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Abstract

A widespread implementation of large scale additive manufacturing (AM) processes, such
as wire arc-directed energy deposition (WA-DED) AM can transform the current manufacturing
supply chain networks. Naturally, such implementation requires control of the microstructural
attributes, such as texture, and phase evolution in the processed alloys. Currently, the texture
evolution in fusion-based AM (F-BAM) processes is majorly rationalized by phenomena occurring
only during solidification. However, such rationalization is insufficient for understanding the
evolution of primary and secondary crystallographic orientations, and consequently limits the
comprehensive understanding and control of overall texture in F-BAM processed alloys. To this
end, we report a single crystal (SX)-like texture in WA-DED processed SS316L for the first time.
Furthermore, we assess the physical phenomena that may lead to such unique microstructural
evolution during WA-DED AM. Subsequently, using microstructural characterization spanning
the build height and thermomechanical simulations we investigate the effect of competitive growth
and epitaxial growth occurring during solidification and thermally induced plastic deformation
occurring post solidification on the overall texture of WA-DED processed SS316L. A spatial
variation in solidification pathway is also established and correlated with variation in
undercoolings across the build. Tensile tests revealed a strong orientation dependence of

deformation mechanisms with over 110% elongation to failure of specimens deformed along
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<011>. Such anisotropy is rationalized using Schmid’s analysis of dislocation slip and deformation
twinning. Overall, the mechanisms outlined in this work will facilitate an enhanced understanding
and subsequent control of texture evolution, solidification behavior and mechanical behavior of
WA-DED processed steels.

Keywords: Large scale additive manufacturing; crystallographic texture; alloy solidification;

deformation twinning; phase transformations; steels.
1. Introduction

Fusion-based additive manufacturing (F-BAM) processes have emerged as a prospective
alternate manufacturing route for manufacturing and repairing geometrically complex components
within a small lead time. Large-scale metal additive manufacturing (AM) processes, such as wire
arc-directed energy deposition (WA-DED) take F-BAM further with their capabilities of
producing fully functional large-scale structural components at much cheaper costs as compared
to powder bed F-BAM processes [1,2]. Although such capabilities of F-BAM processes have been
demonstrated with prototypes, the widespread implementation of these processes in structural
applications necessitates control of the evolving microstructure, residual stress and distortion, and
the mechanical properties. Furthermore, while several legacy alloys have been successfully
processed with F-BAM, the physical phenomena involved in F-BAM processes and the interplay
thereof that may determine the microstructure and the subsequent mechanical behavior of these

alloys remain inadequately understood.

Evolution of crystallographic texture is one such microstructural attribute that is governed
by multiphysics [3-8]. While the effects of texture on mechanical behavior of the F-BAM
processed alloys are widely reported, the attempts to investigate the mechanisms behind texture
evolution and the pertinent multiphysics in F-BAM are still limited. In addition to affecting the
room and high temperature mechanical behavior, texture also affects the grain boundary energy
and consequently, affects the cracking susceptibility of the F-BAM processed alloys [9]. The
importance of texture control becomes even more significant for manufacturing structural
components, such as turbine blades where single crystalline texture is one of the key microstructure
requirements and is critical for good creep resistance of the component. Conventionally, turbine
blades are manufactured using Bridgman technique, which is a directional solidification process.

Naturally, manufacture of such components requires a rigorous control of the dimensions,



geometry, as well as the microstructure. Notably, F-BAM is expected to eventually mature into a
process that will manufacture such geometrically complex structural components with required
microstructural attributes. Therefore, for F-BAM to be a cost-, time-, and labor-effective alternate
for conventional processes, manufacture of geometrically complex components and the fine tuning
of microstructural attributes, including texture and phase evolution must be collectively realizable.
However, control of texture evolution during F-BAM requires a comprehensive assessment of

several physical phenomena occurring during and after solidification.

Formation of a strong preferential texture during F-BAM may result from columnar growth
that is prevalent during solidification in F-BAM [10]. Furthermore, the substrate-enabled epitaxy
in F-BAM provides a low energy pathway for crystal nucleation and growth during the rapidly
occurring solidification in F-BAM and may lead to preferential texture across the build.
Interestingly, a few researchers in the F-BAM community have reported formation of a single
crystal (SX)-like texture in electron beam melting (EBM) and laser-powder bed fusion (L-PBF)
AM processes [9,11-15]. Naturally, for achieving such SX-like texture in F-BAM processed
components, a uniform alignment of both primary and secondary crystallographic orientations is
necessary. Note that here the term ‘primary orientations’ represents the crystallographic
orientations in the build direction (BD), whereas the term ‘secondary orientations’ represents
orientations in the two directions perpendicular to the BD, i.e., bead or scanning direction (SD)
and the transverse direction (TD) respectively. For clarity, the primary and the secondary
crystallographic orientations for a cubic crystal with respect to the BD, TD, and the SD, as defined

in this work, are illustrated in Fig. 1.
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Figure 1: llustration depicting the terminologies used for crystallographic orientations with
respect to the build coordinates in this work. The outer cuboid with black edges represents the built
component and the build coordinates are labeled as BD, SD, and TD. The inner cube with green
edges represents an arbitrary crystal within the build. The primary and secondary crystallographic
orientations are defined with respect to the build coordinates, such that primary orientations are
parallel to the BD and the secondary orientations are parallel to the SD or the TD.

For elucidating the mechanism behind formation of a SX-like texture, researchers have
mostly invoked directional solidification- or competitive crystallographic growth-based argument
which essentially asserts that the steep thermal gradients in the BD lead to the alignment of <001>
crystallographic directions normal to the melt pool boundary during F-BAM. While such
competitive growth-based arguments may explain the uniform alignment of <001>
crystallographic orientations normal to the melt pool boundaries, they fail to rationalize the
uniform alignment of both primary and secondary crystallographic orientations throughout the
build. Notably, such uniform alignment of both elements of crystallographic orientations, i.e.,

primary, and secondary (Fig. 1), is necessary for achieving an SX-like texture. In addition, the



competitive growth-based arguments fail to consider other physical phenomena, such as plastic
deformation that may occur during F-BAM processing [3-8]. Subsequently, the origin of uniform
alignment of both primary and secondary orientations has not been detailed in majority of the
studies reporting SX-like microstructure in F-BAM processed alloys [9,11,14-21]. Furthermore,
a vast majority of these studies are limited to investigating the Ni-based superalloys. This limits
the understanding of the chemistry-processing-microstructure-properties relationships for other
alloy systems and consequently hinders the microstructure design efforts with F-BAM. Another
shortcoming of the existing works that have investigated SX-like texture evolution in F-BAM is
that none of the reported works use the large-scale F-BAM processes, such as WA-DED.
Considering that WA-DED offers a unique advantage of on-demand manufacture of large scale
structural components, e.g., steam turbine blades, such shortcoming inhibits a comprehensive
understanding of texture evolution in F-BAM processes. To this end, we report a SX-like
microstructure in WA-DED-processed stainless steel (SS) 316L. To the best of our knowledge,
such SX-like texture has not been reported previously for WA-DED-processed steels.
Subsequently, we assess the implications of multiple physical phenomena occurring during and
post solidification and their interaction for selection of primary and secondary crystallographic
orientations in WA-DED. The phenomena specifically investigated in this work include
competitive and epitaxial growth occurring during solidification and thermally induced plastic
deformation occurring post solidification. Solidification during large scale F-BAM processes, such
as WA-DED may occur at a length scale that is order(s) of magnitude larger than other F-BAM
processes like L-PBF, EBM, and laser-directed energy deposition (L-DED) [10,22]. As a result,
the thermokinetics (characterized by thermal gradients, G and growth rates, R) that determine the
morphology and scale of the microstructure differ significantly in WA-DED. Consequently, the
effects of unique thermokinetics associated with WA-DED process on location-specific
crystallization, solute segregation behavior, tip temperature of the solid-liquid interface, and the
ensuing phase transformation behavior are demonstrated and discussed. Furthermore, the effects
of SX-like texture of WA-DED-processed SS316L on mechanical behavior are assessed. The
implications of crystallographic orientation for dislocation slip and deformation twinning are also

discussed in detail.



