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Realizing application specific manufacture with fusion-based additive manufacturing (F-BAM) processes
requires understanding of the physical phenomena that drive evolution of microstructural attributes, such
as texture. Current approaches for understanding texture evolution in F-BAM are majorly considerate of

the phenomena occurring only during solidification. This hinders the comprehensive understanding and
control of texture during F-BAM. In this perspective article, we discuss several physical phenomena occurring
during and after solidification that can determine texture in F-BAM processed stainless steels (SS). A crystal
plasticity-coupled hydrogen adsorption-diffusion modeling framework is also leveraged to demonstrate the
prospects of grain boundary engineering with F-BAM for enhanced hydrogen embrittlement resistance of SS.
Implications of varying thermokinetics in F-BAM for solidification behavior of SS are discussed. Additionally,
microstructural attributes that are key to high temperature mechanical performance of SS are highlighted.
Considerations as outlined in this perspective article will enable grain boundary engineering and application
specific microstructural design of SS with F-BAM.

Saket Thapliyal is a Materials Scientist: R&D Associate staff member at the Manufacturing
Demonstration Facility in Oak Ridge National Laboratory. Saket received his Ph.D. in Materials
Science and Engineering at the University of North Texas. He received his M.S. in Mechanical
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at the Uttarakhand Technical University, India. The overarching goal of Saket’s current research
is to establish chemistry-processing-structure-properties relationships in fusion-based additive
manufacturing (AM) of steels and refractory alloys. Particularly, Saket investigates the effect of
alloy chemistry on the solidification behavior, fusion AM processability, microstructural evolu-
tion, and mechanical behavior of novel and conventional alloys, including high entropy alloys,

ferrous and non-ferrous alloys. Additionally, he is interested in designing alloys and
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microstructures for extreme environments, such as high temperature environments, hydrogen-rich environments, and high radia-

tion environments using fusion AM. Saket’s previous research focused on designing Al alloys, ferrous high entropy alloys, and steels

for fusion AM using CALPHAD tools and experimental methods. This research led to the development of a novel two-pronged

approach that involved heterogeneous nucleation and eutectic solidification for designing hot cracking-resistant high performance

alloys for fusion-based AM processes.

Fusion-based additive manufacturing (F-BAM) processes, such
as laser-powder bed fusion (L-PBF), electron beam-powder bed
fusion and directed energy deposition (DED) have evolved from
rapid prototyping processes to being integral to the contempo-
rary manufacturing supply chain networks. At the inception,
while the capabilities of F-BAM were demonstrated through
processing of legacy alloys, like SS316, Ti-6Al-4V, and Ni- and
Co-based superalloys, retrospectively, the evolution of F-BAM
also required successful demonstration of processability and
properties of the alloys that are designed specifically for F-BAM.
Such demonstration highlights the endeavors towards under-
standing the process dynamics involved in F-BAM. Note that
the term ‘process dynamics’ is specifically used to represent the
thermokinetics and the overall physical phenomena that may
determine the microstructural evolution during the process
[1-4]. Thermokinetics are usually represented by thermal gra-
dients (G), solid-liquid interface velocity (also called growth
rates, R), and/or other parameters derived from G and R, such
as cooling rate (G xR) and G/R. Furthermore, for disruptive
processing technologies, such as F-BAM, a process specific
alloy design facilitates application specific manufacture and a
widespread implementation of such processing technologies [5].
Elaborating, the physical phenomena differ from one manufac-
turing process to the other, and so do the microstructural hier-
archy and heterogeneity and the ensuing mechanical behavior
of the processed alloy. e.g., depending on the thermokinetics
during processing, the fraction of martensite phase may vary
in the precipitation hardenable (PH) 17-4 stainless steels (SS),
i.e., the conventionally processed 17-4 PH SS may exhibit mar-
tensite-dominant microstructure, whereas its F-BAM processed
counterpart may exhibit a large fraction of retained austenite
phase [6]. Subsequently, the mechanical behavior of the conven-
tionally processed component may vary substantially from its
F-BAM processed counterpart. Therefore, achieving the control
of microstructural attributes and the required mechanical prop-
erties either through alloy design or F-BAM process parameters
requires understanding of the physical phenomena involved
during F-BAM [7, 8].

While steels are ubiquitous in structural applications, and SS
were one of the first few legacy alloys that were processed with
F-BAM processes, controlling the solidification behavior and
microstructural attributes, such as texture and phase transfor-

