1072 107 10"
Temperature, °C Phase fraction
(b1)10° — — 7 L+ (b2)1400 S EE—
; Licquid r ‘ 1350 4 7 L
o 10 - O
S 5
g = 1300 - -
= E MX
% 10—2 | L ;g-. V1S
= g 1250 -
pﬂ MX 2
102 - N Laves
1200 =
10_4 T T T T T T T 11m o | LN | rororrTTT
@ 500 700 900 1100 1300 1500 @ 10* 107 1072 107 10°
Temperature, °C Phase fraction

Figure 3. Thermodynamic predictions for the FGM component with the composition of 50wt.% IN718: (a)
phase fraction vs. temperature (al) and nonequilibrium simulation using the Scheil-Gulliver model (a2)
using TCFE9 database, (b) phase fraction vs. temperature (bl) and nonequilibrium simulation using the
Scheil-Gulliver model (b2) using TCNIS8 database.

3. Results and discussion
3.1. FGM building and control
3.1.1. Macro-morphologies

The overall morphologies of as deposited FGMs were revealed in Fig. 2.
There were no cracks and big forming distortions in these FGM blocks by our
in-house processing control. As illustrated in Fig. 2c, the melt pools and
fusion lines between each laser pass are clear to see. 20 layers were built up
with five compositional gradients, i.e., pure 55316, 25wt.% IN718, 50wt.%
IN718, 75wt.% IN718 and 100wt.% IN718. However, each layer has different
actual layer height (Hv), which is increasing gradually as the FGM builds up
(Fig. 2d). Especially when the composition is approaching to IN718, the H:
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increases rapidly. The accumulative height of layers (Ha) is non-linear and
deviated from the theoretical line of ideal case, because of this mismatch
between the actual layer height and the set layer thickness. However, the total
built height (Hr) was well controlled at around 5 mm. The increase of Hi can
be explained by the changes in the absorption of laser energy and heat
accumulation of each layer. Figure 2e presents the computed apparent heat
capacity at solidus (C§) of the FGM as a function of composition. It can be
seen that the C§ has an increasing trend with the weight percent of IN718
increasing in both TCFE9 and TCNI8 simulations. Whereas, it varies
seriously in TCFE9 when IN718 is greater than 25wt.%. When the
composition is higher than 75wt.% IN718, the (7 calculated from both
TCFE9 and TCNIS8 simulations increases sharply, which shows a good
accordance with the Hi. It indicates the closely direct influence of the C3 of
materials on the Hr. Because the apparent heat capacity is closely related to
the heat absorption [82-84], the increased heat capacity represents the higher
ability of heat absorption from laser energy. This causes that the powders
with high Ni content are easier to melt and get a higher melt volume during
laser printing. Meanwhile, due to the higher heat capacity, the built
component near to the IN718 side has a higher heat accumulation which can
be incorporated into the next laser pass for melting to further increase the H.
This elucidation points out the significance of laser energy and heat
accumulations when fabricating FGMs with big difference in heat capacity of
materials.

Another notable phenomenon is the pores in the FGM are few (the print
density is higher than 98.5% using the measurement of Archimedes method).
Most of them forms near the fusion lines of melt pools (Fig. 2c). It is known
to all that the formation of porosity in traditional process is related to its
nucleation and escape from melt pool. The nucleation of porosity is closely
attributed to the stability of melt pool, and the escape ability of porosity is
attributed to the solidification time that depends on the temperature range
between liquidus and solidus (well known as freezing range, which is also an
indicator for the hot cracking and weldability). The freezing range as a
function of continuous gradient composition are computed from
thermodynamic databases, as presented in the downside of Fig. 2e. It shows
that the majority of this FGM has a similar value of the freezing range to the
pure IN718 alloy. This means the solidification condition and weldability of
the whole FGM are semblable to the feature of pure IN718 alloy. As we know,
IN718 has a good weldability, and the porosity is easy to escape from melt
pool because of the long solidification time [85,86]. Therefore, there are no
cracks and low porosity rate in the FGM though SS316 and IN718 have
different CTEs [33, 71]. In addition, it exhibits that the porosity rate is
tentatively increased when the composition approaches IN718. This is
because of the nucleation of porosity influenced by the stability of melt pool,
which is tied to the viscosity and entropy. The viscosity (1)) at the temperature
dependence can be expressed as the Arrhenius form [87-89]:

n =moexp(E/RT) (1)

where 1o is the pre-exponential viscosity and E is the activation energy
for viscous flow, which are both constants for a particular element, T is the
temperature in K and R is the gas constant. The viscosity data for Fe and Ni
elements is listed in Table 2. Combining equation (1) and this data list, it can
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be deduced that the component with high Ni content has a lower viscosity,
and vice versa. It indicates the melt pool with high weight percent of IN718
is unstable to collapse for entrapping pores when the laser beam irradiates
into the melt pool. Furthermore, Fig. 2f provides the alloy entropy with
different compositions. The excess entropy decreases gradually as the percent
of IN718 increases, while it locates the composition range around 75wt.% has
the highest nominal entropy, which gives more motion energy to cause the
pedesis more severely in the liquid. It will further result in the unstable melt
pool to collapse to entrap pores, leading to the increase in porosity. This
computation on the physico-chemical properties of different compositions
through the high-throughput thermodynamic modeling provides a high-
throughput approach to understand and study the relationship between
defects and composition, which is promising to not only predict the
properties according to composition, but also perform composition design
for new alloy development in the further.

