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Abstract: Post-processing of additively manufactured components, including the removal of support
structures and the reduction in surface roughness, presents significant challenges. Conventional
milling struggles to access internal cavities, while the Self-Terminating Etching Process (STEP) offers
a promising solution. STEP effectively smooths surfaces and dissolves supports without substantial
changes in geometry. However, it can lead to compositional changes and precipitation, affecting the
material properties and necessitating a design strategy to mitigate them. In this study, STEP is applied
to stainless steel 316L (55316L) produced via laser powder bed fusion, reducing surface roughness
from 7 to 2 um. After STEP, the surface carbon exhibited a threefold increase, leading to the formation
of Mp3Cq clusters. This significantly impacted the yield strength, resulting in a 37% reduction
compared to the as-built condition. The key to overcoming this challenge was using computational
simulations, which guided the determination of the decarburization conditions: 1000 °C for 60 min,
ensuring maximum Mj3Cg dissolution and surface carbon reduction with minimal grain coarsening.
Following these conditions, the yield strength of SS316L was restored to the level observed in the
as-built condition. These findings underscore the potential of the proposed design strategy to enhance
the mechanical performance of additively manufactured components significantly.

Keywords: DICTRA; CALPHAD; dissolvable supports; surface roughness; laser powder bed fusion

1. Introduction

Support structures are essential in additive manufacturing (AM) for fabricating com-
ponents with complex shapes. These structures anchor the part to the build plate during
deposition, reducing distortion caused by thermal stresses and providing a thermal path-
way for heat removal [1,2]. However, removing these necessary support structures can be
difficult, expensive, and time-consuming. These additional operations can outweigh the
benefits of AM, including reduced material wastage, high efficiency, and increased produc-
tion flexibility [3,4]. This issue becomes a bottleneck for the manufacturing flexibility and
sustainability enhancement of the AM technique. The laser powder bed fusion (LPBF) tech-
nique is a widely used AM process that involves successive layers of powder melted using a
high-intensity laser beam [5]. For many parts built using LPBF, post-processing is necessary,
including removing trapped powders and supports and reducing surface roughness.

Traditionally, post-processing methods such as mechanical grinding [6], laser treat-
ments [7], and chemical etching-based approaches [8] are used to improve the surface finish
of AM parts. Mechanical machining and abrasives are commonly used in mechanical-based
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surface treatments involving deformation [9]. While deformation and laser-based tech-
niques effectively reduce surface roughness, they cannot be used for complex geometries
with inaccessible internal surfaces. Magnetic abrasive finishing was applied to successfully
decrease the surface roughness of Inconel 718 fabricated using the laser powder bed fusion
technique [10]. An improvement in the mechanical properties was observed after surface
finishing. Yet, this method must be improved to apply to large parts since a long time will
be required. Moreover, hybrid laser polishing was employed to improve the surface quality
and surface microstructure of Inconel 718 fabricated by laser-directed energy deposition [11].
Chemical-based techniques can improve the surface finish of parts with internal surfaces.
However, a non-uniform etching is expected since the etchant concentration decreases as
the fluid moves from leading to trailing surfaces [12]. Therefore, dissolvable metal supports
were developed for parts fabricated using AM. Initially, dissolvable metal supports were
introduced using the multi-material directed energy deposition (DED) technique, where
stainless steel arches were fabricated with low-carbon steel as the support material [13]. The
lower chemical stability of low-carbon steel was utilized to selectively dissolve the support
in an HNOj3+KCl solution, with an additional electrical bias to accelerate the dissolution
process. This technique applies only to parts fabricated using AM techniques capable of
multi-material deposition. A different approach called direct dissolution was developed
for LPBF, typically limited to a single material. In this method, the support structures
connected to a component over a small region (100-200 um width) are electrochemically
dissolved [14]. Yet, this approach can lead to significant pitting damage throughout the
component and is not self-terminating. Additionally, critical process parameters such as
etch rate, etch depth, and pitting can vary significantly with minor changes in component
geometry, orientation, electrolyte viscosity, etc. [15,16].