2. Methods
2.1  Experimental methods

SS316L filler wire of diameter 1.14 mm was obtained through a collaborative agreement
with Lincoln Electric. The chemical composition of the wire is listed in Table 1. A Lincoln Electric
WA-DED system with an ABB robotic arm and Lincoln Electric R450 welder was used to deposit
the material. A low carbon steel plate was used as a substrate. A RapidX weld mode was used to
achieve spray transfer with a fixed travel speed of 16.93 mm/s, wire feed speed of 169.33 mm/s,
welder trim set to 0.9, and a shielding gas mixture of 98% Ar/2% CO>. The resulting current and
voltage values were ~22 V and ~260 A with a 12 mm stickout distance from torch to melt pool
and a resulting final heat input of ~0.337 kJ/mm. Four beads with an inter-bead overlap of ~4 mm
were deposited using a 'paperclip’ type deposition path, i.e., one continuous weld starting from the
center of the part and looping twice to fabricate a four bead thick block, as illustrated in Fig. 2(a).
The interpass temperature resulting from the deposition of such “paperclip’ type deposition path,
spanning over a length and width of 355 mm and 20 mm, respectively was ~400 °C. The resulting
interlayer height was ~2 mm. A rectangular block of dimensions 355 (L)x20 (W)x100 (H) mm?®
was manufactured and specimens for microstructural and mechanical characterization were

extracted from this block throughout this study.

Table 1: Chemical composition of SS316L alloy wire used in this work.

Element Fe Cr Ni Mo | Mn Si C Cu P S

Concentration | Bal | 18.50 | 12.10 | 2.40 | 1.60 | 0.36 | 0.02+ | 0.09+ | 0.02+ | 0.02+

(Wt.%) + + + + + 0.01 | 0.05 | 0.01 | 0.01
0.50 1.10 | 0.40 | 0.60 | 0.06

Specimens for microstructural characterization were extracted from the top and the bottom
portion of the build as highlighted by the rectangles in Fig. 2(b). The extracted specimens were
hot mounted such that the surfaces containing TD and BD could be prepared for metallography.
Mounted specimens were polished to ~ 1 um surface finish using diamond suspension. A final
vibratory polishing was performed for ~ 8 hrs. using 0.05 um colloidal silica. Next, electrolytic
etching was performed using 10 vol.% aqueous solution of oxalic acid. Optical microscopy was
performed with Leica DM4000M and Leica S8 APO microscopes. Backscattered electron (BSE)
images and energy dispersive X-ray spectroscopy (EDS) maps were acquired using Gemini 450

field emission scanning electron microscope (SEM) whereas electron backscatter diffraction



(EBSD) measurements were acquired using Zeiss Crossbeam 550 field emission SEM equipped
with Oxford detector. EBSD data analysis was performed using MATLAB MTEX software. Zeiss
Metrotom system was used for performing X-ray computed tomography (XCT) and the voxel size
was set to ~40 um. The XCT data was analyzed using VGSTUDIO software. Small scale SS-J3
tensile specimens were extracted at different orientations with respect to the TD, BD, and SD. All
tensile specimens were extracted only from the SX-like region (above the build height of ~10 mm).
Three specimens from each orientation were tested. Tensile tests were conducted at room
temperature and a strain rate of 10 s, For investigating the deformation-induced microstructural
evolution, fractured tensile specimens were hot mounted and prepared for metallography using the

same procedure as used for preparing as-built specimens.
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Figure 2: lllustrations depicting the scan strategy and specimen extraction location for
microstructural characterization. (a) Depiction of a ‘paperclip’ type scan contour in the TD-SD
plane. The heat source begins deposition from the point indicated by the solid black arrow and first
traverses along the red inner contour and then follows the blue contour depositing a total of four
beads. (b) An XCT generated image from the BD-TD plane outlining the topmost and bottom most
portions of the build that were used for extracting specimens for microstructural characterization
in this work.

2.2 Numerical methods

Thermo-mechanical finite element (FE) model was implemented using Abaqus2020
software to simulate the evolution of plastic strain during the WA-DED build [23]. The FE model
utilizes a progressive element activation method to describe material addition from the wire. A
build volume of 355 (L) x 18 (W) x20 mm?3 (H) was simulated. DC3D8 and C3D8 hexahedral type

elements were used for thermal and mechanical simulation, respectively. A characteristic mesh



size of 2 mm for the wall and 6 mm for the substrate was used. The tool path was converted from
G-code (i.e., motion and deposition command) to modeling input parameters. Such tool path
produces four beads in a contour pattern, also termed as ‘paperclip’ type deposition strategy in this
work (Fig. 2(a). The mild steel substrate was considered as fully constrained in three dimensions.
The transient moving heat source was described as Goldak’s double ellipsoidal model representing
three-dimensional volumetric heat source. A combined heat transfer coefficient was used to
consider heat loss into ambient environment [24]. Temperature-dependent material properties were
used for the thermal and mechanical simulations and have been shown in the supplementary Figs.
S2.1(a)-(e) [25]. Detailed simulation procedure as used here has been described in previously

published work from the authors [26].
3. Results
3.1  Evolution of crystallographic texture with build height

Fig. 3 shows the results from XCT and EBSD measurements of the as-built SS316L alloy.
A reconstructed XCT image (Fig. 3(a)) shows the BD-TD plane of the sectioned build and
highlights the regions within the build that were used to acquire the IPF orientation maps in Figs.
3(b)-(e). The IPF maps reveal the crystal orientations relative to BD and SD, and thus these maps
collectively reveal the three-dimensional crystallographic orientations within the top (Figs. 3(b)-
(c)) and the bottom (Figs. 3(d)-(e)) sections of the build. An almost uniform alignment of <011>
crystallographic directions in the BD (Fig. 3(b)) and <100> crystallographic directions in the SD
(Fig. 3(c)) establishes a SX-like texture in the top section. Also, in the middle region of the melt
pools (as highlighted in Fig. 3(a)), the <001> directions align with the BD. Notably, stray grains
are evident near the edges of the top section (Figs. 3(b)-(c)). For the bottom section, the
crystallographic orientations in the BD and SD are shown in Figs. 3(d) and 3(e), respectively.
While the top section of the build exhibited a strong SX-like texture, majority of the bottom section
exhibits a polycrystalline texture, particularly in the bottom most region. Also worth noting is that
with increasing height of the build, a <011> and <100> texture becomes more prominent in the

BD and the SD, respectively.



Figure 3: Crystallographic orientations in specimens extracted from top and bottom sections of
the build. (a) XCT reconstruction of the sectioned build; the black and green highlighted regions
represent the regions of interest for acquiring EBSD measurements. IPF maps from the (b)-(c) top
and (d)-(e) bottom sections of the build representing crystallographic orientations along BD in (b)
and (d) and along SD in (c) and (e).