Table 2. Data for viscosity of Fe and Ni elements [87-8%]

Melting point 7(Tm) 7o E
Element Tn (°C) (MPa-s) (mPa-s) (ki-mol)
Fe 1535 55 0.370 414
Ni 1455 49 0.166 50.2

3.1.2. Microstructure evolution along the composition gradient

Figure 4a shows the metallurgical morphologies of the as-deposited
FGM changing from pure 55316 to pure IN718. It shows the structure with
all compositions consist of numerous dendrites. As the weight percent of
IN718 increases, the primary dendrites get shorten and the shape of dendrites
transfer from columnar to cellular. It is attributed to the increased heat
capacity and freezing range of the component with the weight percent of
IN718 increasing, as elucidated in Fig. 2e. The cooling rate and anisotropy of
solidification are consequently reduced, which is susceptible to form
equiaxial grains and cellular dendrite networks. Observed on SEM, it can be
seen that except the pure S5316, there are a lot of secondary phase segregated
along the grain boundaries in the components. According to the Scheil
simulation as exampled in Figs. 3a2 and 3b2, it is supposed to the
nonequilibrium phase (i.e., Laves) in the as-deposited FGM. In the magnified
images, they show irregular shape. Their size and clustering degree increase
gradually. The EDS result embedded in the image of Fig. 4a indicates they
are rich of Nb, which further confirms the Laves phase formation. Performing
the high-throughput Scheil simulations via TC-Python approach, the phase
fraction of Laves as a function of composition was generated to plot in Fig.
4b. The Scheil modeling was chosen because it is a nonequilibrium
simulation, which has a similar status of laser deposition. From Fig. 4b, it is
clear to see that the phase fractions of Laves predicted by TCFE9 and TCNIS8
are significantly different, deviating from each other when the weight percent
of IN718 is greater than 25wt.%. Whereas, they have the same trend, i.e.,
increasing first and keeping a relatively high value, and decreasing
eventually. The experimental data of the Laves phase extracted from
systematic SEM observations was also summarized in Fig. 4b. It
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demonstrates the prediction of Laves phase by TCNIS8 has a good agreement
with the experimental result, which indicates TCNI database plays a better
prediction for Ni-rich alloy (the composition is approximately higher than 20
wt.% Ni) rather than TCFE database.

(a)  50% - T5% IN718

—
(o
—

- - - Simulation in TCFES
——Simulation in TCHIZ
& Experment

phase at solidus
=

hagnifying

m
b

ole fraction of Laves
m
s

I
o0
0,
)
e
[=2]

Z0 40 60 80 100
weight precent, % INT18

(d) . !

2 10 v i Fe——Cr ——Ti
oo §——Ni —Nb E—AI
€50}

84

!

©

£

o

<

e ———————
Building direction
001 101

Figure 4. SEM analysis on the entire as-deposited FGM along building direction: (a) OM and SEM
morphologies, (b) Laves phase fraction vs. composition of computational and experimental results, (c)
overall BSE images of the whole FGM cross section, (d) overall EDS profiles and (e) IPF crystal orientation

mapping.

Figures 4c-4e show the EDS and EBSD profiles via SEM over the whole
FGM along building direction. The EDS analysis was conduct on the finely
polished flat surface (Fig. 4c) of the as-deposited FGM without etching. It is
obvious that the major elements of Ni and Cr have equal proportional
increases, and Fe has an equal proportional decrease from pure SS316 to pure
IN718 (Fig. 4d). The alloying element of Nb has a corresponding increase
gradually. Other alloying elements cannot be quantified accurately due to
their low values of contents. However, because the gradient compositions
were mixed by two pure powders of SS316 and IN718 with certain weight
ratios, all of the elements have the same ratio change in each mixed
composition. The major elements of Fe and Ni can represent the real
controlling accuracy for the whole gradient compositions. It can be illustrated
that there is a flat composition profile in each component that changes from
pure SS316 to pure IN718, except few small deviations between each layer,
like in the compositions of 25wt.% and 50wt.%. Further comparing the
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measured composition to the nominal (designed) composition by two
representative elements of Fe and Ni, it reveals a well agreement with each
other, which demonstrates the successful build of this FGM with a decent
control on composition.

The stitched overall EBSD mapping exhibits the grain evolution as the
composition changes (Fig. 4e). Only one face center cubic (FCC) phase of the
matrix exists in the whole FGM, because both SS316 and IN718 have FCC
matrix, as also confirmed in Fig. 3. There are no sharp interfaces between the
components with each composition (Fig. 4e). each interface has a small
gradient zone, especially for those near the higher content of IN718, as
demonstrated in EDS profiles of Fe and Ni in Fig. 4d. The gradient zone along
each interface lowers the mismatch of printability for two individual
compositions, which reduces the possibility of cracks. Another phenomenon
worth to notice is that the grains grow from columnar shape to equiaxial form
as the weight percent of IN718 increases. This is consistent with the OM
observation in Fig. 4a, which further confirms the effect of heat capacity and
freezing range on the solidification and grain growth.

3.2. Post-heat treatments on gradient smoothing and microstructure improvement

As we know, homogenization is not only an effective post heat-
treatment method to eliminate the heterogeneity inherited from the AM
process, but also a promising way to smooth the gradient on composition and
microstructure for the FGM building and eventually obtain a good gradient
property. Therefore, different post homogenization heat treatments were
conducted to investigate the utility of post heat treatments on gradient
smoothing and microstructure improvement.

3.2.1. Effect of homogenization on microstructure and composition

Figure 5 shows the microstructural and compositional evolution of the
FGM samples homogenized at 1200°C for 1 h and 7 d (168 hours),
respectively. From Figs. 5a and 5b, it exhibits that after 1 h homogenization,
the heterogeneous structure with different columnar grains and strong
textures has been removed, replacing with equiaxial grains. Grains grow
significantly and Laves phase is completely removed. However, there are a
lot of precipitates present in the FCC matrix, as seen in Fig. 5a. They are
supposed to be the MX secondary phase, which is confirmed in the
thermodynamic predictions at 1200°C (Figs. 3al and 3b1). M consists of the
major elements of Nb and Ti, and X contains the elements of C and N for this
FGM. Their volume fractions increase gradually as the weight percent of
IN718 increases, which is attributed to be the increase in Nb content in
different components. The MX precipitates increase with a bigger size after 7
d homogenization (Fig. 5d). The Laves phase is absent in the coarsened FCC
matrix.
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Figure 5. Electron microscopy analysis on the whole FGM along building direction after homogenization at
1200 °C: SEM morphologies (a), IPF crystal orientation mapping (b) and EDS profiles (c) with 1 h
homogenization; SEM morphologies (d), IPF crystal orientation mapping (e) and EDS profiles (f) with 7 d
homogenization.