To overcome the limitations of direct dissolution, the Self-Terminating Etching Process
(STEP) was introduced to streamline the post-processing of LPBF components and maintain
their geometry. The Hildreth group has formulated STEP protocols for various materials,
including steel [17,18], nickel [19], titanium [20], and copper [21]. These protocols effectively
remove large volumes of support structures, achieving surface roughness levels between
1 um and 2 pm, while only eliminating a few micrometers from the surface. The process
begins with printing the component using standard materials and LPBF parameters then
exposure to a sensitizing agent and subsequent heat treatment. This leads to a compositional
alteration in the outermost 20 to 150 um of all surfaces, diminishing corrosion resistance
and creating a “sensitized” layer selectively etched away, sparing the material beneath. For
stainless steels, immersion in a saturated sodium hexacyanoferrate (NasFe(CN)4-10H,O)
solution is the sensitizing step. Heat treatment then causes the agent to decompose,
forming a carbon layer that diffuses into the surface. This carbon captures chromium to
form carbides within the top 50 to 150 um, sensitizing the area by lowering the corrosion
potential below that of stainless steel [22]. The sensitized region is then etched with an
electrical bias, ensuring it dissolves anodically while the component below is cathodically
protected. Ultimately, the supports and trapped powder are fully dissolved, and a thin,
uniform layer is removed from the component—a factor accounted for in the pre-printing
model. This technique applies to internal and external supports, reducing surface roughness
and preserving the component shape.

While the method effectively removes support through selective dissolution, there is
a possibility that the layer enriched with diffused carbon may not be entirely eliminated
during etching. This necessitates measuring the surface carbon content post-etching and,
if it exceeds the nominal level, designing an appropriate decarburization heat treatment.
This study aims to quantify the carbon content on the surface of sensitized and etched
5S316L, produced using the LPBF technique. The findings will inform the design of de-
carburization in Calculation of Phase Diagrams (CALPHAD)-type diffusion simulations,
guiding subsequent experiments. Additionally, the proposed heat treatment is applied to
the etched SS316L. The treatment efficacy is assessed by comparing the tensile properties
before and after etching with those of as-printed and wrought SS316L. Surface roughness
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is also measured to evaluate the impact of self-terminating etching on additively man-
ufactured SS316L parts. The results indicate a promising approach to integrate surface
modification with post-heat treatment, enhancing the mechanical performance of additively
manufactured components.

2. Materials and Methods
2.1. Experimental Details

SS316L discs, 15 mm in diameter and 4 mm thick, were produced using an EOS M290
machine (EOS GmbH, Krailling, Germany) with the standard printing parameters: 100 W
laser power, 675 mm/s scanning speed, 90 pum hatch spacing, and 40 pm layer thickness.
The alloy powder composition (wt. %) provided by the vendor (Praxair Co., Danbury, CT,
USA) includes C: 0.03, Cr: 17, Ni: 12, Mo: 2.5, Mn: 2, and Si: 1. Additionally, tensile bars
conforming to ASTM ES8 [23] (length: 100 mm, thickness: 6 mm, width: 10 mm, gauge
length: 25 mm) standards were fabricated in a horizontal orientation for mechanical testing.
These disc samples underwent the STEP process.