mation in these class of alloys during F-BAM processing remain
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challenging. As such, the control of solidification pathway/
modes, e.g., completely austenitic, §-ferritic to austenitic (FA),
and austenitic to ferritic (AF), in F-BAM processed steels is
still difficult to achieve. Notably, solidification modes can affect
the cracking susceptibility, the phases present within the pro-
cessed alloys, and the ensuing properties [9, 10]. Furthermore,
although the evolution of crystallographic texture stems from
an interplay of multiple physical phenomena [1, 11], a knowl-
edge gap becomes evident when the current endeavors towards
understanding the texture evolution in F-BAM processed steels
remain considerate of only a few physical phenomena, such as
competitive growth and epitaxial growth [12, 13]. Consider-
ing that crystallographic texture determines the mechanical
behavior of steels irrespective of their stacking fault energies
(SFE), i.e., high, moderate, or low SFE steels, such knowledge
gap is inhibitory for a widespread implementation of F-BAM
in structural applications [14-18]. Note that the SFE has been
invoked here because it determines if the plastic deformation
occurs majorly through dislocation slip, twinning, or deforma-
tion induced phase transformations; crystallographic texture
affects all these deformation mechanisms in steels. In addition
to determining the room temperature mechanical behavior,
crystallographic texture determines the mechanical behavior
of steels under harsh environments, e.g., hydrogen-rich envi-
ronments and elevated temperatures [19, 20]. With the world
at the verge of climate crisis, the manufacturing industry has
witnessed an unprecedented push for adopting environmentally
sustainable energy resources and energy efficient structures.
Considering the ubiquity of steels in structural applications,
such adoption necessitates designing ‘future-proof steels, i.e.,
steels that are compatible with environmentally sustainable
energy resources like hydrogen, and implementing environ-
mentally sustainable processing routes for processing steels
[21]. Although F-BAM can facilitate a sustainable process-
ing of ‘future-proof steels, such an implementation of F-BAM
must enable design of hydrogen embrittlement (HE)-resistant
steels. The microstructural attributes that affect the HE resist-
ance of steels include texture, grain boundaries, and primary
and secondary phases [22-24]. Furthermore, considering that
one of the core capabilities of F-BAM is manufacturing geo-
metrically complex components, such as turbine blades that are
operative at elevated temperatures, an enhanced efficiency of
modern power plants can be attained through manufacture of

steels with high temperature-resistant microstructure. Therefore,
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understanding the mechanisms behind texture evolution and
delineating the evolution of distinct aspects of microstructural
attributes during F-BAM is imperative for facilitating a wide-
spread and long-lasting implementation of F-BAM in structural
applications.

In this perspective article, we delineate the current knowl-
edge gaps in understanding the solidification behavior and the
mechanisms behind evolution of several microstructural attrib-
utes, such as texture, and phases during F-BAM of SS. In order
to maintain conciseness and due to the significance of SS as HE-
resistant structural materials, this article focuses only on SS. Pos-
sible underlying phenomena determining texture evolution dur-
ing F-BAM are discussed in detail. Furthermore, examples from
experimental and computational investigations are provided to
highlight noteworthy effects of these phenomena on texture
evolution during F-BAM. We also highlight the prospects of
using F-BAM processes for designing SS with a HE- and high
temperature-resistant microstructure. A perspective on the use
of coupled computational models for investigating the interac-
tion between hydrogen and F-BAM produced microstructure is
also provided with example. Such models can facilitate design of
SS with hydrogen-resistant microstructures with F-BAM. Impli-
cations of microstructural attributes of F-BAM processed SS on

their high-temperature mechanical behavior are also discussed.

Overcoming the knowledge gaps inhibiting texture
control with F-BAM

The effect of crystallographic texture on mechanical behavior
of F-BAM processed steels has been widely reported [25]. A
Schmid factor-based analysis readily reveals the effect of crys-
tallographic texture on plastic deformation behavior, includ-
ing dislocation slip, deformation twinning, and deformation
induced phase transformation behavior [14, 15, 26, 27]. Despite
the widely acknowledged effect of crystallographic texture on
mechanical behavior, majorly, only a few mechanisms, such as
competitive and epitaxial growth occurring during solidifica-
tion, have been invoked to elucidate the texture evolution in
F-BAM processed SS. Notably, a comprehensive understanding
and control of texture evolution in F-BAM engenders considera-
tion of mechanisms that govern the selection of both—primary
and secondary crystallographic orientations. By the term ‘pri-
mary orientations, we mean the crystallographic orientation in
the build direction (BD). Similarly, the term ‘secondary orienta-

tions’ must not be confused with the orientations of secondary
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dendritic arms, instead, it means the crystallographic orienta-
tions in the plane orthogonal to the BD. In this article, we adhere
to only two secondary orientations in the plane orthogonal to
the BD—one in the scanning direction (SD) and the other along
normal to the SD, termed as transverse direction (TD). The type
of secondary orientation (SD or TD) under consideration will
be explicitly mentioned.