3.2 Melt pool geometry, solidification growth modes, and direction of solidification within

melt pool

A low magnification optical micrograph in Fig. 4(a) shows several melt pools within the
SX-like region of the WA-DED-processed 316L. Considering the melt pool geometry, conduction
mode appears to be the dominant mode of heat transfer as opposed to the keyhole mode. Due to
the polycrystalline texture within the bottom most melt pools the columnar grains were readily
observed to grow such that their long axes remained almost perpendicular to the melt pool
boundaries (Figs. 3(d)-(e)). Such perpendicularity between the long axes of columnar grains and
the melt pool boundary is also evident in the top section of the build (Fig. 4(b)). Notably, such a
trend is only evident in regions far from the left and right edges of the build as shown in the orange-
highlighted region of Fig. 4(c). For the columnar grains near the edges (blue highlighted region in

Fig. 4(c)), the long axes appear to grow almost parallel to the edges. Higher magnification optical



micrographs in Figs. 4(d) and 4(e) establish this disparity in the growth directions between grains
near and far from the edges, respectively. Note that the columnar solidification may proceed
through planar, cellular, cellular dendritic or dendritic growth modes [10]. Figs. 4(d)-(e) reveal
that solidification proceeded majorly through the columnar dendritic mode in the WA-DED-
processed SS316L. However, in regions very close to the melt pool boundaries cellular or cellular
dendritic growth mode is observed depending on the proximity from the melt pool boundary. Two
melt pool boundaries are highlighted by red and black dashed curves in Fig. 4(e). These boundaries
bound three regions (labeled as 1, 2, and 3 in Fig. 4(e)) from three different melt pools. The
solidification direction in region 1 is from the bottom left corner to the top right corner of the
micrograph, whereas the solidification direction for the regions 2 and 3 is towards the top left
corner of the micrograph. The arrows in Fig. 5(e) indicate these directions of solidification within
regions 1, 2, and 3. Right above the red melt pool boundary in region 1, the columnar growth
occurred through cellular mode. However, the secondary arms appear after a few hundred microns
and become prominent towards the top right edge of the micrograph. Careful observation of the
melt pools corresponding to regions 1 and 2 reveals the cellular to dendritic transition in these melt
pools. Note that region 3 represents the top region of the melt pool in the previously deposited
layer. Secondary dendritic arms are very prominent in this region; this indicates that the columnar

growth occurred through dendritic mode towards the melt pool top.
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Figure 4: Optical micrographs highlighting multiscale features ranging from growth morphology
of sub-granular features to the melt pool geometry. (a) Low magnification micrograph covering
several melt pools and (b) a relatively higher magnification micrograph from yellow highlighted
region in (a). (c) Optical micrograph covering microstructure from regions near the edge
(highlighted in blue) and far from the edge (highlighted in orange). Higher magnification
micrographs from regions (d) near the edge and (e) far from the edge. The solid arrow represents
BD for all micrographs.
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3.3  Evolution of solidification growth modes with build height

In Figs. 3(d)-(e), the gradual evolution of texture from polycrystalline in the bottom-most
region to SX-like above the build height of ~10 mm is evident. Furthermore, considering that
solute segregation behavior affects texture evolution during rapid solidification [27], the changes
in microstructural attributes, such as growth morphology and segregation behavior with build
height were investigated next. Fig. 5(a) was acquired from the bottom-most melt pool of the build
(polycrystalline region), whereas Fig. 5(b) was acquired from the region that had attained the SX-
like texture. Furthermore, both micrographs in Fig. 5 were acquired from the top region of their
respective melt pools and the red arrows in Fig. 5(b) point to a melt pool boundary. Fig. 5(a)
reveals cellular and cellular dendritic sub granular morphology, whereas Fig. 5(b) shows columnar
dendritic sub granular morphology. Note that in the bottom most melt pool in Fig. 5(a), the cellular
sub granular features are prominent even towards the melt pool top. On the other hand, for the
region with SX-like microstructure in Fig. 5(b), the sub granular features towards the melt pool
top are fully columnar dendritic and the sub granular features right above the melt pool boundary
indicated by red arrows are cellular or cellular dendritic. Also worth noting is that the color contrast
in the inter cellular region in Fig. 5(a) is different from the contrast in the inter dendritic region in
Fig. 5(b). Such variation in color contrast indicates variation in the solute segregation or phase
transformation behavior in the two regions. To further investigate such variation, EDS and EBSD
maps were acquired from the regions with cellular and cellular-dendritic microstructure in the

bottom most melt pool and the region that had attained the SX-like microstructure.

20 pm 20 pym

Figure 5: Evolution of microstructural attributes with build height. SEM BSE images (a) from the
bottom most melt pool of the build with a polycrystalline texture and (b) from a region with SX-
like texture. BD is along the vertical axes of these maps, as also depicted by the solid black arrow.
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3.4  Evolution of segregation and phase transformation behavior with build height

Fig. 6 shows the solute segregation behavior within the two regions of the build, i.e., the
region with polycrystalline texture from the bottom most region of the build (Fig. 6(al)-(a6)) and
the region with SX-like texture towards the top (Fig. 6(b1)-(b6)). Both regions are distinguishable
from the different modes of columnar growth, i.e., cellular, and cellular dendritic in the bottom
and columnar dendritic towards the top. Such distinct columnar growth modes in the
polycrystalline and SX-like regions of the build are clearly evident in the lower magnification BSE
micrographs shown in the supplementary Fig. S1 that also highlights the field of view of the EDS
maps shown in Fig. 6. Notably, both regions exhibit segregation of Cr (Figs. 6(al) and 6(b1)), Mo
(Figs. 6(a2) and 6(b2)), Mn (Figs. 6(a4) and 6(b4)), and Si (Figs. 6(a5) and 6(b5)). However, the
bottom region exhibits a relatively wider presence of Ni (Fig. 6(a3)) as compared to the upper
region where Ni is localized within the dendrites (Fig. 6(b3)). Second phase particles rich in Mn,
Si, and O that are distributed at the dendritic boundaries as well as within the dendritic arms are

also evident in both regions.
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Figure 6: EDS maps revealing elemental segregation behavior in different regions of the build.
EDS maps from (al) - (a6) the region with polycrystalline texture in the bottom of the build and
(b1)-(b6) the region with SX-like texture. Same scale bar is applicable for all EDS maps. BD is
along the vertical axes of these maps, as also depicted by the arrow.

Considering that the vermicular morphology of the Cr and Mo-rich interdendritic regions
(Figs. 5(b), 6(al)-(a2), and 6(bl)-(b2)) is usually associated with & ferrite phase, high
magnification EBSD maps were acquired from the bottom region and the region with SX-like
texture of the build to determine the evolution of phases with build height [28,29]. Fig. 7(a) and
7(b) represent the EBSD phase maps from the region with polycrystalline texture at the bottom
and the region with SX-like texture towards the top, respectively. The pattern quality maps
corresponding to Figs. 7(a) and 7(b) are shown in Figs. 7(c) and 7(d), respectively. At the bottom
of the build, a more widespread austenite phase is evident even in the intercellular regions (Fig.

7(a)), whereas towards the top of the build, o ferrite phase is dominant in the interdendritic regions

14



(Fig. 7(b)). Notably, at several instances, the vermicular § ferrite phase in the interdendritic regions
forms a continuous network such that the longer branches of this network remain in the direction
of solidification (Figs. 5(b), 7(b) and 7(d)).

Figure 7: Phase evolution with build height. EBSD phase maps from regions with (a)
polycrystalline texture at the bottom of the build and (b) SX-like texture towards the top. Color
keys are provided towards the right of Fig. (b). (c)-(d): pattern quality maps corresponding to Figs.
(a) and (b), respectively. BD is along the vertical axes of these maps, as also depicted by the arrow.