Two processing steps are included in STEP: sensitization and electrochemical etching,
as shown in Figure 1. The samples were soaked for 20 min in a saturated solution of
sodium hexacyanoferrate (II) decahydrate (NasFe(CN)g-10H>0) and deionized (DI) water
(18 MQ), Thermo Scientific Smart2Pure 3 UV /UF) for sensitization. A thin layer of graphite
powder was coated over 309 stainless steel tool wraps. The samples were packed in a
slurry (4.2:1 mass ratio) of NayFe(CN)g-10H,O and DI water and wrapped into the wrap.
NayFe(CN)g-10H,0 produces CN and H,O vapors on decomposition, and hence, small-
sized holes were pierced to allow their release on the tool wrap. This package was placed
inside the DT-22-FL-8-VA Deltech Front Loading Inert Gas Furnace and purged with argon
gas three times. For dehydration of the sample, the furnace was heated at 5 K/min to
90, 185, and 250 °C with a holding time of 40, 60, and 60 min, respectively. Further, the
furnace temperature was raised to 915 °C at 5 K/min and held for 6 h and 30 min for
sensitization. The package containing the samples was quenched in water immediately
after its removal from the furnace.

After sensitization, the samples were placed in a metal basket and held in close contact
using wrapped 55316 wires. It is to be noted that this connection method is not as good as
the epoxy-encapsulated method we have used for optimization studies [18]. However, it
better mimics a more industrial process. The downside is those reaction products, such
as chromium oxide, can build up between the component and the metal basket, which
changes the potential that the part is held at, and, depending on contact resistance change,
the resulting surface can be rougher than with an encapsulated contact. An electrolyte
of 0.48 M nitric acid (HNOs3) and 0.1 M potassium chloride (KCl) in 1 L of DI water was
prepared along with a 6.35 mm diameter graphite rod counter electrode. A KCl salt bridge
was connected ionically with a silver/silver chloride (Ag/AgCl) reference electrode to the
electrolyte. Electrochemical etching (chronoamperometry) was conducted using a Princeton
Applied Research Parstat MC potentiostat with an applied potential of 550 mVgyg (millivolt
relative to standard hydrogen electrode) until the current density dropped to less than
1 mA/cm?. The flowchart of the STEP technique is shown in Figure 1, along with the
sensitization heat treatment schedule.

The surface roughness of the SS316L samples before and after etching was determined
using a Keyence VR-3200 non-contact profilometer (Keyence Corporation, Itasca, IL, USA).
The disc samples were cut along the build direction and stuck to aluminum mounts with
hot glue rather than hot mounting to avoid carbon diffusion through the surface during
mounting, affecting the subsequent carbon measurement. The cut sections were ground
in 600, 800, and 1200 grit SiC emery papers, and the samples were polished further in
diamond suspensions with particle sizes of 3 and 1 um and a colloidal silica suspension of
0.04 pm particle size. The carbon content before and after the application of the designed
decarburization heat treatment was measured using electron probe microanalysis (EPMA,
JEOL JXA-8530F Field Emission Electron Probe Microanalyzer, JEOL, Peabody, MA, USA).
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The measurement was performed for a length of ~275 um starting from the surface with
an accelerating voltage of 7.3 kV, probe current of 50 nA, probe diameter of 3 um, and
step size of 3 um. Steels with known carbon content were used for calibration [24]. In
addition, a liquid nitrogen cold trap was used to prevent carbon contamination during the
measurement. Microstructure characterization and determination of phase composition
were carried out using a ZEISS Sigma 500 VP scanning electron microscope with an Oxford
energy dispersive spectroscope (EDS) attached. X-ray diffraction (XRD) was performed
on the surface of the samples using Bruker Discover D8 equipment with Cu K« source
in the 20 range of 40 to 95° with a step size of 0.04° and a scan speed of 0.5 s/step. The
grain structure was analyzed with electron backscattered diffraction (EBSD, EDAX Hickory
EBSD system) connected to an FEI Scios Dual Beam focused ion beam-scanning electron
microscope (SEM), with subsequent data analysis with TSL-OIM (version 8) software. Room
temperature tensile tests were conducted using an MTS 880 universal testing machine with
a 100 kN capacity for tensile bars (dimensions based on ASTM E8 standard [23]) and a
strain rate of 1073 s71. An extensometer for a 25 mm gauge length was employed for
displacement measurement during the test.