For cubic crystals, competitive growth leads to the alignment
of <001> directions along the maximum thermal gradient vector
(often perpendicular to the melt pool boundaries). The elasti-
cally soft <001> directions in cubic crystals are directions of easy
growth during solidification. Consequently, crystals that have
their <001> directions aligned along the direction of maximum
thermal gradient (normal to the melt pool boundary), ‘outgrow’
the non-aligned crystals. The key point to note here is that such
crystal growth does not constrain crystal rotation about nor-
mal direction to the melt pool boundary, and thus, it does not
determine the overall crystallographic texture. Depending on
the melt pool shape, multiple primary orientations may result
from competitive growth driven crystallographic growth. An
example of such unconstrained crystallographic rotation (about
normal direction to the melt pool boundary) despite competitive
growth is provided in Fig. 1(a) and (b). The electron backscatter
diffraction (EBSD) inverse pole figure (IPF) orientation maps
shown here were acquired from a melt pool of wire-arc addi-
tive manufacturing (WAAM)-processed SS316L. The primary
crystallographic orientations are shown in Fig. 1(a), whereas
Fig. 1(b) shows the secondary crystallographic orientations
along the SD. The crystal orientation in regions 1 and 2 in the
IPF maps are illustrated in Fig. 1(c) and (d), respectively where
the red arrows point towards the heat extraction direction dur-
ing solidification, i.e., the direction opposite to the maximum
thermal gradients normal to the melt pool boundary. Note that
the crystal orientation as illustrated in Fig. 1(c) and (d) are only
few of several possible orientations that can facilitate competi-
tive growth. Evidently, crystals can acquire different primary
and secondary orientations even though their <001> directions
remain oriented in the direction of maximum thermal gradients.
Therefore, controlling the factors that affect competitive growth
mechanism alone may not facilitate a comprehensive control of
crystallographic texture in F-BAM. As for the epitaxial growth
based arguments, although these can be used for rationalizing
the selection mechanism for secondary orientations, they do not
elucidate why a single-crystal like texture develops on a poly-
crystalline substrate and/or previously deposited polycrystalline
layers during F-BAM [28, 29]. In light of these arguments, it
becomes clear that mechanisms other than competitive growth
and epitaxial growth must be operative and need to be investi-
gated for a comprehensive understanding and control of texture
in F-BAM.
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Figure 1: EBSD IPF maps illustrating how competitive growth alone may not constrain the primary and secondary crystallographic orientations during
F-BAM. EBSD IPF maps along (a) BD depicting primary orientation and (b) SD depicting secondary orientations within a melt pool of WAAM processed
SS316L. lllustrations depicting heat extraction direction (indicated by red dashed arrows) and orientations of crystals in regions (c) 1 and (d) 2 from the

melt pool.

To date, studies investigating texture evolution in F-BAM
processed austenitic steels have widely overlooked the physical
phenomena affecting the selection mechanisms for secondary
orientations. The significance of understanding the selection
mechanism for secondary orientation becomes prominently
highlighted when a single crystal (SX)-like texture, i.e., a uni-
form alignment of primary and secondary crystallographic
orientations across the analyzed specimen is reported in
F-BAM processed austenitic SS [Fig. 2(a)] [12, 13]. On one
hand, obtaining such SX-like texture is encouraging, in that
it demonstrates the capability of F-BAM of producing appli-
cation specific microstructure [30], on the other hand, an
incomplete assessment of mechanisms leading to such a uni-
form alignment of both primary and secondary orientations
inhibits the on-demand engineering of such microstructural
attributes. As noted earlier, the arguments of competitive
growth and epitaxial growth are insufficient for rationalizing
the uniform alignment of secondary orientations in such SX-
like textured SS deposited on a polycrystalline substrate. In
addition, if competitive growth were also to drive the uniform
alignment of secondary orientations along the <010> direc-
tions in the plane orthogonal to the BD, then the direction of
columnar grain growth (meaning the major axis of a growing
cell/dendrite) would reside in this orthogonal plane and would
not be along the normal direction to the melt pool boundary.
However, F-BAM processes resemble directional solidification
processes, in that the thermal gradients along one of the direc-
tions, generally normal to the melt pool boundary, are highly

dominant as compared to the gradients in other directions;
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Figure 2: Texture evolution in F-BAM processes. (a) A SX like texture in an
F-BAM processed SS316L alloy (adapted from [12]). (b) Factors affecting
texture evolution during F-BAM processes have been categorized under
phenomena occurring during and after solidification. The yellow double-
headed arrow depicts that texture evolution during F-BAM processing

is an interplay of multiple physical phenomena occurring during and/or
after solidification.

Thermally induced
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Microstructural
ing and

this leads to columnar grain growth along the normal direc-
tion to the melt pool boundary as opposed to grain growth in
the plane orthogonal to the BD. Such columnar grain growth
is evident in Fig. 1(a) and (b). Furthermore, microstructural
characterization of F-BAM processed SX-like textured auste-
nitic SS also corroborates that columnar grain growth majorly
occurs along the normal direction to the melt pool boundary
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[12, 13]. For assessing the texture evolution in steels during
F-BAM, although the current investigations have focused on
the physical phenomena occurring only during solidification,
various physical phenomena occurring during and after solid-
ification may determine the texture during F-BAM processing
[1, 3, 31-33]. Figure 2(b) outlines the phenomena from both
the categories, i.e., phenomena occurring during and after
solidification. Note that the interplay of physical phenomena
from within a category or from two different categories may
determine the crystallographic texture. It is also worth noting
that each of these phenomena can independently determine
texture, i.e., even if one of these phenomena subsides under
specific F-BAM processing conditions, other phenomena/
phenomenon can still affect crystallographic texture. Consid-
eration of multiple physical phenomena and their interplay
will facilitate an improved understanding of texture evolution
during F-BAM and subsequently allow a repeatable control of
texture in F-BAM processed alloys. Next, we discuss the physi-
cal phenomena outlined in Fig. 2(b), their origin, and their
effect on crystallographic texture in F-BAM. The phenomena
discussed here are generally applicable across the classes of
alloys.