The EBSD maps present a significant change on grains with the
homogenization time increasing (Figs. 5b and 5e). The grains grow up and
become much more homogenous in each compositional component after
homogenization, compared with the as-deposited FGM. However, the grains
of AM pure S5316 are always smaller than those in substrate which is
traditionally wrought SS316L steel. This provides an evidence of the
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advantageous response of AM alloys on post heat treatments compared with
the traditional fabrication method. The overall grain evolution in the FGMs
is summarized in Fig. 6 based on the EBSD results.
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Figure 6. The grain evolution of EBSD analysis in the FGM with different compositional components after
different homogenization heat treatments: (a) as-deposited condition (data extracted from Fig. 4e), (b) 1 h
and 7 d homogenization at 1200 °C, respectively, (c) grain coarsening rate of different compositional
components during 1 h homogenization (recrystallization) and (d) grain coarsening rate of different
compositional components from 1 h to 7d homogenization (grain growth).

For the as-deposited FGM showed in Fig. 4e, the grain size decreases
from 36 um first and then increases up to 27 pum, as the weight percent of
IN718 increases. The component with 75wt.% IN718 has the finest grain size
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of 12 pum which is half of pure IN718 and one third of pure 55316 (Fig. 6a).
The found of this critical composition on the grain size can be explained by
the entropy of this component. As we know, high entropy alloys exhibit good
thermal stability due to the high mixing alloy entropy that has resistance to
the grain growth [90-92]. It is attributed to sluggish long-range substitutional
diffusion because of the lack of a major diffusion element and the necessity
of cooperative diffusion of constituent atoms in order to have proper
composition partitioning [90,93]. Accordingly, 75wt.% IN718 component has
the highest mixing alloy entropy in all these compositions changing from
pure SS316 to pure IN718, as calculated in Fig. 2f. This results in the finest
grain in the as-deposited component with the composition of 75wt.% IN718.
Moreover, the fraction of grain boundaries of high angle grain boundary
(HAGB) extracted from the EBSD data shows that it has the same trend as the
grain size (downside of Fig. 6a). Consequently, the fraction of low angle grain
boundary (LAGB) has a contrary evolution, with the highest value at 75wt.%
IN718. The LAGB reflects the residual stress and distortion in the grains [94-
97]. Hence, there is a big amount of distortion in the 75wt.% IN718
component. It is ascribed to the dislocations stemming from the laser
deposition and precipitation of Laves phase in the solidification. Because of
the finest grains, the restriction between different small grains triggers the
increase of dislocations during the grain growth. In addition, the phase
fraction of Laves precipitated in the 75wt.% IN718 component is highest,
which contributes to the big distortion surrounding their interfaces with the
matrix. Above all, this 75wt.% IN718 component with fine and equiaxial
grains directly obtained from the laser deposition has a great potential for use
in AM industry with the advantage of avoiding post heat treatments. It can
be developed as a new alloy for AM, which will be further studied in the
future work.

After 1 h homogenization at 1200°C, the grain in pure SS316 component
grows up to 40 um with the equiaxial size. The grain size increases as the
weight percent of IN718 increases, while it has a drop for the component with
75wt.% IN718 with a size of 52 um (upside of Fig. 6b). When the composition
of IN718 is higher, the grain size increases rapidly to 125 um in the pure
IN718 component. In the contrast, the grains get coarsened seriously after 7
d homogenization, especially for the pure IN718, of which the grain size
increases up to 406 um (downside of Fig. 6b). Based on the kinetics theory of
grain growth, the grain growth here can be expressed as follows [98-100],

R(t)? —R2 =kt (2)

where R(t) is the average grain radius at time ¢, and R, is the initial
grain radius at the time t,. In this case, R(t) for different compositional
components is obtained from Fig. 6b and R, is correspondingly obtained
from Fig. 6a, respectively. k is a constant which can be calculated using
Equation (2). Thus the grain coarsening rates for different compositional
components in the FGMs with 1 h homogenization, dR/dt (t=1 h) and 7 d
homogenization, dR/dt (t=7-d) are evaluated, as shown in Fig. 6c,
respectively. It reveals that pure IN718 has an extremely big grain coarsening
rate during homogenization at 1200°C. However, the components with the
composition below 75wt.% IN718 has a relatively slow grain coarsening.
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Especially for the composition around 75wt.% IN718, the component has a
good thermal stability and resistance to grain coarsening, with a
microstructural behavior far away from both of pure IN718 and pure SS316.

Nevertheless, the homogenization heat treatment also changes the
composition profiles significantly, as presented by the EDS analysis across
the whole FGMs in Figs. 5c and 5f. The elemental profiles of Fe, Ni and Cr are
clear to be identified in the profiles, which represents the gradient change of
the whole elements, as stated in Fig. 4d. The EDS profiles of homogenized
FGMs become more and more smooth with reduced deviations as the
homogenization time increases, which indicates the composition is more and
more homogenous in the homogenized components. Compared with the
EDS profiles of the as-deposited FGM (Fig. 4d), the interface zone with the
gradient composition between each component increases after 1 h
homogenization, and the composition profile in each composition forms a
slope, not as flat as that in the as-deposited FGM. After the long term of
homogenization for 7 d, the composition in the whole FGM has a continuous
change with a very smooth gradient (Fig. 5f). The interfaces are bare to
recognize in the EDS profile, which is also reflected in the EBSD results (Figs.
5b and 5e). These phenomena demonstrate the homogenization heat
treatment has a significant effectiveness on the gradient smoothening of the
composition and microstructure in the FGMs. The intrinsic reason is ascribed
to the sufficient diffusion of elements at the high temperature of
homogenization.

