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Abstract

Defining appropriate heat treatments for compositionally functionally graded materials
(FGMs) is challenging due to varying processing conditions in terminal alloys and gradient
regions. Therefore, it is critical to investigate the impact of potential heat treatments on phase
transformations and the resulting mechanical properties along the entire compositional path.
In the present study, we applied heat treatments at 700 °C, 900 °C, and 1150 °C on a stainless
steel 304L (SS304L) to Inconel 625 (IN625) FGM fabricated using directed energy
deposition (DED) additive manufacturing (AM). The microstructure and hardness, as a
function of layer-wise composition and applied heat treatment, were characterized. The
applicability of computational methods previously developed by the team to predict
experimentally observed phases by the hybrid Scheil-equilibrium approach was evaluated.
This approach improves the accuracy of predicting phases formed after heat treatment
compared to equilibrium thermodynamic calculations using the overall layer compositions
and provides a simple pathway to assist in designing heat treatment for FGMs.
Keywords:
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1. Introduction

Functionally graded materials (FGMs) are those in which structure or composition, and
therefore, properties vary as a function of position [1]. A key goal of designing composition
pathways for FGMs is to achieve better performance compared to direct joining of dissimilar
alloys. Direct energy deposition (DED) additive manufacturing (AM) can be used to fabricate
components with spatial changes in composition during layer-wise fabrication by delivering
different feedstock powders to the melt pool during processing [2]. However, compositional
pathways along which to grade between terminal alloys must be designed to avoid cracking
[3] and formation of undesired intermetallic phases [4][5]. Additionally, the small melt pool
size and repeated thermal cycles during the DED process along with spatially varying
compositions lead to residual stresses in the as-deposited samples, resulting in compromised
mechanical properties, e.g., a shorter fatigue life [6][7].

Consequently, post-process heat treatments are necessary to reduce residual stresses in
the as-built parts prior to-use [8]. Determining appropriate heat treatments for FGMs is more
challenging than for monolithic components as stress relief settings depend on the
temperature-related properties of the alloys and are designed to avoid the formation of
harmful phases, both of which vary with composition. Post-processing of FGMs usually
consists of heat treating the FGM as a whole part, thus, all compositions in the component
should be considered collectively. Furthermore, unlike well-studied terminal alloys in FGMs,
the temperature-dependent properties of compositions in FGM gradient regions remain
unexplored.

Ni-based superalloy Inconel 625 (IN625) is a high temperature alloy with good creep and
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corrosion resistance, thus being widely used in aircrafts, shipbuilding, and power plant
industries [9], while grade 304L stainless steel (SS304L) is a widely used structural material
that is less expensive than Ni-alloys [10]. The combination of both alloys has potential to be
used for low cost corrosion-resistant components, e.g., as the IN625-cladded boiler tubes in
nuclear power plants [11]-[13]. Although heat treatments for stainless steel and Inconel have
individually been well studied [14]-[17], optimal stress reliefs for these alloys differ from
each other, and heat treating components that contain both alloys, and their mixtures, to
relieve residual stresses must be studied. As no standards exist for stress relief heat treatment
of parts fabricated by the DED process, the heat treatment settings employed in laser powder
bed fusion (PBF-LB) are used here as a reference.

PBF-LB company EOS recommends IN625 be stress relieved at 870 °C for 1 hour and
stainless steel 316L (SS316L) at 900 °C for 2 hours. The longer stress relief time
recommended for stainless steel may result in the formation of § phase and carbides in IN625
[18]. Laves C14, Nb- and Cr-based carbides have been reported in as-deposited DED IN625
[19], and with heat treatments at 800 °C and 900 °C, & phase has been reported to form,
while the y*” phase has been reported to form at 600 °C and 700 °C in DED IN625 [20]. A
high temperature heat treatment (e.g., at or above 1000 °C) can dissolve Laves C14 and &
precipitates in IN625, but it will also result in recrystallization in both IN625 and SS304L,
resulting in lower strengths [21]-[23]. A low-temperature heat treatment requires more time
to relieve the residual stress, while a long-time low-temperature heat treatment could result in
the formation of o phase in SS304L [24]. In addition to the different temperature-dependent

behaviors of the terminal alloys, the phase transformation kinetics in the gradient region from
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SS304L to IN625 have yet to be determined. Previous studies on FGMs combining stainless
steel and Inconel have revealed the presence of carbides and Laves C14 precipitates in the as-
built gradient region [8][25]. The fact that different precipitates exist across the as-deposited
FGMs highlights the importance of studying heat treatments of FGMs as full parts.