During solidification, in addition to the competitive and epi-
taxial growth, dendritic deformation due to fluid flow can affect
the crystallographic orientation. Surface tension driven fluid
flow towards the cooler regions of the melt pool is prominent
during F-BAM processing and leads to Marangoni eddies. For
F-BAM processes that are marked by highly undercooled melts,
a notable dendritic bending may occur due to fluid flow [34].
Furthermore, in WAAM, in addition to the Marangoni eddies,
electromagnetic forces, such as Lorentz force imposed due to the
arc may lead to the dendritic deformation. In welding, such fluid
flow due to electromagnetic forces is known to occur in oppo-
site direction as compared to the Marangoni convection driven
fluid flow [36]. Considering the finer microstructural features
in F-BAM due to high cooling rates, a significant deformation
of cellular/dendritic arms may occur during solidification and
consequently alter the crystallographic texture within the final
component.

Solute segregation is prevalent in F-BAM microstructures
and leads to reduced interfacial energy due to Gibbsian adsorp-
tion [8]. Considering that reducing the interfacial energy is
the driving force for grain growth, segregation may hinder
grain growth. In case of the competitively growing crystals
with <001> aligned along the maximum thermal gradient direc-
tion, such reduced growth rates mean that other ‘non-aligned’
crystals can grow during solidification and can alter the final
texture. Solute segregation induced alteration of interfacial
energy can also affect the coarsening and recrystallization kinet-
ics. While recrystallization and coarsening occur post solidifica-

tion, both are driven by reduction of overall interfacial energy;
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notably, solute segregation occurring during solidification is
one of the key contributors to the interfacial energy. Solute seg-
regation is also necessary for phase transformations occurring
during solidification in SS. In case of solute trapping at very
high solidification growth rates, certain types of phase trans-
formations, such as liquid +§ (b.c.c.) > 8 (b.c.c.)+y (f.c.c.) or
liquid+y (f.c.c.) =y (fc.c.) +a (b.c.c.) can be completely sup-
pressed and the final microstructure may only contain the pri-
mary solid phase (b.c.c or f.c.c.). Depending on the fraction of
secondary phases evolving during solidification, the orientation
relationships (ORs), may determine the overall texture within
the final component. Note that ORs are also driven by interfacial
energy related phenomena; for this reason, the solute segrega-
tion and interfacial energy effects have been included within
one block in Fig. 2(b). Although the segregation behavior is
alloy chemistry dependent, segregation and interfacial energy
related phenomena are highlighted instead of alloy chemistry
in Fig. 2(b) to down select the specific factors affecting texture
during F-BAM and to avoid a generic classification of such fac-
tors. Figure 3 provides an example of segregation/interfacial
energy-induced changes in the phase transformation behavior
in SS316L and SS316LMn alloys processed using WAAM at
same parameters. Figure 3(a) and (b) correspond to the back-
scattered electron (BSE) micrographs acquired from SS316L and
SS316LMn, respectively. The interdendritic region for SS316L
appears darker, whereas that for SS316LMn appears lighter;
this indicates a variation in segregation behavior with chang-
ing chemistry. Consequently, changes in the phase transforma-
tion behavior from austenitic + ferritic in SS316L [Fig. 3(c)] to
fully austenitic in SS316 LMn [Fig. 3(d)] are also evident. The
resulting variation in texture from SX-like in SS316L to poly-
crystalline in SS316LMn is also evident and is propaedeutic for
investigating the implications of segregation and/or interfacial
energy related effects for crystallographic texture in more detail
for F-BAM processed SS.

Having discussed the physical phenomena occurring during
solidification that affect texture, we now pivot to the phenomena
occurring post solidification. Thermally induced deformation
can alter the as-solidified texture of SS during F-BAM pro-
cessing. Invoking the fundamentals of crystal plasticity theory
reveals that crystal reorientation may occur under tensile or
compressive deformation [34]. Despite the prevalence of ther-
mally induced deformation fields during F-BAM processing,
studies investigating the effect of such deformation fields on the
overall texture of the F-BAM processed SS are lacking. Never-
theless, deformation induced texture evolution has been widely
investigated for several other thermomechanical processes, such
as rolling. Considering that F-BAM is also a thermomechanical
process, the effect of thermally induced deformation on texture
evolution of solidified layers in F-BAM can also be investigated

using similar approaches. Notably, a few works have investigated
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Figure 3: Correlating solute segregation behavior with phase transformation behavior and overall texture evolution in F-BAM processed SS. BSE
micrographs for WAAM processed (a) SS316L and (b) SS316LMn. EBSD phase maps for (c) SS316L and (d) SS316LMn. EBSD IPF maps along BD and SD

for (e) SS316L and (f) SS316LMn.

the effect of thermal deformation on texture evolution of F-BAM
processed Ni-based alloys [2, 3]. A simple consideration of an
f.c.c. crystal under tension gives that the tensile axis may rotate
to a<211> orientation, whereas in compression, the compression
axis of the f.c.c. crystal rotates towards a stable end orientation
of<110> [34]. To demonstrate such deformation induced crys-
tallographic reorientation in as-solidified F-BAM microstruc-
ture of SS316L, we use crystal plasticity (CP) finite element (FE)
simulations. A previously presented CP model was used to study

texture evolution in SS316L [35]. Single element, SX simulations

©The Author(s) 2023

were performed for one hundred unique crystal orientations
subjected to 0.2 compressive strain under uniaxial loading
conditions. The as-solidified crystallographic orientations are
assumed to be determined by competitive growth. Therefore,
the initial orientation of each SX was determined by randomly
sampling from a distribution of orientations whose <001> crystal
axis is rotated counterclockwise between 30 and 40 degrees from
the vertical; this is consistent with how crystals are oriented
with respect to the melt pool boundaries in Fig. 3(e) and (f). As
described in the illustration in Fig. 1, such competitive growth
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Figure 4: Deformation induced crystallographic reorientation as predicted by the CP FE model. (a) Illustration depicting as-solidified crystallographic
orientation and (b) resulting 100 and 110 pole figures. (c) 100 and 110 pole figures of crystals depicted in (b) deformed to 0.20 strain level.