35 The ‘skin’ effect

A shallow layer of stray grains was observed towards the topmost portion of the build (Figs.
3(a)-(b)). The formation of stray grains within a few hundreds of microns of the outermost surface
is termed as the skin effect. Since the crystallographic texture in this superficial layer deviates from
that within the build, further investigations into the solidification behavior in this region were
performed. Fig. 8(a) shows an optical micrograph from the TD-BD plane in the topmost region of
the build. The growth direction of cells and dendrites within ~400 um of the build surface is starkly
different from those within the build; subsequently, stray grains are formed within this ~400 um
deep ‘skin’. The growth direction of cells and dendrites beyond the ‘skin’ is different from that

within the ‘skin’ in the sense that the primary dendritic arms beyond the ‘skin’ remain
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perpendicular to the melt pool boundary, whereas no such perpendicularity is observed between
the primary cellular/dendritic arms and the melt pool boundary within the ‘skin.” Another
interesting observation is the appearance of planar solidification growth mode within ~10 um from
the topmost surface of the build as indicated by white dashed arrows in the higher magnification
optical micrograph in Fig. 8(b). Cellular and cellular dendritic solidification morphologies are
observed beyond the planar region; the yellow arrows in Fig. 8(b) point towards the tip of a few

such cells.

Figure 8: Distinct solidification behaviors within the superficial layer or ‘skin’. (a) Optical
micrograph covering solidification growth directions in the superficial layer as well as within the
rest of the build and (b) higher magnification optical micrograph from the green highlighted region
in (a). BD is along the vertical axes of these micrographs, as also depicted by the solid black arrow.

3.6 Mechanical behavior

Crystallographic texture leads to anisotropy in mechanical properties. Since the WA-DED-
processed SS316L exhibits a sharp crystallographic texture, we investigate the effect of such
texture on the tensile deformation behavior of the WA-DED-processed SS316L. Fig. 9(a)
illustrates the different directions of application of the tensile load. Note that the tensile axes of
these specimens exhibiting SX-like texture coincide with either BD // <011>, SD // <100> or ~35°
counterclockwise from TD in the SD-TD plane ( // <111>) crystallographic directions. Hereinafter,
these specimens loaded along <011>, <100>, and <111> directions are referred to as <011>,
<100> and <111> specimens, respectively. Fig. 9(b) shows the tensile engineering stress vs.
engineering strain curves for the three orientations. The averaged tensile properties obtained from

testing three specimens from each orientation are also tabulated in Table 2. Evidently, the WA-
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DED-processed SS316L exhibited an anisotropic tensile behavior. The <111> specimen exhibited
the highest yield strength (YS). While the <011> and <100> specimens exhibited similar YS,
interestingly, the former exhibited the maximum elongation to failure (EF) of over ~100%.
Furthermore, a stark difference in work hardening rates (WHR) is notable (Fig. 9(c)). The <011>
specimen exhibited a sustained WHR until much later stages of plastic deformation as compared
to the <111> specimen; nevertheless, the latter exhibited a sustained WHR at higher stress levels.
As for the specimen loaded along the SD (or <100> specimen), a monotonically decreasing WHR
was observed as opposed to sustained WHR. Note that the sustained WHR in <111> and <011>
specimens indicate that the microstructure in these specimens could consistently provide obstacles

to slip until late stages in plastic deformation [27,30].
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Figure 9: Direction of tensile loading and tensile behavior of the WA-DED-processed SS316L
specimens with SX-like texture. (a) Illustration of specimen extraction methodology and
subsequent tensile loading directions for different specimens. (b) Engineering stress vs.
engineering strain curves and (c) work hardening behavior for tensile specimens loaded in different

directions.

Table 2: Tensile properties of WA-DED-processed SX-like textured SS316L specimens loaded in
different directions. Averaged tensile properties as obtained from tensile testing of three specimens
from each orientation are reported.

Direction of tensile loading | YS (MPa) | Ultimate tensile strength (MPa) EF (%)
BD (<011>) 291.9+11.8 489.4+4.4 110.8+3.9
SD (<100>) 285.316.0 514.0£13.3 40.3+0.5

~35° from the TD (<111>) | 347.5+12.8 554.3+27.9 42.6+6.8
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4, Discussion
4.1 Texture evolution

Noting the melt pool geometry and the major axis of the columnar grains in the WA-DED-
processed SS316L (Figs. 4(b) and 4(e)), a distinct crystallographic growth pattern is seen wherein
the crystallographic growth direction is perpendicular to the melt pool boundaries. For constrained
or columnar growth, such perpendicularity between crystallographic growth direction and the melt
pool boundaries indicates that the heat extraction occurred in the direction opposite to the
crystallographic growth direction [10,31]. The green arrows in Fig. 10(a) indicate the
crystallographic growth direction or the direction of maximum thermal gradient. Considering the
competitive growth mechanism for cubic crystals, the crystals with <001> directions aligned with
the direction of maximum thermal gradient will outgrow the other non-aligned crystals; this will
lead to the alignment of <001> directions perpendicular to the melt pool boundaries and may
subsequently lead to the alignment of <011> in the BD. Note that in this discussion, the alignment
of <011> in BD is an indirect manifestation of competitive growth mechanism. However, we note
that such competitive growth can also be facilitated by different crystallographic configurations,
as exemplified in Figs. 10 (b)-(c). In other words, the crystal can rotate about the direction of heat
extraction and still facilitate a competitive growth. Therefore, the alignment of <011> in BD is just
one of the several possibilities through which competitive growth may occur. Consequently,
competitive growth alone does not explain the formation of SX-like texture, where the primary
crystallographic orientation (in BD) is <011>, whereas the secondary orientations are <100> in
the SD and <011> in the TD (Fig. 3).
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Figure 10: Crystallographic growth during WA-DED processing of SS316L. (a) Optical
micrograph depicting competitive crystallographic growth perpendicular to the melt pool
boundaries. (b)-(c) illustrations exemplifying a few crystallographic orientations that can facilitate
competitive growth of crystals. Although configurations illustrated in both (b) and (c) can facilitate
competitive growth, the primary and secondary crystallographic orientations in the final build will
vary for the two configurations.

Having established that competitive growth-based argument alone is insufficient to
elucidate the SX-like texture in WA-DED-processed SS316L, we investigate other mechanisms
occurring during as well as post solidification. During solidification, in addition to competitive
growth, the epitaxial growth may determine the crystallographic texture in WA-DED [4,7,32].
Whereas, post solidification, thermally induced plastic deformation within the previously
deposited layers may determine the crystallographic texture in WA-DED, as also established in
other solidification processing routes [12]. Therefore, to elucidate the texture evolution during
WA-DED, we consider competitive growth and epitaxial growth occurring during solidification,
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and thermally induced plastic deformation occurring post solidification. While competitive growth
may lead to the alignment of <001> crystallographic directions perpendicular to the melt pool
boundary, plastic deformation of the solid in melt pool vicinity may lead to rotation of the
competitively grown crystals. Notably, plastic deformation-induced crystal rotation leads to a
specific stable final orientation depending on the nature of deformation (tensile or compressive).
For f.c.c. lattice in compression, a stable final orientation is reached when <110> crystallographic
direction becomes parallel to the compression loading axis (Fig. 11), whereas in tension the stable
final orientation is reached when <211> of the f.c.c. lattice is aligned along the tensile loading axis
[33]. In essence, thermally induced plastic deformation may lead to lattice rotation in previously
deposited solid and depending on the nature of such deformation (compressive or tensile), either
the <110> or <211> crystallographic direction may become parallel to the direction of maximum
plastic strain [34]. Therefore, we investigate the nature of plastic thermal strains developed in
SS316L during WA-DED processing.