In the present work, a SS304L to IN625 FGM fabricated by DED AM was subjected to
heat treatments at 700 °C, 900 °C, and 1150 °C for 10 hours, 2 hours, and 1 hour, respectively.
Compositions and phases along the full FGM were evaluated for as-deposited and heat-
treated samples. An approach previously developed by the team, which merges Scheil
calculations to consider compositional microsegregation during solidification and equilibrium
calculations of microsegregated compositions, termed the hybrid Scheil-equilibrium method
[3], was used to predict phases formed in the heat-treated samples. A recently remodeled
thermodynamic database considering both Fe- and Ni-rich compositions in ref. [26] was used
for the calculations in the present work. The study not only helped to understand the effect of
heat treatments on the gradient region of the SS304L to IN625 FGMs but also demonstrated
the ability of the newly developed hybrid Scheil-equilibrium method to aid in designing heat

treatments for FGMs.

2. Methods
2.1 Experimental methods

A SS304L to IN625 FGM [25] measuring 16 mm x 16 mm x 34 mm was fabricated by
DED AM using powders with the compositions shown in Table 1. The FGM consisted of 20

layers of SS304L, 24 gradient layers in which the composition of IN625 was increased by 4
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volume percent per layer, and 19 layers of IN625. The sample was sectioned into four parts
using wire electric discharge machining (see Figure 1). The sectioned parts were subjected to
low-temperature stress-relief, high-temperature stress-relief, and homogenization heat
treatments as described in Table 2. All heat treatments used a heating rate of 2.5 °C/min and
all samples were water quenched after heat treatment to preserve the phases at the heat
treatment temperature. The first heat treatment (HT1) was used to investigate the efficacy of a
long-duration, low-temperature heat treatment in preventing the formation of the & phase.
This phase was anticipated to be absent in HT1 based on the time-temperature-transformation
(TTT) diagram for the & phase in IN625 [27]. The second heat treatment (HT2) was a high-
temperature stress relief heat treatment performed at the temperature where the fastest
kinetics of the d phase in IN625 was reported [27] to determine the maximum amount of &
phase that would be precipitated in the FGM during such a stress relief. The third heat
treatment (HT3) was a homogenization heat treatment used to probe the ability to dissolve
precipitates. In all cases, the impact of the heat treatment on the mechanical properties along
the FGM was studied through microhardness measurements.

The as-deposited and heat-treated samples were mounted in epoxy resin and prepared for
metallurgical examination using standard metallographic grinding and polishing techniques
with SiC abrasive disks and a final polish using 0.05 pum alumina suspension. Samples were
subsequently electrolytically etched in 10% oxalic acid for 10-15s at 4 V.

Etched samples were imaged using a digital optical microscope (OM) (VHX-2000,
Keyence, Japan) to view microstructural features before and after heat treatments. Scanning

electron microscope (SEM) imaging and energy dispersive spectroscopy (EDS) (Apreo 2,
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ThermoFisher, United States) were performed to assess potential diffusion following heat
treatments. Electron backscatter diffraction (EBSD) and X-ray diffraction (XRD) (Empyrean,
Malvern Panalytical, United Kingdoms) were used to identify phases present before and after
heat treatments. A feritscope (FMP30C, Fischer, Germany) was used to measure the Ferrite
Number (FN) at three locations within the SS304L region of each sample [28].

Vickers hardness was measured along the sample height using a 300 gf load and a 15 s
dwell time (AMHSS5 hardness tester, LECO, Germany). For each height, a minimum of five

measurements were taken.

2.2 CALPHAD-based calculations

To aid phase identification, equilibrium thermodynamic calculations were made using the
CALculation of PHAse Diagrams (CALPHAD) method to predict the amount and
composition of each phase at equilibrium as a function of temperature for each given
chemistry. High resolution EDS line scans paired with equilibrium calculations were used to
aid in the identification of precipitates in heat-treated samples. Thermo-Calc (Thermo-Calc
2016b [29]) was used for all the phase predictions in this study.