would not constrain the crystal rotation about the maximum
thermal gradient vector orthogonal to the melt pool boundary.
Consequently, crystals were arbitrarily rotated between 0 and
90 degrees about the maximum thermal gradient vector, i.e.,
the <001> crystal axis. Such crystallographic orientations are
illustrated in Fig. 4(a); considering the symmetricity of the melt
pool in F-BAM, the crystals in only half of the melt pool are con-
sidered in the CP FE simulations. Furthermore, the initial and
final textures of the one hundred simulations are presented col-
lectively in the form of BD-TD plane pole figures [Fig. 4(b), (c)].
Notably, with increasing strain level, the competitively grown
crystals align their <011> direction along the BD. Although the
boundary conditions of the simulations performed here are
simplified, it is evident that thermally induced plastic deforma-
tion can play a considerable role in determining final crystal-
lographic texture of F-BAM processed SS.

Microstructural coarsening and recrystallization may occur
during F-BAM and alter the as-solidified texture. While these
phenomena also arise due to thermal cycling, they differ from
the deformation and phase transformation related effects of
thermal cycling. Therefore, to avoid a generic classification of
the factors affecting texture evolution during F-BAM, micro-
structural coarsening and recrystallization have been placed
in a separate block in Fig. 2(b). Heat transfer from the newly

©The Author(s) 2023

deposited layer to the previously solidified layers readily occurs
during F-BAM. Such heat transfer can lead to formation of heat
affected zones and promotes grain coarsening in these layers
[36]. Grain growth occurs at the expense of smaller and energet-
ically less favorable grain orientations and can alter the overall
solidified texture. Such phenomenon has been widely investi-
gated for several conventionally processed SS [37-39]. Repeated
heating due to thermal cycling can also result in coarsening and
dissolution of second phase particles, reduced pinning force,
and abnormal grain growth [37]. Note that such microstructural
coarsening related phenomena are process parameter depend-
ent, i.e., a higher energy input from the heat source will result
in a larger heat affected zone, and a more pronounced effect on
post solidification texture evolution. Only a limited number of
studies have investigated the effect of recrystallization during
F-BAM on as-solidified microstructure [40]. On the other hand,
the recrystallization behavior of F-BAM processed SS and its
effects on texture evolution upon post processing thermome-
chanical treatments have been investigated [41, 42]. Rapid cool-
ing (from solidification)- and thermal cycle-induced deforma-
tion is known occur during F-BAM processing. Consequently,
the conditions amenable for recrystallization, i.e., plastic defor-
mation and elevated temperatures, are present during F-BAM.

Therefore, depending on the component geometry (determines
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thermal stresses in the component), the as-solidified microstruc-
ture, and the F-BAM process parameters, recrystallization can
influence the as-solidified texture of F-BAM processed SS.
Another phenomenon that can significantly impact crystal-
lographic texture post solidification is solid state phase transfor-
mation. Such phase transformations occur prominently during
F-BAM processing of SS. In the case of displacive phase trans-
formations, such as those seen in martensitic SS, formation of
martensite is likely to result in a random or a weak texture. Such
texture stems from the inherent randomness associated with
selection of 24 possible variants of martensitic lattice, i.e., 24
variants of martensite lattice can form from the lattice of the
parent phase [43]. Furthermore, thermal cycling related effects
during F-BAM can also lead to tempering of martensitic steels
and change the as-transformed or initial crystallographic texture
of martensite phase [44]. The effect of such in-process tempering
on texture will largely depend on the F-BAM process param-
eters, alloy chemistry and part geometry and can be subject to
investigation for F-BAM processed martensitic SS. E.g., from
the alloy chemistry viewpoint, for alloys with low martensite
start temperatures and a high C concentration, a few implica-
tions of in-process tempering during F-BAM include depletion
of C from martensite, recovery, and a subsequent change in as
transformed texture. The formation of bainite and austenite in
the heat affected zone and the implications thereof for texture
have been investigated in weldments of martensitic stainless
steel and ferritic martensitic steels [45, 46]. However, implica-
tions of such phase transformations for texture in F-BAM pro-
cessed martensitic SS require investigation. For diffusive solid
state phase transformations in SS like austenite to ferrite, texture
evolution during F-BAM processing may be largely governed by
orientation relationships [47]. Other diffusive solid state phase
transformations that can affect the as-solidified texture include
precipitation and dissolution of second phase particles. Such
transformations affect the grain growth, recovery, and recrystal-
lization kinetics, and, thus, can affect crystallographic texture.