[101]
AL111]

[100]

A117]

Figure 11: Portion of a cubic stereogram illustrating rotation of a cubic lattice under compression
along the marked compression axis (CA). As an f.c.c. lattice is compressed along a CA located
inside the basic stereographic triangle with vertices [100], [110] and [111], the normal to the slip
plane orients parallel to the CA [33]. For such relative orientation between the lattice and the CA
as illustrated, slip occurs primarily on the (111)[101] system. As the crystal plastically deforms
under compression, the CA rotates towards the slip plane normal [111] and reaches the [100]-[110]
boundary. Subsequently, duplex slip is activated, i.e., slip occurs simultaneously in the (111) and
the conjugate (111) plane. Such duplex slip causes a net rotation of the CA towards the [110]
direction, also termed as the stable final orientation for an f.c.c. lattice with respect to the CA.
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The red highlighted elements in Fig. 12(a) illustrate the regions in the BD-TD plane that
were used for comparing the plastic strain values in the BD, TD, and SD. Fig. 12 (b)-(e) show the
evolution of plastic thermal strains in TD (g11), SD (e22), and BD (&33) from the four red highlighted
regions in Fig. 12(a) during WA-DED processing. Notably, the plastic strains developed in the BD
(e33) are compressive in nature, whereas those in TD (g11) and SD (e22) direction are tensile.
Furthermore, the magnitudes of compressive plastic strains in the BD during a vast majority of the
process are higher than those of the tensile plastic strains in the SD and TD. The contour plots
representing the plastic strains accumulated in the region of consideration (blue shaded region in
Fig. 12(a)) towards the completion of 18 mm of build height are also shown in the supplementary
Figs. S2.2(a)-(c). We note that the thermomechanical FE simulations performed in this work
capture the thermomechanical behavior at a macroscale as opposed to capturing such behavior at
the crystal scale with as solidified microstructural attributes. Therefore, rather than revealing the
precise values of thermal strains, such FE simulations reveal the trend in thermal strains along the
three build axes. The trends revealed in the thermomechanical FE simulations performed here are
propaedeutic for further computational investigations. Nevertheless, the prominent compressive

plastic strains in the vertical direction can result in a stable final orientation of <011> // BD (Fig.
11). A stable final orientation of <011> // BD means that further compressive loading in the
vertical direction will not cause rotation of these stabilized lattices. Note that prior to such a plastic
deformation-induced reorientation, the secondary crystallographic directions may be randomly
oriented. Few possibilities of such randomly oriented secondary crystallographic orientations were
illustrated in Figs. 10 (b)-(c); the plastic deformation induced stable final orientation of <011> //

BD is also illustrated in Fig. 10(b).
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Figure 12: Evolution of plastic thermal strains during WA-DED processing of SS316L. (a)
Illustration depicting the region considered for comparing plastic thermal strain values obtained
from the thermomechanical FE simulations in TD, SD, and BD. The evolution of plastic strains in
locations (b) 1, (c) 2, (d) 3, and (e) 4 also marked in red in (a). €11, €22, and e33 in (b)-(e) represent
the thermal plastic strains in TD, SD, and BD, respectively.

We postulate that such an argument that is based on plastic deformation-induced
reorientation is applicable to the material located below the solidifying melt pool where the
temperatures are slightly less than the solidus temperature. For understanding this postulation, it

is important to understand that the constrained thermal expansion of the material at high
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temperatures is considered as the principal contributor to the compressive strains calculated in this
work. At lower temperatures, the strains and the subsequent crystal reorientation will be smaller,
whereas for the solid at higher temperature below the solidifying layer, the magnitude of plastic
thermal strains will be higher. Additionally, thermokinetics (G and R) during WA-DED processing
are likely to determine the strain rate of the thermally induced deformation and the subsequent
magnitude of the crystallographic rotation [35]. Notably, the bottom-maost layers did not exhibit a
SX-like texture. Instead, the texture gradually evolved from polycrystalline in the bottom-most
layers to SX-like in the upper layers (Figs. 3(b)-(e)). Therefore, with deposition of each new layer,
the compression-induced crystallographic rotation must occur in the previously deposited layers.
However, under compressive loads, a few important factors that will determine whether the crystal
reaches the stable final orientation of <011> // BD are the initial orientation of the crystal and the
magnitude of compressive plastic thermal strains acting upon it. The initial primary
crystallographic orientation (// BD) may be determined by competitive growth (for small melt
pool curvatures) or epitaxial growth, whereas the initial secondary orientations during
solidification in the case of columnar dendritic morphology are largely determined by epitaxial
growth. With deposition of every new layer, the crystals present in the previously deposited layers
will gradually rotate to attain the stable final orientation of <011> // BD. As the build progresses,
the crystals towards the top of the build reach closer to this stable final orientation as compared to
the crystals towards the bottom, in that the latter grew epitaxially on the crystals from the substrate
plate, and thus may require large compressive strains to attain the stable final orientation. An
instance of the crystals within the bottom most region of the build growing epitaxially is provided
in the supplementary Figs. S3(a)-(c). Such large compressive strains may not be available during
WA-DED processing, and thus the crystals towards the bottom of the build retain their
polycrystalline texture (Figs. 3(d)-(e)). Nevertheless, crystals towards the bottom will still rotate
in an attempt to reach the stable final orientation under compressive loads. With the gradual
rotation of crystals in previously solidified layers, a stable end orientation can be reached after a
particular build height; in this work, a stable final orientation of <011> // BD is observed more
prominently at a build height of more than ~10 mm (Figs. 3(d)-(e)). Once this stable final
orientation is attained, the crystals continue to deform under compressive thermal strains, however,

no further rotation happens. Such crystals with a stable final orientation of <011> // BD will

facilitate epitaxial growth of crystals in the solidifying melt pool and will consequently lead to
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uniformity in secondary crystallographic orientations (<100> // SD and <011> // TD). As a result,
SX-like texture is retained within the upper section of the WA-DED processed SS316L. Note that,
here, the alignment of <001> perpendicular to the melt pool boundary, and <011> // BD inherently

constrains the secondary crystallographic orientations <100> // SD and <011> // TD.

Despite an SX-like texture within majority of the build volume, we note that a
crystallographic misorientation exists between crystals in the middle region of the melt pool and
the crystals elsewhere (Figs. 3(b)-(c)). The crystals in the middle region of the melt pool grew
vertically upwards antiparallel to the heat extraction in this region and perpendicular to the melt
pool boundary (Fig. 10(a)). As a result, the <001> directions of these crystals remain aligned
parallel to the compressive loading direction. Invoking the fundamentals of crystal plasticity
reveals that due to crystal symmetry, loading along any of the axes that coincide with the directions
as given by the corners of a stereographic triangle (Fig. 11) leads to an equal rotation rate in each
of the active slip systems, and thus, leads to no crystal rotation [36]. Therefore, the crystals in the
middle of the melt pool retained their <001> // BD orientation. Notably, melt pool geometry is a
key factor in determining texture evolution during solidification. The geometrical parameters, such
as the ratios of melt pool dimensions in different build planes (BD-TD, BD-SD, or SD-TD), and
the angle between melt pool boundary and the substrate/previously deposited layer can determine
the crystallographic orientations of the solidifying crystals [37]. From WA-DED process
parameters viewpoint, such geometrical parameters of the melt pool may change from conduction
mode to keyhole mode of melting [10,38,39]. For example, a melt pool with larger depth to width
ratio in the BD-TD plane is more likely to lead to <001> // TD orientations [37,38]. Such melt
pools are readily formed in the keyhole mode [10,39]. However, even for such cases, various
possibilities of crystallographic growth still exist in the BD and SD as illustrated in Figs. 10 (b)-

