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Influence of Processing Parameters, Feedstock and Heat Treatment on the
Microstructure of PBF-LB 316L Stainless Steel

Petter Jacobsson

Department of Industrial and Materials Science

Chalmers University of Technology

Abstract

The increasing demand for reliable and rapidly deployable spare parts in highly
regulated industries such as nuclear power has accelerated the interest in additive
manufacturing (AM) of stainless steels. In this work, the influence of heat treat-
ment, process parameters, powder type and part geometry on the microstructure
of powder bed fusion-laser beam (PBF-LB) produced 316L stainless steel was in-
vestigated. Samples using both vacuum induction gas atomized (VIGA) and gas
atomized (GA) were subjected to stress relieving (SR) and solution annealing (SA)
and a combination of these treatments. Microstructural evolution was characterized
primarily using light optical microscopy (LOM) and quantitative image analysis,
with selected samples additionally characterized by EBSD.

The results showed that stress relieving preserved the characteristic anisotropic melt
pool and columnar grain structures formed during printing, while SA at 1200 °C
promoted varying degrees of recrystallization depending on processing route and
powder feedstock. Samples produced using GA powder exhibited extensive recrys-
tallization and annealing twin formation after SA, whereas VIGA samples largely
retained the original grain morphology despite identical HT schemes. Variations in
laser power influenced melt pool geometry and porosity formation, but only limited
effects on recrystallization behavior were observed. Part geometry showed minimal
influence on recrystallization, although thin wall specimens were more susceptible
to distortion during quenching. A custom image analysis method based on Frangi
filtering was also developed to quantify grain morphology from etched LOM images.

The findings demonstrate that recrystallization behavior in PBF-LB 316L SS is
strongly dependent on the combined effects of feedstock condition, thermal his-
tory and processing route. This study highlights the complexity of grain boundary
engineering in the anisotropic, non-equilibrium microstructure of additively man-
ufactured stainless steels and contributes to the understanding of post-processing
strategies for the tailoring microstructure of AM components intended to replace
conventional 316L parts in nuclear power plants.
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Introduction

Rapid development in recent years has made additive manufacturing (AM) a viable
alternative for production of a variety of different types of items, often matching and
sometimes exceeding the properties of conventionally produced parts [1]. Among the
available AM techniques, powder bed fusion — laser beam (PBF-LB) is particularly
well established for austenitic stainless steels in industries such as automotive and
aerospace due to its ability to produce net-near-shape parts with complex geome-
tries and minimal material waste [2].

The nuclear industry presents a compelling use case for PBF-LB. Components within
nuclear power plants are subject to stringent material qualification requirements,
and replacement parts are not always readily available, creating a trade-off between
maintaining costly inventory and risking extended downtime [3]. The International
Atomic Energy Agency estimated in 2019 that a 1 GW plant loses approximately
€1.2 million in revenue per 24 h of downtime [4]. On-demand fabrication of spare
parts by PBF-LB could significantly reduce both lead times and cost compared to
conventional manufacturing [5, 6]. Among candidate materials, 316L stainless steel
is particularly relevant due to its corrosion resistance, mechanical performance in
low to medium temperature ranges and established history in nuclear service [7].

However, PBF-LB produced 316L deviates significantly from its wrought coun-
terpart. The rapid heating and cooling cycles inherent to the build process pro-
duce a highly anisotropic, non-equilibrium microstructure characterized by colum-
nar grains, elevated residual stresses and a high density of geometrically necessary
dislocations (GND) [8]. These features compromise performance in the as-built (AB)
state and must be addressed through post-process heat treatment before the compo-
nent can meet service requirements [7]. The recrystallization behavior of PBF-LB
316L during heat treatment is sensitive to the combined effects of powder feed-
stock, process parameters and thermal history, and remains insufficiently understood
[9, 10]. In particular, the role of powder type and the differences in inclusion con-
tent between two conventional atomization routes, gas atomized (GA) and vacuum
induction gas atomized (VIGA), has received limited attention. Furthermore, grain
boundary engineering (GBE), which aims to manipulate the grain boundary (GB)
structure by, inter alia, increasing the fraction of low-energy 33 twin boundaries
to improve resistance to corrosion and stress corrosion cracking, has only recently
begun to be explored in the context of AM-produced near-net-shape components,
where conventional deformation based GBE routes are not applicable [9, 11, 12].
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This master’s thesis work was conducted in collaboration with Vattenfall within
the frame of project roBust post-pRocessing of AdditiVEly manufactured compo-
nents (BRAVE) as part of Materials Chemistry (MPMCN) and aims to address the

following research questions:

o How is the microstructural evolution during heat treatment of PBF-LB 316L
SS influenced by process parameters and powder feedstock?

e Does a stress relief cycle affect the recrystallization during the subsequent
solution annealing of PBF-LB 3161 SS?

e Does part geometry significantly influence recrystallization behavior of PBF-
LB 316L SS?

o (Can a custom image analysis method based on light optical microscopy provide
grain size measurements consistent with EBSD for PBF-LB microstructures?
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Theory

2.1 Additive manufacturing

Additive manufacturing (AM), commonly referred to as 3D printing, relies on build-
ing a product by adding material layer by layer, unlike subtractive manufacturing
which involves the removing of material from an oversized starting block to achieve
its final shape. AM can be used with a wide variety of materials with a few different
techniques such as plastic extrusion and powder bed fusion. [1]

AM in general has the capability to produce parts of complex geometries that are
not possible by conventional manufacturing (CM) with high customizability, while
producing almost no waste. It can revolutionize entire supply chains as the time
from prototype development to final component can be significantly reduced [2].
Metal components produced by AM can however be affected by; higher than opti-
mal porosity, poor surface finish and residual stresses, which influence mechanical
properties including strength, corrosion resistance and fatigue performance. There
are several strategies to address this such as tuning the production parameters and
post-processing [13] and with recent development, fatigue performance of AM pro-
duced items are comparable to CM for some alloys [14].

2.1.1 Powder Bed Fusion - Laser Beam (PBF-LB)

Powder Bed Fusion — Laser Beam (PBF-LB) is an advanced AM method for printing
alloys that involves layering powder on the bed and with laser selectively melting
and fusing the powder in the required pattern, the bed is lowered by one layer and
new powder is coated on top and the process is repeated. Perpendicular to the
recoater direction, is a constant flow of inert shielding gas [2]. This can be viewed
in Fig. 2.1. The rapid heating and cooling in multiple cycles will often promote an
anisotropic metastable microstructure. Printing parameters (Section 2.1.3) such as
scan speed, laser power and scanning strategy such as hatch spacing (the length
between two scan lines) are examples of parameters that can be tuned to alter the
microstructure [9, 11, 15-17]. To further refine the microstructure after printing,
heat treatment (HT) is common practice [18-20].
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Figure 2.1: Schematic illustration of a generic PBF-LB system. After each build
cycle, the build platform is lowered by one layer height. New powder is raised from
the dispenser and spread across the build area by the recoater. Excess powder is
captured by the overflow collector, and the laser selectively melts the newly deposited
layer. The process is repeated layer by layer until the print is complete.