Prospects of grain boundary engineering with F-BAM
for clean energy applications

From its advent, F-BAM has been viewed as an alternate to
the conventional directional solidification processes, such as
Bridgman solidification. Notably, such conventional processes
are still used for manufacturing heavily textured and geometri-
cally complex high temperature structural components. Reports
of SX-like texture evolution in austenitic SS with F-BAM are
promising [Fig. 3(e) and references [12, 13]], in that such texture
facilitates a reduced grain boundary area, and thus, an enhanced
performance of these alloys in harsh environments with good
creep resistance and HE resistance. Understanding and control
of physical phenomena occurring during and after solidification

©The Author(s) 2023

as discussed in Sect. 2.1 can enable texture control and grain
boundary engineering of SS with F-BAM. In this section, we
discuss the prospects of achieving enhanced HE resistance in
SS using such F-BAM engineered grain boundaries.

High angle grain boundaries (HAGBs) are favorable sites
for hydrogen enrichment in the microstructure. Such an enrich-
ment leads to a reduced free surface energy of grain bounda-
ries and promotes boundary embrittlement, also called HE [8,
48]. A reduced HAGB area through texture control in F-BAM
may delocalize plastic deformation from grain boundaries and
reduce the HE susceptibility of the processed SS. Next, we dem-
onstrate the implications of such grain boundary engineering
with F-BAM for HE resistance. For this demonstration, we use
a coupled multiphysics modeling framework that integrates CP
model and the hydrogen adsorption-diffusion (HAD) model (a
hydrogen transportation model) [49]. Such coupled multiphysics
models can facilitate an improved understanding of effect of tex-
ture on hydrogen diffusion towards grain boundaries. The model
framework assumes that when an alloy is plastically deformed,
the dislocations evolve and pile-up near the grain boundaries,
creating regions of lattice distortion and stress concentration
zones. Such zones provide favorable conditions for the adsorp-
tion and trapping of hydrogen atoms, resulting in a local hydro-
gen accumulation and increase in the HE susceptibility of the
alloy. Once a micro-crack is formed, the hydrogen atoms can
accumulate at the tip of a propagating crack, reduce the stress
required for further propagation, and promote brittle fracture.
In such modeling framework, the hydrogen transportation and
embrittlement are modeled at meso-scale using an integrated
dislocation density-based crystal plasticity model [50] and the
Sofronis and McMeeking [51] HAD model, both coupled in a
temporal increment algorithm. The CP model computes the dis-
location density evolution in the microstructure based on the
physical interpolation of dislocation population, interaction, and
annihilation process. The evolution of two types of dislocations,
i.e., statistically stored dislocation (SSD) and geometrically nec-
essary dislocation (GND)), are considered in the adopted model.
The rate of SSD evolution is assumed to be proportional to the
slip rate on each slip system, while the GND density is computed
from the Nye’s dislocation density tensor which quantifies the
magnitude and direction of local lattice curvature [52]. Based
on the local dislocation density evolution, the slip rate on each
slip plane can be computed and the combination of slip on all
active slip systems determines the local plastic deformation,
which gives the heterogenous deformation and stress field in the
microstructure. For each time increment, the CP model informs
the HAD model about the calculated stress field and dislocation
density evolution. Subsequently, the HAD model predicts the
diffusion and trapping of hydrogen atoms in the crystal lattice.
In the HAD model, the hydrogen is assumed to diffuse through
the lattice, and the high hydrostatic stresses will reduce the
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Figure 5: Enhanced HE resistance of F-BAM engineered grain boundaries as predicted by the CP-coupled HAD computational framework. EBSD IPF
maps in BD and SD for the F-BAM processed (a) polycrystalline and (b) SX-like textured SS316L. Simulation predicted GND density distribution (in m™)
upon 5% straining in F-BAM processed (c) polycrystalline and (d) SX-like textured SS316L. Subsequent hydrogen trapping at the grain boundaries,
represented by hydrogen concentration (in mol/m?3) distribution maps in F-BAM processed (e) polycrystalline and (f) SX-like textured SS316L.

chemical potential and result in a flux of hydrogen from regions
with compressive hydrostatic stress to regions with tensile hydro-
static stress [51]. The HAD model assumes dislocations as satu-
rable and reversible trap sites by assuming the local number of
trap sites at integration points as a function of local dislocation
density [49]. The trapping of hydrogen at grain boundaries is
a result of high dislocation density and stress concentration at
the grain boundaries, while the grain boundary structure is not
explicitly modeled. The effect of hydrogen on mechanical field,
i.e., the hydrogen-induced crack initiation and propagation, is
not implemented but implied by assuming an increased crack
initiation probability with high local hydrogen concentration.
Figure 5 demonstrates the use of the described closed loop