Step 1: Sensitization Step 2: Electrochemical Etching
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Figure 1. (a) Flowchart of the STEP technique applied to SS316L steel fabricated using the LPBF
technique, (b) time—temperature profile used for sensitization heat treatment of SS316L steel (step 1
in (a)), (c) macrograph of the as-fabricated SS316L disc after application of the STEP technique, and
(d) tensile bars of SS316L printed according to ASTM E8 standard in horizontal orientation using
LPBEF for the application of the STEP technique.

2.2. Computational Modeling

Diffusion simulation based on the diffusion module (DICTRA: Diffusion-Controlled
Transformations) of the Thermo-Calc software (version 2021b) was used to guide the op-
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timization of the parameters for decarburization heat treatment. The schematic of the
simulation model setup is shown in Figure 2. The calculations were performed in the tem-
perature range of 900 to 1100 °C in steps of 100 °C. As the matrix phase in the SS316L steel,
the austenite (FCC) phase was considered for all temperatures. The thermodynamic and
mobility databases used for these calculations were TCFE9 and MOBFE4, respectively. The
simulations were performed for 5 h (18,000 s) with 100 grid points in accordance with the
EPMA measurement. Additional inputs, such as the width of the cell, the position of grid
points within the cell, and the carbon composition at each grid point, were chosen based
on the results from the EPMA measurement. The composition of other alloying elements
(Cr, Ni, Mo, Mn, and 5i) in SS316L steel was measured using EDS in the same region where
the EPMA measurements were performed and used as input for the kinetic simulations.
To mimic the decarburizing atmosphere, the activity of carbon in the outer atmosphere
interacting with the interface of the simulation cell was set to 107°.

As-built SS316L

0.033mm

0.02 -
Omm

As-Etched SS316L

Figure 2. 3D-surface tomography maps for the as-built and as-etched SS316L show the difference in
surface roughness, with sharp red peaks in the as-built condition and a relatively smoother surface
without peaks in the as-etched condition.

3. Results
3.1. Characterization of As-Etched SS316L and Design of Decarburization

The 3D surface topography maps of SS316L, captured by the optical profilometer in
as-built and as-etched conditions, are shown in Figure 2. The average roughness (Ra),
representing the mean deviation between peaks and valleys, decreased from 7 um in the
as-built state to 2 um post-etching. Similarly, Rz, the measure of the difference between
the tallest peak and deepest valley, was reduced from 46 um to 13 pm. These reductions
confirm the efficacy of the STEP technique in diminishing the surface roughness of SS316L
components produced by LPBF. The etching process has effectively leveled the surface,
dissolving the peaks, as evidenced by the comparative surface topography maps in Figure 2.
The as-built SS316L displays numerous sharp red peaks, which are substantially reduced
in the as-etched sample.

Microstructural analysis of the as-etched SS316L steel surface was conducted using
SEM on the cross-section of each sample, with micrographs captured in backscattered
electron mode presented in Figure 3. Before the application of the STEP technique, the
cross-section of the SS316L disc (Figure 3a) is clean without any secondary phases. On the
other hand, numerous black features, rich in Cr as determined by EDS (Figure 4), can be
observed near the surface along both vertical and horizontal edges (Figure 3b,c). These
features appeared as a continuous network in certain areas and as isolated particles adjacent
to the networks. The black features exhibited a higher Cr content (points 1-5) compared to
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the Cr composition in the bulk sample (points 6-9), as detailed in the accompanying table
(Figure 4). Consequently, it is inferred that these near-surface features are M3Cg (M: Cr, Fe)
particles remaining post-STEP application to SS316L steel. These particles originated during
the sensitization heat treatment shown in Figure 1b, which preceded etching to diminish
the corrosion resistance of the surface.

100 um

Figure 3. SEM micrograph of the (a) cross-section of the SS316L disc before application of STEP
and those obtained from the (b) horizontal and (c) vertical edges of the as-etched SS316L steel show
clusters of black features near the surface formed due to STEP.