2.1.2 Powder

AM processes based on PBF-LB rely on layers of alloy powder being put down in
thin, even layers to maintain consistency and integrity when melted by the laser.
As a result, the characteristics of the powder feedstock are important for ensuring
print quality. Powder geometry influences spreadability and packing density, while
the chemical composition of the powder affects the composition and properties of
the final product. Both gas atomized (GA) and vacuum induction gas atomized
(VIGA) powders are manufactured by atomizing a stream of molten alloy using high
pressure inert gas jets, producing uniform near spherical particles. The production
differs slightly in melting, where GA is melted in open air before atomization, VIGA
is melted under a vacuum, both exhibit good flowability and packing density, and
therefore high printability [21, 22]. Unmelted and overflow powder (see Fig. 2.1)
is no longer regarded virgin after first use but can be reused. Despite the care
taken to keep powder in an inert atmosphere at most times, the powder gradually
deteriorates slightly and cannot be reused indefinitely due to a build-up of surface
oxides [23].

2.1.3 PBF-LB of 316L SS

316L stainless steel is an alloy widely processed in PBF-LB, owing to its good print-
ability, well documented mechanical properties and broad industrial relevance [15].
Its corrosion resistance and mechanical properties make it particularly attractive for
nuclear applications, as discussed in the introduction, where the ability to produce
near-net-shape components on demand presents a compelling alternative to conven-
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2. Theory

tional manufacturing routes [3, 5].

The microstructure of PBF-LB produced 316L deviates substantially from its wrought
counterpart. In conventionally produced 316L, thermomechanical processing and
solution annealing yield a recrystallized grain structure with low residual stresses,
though grain morphology and crystallographic texture vary with processing route,
ranging from equiaxed with near-random texture to elongated grains with a clear
texture [24]. PBF-LB produces a highly anisotropic, non-equilibrium microstructure
as a consequent of the rapid heating and cooling cycles inherent to the process [7].
Solidification occurs epitaxially along the build direction, following the steep thermal
gradient, resulting in columnar grains that can span multiple melt pool layers [9, 11].
Within these grains, a characteristic cellular substructure forms, outlined by disloca-
tion networks and decorated with nanoscale oxide and silicate inclusions segregated
from the melt [25]. The rapid heating and cooling also promotes a high density of
geometrically necessary dislocations (GND) and significant residual stresses in the
as-built (AB) state [13, 26], both of which influence the response to heat treatment.
These features collectively result in mechanical properties that differs from wrought
316L [19].

The AB microstructure is sensitive to the processing parameters used during print-
ing. Laser power, scan speed and hatch spacing collectively determine the volumetric
energy density delivered to the powder bed, which in turn governs melt pool geom-
etry, solidification rate and the resulting grain morphology [11, 15]. Higher laser
power or lower scan speeds produce deeper melt pools and trap gases (so-called
keyhole porosity) and produce more pronounced epitaxial grain growth, while in-
sufficient energy input can lead to lack-of-fusion (LoF) pores bonding between the
layers becomes incomplete [13]. Despite the extensive literature on PBF-LB 3161,
the combined influence of process parameters, powder feedstock and thermal history
remains insufficiently understood [8, 27]

2.2 Heat treatment (HT)

HT is a fundamental part of the post processing of virtually any metallic part to tai-
lor the microstructure and properties trough controlled thermal cycles. By adjusting
temperature and holding time, internal stresses can be relaxed, and recrystalliza-
tion and grain growth can be promoted. HT leads to changes in grain boundary
characteristics and microstructure which directly influence mechanical properties,
corrosion resistance and thermal stability [28]. For PBF-LB produced parts HT is
particularly important due to in AB state is a non-equilibrium anisotropic state with
high level of residual stresses [7, 29].

This forms the basis of GBE in AM, which aims to control the changes in mi-
crostructure to achieve the required result.
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2.2.1 Grain Boundary Engineering (GBE)

GBE refers to the deliberate manipulation of grain boundary (GB) structure, con-
ventionally through complex thermal and deformation cycles, to achieve recrystal-
lization and improve the properties of the material [9, 11, 12]. Unwanted char-
acteristics of GBs in polycrystalline materials can lead to deterioration in multiple
properties, including susceptibility to intergranular corrosion, stress corrosion crack-
ing, stress localization and creep-induced GB fracture, particularly when high angle
random GBs are sensitized [30]. As PBF-LB produces a near-net-shaped product,
conventional GBE by deformation cannot be applied without compromising the de-
sign, therefore, new approaches are being developed. Challenges that these poses
include achieving satisfactory recrystallization and managing solute interactions.
The high energy and strain metastable microstructure of the PBF-LB prints is be-
lieved to lower the thermal stability, thereby promoting recrystallization without
deformation [9].

Dislocations can be broadly classified into statistically stored dislocations (SSD) and
geometrically necessary dislocations (GND). SSDs are randomly distributed within
the material and arise from homogeneous plastic deformation and does not produce
a net lattice curvature. While GNDs arise from non-uniform plastic deformation
or rapid local heating and cooling. GND accommodate strain gradients within the
material and are required to maintain lattice continuity [31]. In AM austenitic
steel, GND account for most of the dislocations [19, 32]. By adjusting the printing
parameters, the microstructure can be locally controlled, enabling recrystallization
to occur in specific regions after HT while other areas remain unaffected. This is
achieved by introducing a high density of GND in targeted areas, which reduces
the thermal stability in that area and thus promotes recrystallization locally. The
GNDs can be introduced by increasing the number of thermal cycles the material
goes through during a print [9, 11, 17].

2.2.2 Strengthening mechanisms

There are multiple strengthening mechanisms in austenitic stainless steels, which
arise from interactions that hinder dislocation movement. Since plastic deformation
mainly occurs through the movement of dislocations, hindrance of this results in
increased yield strength.