CP-coupled HAD model for determining the effect of texture on

©The Author(s) 2023

HE-resistance of an F-BAM processed SS316L. The CP simula-
tions are performed using the Abaqus commercial software, and
the results are fed into an in-house HAD code to compute the
hydrogen transportation. The F-BAM processed polycrystalline
SS316L microstructure as depicted in the IPF maps in Fig. 5(a)
and its SX-like textured counterpart with a low HAGB area as
depicted in the IPF maps in Fig. 5(b) are uniaxially deformed
to 5% tensile strain at room temperature and then charged in
hydrogen environment (1 bar pressure) as simulated by the cou-
pled dislocation-density based CP and HAD model [50]. The
initial hydrogen concentration at the lattice sites is 2.73 x 107"
mol/m>. Figure 5(c) and (d) show the GND density for the
polycrystalline and SX-like textured SS316L, respectively, as
predicted by the CP model. The simulations establish that the
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polycrystalline microstructure exhibits a steeper hydrogen con-
centration gradient (meaning higher deformation localization)
and attracts a higher concentration level of hydrogen atoms
due to the abundant HAGBs [Fig. 5(e), (f)]; consequently, such
microstructure is prone to the hydrogen-induced decohesion
(HID) and pre-mature failure due to hydrogen-enhanced local-
ized plasticity (HELP) mechanism [52]. On the other hand, the
SX-like textured region with reduced HAGB area will exhibit
a reduced propensity for grain boundary embrittlement due
to lower hydrogen concentration at the boundaries as well as
within the microstructure [Fig. 5(f)]. Therefore, grain bound-
ary engineering through texture control in F-BAM combined
with such closed loop coupled models will facilitate design of
HE-resistant SS with F-BAM.

Thermokinetics dependent solidification modes,
solidification morphologies, and hot cracking
susceptibility

Solidification behavior includes attributes such as solidification
modes (phase evolution during solidification), solidification
morphology (planar, cellular, and dendritic), and hot cracking
susceptibility (HCS) of an alloy. Common examples of solidi-
fication modes in SS include completely austenitic, FA and AE
Reports suggesting presence of fully austenitic microstructure in
laser-based F-BAM processing of SS, like SS316L are common
[53-55]. However, it is worth noting that a spatial variation in
the solidification modes is possible due to varying thermokinet-
ics, i.e., thermal gradients and solid-liquid interface velocity,
across the build. Elaborating, the varying thermokinetics lead to
variation in the solute segregation behavior across the build and
subsequently lead to variation in the solidification morphology
(morphology is G/R dependent). For example, planar growth is
favored at the bottom of a melt pool, whereas dendritic growth
becomes favorable towards the melt pool top [5]. Dendritic
growth also becomes more favorable as the build height increases
due to reduced thermal gradients. Such variation in solidifica-
tion morphologies is a direct evidence of variation in the solute
segregation behavior, thermal gradients, and growth rates across
the build. As the growth rates vary, the solid-liquid interface tip
temperatures of the solidifying phases can also vary across the
build. At any given temperature during solidification, the phase
with a higher tip undercooling or lower tip temperature is less

stable as compared to the phase with a lower tip undercooling or

©The Author(s) 2023

higher tip temperature. The tip undercooling is determined by
constitutional as well as curvature undercooling. A comparison
of partition coefficients of Cr in y and Ni in § [56] suggests that
the tendency of rejection of Ni for § phase is higher than the Cr
rejection tendency of y phase. Consequently, at high growth rates
below the limit of absolute stability, i.e., where planar interface
is unstable and the perturbations in the solid-liquid interface
are stable, the contribution of constitutional undercooling to the
total tip undercooling for § phase may be higher than that for
the y phase [57]. Additionally, it has been shown that at high
growth rates, the 6 phase exhibits higher curvature undercoolings
as compared to the y phase [58]. Therefore, for solidification con-
ditions that facilitate planar instability and are accompanied by
high growth rates, the tip undercooling of § phase may become
higher than the tip undercooling for the y phase. Such condi-
tions may suppress the formation of § phase from the liquid and
favor the A-F mode or completely austenitic mode. Note that
in F-BAM, due to high thermal gradients, the presence of high
growth rates also indicates high cooling rates during solidifica-
tion. As compared to the arc-based F-BAM processes, laser- and
electron beam-based F-BAM processes can achieve higher cool-
ing rates and growth rates. Therefore, an austenitic SS with a
given composition may exhibit different solidification modes
when processed with different F-BAM processes. Figure 6(a)-(c)
demonstrate such thermokinetics-dependent variation in solidi-
fication modes for the SS316L alloy. At high growth rates, such as
those available during L-PBE, the tip undercooling of the § phase
is high, and, thus, the solidification mode of the alloy can shift to
completely austenitic [Fig. 6(c)] from F-A in the DED processes
[Fig. 6(a), (b)]. Such variation in solidification modes may lead
to variation in the HCS of the processed alloy, in that completely
austenitic and A-F modes may increase the HCS of the alloy.
However, the HCS in such a case would also depend on the con-
centration of grain boundary embrittling solute elements, such
as S and P in the feedstock material for F-BAM. The segregation
of such alloying elements at the cellular/dendritic boundaries
may lead to a reduced free surface energy of the boundaries, and
subsequently, lead to hot cracking [8, 59]. It is worth noting that
although different F-BAM processes have been used to depict the
varying thermokinetics in Fig. 6(a)-(c), the key takeaway is that
the thermokinetics affect the solidification modes and solidifica-
tion morphologies within the processed SS. Since spatial varia-
tion in thermokinetics occurs within a component irrespective of
which F-BAM process is used [5], the solidification behavior can
vary within a component. Therefore, the X-ray diffraction (XRD)
measurements and the micrographs in Fig. 6(a)-(c) represent the
most prominent solidification modes (highlighted in blue text)
and morphologies (highlighted in red text) within the F-BAM

processed SS, respectively.
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Figure 6: Thermokinetics-dependent solidification behavior of SS316L during F-BAM. lllustration compares the solid-liquid interface tip undercooling
for the & phase, prominently observed solidification growth morphologies, and solidification modes in (a) DED WAAM, (b) laser-DED, and (c) L-PBF
process. Higher growth rates and cooling rates are available in L-PBF as compared to the DED processes, and, thus, the arrow also depicts a general
trend in the growth rates and cooling rates in F-BAM. Micrographs in (a)-(c) reveal a change in the solidification morphology from dendritic in DED
WAAM and laser-DED to cellular in L-PBF. XRD measurements for the DED- and L-PBF-processed SS316L demonstrate the change in solidification mode
from F-A in DED to completely austenitic in L-PBF. Micrographs and XRD measurements have been adapted from [54, 60-62].