Composition (wt.%)

Point No.

Cr Fe Mn Ni Si
1 1939 | 6423 | 529 | 1000 | 1.09
2 2972 | 57.70 | 147 | 1072 | 069
3 2123 | 63.74 | 1.75 | 1154 | 173
4 2055 | 6507 | 129 | 1237 | 072
5 2296 | 5758 | 74 | 1052 | 154
6 1692 | 6843 | 133 | 1279 | 052
7 1874 | 67.05 | 1.18 | 12.56 | 047
20) [m 8 1783 | 6767 | 128 | 127 | 051

Figure 4. Composition measurements performed using EDS at different points from the surface to
the bulk of the as-etched SS316L steel show that the black features correspond to the M3Cg phase
with a higher chromium content than the bulk (refer to the table).

Carbon content on the etched sample surface was quantified using EPMA, as shown
in Figure 5. EPMA measurements spanned three separate lines, each about 275 um long,
starting from the surface and moving into the sample bulk, as shown in the SEM image
(Figure 5a). Along these lines, nearly 100 point measurements were performed, spaced 3 pm
apart. Calculating the standard deviation of carbon content from multiple measurements
provides a comprehensive understanding of compositional variations near the surface.
Figure 5b displays the carbon composition gradient from the surface to the bulk, determined
by EPMA, and includes the associated standard deviation. Notably, the surface carbon
content is almost triple that of the bulk. These measurements underscore the importance
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of a decarburization heat treatment post-etching to enhance SS316L properties produced
via LPBE. Following the self-terminating etching of SS316L steel made with LPBF, the
decarburization heat treatment fulfills two functions: it homogenizes the carbon content
and dissolves M»3Cg precipitates near the surface. This highlights the need for meticulous
design of the decarburization to reduce the need for extensive experimental work to
ascertain the optimal conditions for post-heat treatment.

( )0‘10 Surface_p Bulk

o

o

(<)
|

006{

0.04 1

Composition of carbon (wt.%)
[e)
S
N

0.00-5 . ; . .
0 50 100 150 200
Distance (um)

Figure 5. (a) SEM micrograph of as-etched SS316L steel showing the location of lines where the
EPMA measurements were performed to determine the carbon content (hardness indents served as
markers) and (b) variation in carbon content from the surface of the as-etched SS316L steel to the
bulk showing three times increase in the composition of carbon close to the surface.

The decarburization treatment design was carried out using diffusion kinetic simula-
tions with the Diffusion Controlled Transformations (DICTRA) module in the Thermo-Calc
software (version 2021b). The main goal was to pinpoint the optimal time and temperature
to reduce the accumulated surface carbon. Although the precise determination of heat
treatment parameters is complex due to microstructural intricacies, DICTRA simulations
offer essential guidance for preliminary experimental setups. It is crucial to acknowledge
that these simulations cannot accurately model the dissolution of the M3Cg phase, as the
necessary mobility parameters are not included in the commercially available multicompo-
nent mobility databases. Figure 6 illustrates the predicted carbon content variation relative
to distance based on different time and temperature scenarios from kinetic simulations.
According to thermodynamic calculations, this figure also shows the calculated phase frac-
tions at varying temperatures for SS316L powder. The required time to equalize the carbon
content from the surface to the bulk was found to be 600, 120, and 60 s at temperatures of
900, 1000, and 1100 °C, respectively, as shown in Figure 6a—c. Additionally, the dissolution
temperature for My3Cq was identified at 960 °C (Figure 6d). Consequently, a practical
temperature for the decarburization heat treatment was set at 1000 °C, which exceeds the
My3C¢ dissolution temperature and prevents excessive grain growth. At this temperature,
the carbon level reduction to the desired amount was calculated to take 120 s. Nonetheless,
a longer duration may be required to dissolve M»3Cq particles completely. Hence, while
kinetic and thermodynamic simulations have ascertained the ideal decarburization tem-
perature, experimental validation is imperative to determine the precise duration needed,
especially considering the complexities of M3Cg4 dissolution.
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Figure 6. Carbon content as a function of distance for different times determined using kinetic
simulations at (a) 900, (b) 1000, and (c) 1100 °C showing the optimum decarburization times as well
as (d) calculated phase fraction as a function of temperature for SS316L steel powder showing the
dissolution temperature of M3Cg phase.