To accurately predict phases formed during the DED AM process and subsequent heat
treatment of the SS304L to IN625 FGM, a newly developed Cr-Fe-Mo-Nb-Ni
thermodynamic database based on the key elements in both SS304L and IN625 was used [26].
This database considers ten binary systems (Cr-Fe, Cr-Mo, Cr-Nb, Cr-Ni, Fe-Mo, Fe-Nb, Fe-

Ni, Mo-Nb, Mo-Ni, and Nb-Ni) and ten ternary systems (Cr-Fe-Mo, Cr-Fe-Nb, Cr-Fe-Ni, Cr-
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Mo-Nb, Cr-Mo-Ni, Cr-Nb-Ni, Fe-Mo-Nb, Fe-Mo-Ni, Fe-Nb-Ni, and Mo-Nb-Ni). It contains
models of 11 topologically close-packed (TCP) phases, also known as the Frank-Kasper
phases [30], which are brittle intermetallic compounds having complex crystalline structures
and high coordination numbers. These TCP phases are 8,1, 0,¥’,¥ , Chi, D NiMo, Laves
C14, Laves C15, P, and R as detailed in refs. [30][31]. The selected sublattice models of these
TCP phases in this database are based on the Wyckoff positions for each phase, ensuring a
more accurate description of phase behavior than reduced sublattice models [32]. For
instance, both the p and ¢ phases were modelled by a five-sublattice model, while the Laves
C14 and & phases were modelled by a three-sublattice model according to their Wyckoff
positions. Additionally, the modelled Nb-Ni binary in this recently developed database
exhibits the improved site fraction representation of Nb in the p phase [33], and the Fe-Nb-Ni
ternary represents the latest modeling approach using the full Wyckoff positions in the
sublattice models [34]. In addition to validating the database, the ability of the Scheil
calculations (ref. [35]) to predict phases formed during AM processing was verified through
modeling and experimental investigation of the Cr-Ni-V system [36].

To predict phase transformations during heat treatment by considering solidification
microsegregation, hybrid Scheil-equilibrium calculations [3] were performed. In hybrid
Scheil-equilibrium calculations, Scheil calculations are first carried out for each composition
along the FGM composition path, providing compositions of the liquid and solid phases as a
function of the fraction of solid phases, representing information about spatial (i.e., solid
fraction-related) distributions of elements. Equilibrium thermodynamic calculations are then

performed for each composition of the solid phases to predict phases and their compositions
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during subsequent heat treatment.

3. Results and discussion
3.1 Macroscale diffusion and recrystallization during heat treatment

To investigate whether macroscale diffusion occurred during heat treatments in the FGM
samples, compositions along the building direction for all the four samples were measured
using EDS line scans. The results shown in Figure 2 indicate that no macroscale diffusion
occurred during any of the heat treatments studied herein. As a result, the original FGM
compositional path remained after each heat treatment. An exception to this was the fast
carbon diffusion occurring along the grain boundaries during recrystallization and grain
growth in HT3, which will be discussed in the following section.

Figure 1 shows that the outlines of the melt pools seen in the as-deposited samples
remained in samples exposed to HT1 and HT2, while HT3 removed melt pools in the SS304L
region. Grain structure in the samples exposed to HT1 and HT2 share high similarity to that
in the as-deposited sample while twin boundaries were widely observed in the SS304L
sections and SS304L-rich gradient region in the sample exposed to HT3 (see Figure 3),
indicating recrystallization and following grain growth occurred in this region during HT3.
Recrystallization was not observed in IN625 sections or IN625-rich gradient regions in any of
the samples, but dendrite structures in the sample exposed to HT3 were removed, indicating

homogenization during HT3.

3.2 Phase transformation during heat treatments
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SEM imaging was used to investigate phase transformation due to HT1, HT2 and HT3
heat treatments as shown in Figure 4. Figure 4 (a-d) depicts the ferrite in the SS304L region.
While not a quantitative measure of ferrite content, the Ferrite Number measured for the
SS304L region was 143+3.79 in the as-deposited, 78.7417.06 after HT1, 12.240.52 after
HT2, and 010 after HT3, indicating that in the sample exposed to HT1 (700 °C), the ferrite
amount decreased, HT2 (900 °C) dissolved most of the ferrite and the ferrite completely
disappeared after HT3 (1150 °C). Figure 4 (e-h) show the precipitates in the SS304L-rich
gradient region. In the as-built sample, Laves C14 particles were found around dendrite
intersections and NbC carbides were found along the dendrite boundaries and around Laves
C14 particles [8]. In the sample exposed to HT1, the Laves C14 particles grew and were
surrounded by carbides. In the sample exposed to HT2, needle-shaped 6 phase formed around
the Laves C14 phase. HT3 resulted in the dissolution of the Laves C14 phase and a decrease
in number but increase in size of carbides.