(©).
4.2  Evolution of solidification growth modes within the build and the ‘skin effect’

The solidification parameters, thermal gradient (G) and growth rates (R), determine the
solidification morphology/growth mode and the scale of the microstructure. At a given growth rate

that is below the limit of absolute stability, high G values can stabilize the solid-liquid interface

and consequently, growth of the solid-liquid interface may proceed through planar mode. As G
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reduces, cellular growth mode may become stable and with further reduction in G, other growth
modes, such as cellular dendritic and columnar dendritic may stabilize [10,31]. The results
reported in this work suggest that the predominant growth modes within WA-DED-processed
SS316L were either cellular, cellular dendritic, or columnar dendritic depending on the location
within the build, rather than planar (Figs. 5(a)-(b)). Due to its closer proximity from the substrate,
large thermal gradients exist at the bottom layers. At such high thermal gradients, cellular and
cellular dendritic growth modes are more stable in this region (Fig. 5(a)) as compared to the
columnar dendritic mode. Note that the high thermal gradients at the solid-liquid interface are
imposed by the heat flux towards the heat sink or substrate plate in this case. As subsequent layers
are deposited and the thermal gradients reduce due to increasing distance from the heat sink,
columnar dendritic growth mode becomes more prominent towards the top (Fig. 5(b)). The
evolution of growth modes within a melt pool is also explicable using same principle. Due to high
thermal gradients at the bottom of the melt pool, cellular and cellular dendritic growth modes were
observed in this region, whereas columnar dendritic growth mode was observed towards the melt
pool top (Figs. 4(e) and 5(b)). However, careful observation of Figs. 4(e), 5(a), 5(b) reveals that
the cellular region at the bottom of the build spans over much larger area as compared to that
within the melt pools from the top of the build. Such reduced span of the cellular/cellular-dendritic
region towards the build top establishes that the thermal gradients at the solid-liquid interface

decreased as the build progressed from bottom to top.

A stray-grained region in the topmost layer of the build (Fig. 8(a)-(b)), termed as ‘skin’ in
this work, is believed to be a manifestation of the reduced cooling rate-induced change in the heat
extraction direction towards the build top. Elaborating, as the build height increases, the thermal
gradients established due to the heat extraction from the primary heat sink, or the substrate plate
reduce and so do the cooling rates within the melt pool. Subsequently, a small fraction of the melt
pool volume from the top may reject heat to the ambient atmosphere. While such transport
phenomenon has been explored in arc welding [40], the process attributes of WA-DED process
and arc welding are different, in that depending on the build height, the melt pool in WA-DED can
be farther from the primary heat sink, such as the substrate plate. Therefore, for a given heat input
and preheat temperature, the heat transfer occurring between the melt pool surface and the ambient
atmosphere may become more prominent with increasing build height in WA-DED as compared
to the arc welding, due to the reduced heat flux towards the substrate with increasing build height
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in the former. Considering that the columnar growth occurs in the direction opposite to the heat
extraction direction or when positive thermal gradients exist ahead of the solid-liquid interface, a
change in the heat extraction direction within the ‘skin’ also leads to change in the growth direction
of dendrites from bottom-to-top to top-to-bottom of the melt pool. Subsequently, a ’skin’ of stray
grains is formed. Notably, the ‘skin effect’ was not seen in the layers below the topmost layer
because remelting of this ‘skin’ of stray grains occurred as each new layer was deposited.
Remelting regions are common in fusion based additive manufacturing processes and are required
for mitigation of lack-of-fusion porosity. The remelting of the skin from previous layer would be
followed by competitive and epitaxial growth driven crystal growth during solidification and
plastic deformation induced crystal rotation after solidification. Note that the deformation induced

rotation would only occur if a stable end orientation has not been attained yet.

The microstructural features within the ‘skin’ are indicative of change in the heat extraction
direction in this region. To discuss such microstructural features, we invoke the concepts from
solidification. Under the thermokinetic conditions where a planar growth front destabilizes and the
perturbations in the solid-liquid interface stabilize, the growth front adopts a curvature, in that
curved interface is more effective in rejecting solute and subsequently facilitating constitutional
undercooling as compared to its planar counterpart [31,41]. Also, very high thermal gradients at
the solid-liquid interface close to the heat sink may lead to the stabilization of a planar front in this
region. As solidification proceeds in regions away from the heat sink and the thermal gradients
reduce, the planar front destabilizes and may transition to cellular and eventually to dendritic
growth mode. The presence of a ~10 um deep layer with evident planar growth in the topmost
region of the build as well as the presence of downward facing dendritic tip in the cellular/dendritic
region, as indicated by the yellow arrows in Fig. 8(b), establish the change in heat extraction
direction and the subsequent change in the dendritic growth direction. Note that the layer that
solidifies through planar mode is contained within the ‘skin;’ overall, the skin extends to up to
~400 um from the topmost surface of the build (Fig. 8(a)). Furthermore, the depth of the overall
‘skin” where the crystallographic growth direction is inverted is much smaller as compared to the
rest of the melt pool where growth occurs normal to melt pool boundaries (see Figs. 4(a)-(b) for
overall melt pool dimensions). Therefore, the secondary heat sinks, such as the ambient
atmosphere that led to a discrepancy in the general dendritic growth direction are less effective as
compared to the primary heat sinks. Consequently, before the less effective heat sinks can extract
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heat from a larger volume of the melt pool and lead to formation of a larger stray-grained region,
the directional crystal growth occurring due to the primary (or more effective) heat sinks will
outgrow the stray crystals. Therefore, in such a competitive heat transfer phenomenon, the
effectiveness of the primary heat sink determines the depth of the ‘skin,” and, thus, determines the
span of the stray grains. For a very effective primary heat sink or for a much smaller melt pool
volume as in the powder-based fusion AM processes, the ‘skin’ of stray-grained region may not
exist at all. In the context of this work, once the SX-like texture was attained, the ‘skin’ effect did
not cause a disruption in this texture because: (a) the primary heat flux (towards the substrate and
previously deposited layers) remained dominant, (b) the ‘skin’ of stray grains was remelted with
deposition of each new layer, and (c) the WA-DED processing conditions were kept consistent
throughout the build. Under WA-DED processing conditions that satisfy these three criteria, the
‘skin effect’ is not expected to influence the overall texture of a large scale component.

4.3  Evolution of phase transformation behavior with build height: an interplay between

alloy chemistry and solidification conditions

A variation in phase transformation behavior was evident in the bottom and the top portions
of the build (Figs. 7(a)-(b)). In stainless steels, the first solid that forms from the liquid may either
be d8-b.c.c. (ferrite) or y-f.c.c. (austenite) depending on the alloy chemistry and the solidification
conditions during processing [42-50]. From a thermodynamic standpoint, alloying elements, such
as Ni, C, and Mn are austenite stabilizers, whereas alloying elements, such as Cr, Mo and Si are
ferrite stabilizers. The solidification path for stainless steels can be predicted by calculating the
ratio of equivalent Cr content (Creq) to equivalent Ni content (Nieg) or Creq/Nieq ratio [42—45].
Where the terms Creq and Nieq account for the effect of ferrite and austenite stabilizers, respectively
on the solidification path. For the SS316L alloy processed in this study, the Creq/Nieq ratio was
calculated using eq. 1 and 2 [42-45].