3.2. Application of Designed Decarburization and Property Evaluation

Having established the optimal decarburization temperature as 1000 °C through prior
computational analysis, it is now essential to refine our understanding of the ideal decar-
burization time through systematic experimental investigations. Moreover, determining
the suitable atmosphere for the decarburization process is crucial. Consequently, decar-
burization was carried out at 1000 °C under two distinct atmospheres: flowing air and
vacuum, each for varying durations (30, 60, and 120 min). Flowing air was selected due
to its well-documented efficacy in reducing carbon content in steels. This is achieved
through the formation and subsequent release of CO gas generated by the reaction be-
tween the excess surface carbon and atmospheric oxygen. The composition maps, obtained
through EDS analysis, for the SS5316L sample subjected to decarburization at 1000 °C for
30 min in flowing air, as shown in Figure 7a, clearly indicate the presence of a substantial
layer of Cr-rich oxide, whereas in the vacuum atmosphere, no significant oxidation was
observed (Figure 7b). Given that the sample subjected to the shortest decarburization
duration already exhibited oxidation, it is reasonable to assume that samples exposed
to longer decarburization times (60 and 120 min) would also experience comparable or
even worse surface oxidation. This observation highlights the inadequacy of decarburiz-
ing SS316L steel in a flowing air environment, primarily attributed to the formation of a
substantial Cr-rich oxide layer on the steel surface.
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Figure 7. Composition maps obtained using EDS from the surface of SS316L decarburized after
etching at 1000 °C for 30 min in (a) flowing air showing the formation of a Cr-rich oxide layer
and (b) in a vacuum atmosphere without any significant oxidation.

Conversely, SS316L samples decarburized at 1000 °C for various durations (30, 60, and
120 min) in a vacuum atmosphere exhibited no oxide layer formation on the surface. Addi-
tionally, EPMA was employed to measure the surface carbon content post-decarburization.
Measurements were taken along three distinct lines, mirroring the approach used for the
as-etched sample, to ascertain the standard deviation in carbon content. As shown in
Figure 8, the carbon content gradient from the surface to the bulk of the decarburized
samples is presented alongside the surface carbon content of the as-etched sample for
comparison. The data clearly indicate that the surface carbon content aligns with the bulk
composition for all SS316L samples decarburized at 1000 °C in a vacuum, regardless of
the duration. This confirms the efficacy of the decarburization temperature determined
through computational analysis. While each tested duration successfully reduced the
surface carbon content of SS316L steel, additional microstructural analysis is necessary to
identify the optimal decarburization time. In addition, it is evident from the XRD analysis
that the matrix phase is FCC, with the peaks observed corresponding to that phase.