2.2.2.1 Grain boundary strengthening

One important mechanism is grain boundary strengthening described by the Hall-
Petch relationship, which relates grain size to material strength. GBs can be cat-
egorized as low angle (< 10°) and high angle (> 10°) which is defined by the mis-
orientation of the two grains that meet and form the GB. Low angle GBs consists
mostly of arrays of edge dislocations while high angle GB require a more complex
combination of dislocations and acts as obstacles to dislocation motion, resulting in
accumulation of dislocations at GBs [33]. Hall-Petch relation is explained by:

6



2. Theory

Oy = Uo—i-lealB/Z (21)

where Dgp is the grain size, o, is the yield stress related to the grain size and og
and ki are constant. og is a friction stress caused by solutes but not dislocations
[34]. In PBF-LB produced 316L, the fine and anisotropic grain structure contributes
to grain boundary strengthening, however recrystallization and grain growth during
heat treatment can coarsen the grain structure and thereby reduce the contribution
of this mechanism [19].

2.2.2.2 Solid solution strengthening

Solid solution strengthening in 316L arises from the presence of alloying elements,
both substitutional and interstitial. Chromium, nickel and molybdenum are dis-
solved in the austenitic iron matrix while interstitial solutes situate between the
atoms that make up the lattice. The increase in strength comes from the difference
in size between the solute atoms and the solvent iron atoms, which creates local
lattice distortions and associated stress fields that impede dislocation motion (as
seen in Fig. 2.2 (a)) [35].

2.2.2.3 Dislocation strengthening

Dislocation strengthening arises from interaction between moving dislocations and
existing dislocation structures within the material. In 316L SS produced by PBF-
LB the rapid heating and cooling leads to a high density of dislocations arranged in
networks, cell structures, and entangled configurations. These dislocation structures
act as strong obstacles to further dislocation motion, increasing strength of the
material [36].

2.2.2.4 Orowan strengthening

Orowan strengthening occurs when dislocation lines encounter particles or inclusions
within the bulk material. Since these obstacles are non-shareable, the dislocations
cannot pass through but instead bow around the particles, leaving behind disloca-
tion loops. This process requires an increased applied stress and thereby contributes
to strengthening [35]. An illustration of this can be seen in Fig. 2.2 (d). Finely
dispersed particles enhance the Orowan strengthening effect, as reduced spacing be-
tween obstacles increases the resistance to dislocation motion. However, inclusions
tend to coarsen and agglomerate due to Ostwald ripening, which increases the in-
terparticle spacing and reduces the strengthening effect [19, 21]. This coarsening is
promoted by slow cooling after HT [7].
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Figure 2.2: Strengthening mechanisms (a) solid solution, (b) GB strengthening
with high angle grain boundary (HAGB) in green and low angle grain boundary
(LAGB) in blue, (c) edge dislocation that acts as dislocation strengthening and (d)
dislocation line being hindered by Orowan strengthening. Inspired by [35].

These strengthening mechanisms depend on the thermal history and are not inde-
pendent of one another but are instead interrelated. However, as shown by Li et
al., their contributions can be considered approximately additive [19]. By estimat-
ing the strengthening effect from each mechanism and summing them, a reasonable
approximation of the material’s overall strength can be obtained [19].

2.2.3 Annealing twins

Annealing twins are a common microstructural feature in FCC materials with low
stacking fault energy, including austenitic stainless steels such as 316L. In 316L SS,
the proportion of twin boundaries in conventionally solution annealed material typ-
ically exceeds 30 %. Their formation is generally contributed to growth accidents
during GB migration, wherein a local change in stacking sequence occurs as atoms
are incorporated into the advancing crystal lattice. For this mechanism to operate,
the GB must migrate in the opposite direction to its center of curvature, a condi-
tion that can arise during recrystallization but is less typical during normal grain
growth. The precise formation mechanism of annealing twins remains an active
area of research, with multiple models proposed [37]. Annealing twins are defined
by a specific crystallographic orientation relationship between the parent grain and
the twinned region, corresponding to a 33 coincidence site lattice (CSL) boundary
with a misorientation of 60 © about the (111) axis [38]. During the beginning of the
recrystallization regime, twin formation is favored by high stored strain within the
material [39]. Annealing twins can also influence mechanical properties and corro-
sion resistance. X3 twin boundaries on {111} planes are fully coherent interfaces
with significantly lower interfacial energy than other HAGB. In 316L, samples with
a high fraction of CSL boundaries exhibit sustained strain hardening and enhanced
ductility, partially attributed to a higher barrier effect of twins [40].

2.2.4 Second phase particles

The impact of second phase particles on recrystallization is complex, as multiple
mechanisms interact simultaneously during solution annealing [41]. For polycrys-
talline materials, GB migration is the primary mechanism by which recrystallization
and grain growth occur. The driving force for this migration is the reduction in to-
tal GB energy associated with increasing mean grain size. However, when second

8
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phase particles are present within the microstructure, they exert a retarding force
on migrating GBs, a phenomenon first rationalized by Smith [42] and later detailed
by Zener [43]. The physical basis of this drag is that a GB intersecting a particle lo-
cally reduces the boundary area, and thereby its energy. Detaching from the particle
requires recreating that boundary area, imposing an energetic penalty that impedes
further boundary motion. This mechanism is known as Smith-Zener pinning [44].
In PBF-LB produced 316L, the rapid melting and solidification of successive pow-
der layers promotes the formation of a high density of nanoscale oxide and silicate
inclusions, distributed both within grains and along grain boundaries [45], which
act as Smith-Zener pinning agents and contribute to the sluggish recrystallization
kinetics observed in PBF-LB 316L compared to its wrought counterpart [8].

Conversely, coarse second phase particles exceeding a critical size of approximately
1 pum can promote recrystallization through particle stimulated nucleation (PSN)
[46]. In PSN, the local deformation zone surrounding a sufficiently large particle
contains a high dislocation density and steep crystallographic orientation gradients,
providing the thermodynamic and kinetic conditions necessary for nucleation of a
new grain at the particle interface. This accelerates recrystallization and tends to
produce a finer grain size and a near-random texture compared to recrystallization
by other nucleation mechanisms [41].

In practice, both mechanisms may operate concurrently during solution annealing of
PBF-LB 316L. Fine nanoparticles pin grain boundaries and retard recrystallization,
while simultaneously coarsening via Ostwald ripening as the annealing temperature
is maintained. As particles grow, the Smith-Zener pinning pressure decreases and
should any particles exceed the PSN threshold, nucleation at those sites becomes
possible. The net recrystallization behavior is therefore sensitive to the initial par-
ticle size distribution [8].