Figure 4 (i-1) show the precipitates in the IN625 region. In the as-deposited sample,
Laves C14 and carbides were found in the interdendritic regions and y”’ phase was found
along the dendrite boundaries, matching the phases reported in as-deposited AM IN625 [19].
After HT1, the Laves C14 particles and carbides grew, and small needle-shaped precipitates
were found around them.

The XRD pattern obtained in the IN625 region after HT1 is shown in Figure 5 indicating
the presence of the § phase, suggesting that the needle-shaped precipitates are the & phase.
The observed results differ from the TTT diagram [27], which does not predict the presence

of the 6 phase after a 10-hour heat treatment at 700 °C. This discrepancy can be attributed to



Journal Pre-proof

the difference between PBF-LB fabricated parts, which have been studied in ref. [27], and
DED fabricated parts, where microsegregation is different due to a relatively smaller cooling
rate in the DED process. Previous studies indicated that the § phase can form in DED IN625
after heat treatment at 800 °C for 1 hour, while negligible amounts of the § phase were found
in PBF-LB IN625 after heat treatment at 800 °C for 1 hour [37][38]. In the sample exposed to
HT2, all the y” phase disappeared and the needle-shaped & phase was found around the Laves
C14 phase and carbides, which is in alignment with calculations in ref. [18] showing that the
v phase is replaced by the 6 phase during heat treatments at 300 °C and 870 °C. HT3
eliminated all the precipitates in the IN625 region except carbides. While the as-deposited
dendritic solidification structure remained throughout the FGM after HT1 and HT2, it was
absent after HT3.

Recrystallization was also observed in the SS304L and SS304L-rich gradient region in
the sample exposed to HT3, resulting in carbide formation and growth along the grain
boundaries during the following grain growth. As shown in Figure 6 (a), the grain boundaries
were seen clearly in the SS304L-rich gradient region of the sample exposed to HT3. As
shown in Figure 6 (b), EDS maps were collected to identify the precipitates. The increase in
Nb and Mo in the precipitates compared to the matrix suggests that these precipitates are Nb-
and Mo- carbides. During the grain growth after recrystallization, moving grain boundaries

provide fast diffusion pathways for carbide formation [39].

3.3 Scheil calculations for the as-deposited sample

Figure 7 shows the phase fractions from Scheil solidification calculations for the gradient

10
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region, with simplified chemistry of Cr, Fe, Mo, Nb, and Ni, using the recently developed
database in ref. [26]. The o phase is not shown in the plot due to its low amount (<0.005 mole
fraction). The Laves C14 phase was predicted to form in the SS304L-rich gradient region,
while the § phase was predicted to form in the IN625-rich gradient region. The predicted
amount of BCC phase decreased dramatically at the beginning of the gradient region with
increasing IN625 concentration.

However, experimentally, no 6 phase was detected in the as-deposited sample. Instead,
the Laves C14 was detected in the IN625-rich gradient region and the y”’ phase was detected
in the pure IN625 region (Figure 4 (i-j)). The difference between the Scheil predictions and
experimental results is likely due to the formation of metastable phases; as Scheil calculations
assume equilibrium conditions at the solid-liquid interface, the metastable y”’ phase that
remains in AM samples due to the high cooling rate is not captured by Scheil calculations.
The postulation that this discrepancy is due to metastability is supported by observations after
subsequent heat treatments: in the as-deposited sample, y" phase was detected instead of the &
phase; however, in the sample exposed to HT1, y" phase was almost entirely replaced by 6
phase; after HT2, all the y" phase disappeared, and the 6 phase was detected (as shown in
Figure 4 (i-k)). The findings indicate that the metastable y" phase was formed during the
fabrication process, and with subsequent heat treatments, the microstructure gradually
transitioned towards equilibrium, leading to the replacement of the y" phase with the 6 phase.
The 6 phase was also observed in the gradient region of the sample exposed to HT2 (see
Figure 4 (g)), which was supported by hybrid Scheil-equilibrium results as described in the

next section. The absence of the 6 phase in the gradient region of the sample exposed to HT1

11
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can be due to the slow kinetics of the § phase at the heat treatment temperature of HT1 (i.e.,

700 °C).

