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ARTICLE INFO ABSTRACT

Keywords: In the domain of metal additive manufacturing (AM), a Fused Filament Fabrication (FFF), Debinding, and Sin-
Fused filament fabrication-debinding-sintering tering process that adopts polymer-based filaments with highly filled metal particles can be considered an
process

economical solution to create large-size and refractory dense metal parts. Sintering, as a critical step, plays a
critical role in determining the resultant microstructure uniformity of final parts. During sintering, the distri-
bution and content of elements and phases in metal parts dictate the achieved material properties. In this work,
the microstructure evolution during the entire sintering of FFF-printed 316L stainless steel (SS) parts was
characterized and understood. The unique interlayer microstructures including interlayer pores and dislocation
density were uncovered by characterizing grain morphologies of 316L SS at different sintering temperatures.
Subsequently, the relationship between the chromium element segregation at the grain boundary and the for-
mation of 5-ferrite phases was established through phase equilibrium simulation, phase characterization, and
element analysis. Finally, the sintering temperature curve was optimized to achieve the direct preparation of
single-phase austenitic SS with excellent pitting corrosion resistance and mechanical properties. The findings of
this work will provide great insights into the mesoscale sintering behavior of FFF-built austenitic SS, paving new

316 L stainless steel

Microstructural evolution

Phase formation

Corrosion and mechanical properties

avenues for tailoring element/phase distribution to control the microstructure of metal alloys built by AM.

1. Introduction

Mainstream melting-based metal additive manufacturing (AM)
technologies include powder bed fusion [1] and directed energy depo-
sition [2]. These AM technologies exhibit manufacturing defects caused
by melting and rapid solidification, high capital cost, and large energy
consumptions [3]. Similar to binder jetting [4], Fused Filament Fabri-
cation (FFF)-Debinding-Sintering process is an extrusion-based sinter-
ing-assisted AM process to create dense metal parts, as shown in Fig. 1.
Printing step requires that polymer-based filaments with highly filled
metal particles for deposition molding layer-by-layer. After printing, the
polymetric binder is removed via the solvent, catalytic, or thermal
debinding. Finally, the remaining porous metal materials will undergo
high temperature sintering, which can be regarded as a combination of
metal injection molding (MIM) and conventional AM processes.
Compared with other metal AM technologies, metal FFF process does
not involve high temperature gradient produced by melting-rapid

* Corresponding author.
E-mail address: fning@binghamton.edu (F. Ning).

https://doi.org/10.1016/j.addma.2023.103746

cooling, which shows a great promise for the manufacture of metal al-
loys with high melting point [5] and large reflectivity [6].

Sintering plays an essential role in determining the microstructure,
density, dimensional accuracy, and properties of the final metal parts
[7]. For uniform microstructure, the sintering body should have low
porosity with minimal defects and low brittle phase precipitation [8].
Recently, considerable investigations have been conducted in the
characterization of FFF sintered metal alloys, such as stainless steel, pure
copper, nickel-based superalloy, titanium alloy, and tungsten-based
alloy, as summarized in Table 1.

The most extensively investigated metal in literature is 316L stainless
steel (SS). Unlike the columnar grains presented by metal powder
melting based AM technologies, the microstructure in FFF of 316L SS
shows equiaxed austenitic grain morphologies with a more random
orientation [13]. However, the inherent interlayer line defects along the
building direction after printing affect the density distribution unifor-
mity and porosity of the final part. At the atomic level, such defects also
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have potential effects on atomic diffusion and strain hardening behavior
between interlayer particles, which directly leads to different phases and
element distributions [11,23]. In a previous atomic simulation study of
Ning et al. [24], chromium (Cr) enrichment at grain boundaries has been
successfully identified. Related reports [7] indicate that the grain
boundary phase could be Cry3Cs. The formation of Cr-rich carbides
could directly lead to Cr depleted zones at grain boundaries, which could
exacerbate the potential risk of intergranular corrosion [7]. On the other
hand, the FFF of 316L SS is mostly duplex austenitic stainless steel
(mixed with less §-ferrites) [10,13,25]. When the content of 5-ferrite
exceeds 5 %, the staggered §-ferrite grid structure will reduce the pitting
corrosion resistance [26]. For other application scenarios, the content of
S-ferrite in non-magnetic materials should be less than 0.1 % [27].
However, related reports state that s-ferrite is known to improve the
ductility, toughness, and thermal cracking resistance of stainless steel
[28,29]. For pressurizer surgeline pipes of pressure water reactors, the
é-ferrite content in austenitic SS welds must be greater than 5 % to
improve weld mechanical properties [30]. From the perspective of
crystal orientation relationships, the presence of §-ferrite in 316L SS can
also enhance dislocation mobility, greater work hardening, and higher
ductility [31]. Therefore, it is necessary to control 5-ferrite content in
316L SS with advanced technologies to adapt to its increasing engi-
neering applications in marine, nuclear, and chemical industries.