Inverse pole figure (IPF) maps, generated using EBSD to reveal the grain structure of
55316L samples decarburized at 1000 °C in a vacuum for varying durations, are displayed
in Figure 9. These maps show that post-decarburization grains are more rounded compared
to the columnar grains typically formed during the LPBF process in SS316L steel, as seen in
Figure 9a—d. The aspect ratios (length/width) of a minimum of 20 grains measured using
the Image] software (version 15.3) for the as-built sample and the sample decarburized for
30 min were found to be 5.88 & 1.07 and 1.80 &£ 0.58, respectively, proving the roundness
of the grains. This change is attributed to the sensitization treatment conducted at 915 °C.
Average grain sizes for the various decarburization conditions were calculated from IPF
maps across three distinct regions using the TSL-OIM software (version 7). The grain
size plot indicates significant coarsening in the sample decarburized for 120 min, with
an approximate 10% increase in grain size relative to the 60 min sample. Conversely, the
sample decarburized for 60 min exhibits a modest increase in grain size (~2%) compared
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to the 30 min sample. Therefore, a decarburization duration of 120 min at 1000 °C in a
vacuum is not optimal due to the pronounced grain coarsening.
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Figure 8. (a)Variation in carbon content along with standard deviation for the as-etched sample and
the samples decarburized in a vacuum at 1000 °C for different times showed that the accumulated
carbon in the surface evened out for all the time periods tested in this work and (b) XRD analysis of
the as-etched sample and sample decarburized for 60 min at 1000 °C showing an FCC matrix phase.
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Figure 9. IPF maps for SS316L samples in (a) as-built condition and decarburized at 1000 °C in a
vacuum for (b) 30, (c) 60, and (d) 120 min as well as (e) plot for variation in grain size as a function of
decarburization time obtained using EBSD measurements showing that the grains in decarburized
samples are more rounded than the as-built sample and excessive grain coarsening occurs after
decarburization for 120 min.

Subsequent microstructural analysis near the surface of SS316L steel decarburized
for 30 and 60 min was performed to determine the optimal decarburization time between
these two conditions, as illustrated in Figure 10. The SEM micrograph near the surface
of the 30 min decarburized sample reveals black features akin to those in the as-etched
sample (Figure 4), corresponding to M»3Cg carbides, as shown in Figure 10a. Although the
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surface carbon content has decreased, a considerable number of M,3Cg particles remain
near the surface after decarburization at 1000 °C for 30 min in a vacuum. In contrast,
the microstructure near the surface of the 60 min decarburized sample shows no such
features, as depicted in Figure 10b. Additionally, a high-magnification image (Figure 10c)
indicates the presence of a few small, discontinuous My3Cg particles at grain boundaries
and within grains, which is unlikely to impact the properties significantly. Therefore, based
on grain structure analysis after microstructural characterization near the surface, the
optimal decarburization time at 1000 °C in a vacuum is established at 60 min.

Figure 10. SEM micrographs from the surface of the sample decarburized in a vacuum at 1000 °C
for (a) 30 min, (b) high magnification micrograph of the region close to the surface of the sample
decarburized for 30 min showing large amounts of undissolved M;3Cg particles, (c) surface of the
sample decarburized in a vacuum at 1000 °C for 60 min showing that there is an effective dissolution
of the M3Cg particles forming large clusters, and (d) high-magnification micrograph of the region
close to the surface of the sample decarburized for 60 min showing the presence of a minor amount
of discontinuous Mp3Cgy in grain boundaries and within the grains.

To evaluate the effectiveness of the designed decarburization heat treatment to be
applied after self-terminating etching in this work, the mechanical properties of SS316L
in different conditions were determined. The engineering stress—strain curves and the
tensile properties of as-built, as-etched, etched + decarburized, and wrought conditions
are shown in Figure 11. It is to be noted that all the tensile bars were homogenized at
1200 °C for 1 h before application of the self-terminating etching process for the follow-
ing reason. The as-built microstructure is highly columnar for additively manufactured
5S316L (Figure 9a), allowing the carbon to penetrate deep into the alloy and increase the
intergranular corrosion rate. This results in higher material loss and a rougher surface
with sharp crack initiation sites. After applying the homogenization treatment, the grains
become more rounded (Figure 9). Hence, any intergranular corrosion follows a rounded
path that reduces the roughness and number of crack initiation sites. The homogenization
temperature and time were chosen based on the report by Fonda et al. [25], where they
have proved that homogenization of additively manufactured SS316L at 1200 °C for 1 h
leads to recrystallization of the columnar grain structure and the least grain coarsening.