2.2.5 Stress relieving (SR)

Stress relieving is a heat treatment process aimed at reducing residual internal
stresses while preserving the overall microstructure. In PBF-LB-produced parts,
significant residual stresses develop in the as-built condition due to the steep ther-
mal gradients inherent to the process, resulting in an anisotropic and metastable
microstructure. When left unmitigated, these stresses may contribute to dimen-
sional instability or cracking [13, 29]. SR of austenitic stainless steels is typically
performed either below 480°C or in the range of 900-1120°C, with cooling by furnace
cooling, air cooling or water quenching depending on part geometry and distortion
sensitivity [47, 48]. Prolonged exposure in the intermediate range of 480-900°C is
generally not recommended as it carries a risk of grain boundary carbide precipita-
tion and sensitization, though susceptibility is strongly dependent on carbon content
and time at temperature, low carbon grades like 316L are generally not susceptible
to carbide precipitation [47, 49].



2. Theory

2.2.6 Solution annealing (SA)

Solution annealing is a HT process commonly applied to austenitic stainless steels
such as 316L to modify the microstructure and restore ductility. The process involves
heating the material to 0.75-0.9 T,, where the alloying elements fully dissolve in
the austenitic matrix and particle inclusions are distributed. Followed by quenching
to prevent the alloying elements migrating to GBs and particle inclusions to clus-
ter, thus retaining the solid solution and Orowan strengthening mechanisms and
suppresses carbide formation [7]. Conventional 316L is solution annealed at 1093°C
with soaking times depending on part thickness followed by water quenching, or if
the part is especially prone to distortion polymer quenching [48].

The theoretical framework outlined in Chapter 2 forms the basis for the experi-
mental design in this work. While the microstructural response of PBF-LB 316L
to heat treatment has received increasing attention, the governing parameters of re-
crystallization behavior remain an active area of research. Two powder atomization
routes, heat treatment conditions, laser power and part geometry were therefore
selected to systematically investigate these effects in the context of near-net-shape
components.
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Methods

3.1 Prints

Two separate print campaigns were investigated. Print A was used to evaluate the
influence of process parameters and part geometry in material produced from VIGA
powder. Based on the observations from Print A, a second print campaign (Print B)
was designed to investigate the influence of heat treatment, powder feedstock and
part geometry using GA powder while maintaining constant process parameters.

Figure 3.1: Build plates of the two prints, the green boundaries indicate the
samples included in this study. (a) print A, printed using VIGA powder by external
manufacturer and (b) print B, printed using GA powder in-house.

3.1.1 Print A

Table 3.1: Typical chemical composition of VIGA nuclear grade powder used in
this study, supplied by Héganas AB [50].

316L NG 15-63 nm VIGA
Element Cr | Ni| Mo | Co Fe
Content [wt. %] | 17.5 | 12 | 2.6 | 0.01 | Balance




3. Methods

Print A was printed using VIGA powder (Table 3.1) in 3DSystems DMP Flex 350
(beam ¢ = 62 pm) (Fig. 3.1a), 10 mm cubes and 2x10x10 mm thin walls were
included. The printed parts were stress relieved at 900 °C for 30 min under vacuum
followed by slow cooling at a rate of 1.5 °C/min prior to being dismounted from the
build plate. If solution annealed (1200 °C for 4 h), this treatment was also carried
out under vacuum. The laser power was varied from 200 W to 350 W between the
different objects during the print. For studies other than process parameter study,
300 W laser power was used as standard parameter since this is by the manufacturer
recommended setting. These samples were printed and heat treated by an external
manufacturer and were received in their respective conditions, as shown in Table 3.2.

Table 3.2: Samples included in print A with stress relieved (SR) at 900 °C for
30 min and solution annealing (SA) at 1200 °C for 4 h.

Sample group | HT condition | Laser power [W]
Print A SR 200
Print A SR 300
Print A SR 350
Print A SR+SA 200
Print A SR+SA 300
Print A SR+SA 350

3.1.2 Print B

Table 3.3: Typical chemical composition of GA powder used in this study, supplied
by Héganéds AB [50].

316L 20-53 pm GA
Element Cr|{Ni Mo |Mn| Si| C O Fe
Content [wt. %] | 17 | 12 | 2.5 | 1.5 | 0.8 | 0.01 | 0.06 | Balance

Print B was produced using GA powder (Table 3.3) in the EOSM290 (beam ¢ =80 pym)
system (Fig. 3.1b). The printed geometries included 10 mm cubes and 10x10 mm
square thin walls with thicknesses of 2 mm, 1 mm, and 0.5 mm.

Table 3.4: Samples included in print B with as-built (AB), SR at 900 °C for 30 min,
SA at 1200 °C for 4 h and SA extended at 1200 °C for 24 h.

Sample group | HT condition
Print B AB
Print B SR
Print B SR+SA
Print B SA
Print B SA extended

12
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The heat treatment scheme (Table 3.4) was based on [25] and was further developed
to investigate the recrystallization behavior of parts produced by PBF-LB. Pro-
cess parameters used in this print was by the manufacturer recommended standard
settings. Three HT conditions were employed: stress relieving (SR), performed at
900 °C for 30 min followed by cooling at 1.5 °C/min; solution annealing (SA) at
1200 °C with varying holding times followed by water quenching; and a combined
SR+SA treatment, where specimens were first stress relieved under the same SR
conditions and subsequently solution annealed as described above.

-------- Reference — \|@ QS UrEd
1400 1 1

1200
1000
800

600

Temperature [°C]

200

00:00 02:00 04:00 06:00 08:00 10:00 12:00 14:00 16:00 18:00
Time [hh:mm]

Figure 3.2: Tube furnace with argon atmosphere calibration cycle over the ther-
mally relevant regime. The dotted line represents the reference temperature and
the solid blue line the measured temperature. (1) Heating from RT to 1200 °C at
10 °C/min, (2) isothermal hold at 1200 °C, (3) isothermal hold at 900 °C, and (4)
cooling from 900 °C to RT at 1.5 °C/min.

Samples printed using GA powder were dismounted prior to any heat treatment.
The heat treatment was carried out in a tube furnace under argon atmosphere
Since surface effects were not investigated, the different atmospheres were consid-
ered comparable. Calibration of the tube furnace (Fig. 3.2) was performed using a
class 1 IEC 60584-2 certified thermocouple probe to ensure comparability with the
heat treatment schemes applied in this study.
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3.2 Characterization

Microstructural evolution was characterized primarily using light optical microscopy
(LOM) and quantitative image analysis, with selected samples additionally charac-
terized by electron backscatter diffraction (EBSD). LOM was selected as the primary
characterization tool due to its accessibility and significantly lower cost and time
requirements compared to EBSD, making it practical for screening larger sample
sets.

O
D,ehe

BDx.

TBp

Plang BW

Figure 3.3: Schematic illustration of the sample orientation used in this work,
showing the xy-plane, BDx-plane, and BDy-plane relative to the build direction
(BD) in the PBF-LB process.