CT‘eq = XCT + XMO + 1.5Xsi (1)
Nieq = XNi + BOXC + OSXMTL (2)

Where Xcr, Xmo, Xsi, Xni, Xc, and Xmn are the concentrations in wt.% for Cr, Mo, Si, Ni, C, and
Mn, respectively. The resulting Creq/Nieq ratio of 1.62 was obtained for the SS316L alloy. A
Creg/Nieq ratio of over ~1.5 indicates that the solidification mode is &-b.c.c (ferrite)—y-f.c.c.
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(austenite), commonly referred to as ferritic-austenitic (F-A) mode [29,42,44,49]. Therefore,
during solidification, the first solid to appear is the high temperature 6 phase and as the temperature
decreases, most of the 6 phase transforms to y phase. Subsequently, the solidification path is L
(liquid)>L+8—>L+y+6>y+6. However, under non-equilibrium processing conditions, such as L-
DED, L-PBF AM or even fusion welding, SS316L may exhibit a fully austenitic microstructure
through a fully austenitic solidification mode [49,51,52]. Note that depending on the growth rates
of the solid-liquid interface during AM processing, small traces of ferrite phase may still be
observed in some cases due to Cr-segregation in the intercellular or interdendritic regions [53]. For
such cases, the solidification mode becomes austenitic-ferritic (A-F), i.e., the first solid appears as

v phase.

Considering the arguments made in the discussion above, the phase evolution in the WA-
DED-processed SS316L alloy as evident in this work (Figs. 7(a)-(b)) would also depend on the
kinetics during solidification. One of the methods of capturing the solidification kinetics is by
calculating the cooling rate. The cooling rate towards the bottom of the build, where the
microstructure was almost fully austenitic (Fig. 7(a)) was calculated using eq. 3.

A, = 80(¢)7033 (3)

where A1 is the primary dendritic arm spacing (see Fig. 5(b)) and ¢ is the cooling rate. The cooling
rates of the order of ~10° K/s were obtained towards the bottom of the build. For perspective, such
cooling rates are within the range of cooling rates reported during the L-DED process [54].
Considering that cellular/dendritic growth is prominent in the current study as opposed to planar
growth, such high cooling rates also imply a high growth rate regime towards the bottom of the
build; consequently, solidification proceeded through A-F mode. Whereas, towards the top, the
solidification proceeded through F-A mode due to lower cooling rates as also established by well-
developed secondary dendritic arms in this region (Fig. 5(b)). A continuous network of 6-b.c.c
(ferrite) phase (Figs. 5(b), 6(b1)-(b6), and 7(b)) also indicates that solidification proceeded through
F-A mode. During solidification at lower cooling rates towards the build top, y-f.c.c. stabilizers,
such as Ni segregated to the interdendritic regions of the -b.c.c phase due to their low solubility
in the d phase. At lower temperatures, these Ni-enriched regions led to the formation of y-f.c.c.
phase, whereas the regions rich in Cr and Mo (8-b.c.c. stabilizers) remained as & phase. Note that
what appears like interdendritic region in the solidified microstructure (Figs. 5(b), 6(b1)-(b6), and
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7(b)) was essentially a dendritic core at higher temperatures during solidification. Such changes in
primary solidification mode from F-A to A-F or fully austenitic in stainless steels solidifying under
different solidification conditions are rationalized by invoking growth rate dependence of solid-
liquid interface (tip) temperatures [47-50,55]. For a given growth rate during solidification, and
thus for a given undercooling, the phase with a higher tip temperature will be more stable as
compared to the one with a lower tip temperature, in that the latter would require a higher
undercooling. Constitutional undercooling (AT¢) along with the curvature undercooling (ATy)
determine the tip temperature (eq. 4). Here, thermal undercooling is not considered because it

depends on the externally imposed heat flux and not on the tip attributes.
AT = AT, + AT, (4)
Furthermore, AT is dependent on the partition coefficient (k) of the solute as expressed in eq. (5).
AT, = —m Co(1 — k) /k (5)

The partition coefficient of Ni in & phase is lower than that of Cr in the y phase [45,56], i.e., the
rejection of Ni by o dendrites is more thermodynamically feasible than the rejection of Cr by the
y dendrites. Assuming no nucleation barrier exists, for solidification conditions that facilitate
instability of the planar front and proceed at high cooling rates, an accompanying high
constitutional undercooling may reduce the tip temperature of the 6 phase below the tip
temperature of the y phase. Subsequently, y phase becomes more stable and the solidification
proceeds through either A-F or fully austenitic mode. Note that thus far, contributions to reduced
tip temperature from only constitutional undercooling have been considered. Eq. 4 establishes that
curvature undercooling can also contribute to the reduced tip temperature. In fact, such
contributions from curvature undercooling have also been explored previously [57]. Therefore, at
high growth rates, the reduced tip temperature of & phase as compared to that of the y phase stems
from constitutional and curvature undercoolings. In this work, such solidification conditions are
available at the bottom of the build, and thus this region of the build exhibits A-F solidification
mode. We believe that such an interplay of chemistry and processing conditions during powder-
based fusion AM processes is also the reason behind widely reported fully austenitic
microstructures of the processed SS316L alloy [51,52,58].
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4.4  Mechanical behavior: orientation dependence of deformation mechanisms

The trend in the Y'S and hardening behavior of WA-DED processed SS316L with SX-like
microstructure (Fig. 9(b) and Table 2) is explicable from Schmid’s law. Loading along <111>
leads to lowest Schmid factor of 0.272, and thus highest YS. To achieve high synergistic strength
and ductility, it is important to produce dislocations and simultaneously provide hierarchical
microstructural barriers to dislocation motion [30]. A high Schmid factor facilitates dislocation
generation, whereas activation of a higher number of slip systems facilitates dislocation interaction
and leads to a high WHR. A high WHR of the <100> specimen as compared to the <011> specimen
(Fig. 9(c)) stems from a higher number of active slip systems in the former, i.e., eight slip systems
in <100> as compared to four in the <011> specimen. However, the high WHR of the <100>
specimen could not be sustained until later stages in plastic deformation. Whereas, although the
<011> specimen exhibited a lower Stage Il WHR as compared to its <100> and <111>
counterparts (inset, Fig. 9(c)), its WHR was sustained until much later stages in plastic
deformation; this led to a remarkably high elongation to failure of more than 100% in the <011>
specimen [59]. A sustained WHR indicates that the microstructural hierarchy in the alloy can store
geometrically necessary dislocations (GNDs) until later stages in plastic deformation and provide
continuous barrier to slip. Such microstructural hierarchy may include solute atoms, stacking
faults, twins, particles, and grain boundaries [27,60]. If a microstructural hierarchy that provides
continuous obstacles to dislocation motion during plastic deformation is not present, then dynamic
recovery prevails. An earlier dynamic recovery in the <100> specimen, as evidenced by its
continuously decreasing work hardening rate which decreases to a minimum at a lowest strain
level as compared to the <110> and <111> specimens (inset, Fig. 9(c)), indicates that the
microstructural hierarchy did not provide a continuous barrier to slip, and subsequently, could not
store GNDs until later stages in plastic deformation [27,30]. Such deformation behavior is typical
of dislocation slip mediated plasticity. For the <011> specimen, although smaller number of active
slip systems explain its low WHR, a sustained WHR and a high elongation to failure of over 100%
of this specimen is uncharacteristic of dislocation slip mediated plastic deformation. Such tensile
deformation behavior indicates that other deformation mechanisms may be present. Similarly, for
the <111> specimen, a sustained WHR of this specimen indicates that deformation mechanisms
other than dislocation slip mediated deformation mechanisms may be present. Note that the effect
of active number of slip systems on the work hardening behavior is well reflected in the WHR vs
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true strain plot shown in the inset of Fig. 9(c), in that the <100> specimen with highest number of
active slip systems (eight) has highest WHR in the Stage I1l, followed by the <111> specimen with
six slip systems, and the <011> specimen with four slip systems. It is the sustained WHR and the
resulting high ductility that cannot be rationalized with just dislocation slip mediated plastic
deformation. To rationalize such sustained WHR and high ductility of the <011> and the <111>
specimens, we investigate the post deformation microstructure of the WA-DED processed
SS316L.