For 316L SS fabricated by FFF process, existing studies mostly focus
on the microstructure-property correlation, enabling readers to have a
preliminary understanding of the microscopic sintering behavior of
316L SS. However, the microstructure morphology is highly localized
and temperature-dependent, and its evolution mechanism with sintering
time requires further exploration. Anisotropy exists in FFF process due
to the nature of heterogeneous distribution of particles and pores
induced while it is commonly believed MIM results in relatively
isotropic behaviors [32]. The existing knowledge of MIM could be
misleading and non-conservative if it is directly applied to understand
FFF for 316L SS fabrication. A comprehensive understanding of the
phase formation of 316L SS during FFF process is still lacking. Especially
for non-stationary second phases like §-ferrite, its formation is sensitive
to the microstructure uniformity and temperature. Wang et al. [13]
attempted to combine HIP with FFF to improve the densification,
microstructure, and mechanical properties of 316L SS. This method of
combining sintering process with post-treatment has extremely impor-
tant reference for our work.

In this work, we perform an in-depth study to achieve a compre-
hensive characterization of the microstructure evolution during FFF
process of 316L SS. A direct fabrication approach enabling a controllable
content of the second phase is developed without post-processing
methods. First, the grain sizes and types of 316L SS sintered at
1573 K, 1613 K, and 1653 K are thoroughly quantified to unveil the
microscopic morphology of the specimen at different sintering stages.
This can help us understand the interlayer microstructure evolution
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‘Green’ part
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-
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Table 1
FFF sintered metal parts characterized in the literature.

Material Sintering Average Relative Literature
conditions grain size density

316L 1360 °C/ 500 ym >95 % [7]

Stainless steel ~ Vacuum
1380 °C/H, 40.5 95.6 % [9]
+6.9 um

1380 °C/H, 45 pm 91-93 % [10]
1350 °C/Ar 40 pm 98.73 % [11]
1380 °C/H, 50 + 6 um 98.5 % [12]
1320 °C - 99.7 % [13]
HIP Sintering
1380 °C/H, 75 + 20 pm 98.1 % [14]

17-4 PH 1200 °C/Ar, Hy 6.5 um 96.7 % [15]

Stainless steel 1360 °C/H, - 95.6 % [16]

1360 °C/N, >99.4 % [17]

Cu 1030 °C/H - 90.8 % [6]

Inconel 718 1280 °C/ <50 pm >97 % [18]
Vacuum

Ti-6Al-4V 1340 °C/Ar 100 pm 91 % [19]

W-Ni-Fe 1480 °C/Ar, Hy 37 ym 99.1 +£0.2 [20,21]

%
W-Cu 1350 °C/H, <2pum 99.2 % [22]

process involving interlayer pores and dislocation density. Then, the
phase composition and content of the specimen are analyzed using
phase equilibrium simulation. The relationship between Cr element
grain boundary segregation and §-ferrite phase formation is established
through phase characterization and element analysis. By combining the
holding step of traditional solid solution treatment with sintering cool-
ing process, we develop a new sintering temperature profile to enable
the keep control of §-ferrite phase content for the improvement of pitting
corrosion resistance and mechanical properties of 316L SS parts. The
findings in this work provide valuable insights into the complex meso-
scale sintering behavior of FFF-fabricated meatal parts, paving a way for
sintering process optimization in FFF of other metal alloys.

2. Methodologies
2.1. FFF process of 316L SS

The Ultrafuse 316L SS filament (BASF Corp., Ludwigshafen, Ger-
many) used in this study consists of carbonyl iron powders and a
polyoxymethylene-based binder system. Such high-purity ultrafine iron
powders are spherical particles with a particle mean size of less than
10 pm, which can be used as the liquid phase during sintering to create
nearly fully densified components [33]. ‘Green’ part printing step were
produced with a desktop fused filament fabrication (FFF) printer
(Lulzbot TAZ6, USA). The printing parameters are displayed in Table 2.
The debinding step was conducted on a catalytic debinding system
(CD3045, Elink Systems, USA) under 120 °C in a gaseous nitric acid

Sintering

Metal part

@ Metal powder O Binder

Fig. 1. Schematic diagram of metal FFF followed by debinding and sintering processes.



F. Wang et al.

Table 2

Printing parameters for FFF process of 316L SS.
Printing parameters Values
Nozzle temperature 240 °C
Nozzle size 0.5 mm
Infill density 100 %

Filling strategy Alternating 45°

Printing speed 30 mm/s
Layer thickness 0.2 mm
Bed temperature 100 °C

atmosphere, which could remove approximately 97 wt% of the binder
system. The debound ‘brown’ part was then transposed into a thermal
furnace (MIM 3045, Elnik Systems, Cedar Grove, USA) under a pure
hydrogen atmosphere. Based on Ning’s previous work [34], the tem-
perature evolution through the whole sintering process is shown in
Fig. 2. Three sintering peak temperatures including 1573 K, 1613 K, and
1653 K were designed to reveal the microstructure of the specimens at
different sintering temperatures for experimental characterization.