The planes of the printed component are visualized in Fig. 3.3, for the purpose
of this study x and y direction are not differentiated hence BDx- and BDy-plane
are mentioned as BD-plane due to their similarities (for further context see Fig. 2.1).

Prior to LOM, samples were prepared by cutting with BUEHLER IsoMet High
Speed Pro Precision to reveal the bulk material and mounted in Bakelite by Struers
Citopress-20, ground flat and polished to 1 pm diamond suspension by Struers
TegraPol-31. To reveal the microstructure under LOM, the samples were etched in
10% oxalic acid using a platinum counter electrode and applied potential of 3 V.
Samples were viewed and photographed using ZEISS Azioscope 7 LOM. For EBSD,
the samples were further polished with OPU and OPS.

3.2.1 Image analysis

Grain segmentation was performed using a custom Python image analysis script, de-
veloped for LOM images of acid etched 3161 SS. Images were enhanced by contrast-
limited adaptive histogram equalisation (CLAHE, clip limit 0.03) to normalize local
intensity variations. GBs were detected using the Frangi vesselness filter applied
at scales of 1-7 pixels, which responds strongly to narrow, elongated morphology
of GBs. The resulting Frangi response map was thresholded at the 83rd percentile
and the resulting binary mask was skeletonized. Endpoints caused by gaps in the
network created by photographic or etching defects and junctions that were sup-
pressed by Frangi due to their blob-like appearance were reconnected within a 20
pixel radius. Grains touching the image border were excluded in accordance with
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ASTM E112, regions smaller than 30 px? or with an aspect ratio greater than 100
were excluded to remove artifacts.

Figure 3.4: Etched sample in BD-plane analyzed with Frangi mask (a) LOM image
of etched sample and (b) same image with Frangi filter overlay.

For validation, an overlay of the segmented boundaries on the original image (as
seen in Fig. 3.4), along with thumbnails of individual grains, was generated for visual
inspection. Quantitative metrics, including grain area, major and minor axis, Feret
diameter length and orientation and additional shape descriptors, were computed
for each grain in both pixel and physical units.

3.2.2 Electron backscatter diffraction (EBSD)

EBSD analysis was performed to evaluate the degree of recrystallization, GB charac-
teristics and validate grain segmentation obtained by image analysis. Measurements
were conducted on the BD-plane using Zeiss Gemini 450 at an acceleration voltage
of 20 kV. Samples were tilted to 70° relative to the incident electron beam during
acquisition. EBSD maps were gathered at 73 x magnification, using a step size of
2 pm. Each scan covered an area of 1550x1162 pm.

GB character was classified by misorientation angle into low angle grain bound-
aries (LAGB, 2-10°) and high angle grain boundaries (HAGB, >10°). Annealing
twin boundaries were identified as >3 CSL boundaries corresponding to a misorien-
tation of 60° about the (111) axis [25]. The degree of recrystallization was assessed
using the mean orientation spread (MOS), where grains with MOS below 2° were
considered recrystallized [8]. Local lattice distortion within grains was further eval-
uated using kernel average misorientation (KAM) maps, which provide a spatially
resolved indication of residual strain and geometrically necessary dislocation density.
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Results

4.1 Influence of process parameters on microstruc-
ture after heat treatment

To determine the impact of melt pool geometry /shape on the microstructure evolu-
tion during heat treatment, selected samples were etched and examined by LOM.

Figure 4.1: Optical microscope images of etched VIGA cubes, printed with varying
laser power in SR (900 °C 30 min) and SR+SA (900 °C 30 min and 1200 °C 4 h)
condition. (a) 200 W SR, (b) 300 W SR, (c) 350 W SR, (d) 200 W SR+SA red arrow
pointing out LoF pore and recrystallized area circled in blue, (e) 300 W SR+SA and
(f) 350 W SR+SA.

In Fig. 4.1 a-c the traces of melt pools boundaries are still visible after the stress
relieve. At 200 W laser power (Fig. 4.1a), LoF pores (marked with red arrow in
Fig. 4.1d) are observed, consistent with the shallow melt pools not providing suf-
ficient bonding with previous layers. The microstructure consists of fine, irregular
grains orientated towards the melt pool center lines. At 300 W (Fig. 4.1b), melt
pools are significantly deeper than those observed at 200 W. Increased laser power
to 350 W results in slightly deeper and more keyhole-like melt pools. The grains
remain irregular but larger than those formed at 200 W. Grains clearly converge to-
ward melt pool center lines, forming a melt pool-like pattern offset from the actual
melt pool.

After solution annealing (Fig. 4.1d-f) at 1200 °C for 4 h following stress relief,
the melt pool boundaries are no longer visible, indicating complete dissolution of
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the original melt pool structure. However, the microstructure remains largely un-
changed, except for occasional recrystallized grains approximately 150 pm in size.
The most significant microstructural changes are observed in the 200 W sample
(Fig. 4.1d), where partial recrystallization occurs (circled in blue and characterized
by the presence of annealing twins). Nevertheless, the grains remain irregular, and
the overall degree of recrystallization is limited.

This is further supported by grain size measurements obtained using the Frangi
vesselness filter (Table 4.1), where samples produced at lower laser power exhibited
smaller grain sizes and a more pronounced response to solution annealing. In con-
trast, the samples produced at 300 W and 350 W showed smaller differences in grain
size after solution annealing.

Table 4.1: Grain size measurements performed by Frangi filter for samples in
Fig. 4.1

Laser power [W] 200 300 350

Condition SR SR+HT SR SR+HT SR SR+HT
Plane BD Xy BD Xy BD Xy BD Xy BD Xy BD Xy
Median equivalent diameter [pm] | 15.42 | 14.76 | 18.89 | 18.17 | 22.37 | 21.34 | 18.09 | 17.64 | 19.06 | 19.45 | 18.69 | 18.24

4.2 Influence of heat treatment

Investigations were carried out to determine how the microstructure of 316L stainless
steel produced by PBF-LB is affected by heat treatments, including combinations
of stress relieving and solution annealing.

4.2.1 Print A using VIGA powder

For a closer look at the effect of HT on the samples printed using VIGA powder,
only the 300 W laser power is shown as this is considered the standard setting for
that printer.
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Figure 4.2: Optical microscope images of etched samples printed using VIGA
powder. xy-plane: (a) SR 900 °C 30 min and (b) SR 900 °C 30 min and SA 1200 °C
4 h. BD-plane: (c¢) SR 900 °C 30 min and (d) SR 900 °C 30 min and SA 1200 °C
4 h.