3.2.2. Kinetic modeling of diffusion behaviors in homogenization

To disclose the diffusion behaviors in this FGM in detail, the kinetic
simulation at 1200°C was performed using the DICTRA modeling. Only FCC
phase was included as the matrix, considering the absence of the Laves phase
and liquidation at 1200°C. The simulation result is shown in Fig. 7a. It exhibits
the simulated composition profiles of the major elements of Fe and Ni with
the homogenization times of 0-h, 1-h, 24-h, 7-d and 21-d. The composition
profile with 0 h homogenization means the nominal composition in the real
distance of the FGM build. This profile was used as the input data to simplify
the simulation, because the experimental result in the as-deposited FGM has
a good agreement with the nominal composition (Fig. 4d). From Fig. 7a, it is
clear to see that the compositional gradient becomes smoother as the
simulated homogenization time increases. The elements diffuse fast between
each component. Simultaneously, the diffusion interface has an obvious
migration during homogenization, which moves to the Ni-rich side of alloys.
This is because Ni has a faster diffusion rate than Fe in the Fe-Ni mutual
diffusion system, which can be demonstrated by the diffusion coefficient of
Fe and Ni as a function of composition via thermodynamic modeling in Fig.
7b. The simulated composition profiles of Fe and Ni after homogenization for
1 h and 7 d are extracted out to compare with the experimental EDS results,
which are shown in Figs. 7c and 7d, respectively. They reveal good
consistency with the experimental results, which demonstrates that the
detailed diffusion behaviors in this FGM as a function of homogenization
time can be well predicted using this kinetic modeling to further help the
experimental designs. Nonetheless, the experimental results show a
smoother compositional gradient without obvious plateaus. It indicates the
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actual elemental diffusion is faster than the simulations. This is attributed to
the faster diffusion of elements in the intergranular mode than that in the
transgranular mode [101-103], while the DICTRA simulation considers only
the transgranular diffusion to brief the modeling.
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Figure 7. The kinetic simulation of diffusion using DICTRA modeling at 1200°C: (a) the simulated
composition profiles of Fe and Ni elements with different homogenization times, (b) the calculated diffusion
coefficients of Fe and Ni in Fe-Ni mutual diffusion system vs. composition of the FGM using thermodynamic
modeling, (c) comparison of the composition profiles of Fe and Ni elements between experimental EDS
results and simulation results after 1 h homogenization and (d) comparison of the composition profiles of
Fe and Ni elements between experimental EDS results and simulation results after 7 d homogenization.

3.3. Aging precipitation in FGMs: Experimental characterization and
thermodynamic simulation

3.3.1. Precipitation behaviors in the as-deposited FGMs.

Because the synergistic effect of gradient compositions and
nonequilibrium status from laser deposition, the precipitation behaviors
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presented in FGMs during aging would have a significant difference from
those in the alloys fabricated by the traditional methods. After aged at 718°C
for 15 h, i.e, a peak aging status for IN718 alloy [104,105], the SEM
morphologies of the microstructure in the components with different
compositions were observed, respectively, as shown in Fig. 8. It shows that
the Laves phase still remains in the matrix, even occurring in the matrix of
pure SS316 after the long aging time (Fig. 8a). Compared with the as-
deposited FGM, the volume fraction of Laves phase increases after aging. The
segregation along columnar dendrites and cellular dendrites become more
serious because of the increased precipitation. Nonetheless, there are new
precipitates occurring around the Laves phase, as seen at the high
magnification (Figs. 8a3-8e3).

\ X
N\ AL

Building Direction S5316

IN718

Figure 8. SEM morphologies of the microstructure in different compositional components of the aged FGM
at 718 °C for 15 h: (a) Pure SS316, (b) 25wt.% IN718, (c) 50wt.% IN718, (d) 75wt.% IN718, (e) 100wt.% IN718
and (f) the interface zone between (b) and (c). (“1-4” present the images at different magnifications, the
observed location is in the center zone of each component).

To clarify the precipitates in the aged FGM, the thermodynamic
simulations via CALPHAD databases were performed to predict the phase
fraction as a function of temperature for different compositions. Because
aging for 15 h is a relative equilibrium status which is different from the as-
deposited condition, the equilibrium CALPHAD databases were used for
these simulations. Figure 9 shows the simulation results from TCFE9 and
TCNI8 of pure SS316, 25wt.%, 75wt.% and pure IN718 components,
respectively. The simulation result of 50wt.% IN718 has already been
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provided in Figs. 3al and 3b1. Parallelly, several points on different phases
were analyzed using electron probe microanalyzer (EPMA). which is listed
in Table 3. In the pure SS316 component, there are plenty of irregular phases
along the grain boundaries and many circular particles in the matrix (Fig.
8a2), which were analyzed as point 2 and point 3, respectively (Fig. 8a3).
Point 1 of the matrix was tested for comparison. According to the tested
composition, point 2 is rich of Fe, Cr and Mo. Point 3 is only rich of Cr and
Mo and lack of Fe (Table 3). Based on the simulation (Fig. 9al), the chemical
formula of Laves phase is (FeCr)2Mo and the chemical formula of M23Cs is
approximate (CrMo)2sCs. Therefore, Laves phase (point 2) and M23Cs (point
3) are confirmed to form in pure SS316 during aging, combining the analysis
of EPMA and thermodynamic simulation. Whereas, o phase is not found
during this aging. This may be ascribed to the poverty of Cr in the matrix
because of the formation of Laves and M23Cs phases. Besides, the Laves phase
is not rightly predicted in the TCNI8 simulation (Fig. 9a2).
Table 3. The EMPA result of different points in the components with different compositions (at.%o)

Sample Point Ni Fe Cr Nb Ti Al Mo Mn  Others Supphpa(;ed
1 1191 675 184 0 0 0 112 1.05 Bal Matrix
Oowt.% 2 6.92 69.1  20.75 0 0 0 218 104  Bal Laves
3 1161 6293 2254 0 0 0 192 098  Bal M23Cs
4 2229 5462 1932 096 029 0.23 142 078 Bal Matrix
25wt.% 5 2343 38.94 1517 1264 164 0.17 72 073 Bal Laves
6 26.41 50.01 18.06 262 028 0.27 148 076  Bal. 8/NbNi3z
7 3284 4186 2033 175 056 043 153 0.52 Bal. Matrix
50wt.% 8 36.83 3299 19.09 193 325 362 158 048 Bal. y/NizTi
9 49.26 2129 1985 6.31 0.64 049 147 046  Bal Y
10 42,01 3142 2046 234 083 0.69 1.7 0.28 Bal Matrix
75wt.% 11 40.06 29.68 1962 589 175 0.75 152 04 Bal. MX
12 4528 207 1972 253 482 4.7 1.66 0.27 Bal. y/NizTi
13 50.04 17.12 2051 6.12 2.1 1.87 1.8 0.03 Bal MX
100wt.% 14 58.28 465 1939 3.08 619 624 176 0.02 Bal. y'/NisTi
15 66.16 345 1823 813 115 0.86 1.6  0.02 Bal. y"
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Figure 9. Thermodynamic predictions on phase fraction vs. temperature for different compositional
components using TCFE9 and TCNIS8 databases, respectively: (a) pure SS 316, (b) 25wt.% In 718, (c) 75wt.%
In 718 and (d) 100wt.% In 718. (1-TCFE9 database, 2-TCNI8 database. The simulation results for 50wt.% In

718 is shown in Figs. 3al and 3b1) .