2.2. Microstructure characterization

The phase distribution, grain orientation mapping, and point scan
analyses of 316L SS specimens after mechanical grinding and electro-
polishing were conducted using a scanning electron microscope (SEM,
Nova NanoSEM 450, FEI Corp., USA) equipped with electron back-
scattered diffraction (EBSD) analyzer and energy dispersive spectros-
copy (EDS). The EBSD analyzer has an acceleration voltage of 30 keV
and a step size of 1 ym. EBSD data processing was conducted using TSL
OIM analysis 7. The element content of the specimen sintered at 1653 K
was analyzed by inductively coupled plasma optical emission spec-
trometry (ICP-OES) (Agilent 5800, Agilent Technologies). Carbon (C),
oxygen (O), nitrogen (N), and sulfur (S) contents of the filament,
debound ‘brown’ part, and specimens sintered at different temperatures
were then measured using a high-frequency infrared carbon and sulfur
(CS) analyzer (Corey-200, Deyang Kerui Instrument, China). The main
phase structure characteristics of specimens were analyzed by X-ray
diffraction (XRD) analyzer (Empyrean, Netherlands). The specimens
sintered at 1653 K were prepared as a thin foil using focused ion beam
(FIB) machining with gallium ion beam voltage of 30 kV and beam
current dropping from 2 nA to 35 pA. During the FIB processing, the
prepared lamella after cutting was a sheet of 10 um x 10 um with a
thickness of 2 ym and continued to be reduced to below 100 nm with a
gallium ion beam. High-resolution transmission electron microscopy
(TEM, FEI talaos F200X, FEI, USA) was used to observe and calibrate the
lattice orientation relationship between austenite grains and ferrite. The
qualitative scanning analyses of element line distributions in grain-
boundary-grain regions were performed using an electron probe
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Fig. 2. Experimental sintering temperature profile.
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micro-analyzer (EPMA) with a five-channel wavelength-dispersive
spectrometer (JEOL JXA-8230, Japan). Average shrinkage after sinter-
ing was evaluated along the three different directions (X, Y, and Z
(Building)) using a vernier caliper.

2.3. Phase equilibrium simulation

Based on the assumption of thermodynamic equilibrium, the CAL-
PHAD phase diagram was calculated for austenitic stainless steel using
Thermo-Calc software (Version 2020b, Stockholm, Sweden). The phase
composition, phase content, element content in each phase, and Gibbs
free energy at equilibrium were evaluated using the TCFE9 steel/iron
alloy database to gain insight into the phase transformation behavior of
316L SS at different sintering temperatures.

2.4. Corrosion testing

Corrosion measurements were accomplished with electrochemical
workstation (CHI760, Wuhan, China). A three-electrode system was
established using 316L SS specimen as a working electrode (WE), a
platinum wire as a counter electrode (CE), and a saturated calomel
electrode as a reference electrode (RE). Open circuit potential experi-
ments of specimens sintered at 1653 K and modified heating process
were carried out in aerated 3.5 % NaCl solution at 25 °C following the
ASTM G61-86 [35]. After stabilization, electrochemical polarization
measurements of all specimens were conducted with a scanning rate of
0.5 mV/s and a potential range between —400 mV and 1200 mV. The
electrochemical impedance spectroscopy (EIS) measurements of all
specimens were performed at frequencies ranging from 10° Hz to 1072
Hz, with an excitation signal amplitude of 30 mV.

2.5. Mechanical property testing

Tensile tests of 316L SS specimens were performed on a universal
testing system (MTS Systems Corporation, Eden Prairie, USA) with a
loading capacity of 10 kN. The initial load was set to 100 N with the
loading speed of 0.5 mm/min according to the ASTM E8 standard [36].
The detailed dimensions of the tensile specimens are depicted in Section
3.6.

3. Results and discussion
3.1. Microstructure evolution

For FFF process, layer-by-layer accumulation of powders during
printing step is likely to cause an arranged distribution of metal particles
in ‘green’ parts, leading to a certain directionality. Such directionality or
particle rearrangement occurs in the early stage of sintering [24], which
could be reflected in the final sintered part.

The grain orientation coloring diagram of the specimens along the
building direction at three representative sintering temperatures are
shown in Fig. 3. The specimens at each sintering temperature exhibit
equiaxed austenite grains with a large number of annealing twinning
structures. The cause of formation of austenite grains and twinning
structure. Even with the presence of interlayer gaps left over from the
printing step, the grain orientation is highly random. With the increase
of sintering temperature, the grain size grows significantly. The average
grain size at each sintering temperature is 17.82 um (1573 K holding
3 h), 37.47 ym (1613 K holding 3 h), and 40.39 um (1653 K holding
3 h), respectively. The grain size data at a densification temperature of
1653 K are consistent with previous literature reports [9,12]. It is
obvious that the grain growth rate slows down with the increase of
sintering temperature. The three directional average shrinkage of the
specimens (Fig. 4) increase from 14 %~16 % at 1573 K to 16~18 % at
1653 K. For all sintering temperatures, the shrinkage of the specimen
along the Z direction is about 1.5 % higher than that along the in-plane
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Fig. 3. EBSD analysis results along building direction: (a) 1573 K holding 3 h, (b) 1613 K holding 3 h, (c¢) 1653 K holding 3 h.
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Fig. 4. Results of average size shrinkage for specimens at different sintering
temperatures.

direction, showing anisotropic shrinkage.