3.4 Hybrid Scheil-equilibrium and equilibrium calculations for samples exposed to HT1
and HT2.

Figure 8 displays the predicted phase fractions from hybrid Scheil-equilibrium and
equilibrium calculations after HT1 and HT2, respectively. A notable observation is the
divergence between the hybrid Scheil-equilibrium calculationis shown in Figure 8 (a-b) and
the equilibrium calculations shown in Figure 8 (c-d). This discrepancy arises due to the
incorporation of solidification microsegregation, specifically interdendritic =~ Nb
microsegregation in this sample, in the hybrid Scheil-equilibrium calculations.

In Figure 7, the Scheil calculations reveal the prediction of the Laves C14 phase at the
SS304L-rich gradient region in the as-deposited sample. In section 3.2, the Laves C14 phase
was detected in the gradient region of the samples exposed to HT1 and HT2. However, the
equilibrium calculations based on the overall layer composition shown in Figure 8 (c-d) do
not predict the Laves Cl14. On the contrary, the hybrid Scheil-equilibrium calculations
(Figure 8 (a-b)) predict the Laves C14 phase in the gradient region, in agreement with the
EBSD data (see Figure 9) of the sample exposed to HT2. Additionally, the hybrid
calculations predict the formation of the  phase in the gradient region with a lower IN625
fraction compared to the equilibrium calculations, in agreement with the SEM analysis (see
Figure 4 (g)). This is because the hybrid Scheil-equilibrium calculations consider the

significant Nb microsegregation during the solidification process as shown in the EDS

12
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measurements in Figure 10.

Figure 10 plots the composition from the EDS line scan (see Figure 10 (a)) and
corresponding equilibrium calculation results (see Figure 10 (b-¢)) for precipitates in the
crack region (i.e., SS304L-rich gradient region with ~20-25 wt% IN625) of the sample
exposed to HT2. Despite the layer containing only 0.61 wt.% Nb, there exists significant
micro-segregation of Nb in the precipitates, which reach as high as 30 wt.%. Equilibrium
calculations were carried out for each composition along the EDS line scan using two
databases (TCFE8 [40] and the database in ref. [26]). Predicted phase fractions were then
plotted in Figure 10 (b-c) with the same x-axis with the EDS line scan in Figure 10 (a).
Equilibrium calculations for the precipitates here show that these are primarily Laves C14
phase, in agreement with the hybrid Scheil-equilibrium calculations (see Figure 8 (¢)) and
the EBSD map (see Figure 9).

The hybrid Scheil-equilibrium calculations offer a rapid estimation of phase
transformations during heat treatment without the need for mobility/diffusion data. However,
as these rely on equilibrium calculations with composition from Scheil calculations, they do
not account for phase transformation kinetics. Consequently, the accuracy of the hybrid
Scheil-equilibrium predictions may be compromised in situations where the phase formation
kinetics are slow or when the heat treatment duration is short. For instance, the o phase
predicted in the gradient region of the sample exposed to HT1 (see Figure 8 (a)) was not
observed in SEM imaging (see Figure 4 (f)) due to the slow kinetics of the § phase formation
at 700 °C for these compositions. Similar discrepancies may arise for the Chi, P, and o phases.

Another limitation of the hybrid Scheil-equilibrium calculations is that they ignore diffusion

13
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during heat treatment. Diffusion of substitutional elements during these stress-relief heat
treatments is typically slow, but for interstitial elements such as carbon, diffusion is not
negligible, resulting in difference between predictions and experiments. Nevertheless, as
previously discussed, the hybrid Scheil-equilibrium calculations provide superior prediction
of phases formed in comparison with Scheil calculations or equilibrium predictions alone,
offering a rapid assessment of phases in AM and providing a route for high throughput

calculations for the design of FGM gradient pathways [3].