In the 25wt.% IN718 component, Laves phase still forms along the grain
boundaries, with an increase volume (Figs. 8b). While the composition of this
Laves phase is different, which is enriched with Nb, Ti and Mo instead of Fe
and Cr elements (point 5 in Table 3). This fact is consistent with the simulation
result (Fig. 9b). It is ascribed to the addition of alloying elements of Nb and
Ti coming from the IN718 powder. Meanwhile, there are numerous needle-
like secondary phase near the Laves phase, occupying the grain boundaries
(Fig. 8b3). They have an enrichment of Ni and Nb (point 6), which are the
chemical constituents of NbNis predicted by Fig. 9b1. This phase of NbNisis
defined as 0 phase in the TCNI8 database. Because d phase is the stable phase
and y” is the metastable phase in Ni-based superalloy, the d phase is usually
suspended in TCNI simulations to guarantee the formation of v’ phase.
That’s why 0 phase does not show in Fig. 9b2, replaced by vy’ and v phase.
However, d phase is commonly formed instead of Y and vy’ phases, until the
alloying elements like Nb, Ti reach a certain content in the Ni-based
superalloys. Hence, the TCFE database has a good prediction for the
component with low content of IN718. When the weight percent of IN718
increases to 50wt.%, d phase is not found in the microstructure. Tremendous
ultra-fine nanoprecipitates occur in the matrix, which is supposed to be v’
and vy phases. To confirm their formation, the EMPA (points 7-9) and
thermodynamic simulation (Figs. 3al and 3b1) were combined to perform.
According to the simulation result, v’ and y”* phases are formed replacing of
0 phase, with chemical formulas of Nis(Ti, Al) and NisNb, respectively. Table
3 shows that point 8 (y’) is rich of Ni, Ti and Al. On the contrary, point 9 (y”)
is only rich of Ni and Nb. This is consistent with the prediction of

thermodynamic simulation in TCNI8 (Fig. 3b1). It identifies that the finer
nanoprecipitates surrounding the Lave phase are y” phase and the relatively
bigger ones away from the Laves phase are y’ phase, which is also
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demonstrated in the following analyses for 75wt.% and 100wt.% IN718
components (Figs. 8d4 and 8e4). The TEM analysis of v" and y” phases in
IN718 were studied in our previous work [106-108]. As the increased content
of IN718, v" phase becomes richer of Ti and Al and v’ phase is enriched of
more Nb (points 12, 14 and 15). They become separate from each other. The
fraction of Y’ phase increases, which is also well predicted in the simulations
using TCNI8 database, as shown in Figs. 9c2 and 9d2. TCFE9 is not capable
to the prediction for the components with much higher content of 25wt.%
IN718. Whereas, the Laves phase remains in the prediction from TCFE9
database until 75wt.% IN718, which is consistent with the experimental
result. However, since Laves phase is a metastable phase, it is difficult to get
a good prediction from thermodynamic simulation using the AM
components with directly aging. Beside the analyzed phases above, MX
secondary phase is always formed in the matrix as long as the matrix has the
alloying elements, which has been confirmed in the SEM observations (Figs.
8a2-8e2) and simulation results (Figs. 9b-9d). The enrichment of Nb, Ti and
Al in the MX phase increases with the weight percent of IN718 increasing
(points 11 and 13).

As elucidated above, the gradient components with different
compositions have remarkably different precipitation behaviors and
transformations between each phase. This kind of precipitation
transformations can be found in the gradient interface between 25wt.% and
50wt.% IN718, as presented in Fig. 8f. NbNis or d phase is reduced and
partially transformed to y’/y”. Another intriguing precipitation behavior is
that the formation of " is always near the Laves phase, and the formation of
Y’ is far away from the Laves phase. Nonetheless, they are all nucleated and
precipitated at grain boundaries. This is because the alloying elements like
Nb, Ti and Al at grain boundaries is high due to the segregation, which is
suitable to form alloying element-rich Y and y”” phases. Furthermore, during
the isothermal aging heat treatment, the Laves phase gets dissolved
gradually and releases the alloying elements, especially the element of Nb.
Therefore, the Nb-rich y"* phase is easy to form in the Nb-enriched area near
the Laves phase. The Ti-rich ¥’ phase is formed far away from the Laves
phase because of the poverty of Nb. These nucleation and transformation
between different phases are important and worth to exploit for the
development of new FGMs using AM.

3.3.2. Precipitation behaviors in the homogenized FGMs.

The aging heat treatment at 718°C for 15 h was carried out based on the
homogenized samples of the FGM build. Figure 10 presents the
microstructural evolution in different compositional components with
different homogenization times via HRSEM observations. The area observed
on the SEM was taken from the center location of each component. For the 1
h homogenized FGM followed by aging, the microstructure consists of big
austenite grains and numerous precipitation phases (Figs. 10a-10e). The
precipitates are similar to those in the as-deposited FGM after aging, as
predicted in the thermodynamic simulations (Fig. 9). However, the
morphologies and volume fractions of these precipitates are of big
differences. Compared with the microstructure of the 1 h homogenized FGM,
after aging, the Laves phase occurs with a small amount along the grain
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boundaries in the components those have a composition from 0wt.% to
50wt.% IN718, while it is absent in the components with 75wt.% and 100wt.%
IN718. There is no o phase present in the matrix. The volume fraction of MX
precipitates increases as a function of composition. Meanwhile, MX
precipitate becomes much bigger than that in the as-deposited FGM, with the
cubic or polygonal shapes (Figs. 10c-10e). d or NbNis phase occurs in the
component with 50wt.% IN718. They are precipitated along sub-grain
boundaries, as showed in Fig. 10c. When the composition increases to 75wt.%
IN718, there are only MX, v and y”” phases in the components (Figs. 10d and
10e). It is well known that the " phase usually shows a cubic shape while the
Y phase forms with a needle-like shape [72,75,105]. As it can be seen, the Y’
and y” phases are mixed with each other with very high density in these
components, which is significantly different from the as-deposited FGM after
aging. The absence of the Laves phase contributes the high density of the v’
and " precipitates. Their fraction and size increase with the weight percent
of IN718 increasing. It also indicates that the high content of Nb is suitable to
form the y” phase rather than the d phase no matter the FGM structure is
homogenized or not. This is consistent with the computational results in
TCNIS8 simulations rather than those in TCFE9 simulations (Fig. 9).