Figure 4.2a shows the xy-plane of the stress relieved sample which exhibits a checker-
board pattern of equiaxed grains formed during scanning of the laser with the higher
density of GBs indicating the center of the scan line resulting from cooling of the
melt pool. The BD plane (Fig. 4.2¢), the grain structure shows a characteristic fish
scale pattern of anisotropic columnar grains formed during solidification in the build
process. In SA condition (Fig. 4.2b in xy-plane and d in BD plane), the original
grain structure is largely maintained, with no significant recrystallization observed,
as further evidenced by mean orientation spread (MOS) shown in Table 4.2. In
addition, particles that is mainly situated along the grain boundaries can be seen in
the SA condition.

Table 4.2: Obtained from EBSD measurements for print A, the mean orientation
spread represents the average crystallographic distortion within a grain relative to
its mean orientation. <2° is considered recrystallized for a grain.

Condition SR+SA 4 h
Mean orientation spread <2° [%)] 60.9

4.2.2 Print B using GA powder

Samples printed by the EOS M290 using GA powder were subjected to an additional
heat treatment scheme to further examine the potential impact of a stress relief cycle
prior to solution annealing. All samples were printed with standard parameters for
the printer.
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Figure 4.3: Optical microscope images of etched samples printed using GA powder.
xy-plane: (a) AB, (b) SR 900 °C 30 min, (c) SR 900 °C 30 min and SA 1200 °C
4 h, (d) SA 1200 °C 4 h and (e) SA 1200 °C 24 h. BD-plane: (f) AB, (g) SR 900 °C
30 min, (h) SR 900 °C 30 min and SA 1200 °C 4 h, (i) SA 1200 °C 4 h and (j) SA
1200 °C 24 h.

Figure 4.3a shows the AB condition where clear scan lines are visible in the xy-plane.
Following stress relieving (Fig. 4.3b) the checkerboard pattern of the equiaxed grains
is revealed, also showing traces of melt pool boundaries. In the BD, AB (Fig. 4.3f)
shows overlapping melt pools and after SR (Fig. 4.3g) the melt pools are still visible
but also epitaxial columnar grains following the thermal gradient.

A solution annealing following a stress relief (Fig. 4.3¢ in xy-plane and h in BD
plane) appears to dissolve the original microstructure and produce a recrystallized
grain structure with little resemblance to the initial condition. Annealing twins can
be found throughout the sample, although the >3 GB are less susceptible to etching
and therefore may appear faint. Solution annealed for 4 h (Fig. 4.3d in xy-plane
and i in BD plane) and 24 h (Fig. 4.3e in xy-plane and j in BD-plane) both exhibit
a similar grain structure to Fig. 4.3c and h without any visible traces of the original
microstructure, however the density of annealing twins appear higher after 24 h of
annealing.

All samples produced using GA powder and subjected to solution annealing exhib-
ited a high density of particulates, located not only along the grain boundaries but
also within the grains.
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Figure 4.4: EBSD acquired image of grain boundaries in samples from print B (a)
SA 4 h, (b) SR+SA 4 h and (c) SA 24 h.

Further highlighting the extent of recrystallization, Fig. 4.4 shows the categorized
GB characteristics for the solution annealed GA samples defined by number of pix-
els that make up the GB. LAGBs (2-10°) are associated with retained dislocation
substructure from the as-built condition, while HAGBs (>10°) are characteristic of
recrystallized grain structures. The fraction of 33 boundaries reflects the extent of
annealing twin formation during solution annealing. Tabulated values are given in
Table 4.3 and show a similar twin boundary fraction between the two SA samples
and reduced for the SR+SA sample. Total HAGB fraction is highest in SA 24 h
and lowest for SA 4 h.

Table 4.3: GB distribution from Fig. 4.4.

Condition SA4h | SR+SA 4h | SA 24h
Grain boundaries 2-10° [%)] 9.1 6.7 3.8
Grain boundaries >10° [%)] 90.9 93.3 96.2
Annealing twin boundary (60°) [%] | 43.8 39.7 44.3

Figure 4.5: KAM maps that shows local distortion of the lattice within grains for
samples from print B (a) SA 4 h, (b) SR+SA 4 h and (c) SA 24 h.

The KAM maps in Fig. 4.5 show predominately low local misorientation indicated
by the blue. The two annealed for 4 h appears similar while the 24 h sample has
less local misorientation, this is further confirmed by mean orientation spread in

Table 4.4.
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Table 4.4: Obtained from EBSD measurements for print B, the mean orientation
spread represents the average crystallographic distortion within a grain relative to
its mean orientation. <2° is considered recrystallized for a grain.

Condition SA4h|SR+SA4h|SA24h
Mean orientation spread <2° [%] | 93.7 94.3 96.7

4.3 Influence of part geometry on microstructure
after heat treatment

To determine the impact of part geometry on recrystallization behavior after heat
treatment, 10 mm cubes as well as thin walls (10x 10 mm square) of varying thickness
were printed.

Figure 4.6: LOM images of etched samples produced from VIGA powder at 300 W
laser power: (a) 10 mm cube in the SR (900 °C for 30 min) condition, (b) 10 mm
cube in the SR+SA(1200 °C for 4 h) condition, (c) 2 mm thick thin wall in the SR
condition and (d) 2 mm thick thin wall in the SR+SA condition.

Figure 4.6 shows the bulk microstructure of each sample in BD-plane, the cube
in SR condition (Fig. 4.6a) exhibits columnar grains originating from the printing
process and after annealing (Fig. 4.6b) the grain structure is largely retained. The
2 mm thick thin wall a similar evolution with most of the original grain structure
observed in the SR condition (Fig. 4.6¢) remains after following solution annealing
(Fig. 4.6d). No apparent difference in recrystallization due to part geometry.
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Figure 4.7: Optical microscope images of etched samples in the SA condition
(1200 °C for 4 h) printed using GA powder: (a) 10 mm cube and (b) 0.5 mm thick
thin wall.

Figure 4.7a shows the bulk region of the etched cube printed using GA powder and
solution annealed at 1200 °C for 4 h. The microstructure exhibits a high degree of
recrystallization characterized by the absence of parent grain (observed in Fig. 4.6a
and b) as well as the presence of annealing twins. The 0.5 mm thick thin wall
(Fig. 4.7b) exhibits a similar recrystallized grain structure where annealing twins
appear as faint strait lines. The density of particulates seems higher in the thin
wall than cube, although variations in etching should be considered. During water
quenching, thin walls with thickness of 1 mm and below were susceptible to warping
and the 0.5 mm thin wall was warped to a curvature of K = 0.0379 mm™*

4.4 Grain size development during heat treatment
Grain size measurements were performed using the Frangi vesselness script and
verified by EBSD on selected samples. Results are expressed as the equivalent

diameter, i.e. the diameter of a circle with the same area as the measured grain.
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Figure 4.8: Average deviation of the grain counting script relative to EBSD-derived
reference data.
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Figure 4.8 shows the average deviation of the grain counter script based on Frangi
vesselness filter from data obtained by EBSD and highlights discrepancy in the finer
grain region.
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Figure 4.9: Histogram of equivalent diameter of grains in samples in both print A
and B obtained by EBSD.