High temperature mechanical behavior of F-BAM
processed SS with metastable microstructure

Solute segregation can alter the SFE and the phase stability.
Metastable microstructural features, such as retained austen-
ite phase have been widely reported in F-BAM processed mar-
tensitic SS [25]. Such solute segregation induced alteration of
alloy SFE has implications for both room and high temperature
mechanical behavior. The partitioning of austenite stabilizers
at localized sites within the microstructure stabilizes austenite
phase at these sites. During room temperature deformation, a
metastable austenite phase may undergo deformation induced

phase transformation, and subsequently lead to transformation

©The Author(s) 2023

induced plasticity (TRIP) effect. TRIP often leads to a delayed
dynamic recovery, a high and sustained work hardening rate,
and thus, results in a high synergistic strength and ductility at
room temperatures [63]. However, at elevated temperatures
(below austenite start temperature), the diffusion mediated
change in SFE readily occurs, i.e., austenite stabilizers can dif-
fuse from the matrix martensitic phase towards the austenite
phase and enhance the SFE of the latter. For instance, C, which
is known to increase the SFE of austenite phase, can diffuse eas-
ily at elevated temperatures from supersaturated solid solution
of martensite phase towards austenite and stabilize the austen-

ite phase. Such an increase in SFE may suppress deformation
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induced twinning or phase transformations and lead to embrit-
tlement of these alloys at elevated temperatures. Also, the diffu-
sion of C from martensite phase at elevated temperatures below
the martensite start temperature leads to tempering of the mar-
tensite phase. For the arc-based large scale F-BAM processes,
like WAAM, the problem of oxide formation is also prevalent.
At elevated temperatures, the coarsening of oxides may prove to
be detrimental to the mechanical properties. Notably, martensi-
tic steels are commonly used for manufacturing steam turbine
blades and manufacturing such geometrically complex struc-
tural components is one of the core capabilities of F-BAM pro-
cesses. Considering the unique chemistry-processing-structure-
properties relationships in F-BAM [5], very high cooling rates
in F-BAM may lead to a high fraction of metastable austenite
phase in the martensitic SS, such as 17-4 PH [64]. Consequently,
the implications of temperature induced changes in SFE and
overall microstructural attributes can be significant for F-BAM
processed SS in service. Several conventionally processed auste-
nitic and metastable steels also exhibit embrittlement at elevated
temperatures [65, 66]; the temperature induced increase in SFE
of low to moderate SFE steels has also been reported previously
[67]. Therefore, temperature induced changes in microstructural
attributes and ensuing mechanical behavior of F-BAM processed
SS with metastable microstructure require detailed investigation.
Design of high temperature-resistant microstructure-enabled SS
with F-BAM can synergistically facilitate enhanced manufactur-
ing efficiencies and enhanced power plants efficiencies; note that

latter requires high temperature-resistant materials.

Facilitating application specific and ‘future-proof” manufacture
of steels with fusion-based additive manufacturing processes
necessitates fine tuning of microstructural attributes, like texture
and solidification pathway. In this perspective article, we out-
line the limitations of the current approaches for understanding
texture evolution in F-BAM processed steels; specifically, the
current approaches predominantly focus on investigating the
physical phenomena occurring only during solidification. To
this end, we discuss several physical phenomena occurring dur-
ing and after solidification that can determine texture evolution
during F-BAM. Consideration of these phenomena can facili-
tate texture control and grain boundary engineering of SS with
F-BAM. Furthermore, the crystal plasticity-coupled hydrogen
adsorption-diffusion model establishes the hydrogen embrittle-
ment resistance of F-BAM engineered grain boundaries.

The spatially varying thermokinetics during F-BAM often
result in a variation in the solid-liquid interface tip under-
coolings of the solidifying phases. Consequently, the solidi-
fication modes may vary within a component. Consideration

of such variations in solidification modes is important, in that

©The Author(s) 2023

these affect the hot cracking susceptibility and mechanical
behavior of the processed SS. Manufacture of geometrically
complex components, such as a turbine blades with F-BAM
can be truly realized by designing an elevated temperature-
resistant microstructure with F-BAM. Temperature induced
changes in stacking fault energies of conventionally pro-
cessed steels are well understood. Considering that several
F-BAM processed martensitic SS exhibit a metastable austen-
ite phase, investigating the temperature induced changes in
SFE of F-BAM processed SS becomes imperative for designing
high temperature-resistant SS with F-BAM. Considerations as
outlined in this article have significant implications for grain
boundary engineering with F-BAM and can lead to design of

high temperature- and hydrogen embrittlement-resistant SS.
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