7 dhomo.+ aging

SS316

Building Direction

IN718

Figure 10. SEM morphologies of the microstructure in different compositional components with 1 h (a-e)
and 7 d (f§) homogenization at 1200 °C followed by aging at 718 °C for 15 h: (a) and (f) Pure 55316, (b) and
(g) 25wt.% IN718, (c) and (h) 50wt.% IN718, (d) and (i) 75wt.% IN718, (e) and (j) 100wt.% IN718, (h3) EDS
mapping of the area in (hl). (“1-3” present the images at different magnifications, the observed location is
in the center zone of each component).

After the long term of homogenization for 7 d, the aging precipitation
behaviors is also different from those in the 1 h homogenized FGM (Figs. 10f-
10j). The Laves phase appears back in all the components after aging. This is
supposed to be that the long term of homogenization makes the elements
very uniform in the matrix and grain boundaries. During aging, the v’ and
Y phases prefer to form in the matrix rather than in the grain boundaries
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[104,105]. It provides the high driving force of uphill diffusion of the elements
from the grain boundaries to the matrix to form y” and y”” phases [109,110].
However, the diffusion velocity of Ni is much faster than Nb and Mo. It leads
to the poverty of Ni and the segregation of Nb and Mo in the grain
boundaries, which is suitable to the formation of the Laves phase. Except this
difference from the 1 h homogenized FGM after aging, the precipitation
behaviors of the other phases are similar in the 7 d homogenized FGM.
Whereas, the size of the MX, v’ and " phases increase obviously (Figs. 10g1
and 10j1), especially for the MX precipitates. Meanwhile, the elemental
constitution of MX is different, showing a darker contrast under the SEM
observation compared with that in the as-deposited and 1 h homogenized
FGMs. Figure 10h3 presents the EDS mapping of the area in the component
with 50wt.% IN718. It can be seen that the MX has much more enrichment of
Al and Ti than that of Nb. The dark area in the MX represents the enrichment
of Al, which gives a dark contrast because of the light element. In addition,
the MX is highly enriched with N. Hence, the MX in the long term of
homogenization has more content of Al and Ti and less content of Nb. This is
possibly because the high density of the formation of Nb-rich v"” phase results
in the poverty of Nb in the MX precipitates. Besides, the enrichment of Mo
and Nb in the grain boundaries demonstrates the presence of the Laves
phase. From the above, it is well elucidated that the homogenization has a
remarkable effect on the following aging precipitation behaviors in the
FGMs. The big difference of homogenization and aging effects can lead to the
corresponding response of mechanical properties, which will be discussed in
Section 3.4.

3.3.3. Uncertainty evaluation of thermodynamic modeling via the hybrid
high-throughput design on experiment and computation

In this work, the FGM with the gradient composition and microstructure
was built using the DED additive manufacturing technology combined with
the post heat treatments. Meanwhile, the high-throughput thermodynamic
modeling was performed using the CALPHAD-based TC-Python method to
study phase evolution with a continuous change of the composition,
providing a prediction to in turn guide the experimental design and
characterization. As elucidated above, the high-throughput computation of
equilibrium modeling and Scheil-Gulliver modeling has been conducted to
prediction the phases in the FGM (Figs. 3, 4b and 9). However, the quality of
CALPHAD-based thermodynamic modeling is significantly limited not only
by the available thermo-chemical and phase stability data but also by the
intrinsic uncertainty of the model structure [111]. Since nowadays the
thermodynamic modeling relies more and more on the first-principle
calculations to estimate the thermodynamic properties of phases, and the
phase states observed in the experiments is difficult to guarantee to truly
correspond to the theoretical thermodynamic equilibrium states, the
discrepancies between calculations and experiments attract more and more
attention to address their uncertainty [111-113]. To evaluate the uncertainty
of the high-throughput thermodynamic modeling performed in this work,
three thermodynamic conditions of the FGMs with different compositions
were designed to provide different experimental phase states, i.e., as-
deposited+aging, 1 h homo.+aging and 7d homo.+aging, to compare with the
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theoretical equilibrium states used in the thermodynamic modeling.
Furthermore, two thermodynamic databases, i.e., TCFE9 and TCNI8
databases were used for the high-throughput modeling on the FGMs from
Fe-based alloy to Ni-based alloy.

The equilibrium phase fractions as a function of weight percent of IN718
at the temperature of 718°C was calculated using TC-Python high-
throughput thermodynamic modeling, as showed in Fig. 11. Meanwhile, the
phase fractions in five different compositional components in the FGMs with
three thermodynamic conditions were statistically extracted from the high-
resolution SEM observations. Each data was combined on several SEM
images and repeatable, which is incorporated in Fig. 11. The lines in the figure
present simulation results, and the points present experimental results.
Figure 11a exhibits that at the aging temperature of 718°C, it has the same
trend on the prediction of the austenite matrix, MX, o and Laves phases by
TCFE9 and TCNI8 simulations. The fraction of MX increases as the weight
percent of IN718 increases. Whereas, the detailed evolution of o and Laves
phases as a function of composition is different, especially for the Laves
phase. In the TCFE9 prediction, the Laves phase occurs at the beginning
composition (pure SS316) and keep its presence until the composition reaches
~75wt.% IN718, while it only begins to occur at ~5wt.% IN718 and ends at
~45wt.% IN718 in the TCNIS8 prediction. Both of them have a big difference
from the experimental result, of which the Laves phase is always present in
all gradient compositions of the “as-deposited+aging” FGM. This is possibly
because the direct aging heat treatment for 15 h without homogenization is
not enough to get the equilibrium condition of the metastable Laves phase.
Besides, for the Ni-rich phases like NbNis, NisTi, ¥ and y”, they have
different predictions in TCFE9 and TCNI8 simulations. Thereinto, NisTi in
TCFE database is named as v’ in TCNI database. NbNisin TCFE database is
named as 0 in TCNI database, which was suspended in TCNI simulation to
make the occurrence of Yy and y” (Fig. 11a2). Comparing these two
simulations, it is easy to see that the predictions on ¥y’ and y”” phases in TCNIS8
simulation have much better agreement with the experimental results than
those on NbNis and NisTi phases in TCFE9 simulation. This indicates that
TCNI database has a good prediction for Ni-rich phases.