The grain size distributions in Fig. 4.9 show that samples from print B contain a
larger proportion of coarse grains compared to the sample from print A, with median
equivalent diameters given in Table 4.5. It should be noted that all samples in print
B exhibited a high degree of recrystallization (Table 4.4), whereas the sample from
print A did not (Table 4.2).

Table 4.5: Median equivalent diameter of selected samples, obtained by EBSD
measurements.

Sample group Print B Print A
Condition SA4h|SA24h | SR+SA4h | SR+SA4h
Median equivalent diameter [pm] | 25.73 27.55 24.51 16.16

4.5 Chemical analysis of powders and printed parts

Table 4.6: Levels of oxygen and nitrogen in powder and printed part measured by
combustion.

Oxygen Nitrogen
Measurements | Average [ppm] | Standard deviation [ppm] | Average [ppm] | Standard deviation [ppm]
316L NG 15-63 pm VIGA 3 219 2 473 5
Print A (VIGA) 2 260 1 182 3
316L 20-53 pm GA 3 685 23 1003 15
Print B (GA) 2 606 2 317 1

Table 4.6 shows the oxygen and nitrogen content of the powders used in this study
and the printed parts produced from these powders. The VIGA powder analyzed
was in its virgin state and the GA powder was recycled from two previous print
cycles. The elemental contents of the powders were largely retained in the printed
parts with the exception for nitrogen in print B.
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Discussion

Several parameters influence the recrystallization behavior of PBF-LB produced
316L SS, and a few have been explored in this work; however, gaps in understand-
ing remain.

Although the initial parameter study suggested that melt pool geometry may af-
fect recrystallization behavior, the observed differences were not sufficient to justify
further investigation within the scope of this work. Furthermore, the LoF porosity
(Fig. 4.1d) presents challenges with respect to both mechanical performance and
geometrical stability (see Section 2.1.3).

5.1 Effects of multiple variables on comparability
between the print campaigns

Comparing results between the two print campaigns, one produced using VIGA
powder in the as-received condition with both printing and heat treatment performed
by an external manufacturer, and the other produced in-house using GA powder
with subsequent heat treatment performed internally, should be approached with
caution due to the large number of variables that may influence the outcome. In
particular, the different atomization routes are expected to produce powders with
distinct characteristics (Section 2.1.2) and different oxygen and nitrogen contents
(Table 4.6). The two systems originate from different printer platforms, and the heat
treatments were carried out under different atmospheres (vacuum versus argon).
Consequently, it is difficult to isolate the effect of any single parameter. Therefore,
any direct comparison of the response to heat treatment between the two builds
should be interpreted with caution.

5.2 Degree of recrystallization

As stated in Section 2.2.1, the degree of recrystallization of PBF-LB produced parts
after heat treatment is suggested to be strongly influenced by the GND density. This
claim by Gao et al. would imply that the initial stress relief treatment applied to all
the samples in print A could inhibit the recrystallization during subsequent solution
annealing [11]. This is particularly relevant given that these samples showed no sig-
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nificant signs of recrystallization, despite the general consensus in the literature that
4 h solution anneal at 1200 °C is sufficient to produce a recrystallized microstructure.

Since print B exhibited a very similar response to print A samples after stress relieve,
but after the subsequent SA, the absence of recrystallization cannot be attributed
solely to the reduction in GND density caused by a SR cycle. However, Table 4.3
shows that in print B, there are fewer twin boundaries in the SR+SA 4 h condition
than without SR. Suggesting a stress relieve cycle slightly inhibits the formation
of 33 GBs, in line with Section 2.2.3 and explained by Jin et al., the formation of
annealing twins is promoted by high stored strain [39].

Degree of recrystallization overall is high for all annealed samples in print B as
evidenced by the EBSD data in Table 4.4, where the fraction of grains with mean
orientation spread below 2° exceeds 93% across all solution annealed conditions.
This stands in contrast to print A, where the SR+SA condition yielded only 60.9%
of grains with mean orientation spread less than 2° (Table 4.2), this trend was
also observed in LOM. The divergence is striking given that samples subjected to
nominally identical HT protocols with SR and SA, this suggests that the dominant
variable governing recrystallization is the feedstock when comparing print A with
print B.

5.3 Powder chemistry as governing driving forces
for recrystallization

The most prominent variable between print A and B is the powder atomization
method. VIGA powder is melted under vacuum prior to atomization, while GA
is melted in open air, resulting in measurable differences in chemical composition,
as shown in Table 4.6. The GA powder contains higher levels of oxygen (685 ppm
compared to 219 ppm for VIGA) and nitrogen (1003 ppm compared to 473 ppm for
VIGA), these levels are roughly carried over to the printed parts with the exception
for print B using GA powder where nitrogen levels were significantly lower. These
interstitial elements are known to congregate and form inclusions during solidifica-
tion [27], and the high particulate density observed in annealed samples in print B
(Section 4.2.2) is consistent with this. Since these particulates are less frequent in
the SR condition Fig. 4.3 (b, g) the elements are finer and more dispersed. These
second phase particles can coarsen by Ostwald ripening and act as a nucleation
point via particle stimulated nucleation (PSN) in the recrystallization process, so
long they reach of sufficient size of 1 pm (Section 2.2.4) [46].

The low oxygen level and consequently low second phase particle density in print
A could be the culprit by particles agglomerating but not reaching critical size to
activate PSN. This would explain why samples from print B using GA powder re-
crystallize so extensively under conditions where the samples from print A using
VIGA powder do not. However, this interpretation should be confirmed by printing
and heat treating using VIGA powder under the exact conditions in print B or vice
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versa to eliminate any doubt arisen from variables mentioned in Section 5.1.

5.4 Effect of stress relieve on recrystallization and
twin formation

The comparison of SR+SA and SA 4 h conditions in print B provides a controlled
basis for assessing the role of the prior stress relieve. Across all EBSD metrics and
under LOM, the differences are modest. Recrystallized fraction obtained by mean
orientation spread (Table 4.4) is slightly higher in SR+SA condition (94.3%) than
in the SA 4 h condition (93.7%), and the KAM maps (Fig. 4.5 a, b) show no qual-
itative distinction in residual lattice distortion between the two conditions. This
suggests that, for GA powder at least, the stress relieve cycle does not prevent nor
significantly inhibit recrystallization during the subsequent solution anneal. This is
not in line with the theory of Gao et al. that GND density is the primary driver of
recrystallization for PBF-LB parts [11].