From the tensile properties summarized in Figure 11, it can be observed that the
yield strength drops drastically by ~30% in comparison with the as-built sample with
the application of STEP treatment to SS316L steel. However, the ultimate tensile strength
and ductility remained unaffected. This behavior can be attributed to the formation of
surface cracks in the as-etched samples due to the presence of a high density of M3Cg
carbides on the surface, as shown in Figure 4, which will reduce the yield strength. With
the application of the designed decarburization heat treatment after STEP, it can be found
that the yield strength improved such that it is close to its corresponding value in the
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as-built condition, and the ultimate tensile strength increased substantially. The static
toughness, determined by calculating the area under the stress—strain curve in the plastic
region, was also the highest in the etched + decarburized condition. The yield strength and
ultimate tensile strength of the as-etched and etched + decarburized conditions were much
higher than the corresponding values of wrought SS316L, proving that STEP treatment
does not downgrade the tensile properties excessively. From the fracture surfaces observed
using SEM (Figure 12), it can be observed that ductile fractures with dimples of varying
sizes are typical of SS316L for all conditions. Therefore, the designed decarburization heat
treatment successfully improved the properties of additively manufactured SS316L after
surface treatment, such as STEP. This also necessitates developing an appropriate post-heat
treatment process to recover the properties that are downgraded due to surface treatment.

800

Strain rate: 1073 sec™

T 700-
& -
=
<= 600
8 ]
© 500+
el
7] ]
o 400 -
[
® 300-
3 .
E 1 Condition YS uTsS Elongation | Static toughness
87 200 (MPa) | (MPa) (%) (M)
L ] As-built  |444 + 45| 564 + 53 74 +0.7 137.06
1 00 _ As-etched |323+22|570+ 15 73+1.4 195.81
Decarburized | 418 + 31| 660 + 55 53+0.8 229.03
0 1 Wrought 250 + 40| 520 + 30 90 +0.7 104.44
T T T T T T T T T
0 20 40 60 80 100

Engineering strain (%)

Figure 11. Engineering stress—strain curves and the tensile properties of as-built, as-etched, etched +
decarburized, and wrought SS316L steel show that the designed decarburization heat treatment has
helped in restoring the strength that was reduced due to the application of the etching treatment.

As-built ‘ As-Etched

Figure 12. SEM micrographs of the fracture surface in (a) as-built, (b) as-etched, (c) etched + de-
carburized, and (d) wrought conditions after tensile tests showing ductile fracture with dimples in
all conditions.
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4. Conclusions

This study applied STEP to SS316L steel produced via the LPBF process, successfully
reducing surface roughness from 7 pm in the as-built state to 2 pm post-etching. Addition-
ally, residual Mp3Cy carbide particles were detected at the edges, and the surface carbon
content was found to be threefold that of the bulk after STEP. Kinetic simulations, utilizing
CALPHAD-based DICTRA with input from the as-etched carbon, were conducted to design
a decarburization strategy to eliminate the excess carbon and dissolve the My3C¢ particles
near the surface. The optimal decarburization temperature was established at 1000 °C
through DICTRA simulations in the Thermo-Calc software (version 2021b). Experimental
decarburization at 1000 °C revealed that flowing air led to the formation of a Cr-rich oxide
layer, rendering it ineffective. In contrast, vacuum decarburization aligned the surface
carbon content with the bulk across all tested durations; however, grain coarsening was
significant after 120 min, and Mp3Cg particles did not dissolve after 30 min. Thus, the ideal
decarburization time was determined to be 60 min at 1000 °C in a vacuum. Although the
yield strength decreased markedly following STEP compared to the as-built SS316L steel,
the subsequent tailored decarburization restored the tensile properties to levels compara-
ble to the as-built condition. This emphasizes the critical importance of a well-designed
post-heat treatment following surface modification to enhance the mechanical properties of
additively manufactured alloys.
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