As-deposited + aging 1 hhomo.+ aging 7 dhomo.+ aging
b {c1)
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Fig. 11. Phase fraction vs. composition in the FGM from TC-Python high throughput
thermodynamic modeling and experiments with aging heat treatment at 718 °C for 15 h: (a)
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as-deposited+aging thermodynamic state, (b) 1 h homo.+aging thermodynamic state and
(c)7 d homo.+aging thermodynamic state. (1-TCFE9 database, 2-TCNI8 database. lines
represent simulation results, points represent experimental results).
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Similarly to the analysis for the “as-deposited+aging” FGM, the phase fractions of
five different compositional components in the FGMs with the “1 h homo.+aging” and
“7d homo.+aging” conditions are shown in Figs. 11b and 11c. From the figures, it can be
seen that the phase fractions and their discrepancies between the thermodynamic
simulations and experiments on the phases are very different under different
thermodynamic experimental conditions and modeling databases.

To further evaluate the uncertainty of thermodynamic modeling on the prediction of
phases, the prediction accuracy of phases is defined as below:

Ap =112 = fEN/f7 (2)

where f;° is the fraction of { phase from the simulation and f;® is the fraction of i
phase from the experiment result. f* depends on x, e, x =s if f7>ff, x =eif <
f£. The Ap value of different phases is summarized in Table 4. The A, value of each phase
is an average of Ap values of each phase in all five compositional components. The
detailed volume fraction of each phase from simulations and experiment results in each
component is listed in Table 5. As the o phase does not appear in the FGM and M23Cs only
occurs in the pure SS316 component, the Ap analyses on o and M23Cs phases are not
included. The corresponding changes of Ap values under different simulation databases
and thermodynamic conditions are illustrated in Fig. 12. For the as-deposited+aging
condition, all databases have good predictions on the MX phase (Figs. 12a and 12b).
Furthermore, TCNIS8 has high prediction accuracies for the MX, 9, ¥’ and y”’ phases, except
the Laves phase (Fig. 12b). The reason is supposed to be that the metastable Laves phase
is not in the equilibrium state due to the direct aging heat treatment for 15 h without
homogenization. The prediction on the Laves phase using these two databases under 1 h
homo.+aging condition has the highest accuracy among these three thermodynamic
conditions. Whereas, comparing all thermodynamic conditions, TCNI8 database has a
relatively high prediction accuracies on phases than TCFE9 database. As further presented
in Fig. 12¢, the average prediction accuracy on all phases using TCNI8 database is always
higher than that using TCFE9 database for all three thermodynamic conditions. In
summary, the uncertainty of thermodynamic modeling is evaluated through the hybrid
high-throughput design on experimental conditions and computational databases, which
is significantly valuable to realize the vision on the quantitative prediction of precipitation
behaviors. TCNI database is capable for prediction on the Ni containing alloys. The short
term of homogenization like 1 h followed by aging is suitable for the experimental method
to assess the thermodynamic databases of precipitation.

Table 4. The prediction accuracy (Ap) of different phases

As deposited+aging 1 h homo.+aging 7 d homo.+aging
Phase

TCFE9 TCNIS TCFE9 TCNI8 TCFE9 TCNI8
Laves 0.266 0.098 0.492 0.465 0.276 0.145
MX 0.901 0.876 0.401 0.393 0.571 0.576

3 0.32 0.8 0.275 0.6 0.233 0.6
Y 0.519 0.67 0.478 0.641 0.514 0.618
Y 0 0.766 0 0.611 0 0.549
Average 0.401 0.642 0.329 0.542 0.319 0.498
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Table 5. The volume fractions of phases in different components.

Compositional Simulation Experiment
Phase component, As deposited 1 h homo. 7 d homo.
TCFE9 TCNI8 . . .
wt.% IN718 +aging +aging +aging
0 0.007 0 0.0294 0.0012 0
25 0.0297 0.0173 0.0352 0.0056 0.0125
Laves 50 0.0163 0 0.0662 0.0016 0.0138
75 0 0 0.0416 0 0.0089
100 0 0 0.0254 0 0.0036
0 0 0 0 0 0
25 0.0016 0.0015 0.0018 0.0042 0.0206
MX 50 0.0027 0.0026 0.0035 0.0095 0.0102
75 0.0038 0.0037 0.0042 0.0213 0.0035
100 0.0049 0.0048 0.0052 0.0302 0.0029
0 0 0 0 0 0
25 0.0201 0 0.0336 0 0
8/NbNis 50 0.0587 0 0 0.022 0.0096
75 0.0926 0 0 0 0
100 0.1241 0 0 0 0
0 0 0 0 0 0
25 0 0 0 0 0
v'/NisTi 50 0.0021 0.0129 0.0349 0 0
75 0.0126 0.0465 0.0835 0.127 0.0892
100 0.0219 0.0896 0.0568 0.075 0.0511
0 0 0 0 0 0
25 0 0 0 0 0
v 50 0 0.0417 0.0482 0 0
75 0 0.0583 0.1075 0.095 0.136
100 0 0.0689 0.1634 0.1564 0.2162
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Figure 12. The evolutions of prediction accuracy Ap values under different simulation databases and thermodynamic
conditions: (a) TCFE9 database, (b) TCNI8 database and (c) average prediction accuracy.3.4. Mechanical properties in
FGMs and responds to post heat treatments