3.5 Hardness as a function of position and heat treatment

To investigate how the heat treatments impacted mechanical properties along the FGM,
Vickers microhardness measurements were taken along as-deposited and heat-treated samples,
with results shown in Figure 11. Hardness is influenced by features including residual stress,
dislocation density, precipitates, and grain size. Grain growth was negligible in samples
exposed to HT1 and HT2, while the grain size in the sample exposed to HT3 was smaller
than as-deposited due to recrystallization. However, despite a smaller grain size, the hardness
of the sample exposed to HT3 was less than the as-deposited sample, indicating that the
decrease in residual stress/dislocation density and dissolution of precipitates played a more
significant role in the change in hardness. Compared to the as-deposited condition, dramatic
increase in hardness in the IN625-rich gradient region and the IN625 region was observed
after HT'1. The hardness increase in the IN625 region is likely a result of carbide growth and
0 phase formation (see Figure 4 (i-j) and Figure 5). Compared to the hardness in the as-

deposited sample, the hardness decreased in the SS304L region following HT2. According to

14
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Figure 4 (c) and feritscope measurements, the ferrite phase was almost completely removed
in the SS304L region following HT2, resulting in a decrease in hardness in that region. In the
gradient and IN625 regions, there was a competition between the decrease in hardness due to
residual stress relief and the increase in hardness from precipitation (as shown in Figure 4
(j)(k)), resulting in a minimal change in hardness after HT2. HT3 resulted in a significant
decrease in hardness along the FGM compared to its as-deposited condition due to
recrystallization in the SS304L and SS304L-rich gradient regions (see Figure 3), dissolution
of dendritic structures and precipitates (with the exception of some carbides) in the gradient
and IN625 regions (as depicted in Figure 4 (h)(l)), and the relief of residual stress throughout

the entire sample.

4. Conclusions

In the present work, the impact of three heat treatments on the microstructure and
mechanical properties of an SS304L to IN625 FGM were examined. The evolution of
microstructural features due to the three heat treatments were characterized using OM, SEM,
EDS, XRD, and EBSD, and thermodynamic calculations were conducted to aid in the phase
identification. The capability of hybrid Scheil-equilibrium calculations to predict phases in
as-built and heat-treated samples was demonstrated.

Among the three heat treatments carried out in this study, HT2 was optimal, as HT1
resulted in a significant hardness increase in the IN625 region, and HT3 caused excessive
softening along the FGM. The hybrid Scheil-equilibrium predictions were found to be closer

to experimental results because it considered solidification microsegregation, validating its

15
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capability of helping with FGM path and heat treatment design. In addition to the SS304L to
IN625 alloy system investigated in this study, the hybrid Scheil-equilibrium calculations can
also be applied to other material systems, offering a rapid and straightforward prediction of
phase formation at various temperatures considering solidification microsegregation, aiding
in determining heat treatment temperatures for desired phases.
The key findings of this study were as follows:
® A heat treatment at 700 °C for 10 hours (HT1) resulted in carbide growth in both the
gradient region and the IN625 region, as well as the formation of the & phase in the
IN625 region, thus the increase in hardness in both regions.
® A heat treatment at 900 °C for 2 hours (HT2) dissolved the ferrite phase in the
SS304L region, resulting in a hardness decrease in the SS304L region. Additionally,
the formation of the & phase was observed in both the gradient region and the IN625
region, with a higher amount in the IN625 region, indicating the faster kinetics in the
IN625 region. The competition between the hardness increase due to the & phase
formation and the hardness decrease due to the stress relief resulted in an unchanged
hardness in the gradient and the IN625 region in the sample exposed to HT2.
® A heat treatment at 1150 °C for 1 hour (HT3) resulted in recrystallization and grain
growth of the recrystallized grains in the SS304L region and the SS304L-rich
gradient region and removed the dendrite structure and most precipitates in the
gradient and the IN625 region, resulting in a dramatic decrease in hardness along the
entire FGM. Carbides formed along grain boundaries at the SS304L-rich side of the

FGM.