A more telling difference is observed in the twin boundary fraction. Table 4.3 shows
that the SR+SA condition produces fewer 33 boundaries (39.7%) than both SA
4 h (43.8%) and SA 24 h (44.3%). This is consistent with the theory proposed by
Jin et al., that annealing twin formation is promoted by high stored strain dur-
ing the early stages of recrystallization [39]. A stress relieve at 900 °C does not
trigger recrystallization but does recover dislocation substructure, thereby reducing
the driving force for annealing twin formation during the subsequent solution an-
neal. From a GBE perspective the difference between 40% and 44% could affect the
connectivity of random HAGB (non CSL HAGB) network. A lower fraction of ¥3
boundaries is expected to increase random HAGB connectivity, which may in turn
increase susceptibility to intergranular corrosion and stress corrosion cracking. This
may therefore be relevant when assessing suitability for nuclear applications.

5.5 Grain boundary engineering

The results collectively highlight a fundamental challenge for GBE in PBF-LB
austenitic stainless steel. The inability to process conventionally by deformation
leads to the only stored energy available to drive recrystallization and twin nucle-
ation entirely derives from the printing process. In GBE for conventional 316L,
iterative deformation and annealing cycles are used to progressively increase the 3
boundary fraction and disrupt the random boundary network [12]. In PBF-LB this
method is not possible while retaining the as-built near-net-shape.

The data from print B demonstrate that it is possible to achieve a high degree
recrystallization and X3 boundary fractions greater than 40% through direct so-
lution annealing. As seen in Table 4.3, the 33 fraction seems to reach a plateau
before 4 h at 1200 °C rather than linear increase (43.8% after 4 h and 44.3% after
24 h), and the grain size increase is marginal (Table 4.5 and Fig. 4.9) between the
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two annealing durations. This saturation of twin boundary fraction and grain size
suggests that extended annealing promotes recrystallization of grains with random
grain boundaries rather than further nucleation of annealing twins or grain growth.
The high density of particulates observed throughout samples in print B located
both within grains and at GBs is likely a contributor to this effect by Smith-Zener
pinning (Section 2.2.4), whereby second phase particles exert a retarding force on
migrating grain boundaries that opposes the driving forces for grain growth. This
is consistent with the theoretical condition for twin formation requiring migrating
GBs and stored stresses [37] and would explain the plateau in X3 fraction. Con-
ventional GBE of austenitic stainless steel utilizes iterative deformation and anneal
cycles to circumvent this limitation by the reintroduction of stored strain energy
that reactivates GB migration in each cycle [12]. In PBF-LB, deformation is not an
option without compromising the geometry of the already near-net-shaped product,
particle inclusions inherited from the powder feedstock and printing process might
impose a practical upper limit on the achievable twin boundary fraction through
thermal treatment alone. Notably, the ¥3 boundary fractions achieved in solution
annealed GA samples (43-44% Table 4.3) exceed the typical twin boundary frac-
tion of conventionally solution annealed 316L (>30% [38]), suggesting that direct
solution annealing of PBF-LB 316L using GA powder can achieve a GB character
distribution comparable to or exceeding that of its wrought counterpart without any
deformation step.

5.6 Image analysis based on LOM vs EBSD data

Quantitative grain analysis based on LOM images processed with Frangi vesselness
filter offers a time and cost-efficient alternative to EBSD, but the comparisons with
EBSD derived data reveals limitations that must be considered when interpreting
the results.

As shown in Fig. 4.8, the deviation between the two methods is most pronounced
in the fine grain regime, with errors in the range of 10-12% for grains below approx-
imately 20 pm in equivalent diameter, decreasing progressively for coarser grains.
This size dependent discrepancy likely arises from several compounding factors. In
the fine grain regime, closely spaced grain boundaries may not be fully resolved or
merged during contrast enhancement, or grains can be merged due to discontinuous
grain boundaries that the Frangi filter fails to recognize. Additionally, will different
types of GBs etch differently, highly structured CSL boundaries like annealing twin
boundaries will appear fainter than others. It should be noted that the EBSD data
referenced does carry some of these problems related to grain merging and step size
resolution restraints, meaning the apparent error in Fig. 4.8 reflects inaccuracies in
both methods.

For coarser grains, the agreement between the two methods are considerably better,

suggesting that the Frangi-based script is adequate for comparisons where trends in
grain size is of primary interest rather than absolute values and samples etch simi-
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larly. However, the method is less reliable for microstructures with a large fraction
of fine grains such as those in stress relived condition and should be used with cau-
tion in those cases. Further development, including optimization of the Frangi scale
range, thresholding parameters and gap-closing logic, as well as standardization for
etching, would be needed before the method can be considered a robust standalone

tool for grain size quantification across the full range of microstructures encountered
in PBF-LB 316L.
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Conclusion

In this work, the influence of process parameters, powder feedstock, part geome-
try and heat treatment route on the microstructural development of PBF-LB 316L
stainless steel was investigated. The study revealed clear differences in recrystal-
lization behavior for samples produced by VIGA and GA following similar heat
treatments. The following conclusions can be drawn:

o Powder feedstock had a dominant influence on recrystallization behavior. Sam-
ples produced using GA powder reached 93.7-96.7% recrystallized grains (MOS
< 2°) after solution annealing, compared to only 60.9% for samples produced
using VIGA powder under nominally identical conditions. The difference is
proposed to stem from the higher oxygen content in GA powder generating a
greater second phase particle density, which upon annealing coarsens through
Ostwald ripening to reach the critical size for particle stimulated nucleation
(PSN), a threshold not reached in VIGA samples.

» Recrystallization and twin formation in samples produced using GA powder
were largely complete within the first 4 h of solution annealing at 1200 °C,
with extended annealing to 24 h producing only marginal changes in grain
size and X3 boundary fraction (43.8% to 44.3%). Suggesting a practical upper
limit for »3 boundary formation through thermal treatment alone and high
thermal stability of the grain structure.

o A prior stress relief cycle slightly reduced 33 boundary formation during sub-
sequent solution annealing (43.8% SA vs. 39.7% SR+SA), attributed to partial
dislocation recovery reducing the stored strain energy available to drive twin
formation.

o Part geometry showed minimal influence on recrystallization.

o The Frangi-based image analysis method showed reasonable agreement with
EBSD for larger grains but exhibited deviations of approximately 10-12% for
grain sizes below 20 pm, indicating that further optimization is required before
the method can be used as a standalone characterization tool.
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