As the deposited size of the FGM is limited, the microhardness instead of tensile tests
was conducted systematically to investigate the mechanical properties of the FGM
samples with different homogenization and aging conditions. Figure 13 shows the
hardness evolutions of different homogenized FGMs before and after aging. The as-
deposited FGM has an obvious increase in hardness for each component as the weight
percent of IN718 increases, with the increase from 200 Hv to 285 Hv (Fig. 13a). After 1 h
homogenization, the jump of hardness between each component is reduced. When the
FGM sample is homogenized for 7 d, the hardness change as a function of composition
becomes very smooth. This is due to the smooth gradient of composition in the FGM after
the long term of homogenization, as stated in Section 3.2.1. The increase in hardness is
because of the increased MX precipitation with the weight percent of IN718 increasing.
Moreover, as the homogenization time increases, the hardness decreases gradually. It is
because the grain grows up significantly after homogenization (Figs. 5b and 5e). After the
aging heat treatment at 718°C for 15 h, the hardness in the components with the
composition from pure SS316 to pure IN718 has a very big difference (Fig. 13b), which is
owing to the different precipitation in each component. For the “as-deposited+aging”
FGM, the hardness has an obvious increase after the composition is higher than 25wt.%
IN718, as indicated by point 1. This is because the precipitation in the interface region
begins to transform from d phase to Y’ and y” phases, as the evidence showed in Fig. 8f.
The v’ and y” phases have much more efficient strengthening contribution than the d
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phase. The differences on the volume fraction of Y and y”’ phases in the components with
50wt.%, 75wt.% and 100wt.% IN718 also result in big difference on the hardness of each
component in the as-deposited+aging sample.
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Figure 13. The hardness evolutions of different homogenized FGMs before (a) and after (b) aging heat treatment, (c) the
hardness evolution with 1 h homogenization, (d) interface morphology in the hardness jumping zone of point 2 after
aging, (e) the hardness evolution with 7 d homogenization and (f) interface morphology in the hardness jumping zone of
point 3 after aging. ((d2) and (d3) are the magnified images of zone 1 and zone 2 in (d1), respectively, (d4) is the magnified
image of (d3); (f2) and (f3) are the magnified images of zone 1 and zone 2 in (f1), respectively, (f4) is the magnified image
of (£3)).

In comparison, the hardness of the “1 h homo.+aging” FGM has a remarkable jump
at the interface between the components with 50wt.% and 75wt.%, as indicated by point
2. The zone of point 2 where the hardness jumps was observed under SEM, as presented
in Fig. 13d. Thereinto, Fig. 13c further compares the significant hardness change before
and after aging in the 1 h homogenized FGM sample, with the critical jumping point 2. It
can be seen that there is a clear interface of precipitation in the zone of point 2 (Fig. 13d1).
Beside the MX and Laves phases, there is plenty of d phase in Zone 1 below the interface
(Fig. 13d2), while there are tremendous Y’ and Y’ nanoprecipitates in Zone 2 right above
the interface (Figs. 13d3 and 13d4). This fact results in the big change of hardness near
point 2. The similar phenomenon exists in the “7 d homo.+aging” FGM, as showed in Figs.
13e and 13f. However, the interface moves to point 3, which is furthermore down towards
the steel side. The d phase and Yy’ and y” phases become bigger in the zone below and
above the interface, respectively (Figs. 13f2-13f4). In addition, the interface of precipitation
is not as clear as that in the “1 h homo.+aging” FGM (Fig. 13f1). The hardness change
becomes smooth as a function of composition of IN718. All of these results are attributed
to the smooth compositional gradient after the long term of homogenization.

Comparing Figs. 13a and 13b, another interesting phenomenon worth to notice is that
aging heat treatment has a significant influence on the hardness of the components near
the IN718 superalloy side, while homogenization heat treatment has a significant
influence on the hardness of the components near the 55316 steel side. This indicates that
the precipitation strengthening is the dominant contribution to the mechanical properties
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for the Ni-based alloys because of the tremendous Yy’ and y” nanoprecipitates.
Nevertheless, the grain-refinement strengthening is the dominant contribution to the
mechanical properties for the steels, because there is no plenty of hardening precipitates
in the components near the steel side. This causes their hardness decreases gradually after
homogenization and aging heat treatments. In conclusion, the post heat treatments
including homogenization and aging have compelling effects on the hardness and
strengthening mechanisms, which can create compatible mechanical properties in the
components of the FGM. They play a critical role in the gradient smoothing and
microstructure-property improvement of the FGM fabrication.

4. Conclusions

In the present work, the functionally graded material (FGM) from 316 stainless steel
to Inconel 718 is fabricated using the powder-based laser direct energy deposition (DED).
The gradient microstructure and aging precipitation behaviors has been studied via
experimental characterization and computation. The high-throughput thermodynamic
modeling is exploited to evaluate the experimental microstructure and computational
uncertainty using different thermodynamic conditions and databases. The main
conclusions are summarized below:

(1) The FGM without cracks and distortions is successfully built using the laser
DED fabrication method. The composition of this FGM from 316 stainless
steel to Inconel 718 is well controlled using hybrid powder feed system.

(2) The 75wt.% IN718 component with fine and equiaxial grains is directly
obtained from the laser deposition, which has a great potential for use in AM
industry with the advantage of avoiding post heat treatments. It is found to
have the highest entropy in all compositions. The FGM fabricated using laser
DED method provide a high-throughput way to develop new high entropy
alloys and functional alloys.

(3) The aging precipitation behaviors in the FGM from Fe-based alloy to Ni-
based alloy are for the first time studied. The phase transformations in these
gradient components with different compositions are elucidated in depth.
The diffusion and segregation of Ni, Nb and Ti elements underly the
transformation mechanism between Laves, 9, y" and y”” phases.

(4) Two thermodynamic databases of TCFE and TCNI on the prediction for
alloys with the major elements of Fe and Ni are for the first time to be
evaluated using the high-throughput thermodynamic modeling combined
with the experimental results in the FGM. The TCNI databases has a much
better phase prediction than TCFE databases for the alloys with the Ni
content higher than 20wt.%.

(5) Homogenization has a significant utility on the gradient smoothening and
microstructure-property improvement for the FGM. It can not only eliminate
the heterogeneity inherited from the AM process, but also provide a practical
way to smoothen the gradient on composition and microstructure for the
eventual good gradient properties.

(6) Homogenization heat treatment has a direct influence on the following aging
precipitation behaviors in the FGM, which highly relies on the diffusion
degree of the elements in the matrix and grain boundaries.

(7) The uncertainty of thermodynamic modeling is evaluated via the hybrid
high-throughput design on experiment and computation. Three
thermodynamic conditions and simulation databases are used to quantify
the prediction accuracy on different secondary phases, which addresses the
uncertainty of thermodynamic modeling for further improvement in the
future.
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