The distributions of grain boundary orientation difference in the
specimens at different sintering temperatures are shown in Fig. 5. All
specimens represent a high relative frequency at 60° misorientation,
with an area fraction of about 40 %, indicating a large amount of
annealing twinning boundaries (TB). Furthermore, the orientation dif-
ference of the specimens is mainly distributed between 30° and 60°,
indicating that the FFF-fabricated 316L SS part is dominated by high-
angle grain boundaries (HAGB) [37]. When the orientation difference
between adjacent grains is less than about 10°, it can be defined as a
low-angle grain boundary (LAGB). As can be seen in Fig. 6(d), the area

into LAGBs. Such structures at different sintering temperatures can be
observed in the Kernel Average Misorientation (KAM) images, are
shown in Fig. 6. The blue areas within austenite grains indicate low local
orientation difference, while green, yellow, and red regions near inter-
layer pore regions (black) show larger local orientation differences. It is
obvious that a large number of LAGBs are generated in the interlayer
pore region when the sintering temperature reaches 1573 K. This can
explain the higher shrinkage of the specimen along the building direc-
tion at the microscopic level.

With the increase in sintering temperature, the specimen continues
to shrink and the thermal deformation behavior intensifies. At this time,
the LAGBs will continue to absorb dislocations, with the continuous
increase in internal storage energy. When the specimen shrinks to a
certain extent, the austenite grains will undergo dynamic recrystalliza-
tion. The LAGBs will gradually into stable HAGBs. Related studies have
shown that a decrease in the number of LAGBs leads to the increase in
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Fig. 5. Misorientation angle distribution: (a) 1573 K holding 3 h, (b) 1613 K holding 3 h, (c¢) 1653 K holding 3 h, (d) content statistics on different grain boundary
types (LAGB: low-angle grain boundary, HAGB: high-angle grain boundary, and TB: twinning grain boundary).
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Fig. 6. Kernel Average Misorientation (KAM) images along building direction: (a) 1573 K holding 3 h, (b) 1613 K holding 3 h, (c) 1653 K holding 3 h.

the ductility of components [39]. However, the grain boundary energy
of HAGBs is relatively high, and the dislocation movement needs to
overcome and consume higher energy. Therefore, the formation of more
HAGBs will create greater obstacles to dislocation slip, resulting in more
dislocation disappearance. Finally, as the temperature reaches the
densification temperature, further atomic diffusion and gradually dis-
appearing pores will keep the specimen size constant. At this time, as the

deformation resistance of austenite grains gradually disappears, the
number of dislocations will stabilize.

The mean geometric dislocation density of specimens at different
sintering temperatures can be quantified by KAM data. In this work, the
local misorientation at a point (1 um x 1 pm) is determined as follows
according to surrounding points:
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1 n
8 == 0 =0 m
where 6; is the local misorientation of point i, 6; s, is the local misori-
entation at its neighboring point j. The mathematical relationship be-
tween geometrically necessary dislocation (GND) and local
misorientation can be expressed by strain gradient theory:
2A0;
="— = BA, 2

Paenp ub 2
where pgnp is the GND density of the region, u is the scanning step of
EBSD (1 um), and b is the buger vector. The mean GND density of
specimens at different sintering temperatures can be calculated, as
represented in Fig. 7. It is obvious that the average GND density is
16.866 x 102 m~2 at 1573 K. When the sintering temperature reaches
1613 K, the mean GND density decreases to 13.586 x 102 m~2 with the
elimination of interlayer pores, and is basically consistent as that at
1653 K.

3.2. 5-ferrite phase formation

The ICP and CS analysis results of 316L SS sintered at 1653 K are
shown in Table 3. The phase composition and content of 316L SS in
thermodynamic equilibrium state are predicted in Fig. 8. The phase
structure of the specimen mainly includes matrix phase and precipita-
tion phase. The equilibrium phase fraction represents the formation of
body-centered cubic (BCC) phase above 1540 K, which corresponds to
S-ferrite. Afterwards, the S-ferrite phase fraction rapidly increases to
24.83 wt% with increasing equilibrium temperature from 1540 K to
1653 K. Phase content analysis shows that the sintered 316 L SS is
comprised of y-austenite and §-ferrite phases. The self-diffusion coeffi-
cient of iron in BCC structure is much higher than that in more compact
face-centered cubic (FCC) structure [40]. This might affect the final
microstructure morphology of the FFF-fabricated metal parts.

For FFF process, precipitation of detrimental secondary phases
caused by C enrichment must also be considered. The contents of non-
metallic elements including C, O, N, and S of 316L SS specimens
under different states are shown in Table 4. The initial C content in the
filament is 2.434 wt%, and about 2 wt% is removed during the catalytic
debinding process. In addition, it can be found that the highest C content
exists at the sintering temperature of 1653 K. The increased C content
has multiple effects on the stability of phases [41]. First, it can promote
the super solidus liquid sintering process and the transformation from
y-austenite to §-ferrite. Relevant reports have evidenced the important
effect of the §-ferrite phase on facilitating the part densification during
sintering [42]. However, excess C content would lead to the formation of
carbides (My3Cg), specifically Cro3Cg in 316L SS. This may raise the
potential risk of intergranular corrosion. Therefore, it is necessary to
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further analyze the phase composition.