Fig. 13 (a)-(c) show the EBSD IPF maps from the gage sections of the <011>, <111> and
<100> specimens deformed to failure. The evident deformation induced twinning in the <011>
and <111> specimens elucidates the sustained WHR and subsequent high elongation to failure in
these specimens (Figs. 13(a)-(b)); the white arrows point towards the twin boundaries for the
<011> and the <111> specimens in Figs. 13(a) and (b), respectively. On the other hand, the absence
of deformation twinning in the <100> specimen (Fig. 13(c)) indicates that the plastic deformation
majorly occurred through dislocation slip; this explains the early dynamic recovery and the

subsequent low elongation to failure of the <100> specimen.

20 ym

Tensile direction
111

100A11o

Figure 13: Post deformation (to failure) microstructural evolution in WA-DED processed
SS316L. EBSD IPF maps along indicated tensile direction for the (a) <011>, (b) <111> and (c)
<100> specimens. White arrows in (a) and (b) point towards the twin boundaries.

Stacking fault energy (SFE) is one of the factors determining the propensity of an alloy to
exhibit deformation twinning [61,62]. The SFE of additively manufactured SS316L is towards the
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lower end of medium stacking fault energy alloys [63,64]. Solute segregation, which is prominent
in cellular and dendritic solidification, also affects the alloy SFE, e.g., the segregation of austenite
stabilizers, such as Mn reduces the SFE of the matrix y-f.c.c. phase and subsequently increases the
propensity of an austenitic alloy to exhibit deformation induced twinning or phase transformation
[27,61]. Moreover, the effective SFE (yefr) of an alloy is orientation dependent (eq. 6) [65]

Yeff =V + 0 by (my — my)/2 (6)

where v, 6, bp, My, and m; represent the SFE, applied stress, Burgers vector for partial dislocations,
and the Schmid factors for the trailing and leading partial dislocations, respectively. A high Schmid
factor of the leading partial reduces the alloy SFE and increases its twinning propensity. The
orientation dependence of deformation twinning in WA-DED processed SS316L can also be
rationalized by invoking the premise that deformation twinning competes with dislocation slip
[66-68]. Elaborating, a higher force on a twinning/leading partial as compared to the trailing
partial favors twinning, whereas a higher force on the trailing partial favors slip. The
crystallographic orientation relative to the loading direction determines if a twinning or a trailing
partial will be favored. Invoking Schmid factor-based arguments, twinning is favored for a given
orientation if for that orientation, mi>m; [62,66,69]. Subsequent calculation of m; and m; reveals
that the propensity for deformation twinning is higher in the <011> (m; = 0.47; m; = 0.24), and
<111> (m=0.31; m; = 0.16) specimens as compared to the <100> specimen (m;=0.24; m; = 0.47).
For deformation occurring at room temperatures, twinning occurs at higher stresses than those
needed for slip [70]. Therefore, for the <011> and <111> specimens, the initial plasticity still stems
from slip, whereas, at the later stages of plastic deformation, twin boundaries continuously obstruct
the dislocation motion. Such activation of multiple deformation mechanisms at different stages
leads to a sustained WHR and an enhanced elongation to failure of the <011> and the <111>
specimens. A remarkably high elongation to failure in the <011> specimen as compared to its
<111> counterpart is attributed to the additional strain hardening caused by plastic deformation
induced crystallographic rotation in the <011> specimen [36,71,72]. A prominent change in the
crystallographic texture of the <011> specimen upon deformation (Fig. 13(a)) establishes such
tensile deformation induced crystal rotation in this specimen. Qualitatively, such deformation
induced change in texture is considerably less prominent in the <111> specimen (Fig. 13(b)) and

not noticeable in the <100> specimen (Fig. 13(c)). This result matches with the theory of crystal

33



plasticity, in that the f.c.c. crystals with <011> // tensile axis are known to rotate unlike the crystals
with <001> and <111> // tensile axis [36]. Therefore, in addition to deformation twinning,
deformation induced crystallographic rotation contributes to the strain hardening of the <011>
specimen and leads to a sustained WHR until much later stages in plastic deformation and a very
high elongation to failure of over 110%. However, for the <111> specimen, since a prominent
deformation induced texture change is not evident, only deformation twinning is believed to be
the major contributor to the strain hardening.

5. Conclusions

Despite the prevalence of strong crystallographic texture and anisotropic mechanical
behavior in the alloys processed using fusion-based additive manufacturing processes, the
crystallographic texture evolution during F-BAM is widely rationalized by the phenomena
occurring only during solidification. To this end, we report a single crystal-like texture with <011>
// BD, and <100> // scanning direction in a wire arc-directed energy deposition additive
manufacturing processed SS316L. Additionally, we investigate the implications of the physical
phenomena occurring during and post solidification for texture evolution during WA-DED. During
solidification, competitive growth led to the alignment of <001> perpendicular to the melt pool
boundaries. Whereas, post solidification, the compressive maximum thermal plastic strains act
along the BD and may lead to the reorientation of <011> closer to the BD. Such reoriented crystals
will facilitate epitaxial growth of new crystals with aligning secondary crystallographic
orientations. With deposition of new layers, further reorientation of these epitaxially grown

crystals occurs until a stable final orientation of <011> // BD is reached.

Towards the build top, chemistry effects characterized by Creq/Nieg. are dominant in
determining the solidification mode, consequently, solidification proceeds through ferrite-
austenite mode. However, at higher growth rates present at the bottom of the build, constitutional
and curvature undercoolings lead to a reduced tip temperature of the 5-b.c.c. phase. Consequently,
the y-f.c.c phase is stabilized, and the solidification proceeds through austenite-ferrite mode.
Furthermore, the formation of stray grains within a few hundred micrometers of the topmost layer
was attributed to change in heat extraction direction from top-to-bottom to bottom-to-top in the

topmost layer.
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In accordance with its SX-like texture, an anisotropic tensile behavior was evident in the
processed alloy. The anisotropy in tensile behavior was rationalized using Schmidian analysis for
slip and deformation twinning. Schmid’s analysis for partial dislocations revealed propensity for
twinning under tension for the <011> and <111> specimens. Consequently, deformation twinning
contributed to the sustained work hardening rates of the <011> and <111> specimens.
Furthermore, in addition to deformation twinning, deformation induced crystal rotation is believed
to contribute to the strain hardening of the <011> specimen leading to its very high elongation to
failure of over 110%.

Consideration of physical phenomena occurring during and post solidification, as
demonstrated in this work, will lead to a comprehensive understanding and the ensuing orientation-
dependent deformation mechanisms in F-BAM processed steels. Overall, this work facilitates
control of solidification behavior, crystallographic texture, and ensuing mechanical behavior of
large scale F-BAM processed steels, and thus facilitates a widespread outreach of large scale F-

BAM processes in structural applications.
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