16
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® Hybrid Scheil-equilibrium calculations were conducted at temperatures of 700 °C and
900 °C along the SS304L to IN625 FGM. In comparison with the equilibrium
calculations using the layer composition, the hybrid Scheil-equilibrium calculations
accurately predicted the experimentally observed Laves C14 phase in the heat-treated
sample. While the phases predicted by the Scheil-equilibrium calculations did not
match experimental results for phases with slow phase transformation kinetics (e.g.,
TCP phases of Chi and P) or for short duration heat treatments. This efficient
prediction method does not require a mobility/diffusion database. In contrast to
equilibrium calculations, this method offers a direct and convenient means to
estimate heat treatment outcomes  while accounting for solidification
microsegregation.
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Figures
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Figure 1: (a) Schematic of the SS304L to IN625 FGM, where dotted lines show how the part
was sectioned for heat treatment and analysis. (b) OM images of etched as-deposited and

heat-treated samples.
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Figure 2: Weight fraction of elements as a function of distance from substrate from EDS line
scans along the height of the SS304L to IN625 FGM in as-deposited and heat-treated
conditions, where grayscales indicate different samples, and the symbols indicate different

elements.
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Figure 3: OM image of the SS304L region in the HT3 sample where the presence of twin

boundaries indicates recrystallization during the heat treatment.
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Figure 4: SEM images of the etched SS304L to IN625 FGM samples, with columns
corresponding to heat treatment and rows corresponding to position in the samples. (a-d)
Show ferrite phase in the SS304L region; (e-h) show Laves C14 phase in the gradient region
(~ 80 wt.% SS304L / 20 wt.% IN625); (i-1) show y”, 8, Laves C14 and NbC phases in the

IN625 region. Arrows in the images show the corresponding phases.
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Figure 5: XRD pattern for the IN625 region of the sample exposed to HT1 showing the
existence of the 6 phase.
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Figure 6: Images show that recrystallization in the SS304L region and the SS304L-rich

gradient region in the sample exposed to HT3 also results in carbides forming and growing

along the new grain boundaries. (a) OM image shows the grain boundaries in the SS304L-
rich gradient region after HT3, where the right side is SS304L region, and the left side is the
SS304L-rich gradient region. (b) SEM image, EDS Nb map, and EDS Mo map show Nb- and

Mo-rich precipitates along the grain boundaries after HT3.
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Figure 7: Mole fractions of phases in the gradient region of the SS304L to IN625 FGM
predicted by Scheil calculations using the database in ref. [26]. Compositions used in the

Scheil calculations were simplified to Cr, Fe, Mo, Nb, and Ni.
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Figure 8: Mole fractions of phases from hybrid Scheil-equilibrium and equilibrium
calculations for the heat-treated FGM samples using the database in ref. [26]. (a-b) Hybrid
Scheil-equilibrium calculations, where (a) corresponds to heat treatment at 700 °C and (b)

corresponds to heat treatment at 900 °C. (c-d) Equilibrium calculations usings layer

compositions (¢) for the 700 °C heat treatment and (d) for the 900 °C heat treatment.
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Figure 9: (a) Forescatter detector SEM image showing the Z contrast image of the SS304L-
rich gradient region in the sample exposed to HT2. (b) EBSD phase map showing that the

precipitates here are Laves C14 phase.
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Figure 10: Mole fractions of elements from the EDS line scan for precipitate at the crack
region of the sample exposed to HT2 and equilibrium calculations for the EDS result using
the database in ref. [26] and TCFES [40] . (a) Composition along the EDS line scan
overlaying the back-scattered electron image, (b) equilibrium calculations at 900 °C using the
database in ref. [26] (FCC phase is not shown here) and (c¢) equilibrium calculations at 900 °C

using TCFES8 (FCC phase is not shown here).
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Figure 11: Vickers hardness as a function of position in the SS304L to IN625 FGM before

and after heat treatments.
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Tables
Table 1 Composition of powders for the terminal alloys in weight percent.
IN625 SS304L

Ni 65.7 9.4
Fe <0.1 68.9
Cr 21 19.5
Mo 8.7 -
Nb 3.4 -
Mn 0.36 1.31
Si 0.36 0.66
Co 0.3 -

Ti 0.07 -

Al 0.09 -

C <0.01 0.017

Table 2: Settings and expected results for the heat treatments in this study.

Heatup | Temperature | Time
Purpose
(°C/min) (°C) (hr)
Low temperature to avoid formation
2.5 700 10 of the d phase in IN625 regions, long
time to relieve residual stresses
Recommended HT parameter by EOS
2.5 900 2
for PBF-LB SS316 parts
Homogeneous HT to dissolve all the
25 1150 1
d phase and recrystallize SS304
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