However, an important disadvantage of excess C is the formation of
carbides (Ma3Cg), specifically Cro3Cq in 316L SS. This may raise the
potential risk of intergranular corrosion. Therefore, it is necessary to
further analyze the phase composition.However, an important disad-
vantage of excess C is the formation of carbides (M3Cs), specifically
with Cr. This may raise the potential risk of intergranular corrosion.
Therefore, it is necessary to further analyze the phase composition.

The phase structures of the specimens at different sintering tem-
peratures are quantified based on XRD, as shown in Fig. 9. It can be
found that the specimens sintered at 1573 K consisted of y-austenite
only. Diffraction peaks are gradually formed along the (111) crystal
plane in the specimen sintered at 1613 K, indicating a mixture of
y-austenite and a small amount of é-ferrite. However, the peak value of
the diffraction peak at the corresponding position in the specimen sin-
tered at 1653 K increased slightly, indicating that the content of 5-ferrite
gradually increased. Few carbides have been identified. The results of
phase equilibrium simulation indicate that the equilibrium concentra-
tion of 5-ferrite in 316L SS at 1573 K is 5.66 wt%. Although moderate
sintering cooling rate can promote the formation of §-ferrite [41], the
difference could be mainly caused due to the sintering dwell time
involved in FFF process. For phase equilibrium simulations, the ther-
modynamic equilibrium state in a multiphase system is the limit state
reached by the content variation of each phase [43], not involving any
material transfer behavior at the macroscopic level. For FFF process, it
could imply a longer holding time, allowing for the element interdiffu-
sion between y-austenite and 5-ferrite phases.

é-ferrites fraction less than 5 wt% cannot be observed by XRD.
Therefore, the phase distributions of the specimens sintered at different
temperatures along the building direction are further characterized
using EBSD objective analysis, as shown in Fig. 10. For the specimen
sintered at 1573 K, a mixture of austenite grains (red) and pores (black)
are obtained, corresponding to the XRD analysis results. The equiaxed/
needle plate-like grains (green) distributed along the austenite grain
boundaries in the specimens sintered at 1613 K and 1653 K are §-ferrite
grains. Related studies demonstrate that the presence of §-ferrites with
grid distribution is widely existed in this kind of 316L SS manufactured
by the sintering-based metal AM process [44]. The quantitative statis-
tical results in Fig. 10(d) demonstrate that the area fraction of 5-ferrite
increases from 0.2 % at 1613 K to 1.4 % at 1653 K, indicating that the
formation of §-ferrite depends on the sintering temperature. On the
other hand, the lower carbon content during low temperature sintering
process could also affect the stability of §-ferrite [45].

The nucleation sites of §-ferrite are mostly distributed near the
spherical pores inside the austenite grains, which could be closely
related to the crystallographic orientation relationship between the two
phases [46]. Further analysis shows that the crystallographic orientation
relationship between the matrix phase and the precipitation phase is
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Fig. 7. Mean geometrically necessary dislocation (GND) density distribution: (a) 1573 K holding 3 h; (b) 1613 K holding 3 h; (¢) 1653 K holding 3 h.
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Table 3
Chemical elements of FFF-fabricated 316L SS (wt%).
Fe Ni Cr C Mo Mn Si Cu Co
Bal. 12.362 18.252 0.0228 1.985 1.082 0.453 0.250 0.107
decreases with the increase of temperature, and the energy variation
o BCC /\G of BCC and FCC tends to 0 from 1613 K to 1653 K (blue area in

80+
i 75.17 wt.%

60

40

Fraction of phases (wt.%)

24.83 wt.%

204

0

T T T T T T T
600 800 1000 1200 1400 1600 1800
Temperature (K)

Fig. 8. Thermo-Calc equilibrium simulation results for FFF-fabricated 316L SS.
Table 4

Measured carbon, oxygen, nitrogen, and sulfur content of the filament, debound
‘brown’ part, and specimens sintered at different temperatures (wt%).

Specimen Status Carbon Oxygen Nitrogen Sulfur
Filament 2.434 60.06 0.251 0.00085
‘Brown’ part 0.515 0.203 0.146 0.00058
1573 K holding 3 h 0.0075 0.015 0.0015 0.0047
1613 K holding 3 h 0.0186 0.213 0.0019 0.0096
1653 K holding 3 h 0.0228 0.011 0.0018 0.0076

{111}< 1-10 >BCC//{110}< 1-11 >FCC  (Kurdjumov-Sachs (KS)
orientation [47,48]). This can be associated with the minimization of
nucleation interface energy and activation barrier [46]. The Gibbs free
energies of each phase at different temperatures are obtained, as shown
in Fig. 12. It is concluded that the Gibbs free energy of each phase

(a) | y(111) — 157K
— 1,613K

7 — 1,683K

g 4
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g 7200) :

S - ) 20) Gl
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] ) A A A
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0 40 50 6 70 80 9

20(°)

100

Fig. 11), indicating a strong phase transition spontaneity. The above
findings indicate that §-ferrite is easier to form at high temperature
stage, which indirectly reveals the microstructure formation and phase
transition mechanisms of 316L SS during FFF-sintering process from the
perspective of energy transfer/transformation.

TEM and fast fourier transform (FFT) selected area electron diffrac-
tion patterns are performed on the specimens sintered at 1653 K after
FIB machining, as shown in Fig. 12. Fig. 12(a) to (c) represent high-
resolution images of y-austenite matrix and FFT diffraction spots. The
interplanar spacing of the (111) plane is about 0.2 nm, and the corre-
sponding crystal belt axis orientations are [112] and [011], respectively.
Combined with the XRD results of the (111) plane in Fig. 9(a), it can be
concluded that y-austenite mainly grows mainly along a certain char-
acteristic orientation in the (111) plane. The two-phase high-resolution
image is shown in Fig. 12(d), in which the black line-shaded part is
S-ferrite. The results of FFT diffraction spot (Fig. 12(e)) illustrate that the
S-ferrite (111) plane coincides with the y-austenite (111) plane, that is,
(111) FCC//(111) BCC, indicating that the two-phase interface has a
constrained coherent matching relationship. It is also found that 5-ferrite
grows only along the (111) plane, which is consistent with Fig. 9(b).

3.3. Element content and distribution

The contents of the main elements in y-austenite and §-ferrite are
calculated based on the phase equilibrium simulation, as shown in
Table 5. It can be clearly seen that the content of Cr element in 5-ferrite is
about 7 wt% higher than that of y-austenite, while the content of Ni
element is about 3 wt% lower.

Point scanning analysis is performed on specimens sintered at
1613 K and 1653 K to detect the nominal content of the main elements
in austenite grains and 5-ferrites at the grain boundaries, as displayed in
Fig. 13 and Table 6. It can be concluded that the Cr element content in
S-ferrites is about 25 wt%, while the content of Cr element in austenite
grains is about 17 wt%. A content difference corresponds to the phase

(b)

—=— 1,573K
—— 1,613K
—— 1,653K

Intensity(cps)

44.0
20

Fig. 9. (a) XRD spectra and (b) § (111) peak magnification image (corresponding to the pink area in Fig. 10(a)) with different sintering temperatures (1573 K,

1613 K, and 1653 K).
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Fig. 11. Gibbs free energy of each phase.

equilibrium simulation results described above.

Further explore the macroscopic distribution of elements, EPMA is
used to conduct qualitative scanning analysis on the element line dis-
tribution along the grain boundary region of the above specimens, as
shown in Fig. 14. As the matrix element of 316L SS, Fe element has the
highest concentration at each sintering temperature, while the intensity
of Cr element in the grain boundary is significantly higher than that
inside of the grain. However, both Fe and Ni elements at grain bound-
aries express lower intensity values (yellow areas in Fig. 14).

In most cases, Cr and Mo elements are usually defined as stabilizers
of é-ferrite, while Fe and Ni elements are regarded as stabilizers of
y-austenite [49]. Due to the excessive atomic diffusion at relatively high

10. EBSD Phase distribution along building direction: (a) 1573 K holding 3 h, (b) 1613 K holding 3 h, (¢) 1653 K holding 3 h, (d) phase content statistics.

temperature holding stages, Cr atoms in austenite grains will move to-
wards ferrites at grain boundaries. On the contrary, Fe/Ni atoms inside
the ferrite grains will diffuse into the austenite grains. The vacancies
formed by atomic diffusion in the two-phase grains will be replaced or
filled by other atoms, resulting in a difference in element content, and
maintains the constant number of total atoms in the system. This can
also be demonstrated from Ning’s mechanical work: vacancy for-
mation/migration and solute element diffusion capacity [24]. On the
other hand, further atomic diffusion and grain coarsening will result in
the thickening of austenite grain boundaries [45]. This can accommo-
date more Cr atoms and promote their precipitation to the grain
boundaries and eventually form stable grain boundaries anchored by a
large number of §-ferrites during the sintering holding and cooling
stages. Therefore, the formation of é-ferrite is strongly correlated to the
Cr element grain boundary segregation.

3.4. Improvement of sintering profile

Related reports state that 5-ferrite is known to improve the ductility,
toughness, and thermal cracking resistance of stainless steel [50,51].
However, excess 5-ferrites can also increase the potential risk of pitting
corrosion [52-54]. For FFF process, it is important to control the content
of §-ferrite to prepare single-phase austenitic stainless steel with better
corrosion resistance.

Solution treatment [55] is a heat treatment process in which an alloy
is heated to a certain temperature and held for a period of time, finally
cooled rapidly. For austenitic stainless steels, the holding temperature
range is usually 1273 K to 1373 K [56], allowing the second phase to be
fully dissolved into the austenitic matrix to obtain a single austenitic
tissue. The austenitic transformation process is closely related to the
holding temperature and time. A lower cooling rate could promote ho-
mogenous elemental distribution. For FFF process, the é-ferrite content
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Fig. 12. High-resolution TEM images of specimens sintered at 1653 K: (a) y-austenite lattice structure, (b) and (c) corresponding FFT diffraction spots, (d) two-phase

interface lattice structure, (e) corresponding FFT diffraction spot.

Table 5
Thermo-Calc equilibrium simulation results of element content in different
phases.

Temperature Phase Element content (wWt%)
Fe Ni Cr Mo Mn
1613 K y-austenite 69.32 10.88 15.81 1.73 1.12
S-ferrite 68.53 7.70 19.13 2.79 0.87
1653 K y-austenite 69.29 11.31 15.48 1.60 1.15
s-ferrite 68.78 8.22 18.50 2.61 0.91

can be controlled by adding the holding step of solution treatment
during the sintering cooling process, to obtain single-phase austenitic
316L SS. Specifically, an additional 1373 K holding for 1 h during the
sintering cooling stage with a cooling rate of 5 K/min was applied in a
modified process, as shown in Fig. 15.

The element distribution of the specimen fabricated by the modified
sintering process is displayed in Fig. 16. It is obvious that each element is
uniformly distributed, without segregation phenomenon. The micro-
structure morphology of the specimen is characterized in Fig. 17.
Compared with original sintering processes (3 h holding at 1653 K) in
Fig. 2, more equiaxed austenite grains can be observed. The average
grain size of the specimen has grown from 40.39 um to 68.42 ym
(Fig. 17(d)). This behavior could be associated with the further grain
boundary migration caused by additional holding process. From KAM

data calculation, the mean GND density (Fig. 17(e)) of the specimen has
also increased from 13.103 x 10’2 m~2 to 18.186 x 102 m 2 In
addition, it can be seen that the §-ferrites precipitated along the grain
boundaries have been eliminated from EBSD analysis results in Fig. 17
(c). The XRD result in Fig. 17(f) also shows that the diffraction peak
formed along the (111) crystal plane has disappeared. Obviously, single-
phase austenitic 316L SS has been successfully prepared.

3.5. Corrosion properties

The elimination of solute element segregation and second phase
precipitation will have a strong impact on the corrosion resistance of
metal components [57]. This section evaluates the pitting corrosion
resistance of 316L SS fabricated by two sintering heating processes
(original and modified), respectively.

The results of the polarization curves of 316L SS specimens fabri-
cated by two sintering processes are shown in Fig. 18. Tafel fitting is
applied to analyze corrosion potential (E.), corrosion current density
(icorr), and breakdown potential (Ep), as displayed in Table 7. The
modified process built specimen exhibits the lowest i . value (0.18 pA/
cm?), indicating a slower electron loss rate. The E, values and polar-
ization curves for the two specimens reveal that the pitting potential for
modified process (—342 mV) is considerably higher than that for un-
modified process (—512 mV), indicating improved corrosion perfor-
mance after the application of 1 h holding during sintering cooling.
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Fig. 13. High magnification SEM images of 316L SS specimens at different sintering temperatures: (a) 1613 K holding 3 h, (b) 1653 K holding 3 h.

Table 6
EDS dot mapping results.
Specimen Phase Scanning area Element content (wt%)
Fe Ni Cr Mo Mn
1613 K s-ferrite Point 1 64.49 3.42 25.46 3.86 0.93
holding 3 h s-ferrite Point 2 63.25 4.62 25.66 3.85 0.95
s-ferrite Point 3 59.15 3.70 28.99 5.31 0.60
y-austenite Point 4 68.39 10.12 17.35 1.65 0.92
y-austenite Point 5 68.07 9.85 17.56 1.87 1.04
y-austenite Point 6 68.51 9.89 17.24 1.80 1.01
1653 K s-ferrite Point 1 57.07 3.37 27.86 6.24 0.92
holding 3 h s-ferrite Point 2 66.45 4.96 25.18 1.83 1.14
s-ferrite Point 3 53.34 3.33 24.72 7.27 0.79
y-austenite Point 4 66.55 9.99 16.14 1.88 0.72
y-austenite Point 5 69.40 9.03 18.17 0.96 1.28
y-austenite Point 6 65.43 10.52 15.90 1.95 1.10
(a) 1,613K holding 3 hours (b) 1,653K holding 3 hours
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Fig. 14. EPMA line-scanning results of 316L SS specimens at different sintering temperatures: (a) 1613 K holding 3 h, (b) 1653 K holding 3 h.

Chao et al. [58] reported that the reduction in the pitting potential of pores and surface roughness can also have a ngative impact on the
316L SS could be attributed to the elimination of residual stress during pitting corrosion resistance of 316L SS [59]. For FFF process, high
heat treatment. In addition, it has been found that surface defects such as porosity levels caused by inherent interlayer defects could affect the
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Fig. 15. Modified sintering curve based on solution treatment, by adding
1373 K holding 1 h during cooling stage.

pitting corrosion resistance of the matrix (see Fig. 3). More importantly,
the single-phase austenitic eliminates the potential effects of the brittle
phase formation in Cr-enriched regions on pitting corrosion resistance.

Fig. 19 shows the electrochemical impedance spectroscopies of the
two specimens, which Nyquist plots can be fitted by Randle equivalent
circuit diagram. In this circuit, Ry is solution resistance, CPE is double
layer capacitance, and R¢r is charge transfer resistance, respectively.
The fitting parameters are displayed in Table 8. The Nyquist plots
indicate that the diameter of the modified-process built specimen is
larger than that of unmodified-process built specimen. A higher R¢r
value reflects a thicker passivation layer, which improves the corrosion
resistance of the specimen [60]. Relevant studies show that there is a
significant correlation between R¢r value and pore defects [61]. The
solution treatment applied during the sintering cooling process allows
for further atomic diffusion, which will help to further eliminate pores
and then improve corrosion resistance. Conversely, the relatively low
Rer value indicates the enhanced ability of chloride ions to pass through
CPE, which accelerates the breakdown of the passivation layer. The
above results confirm that the modified-process built specimen has
better pitting corrosion resistance.

3.6. Tensile properties
Engineering stress—strain curves of 316L SS specimens fabricated by
two sintering processes under tensile tests are shown in Fig. 20. They

exhibit similar trends of elongation at fracture between 80 % and 90 %,
meeting the UNS S31603 standard requirements [62]. The specimen

50 pm

50 pm

50 pm

Additive Manufacturing 75 (2023) 103746

fabricated by the modified sintering process can yield a higher tensile
strength (about 20 % higher than the original sintering process) under
the condition of additional grain growth. This difference could be
explained by the “solid solution strengthening” effect during the addi-
tional holding process that dissolves -ferrite phase into the matrix. As
shown in Fig. 17(e), the atomic displacement of the 5-ferrite phase
during the dissolution could lead to the redistribution of dislocation
movement, thereby increasing the dislocation density. Eventually, the
high energy dislocation network enhances the ability of dislocation
pinning, resulting in work hardening and improved material strength.

4. Conclusions and future research

In this work, the microstructure morphology and orientation, phase
structure, and element distribution of 316L SS during FFF process were
systematically characterized. The relationship between Cr segregation at
grain boundaries and §-ferrite formation was established. Subsequently,
an improved sintering process was developed to control the precipita-
tion of 5-ferrite, and the modified process can significantly improve the
pitting corrosion resistance of 316L SS. The findings in this work
resulted in the following conclusions:

(1) All specimens exhibited equiaxed austenite grains with average
equivalent grain sizes of 17.82 ym, 37.47 ym, and 40.39 um,
respectively. The specimens at 1573 K displayed a weaker grain
orientation. When the sintering temperature rose to 1653 K, the
randomness of grain orientation in specimens gradually
increased, with the texture strength decreasing from 2.561 to
2.122.

(2) The area fraction of LAGBs in EBSD results at 1573 K was 11 %,
which dropped to 6.36 % at 1653 K. The low dislocation density
caused by the lack of interlayer pores can be considered as the
fundamental reason for the decrease of the number of LAGBs
under high temperature sintering conditions.

(3) The specimens were transformed from a y-austenitic phase at
1573 K to a mixture of austenite and §-ferrite phase at 1613 K.
Finally, the area fraction of §-ferrite phase in EBSD results
increased from 0.2 % to 1.4 % at 1653 K, showing a typical KS
orientation relationship and a coherent interface relationship.

(4) The Cr element was defined as a fixed element §-ferrite that
promoted its formation. Phase equilibrium simulation results
showed that the content of Cr element in 5-ferrite is about 7 wt%
higher than that of y-austenite, which is highly consistent with
EDS point scanning results.

50 pm 50 pm

50 pm 50 pm

Fig. 16. High magnification SEM image and dot mapping for element distribution in 316L SS fabricated by the modified sintering process.
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Fig. 17. Microstructure of 316L SS specimen fabricated by modified sintering process: (a) grain orientation, (b) KAM image, (c) phase distribution, (d) grain size
distribution, (e) GND distribution, (f) XRD spectra.
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Fig. 18. Electrochemical polarization curves of 316L SS specimens.

Table 7
Tafel fitting parameters.

Zre (ohms)
Fig. 19. Electrochemical impedance spectroscopies of 316L SS specimens.
Table 8

Fitting parameters obtained from electrochemical impedance spectroscopy
plots.

Specimen Ecorr (mV) Iorr (pA/cm?) Ep (mV) Specimen Rs(Qem?)  Rer(Qcm?)  Q(S-sec™em™2)
Original (3 h holding at 1653 K) -512 1.5 -100 Original (3 h holding at 1653 K) 7.01 1.43E4 9.63E-5
Modified -342 0.18 34 Modified 6.56 1.45E5 7.116E-5

(5) Specimen with single-phase austenite can be obtained by adding
1 h constant temperature at 1373 K during the sintering cooling
process. The results of electrochemical measurements show that
the pitting corrosion resistance and the of the specimen is
improved compared to the original sintering process. The tensile

test results suggest that the tensile strength of the specimen is
579 MPa, increasing by 20 %.

The modified process in this study can offer a new idea for control-
ling phase content to optimize the final microstructure of metal com-
ponents. Future studies would be targeted at optimizing cooling
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Fig. 20. Engineering stress—strain curves of 316 L SS specimens.

temperature, cooling rate, and holding time to create 316L SS compo-
nents with stronger pitting corrosion resistance and mechanical
properties.
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