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Abstract

The grain refining impact of Ti in additively manufactured steels as well as the outstanding formability
of high-Mn steels owing to their low stacking fault energy (SFE) has been confirmed in the literature. In
the current work, Ti and Mn were inoculated simultaneously to the stainless steel 316L by laser
powder bed fusion (LPBF) in-situ alloying. The local accumulation of the additions developed
complexes of Ti-rich brittle phases that improved strength. Microstructural observations revealed the
formation of intermetallic chunks of FeTi (bcc), o (tetragonal), and C14 Laves phase (hcp) surrounded
by emerged ferrite grains within the austenite. The rapid solidification of the molten tracks induced
significant thermal stresses, which were responded by the generation of geometrically necessary
dislocations (GNDs) at the austenite/ferrite interfaces, and activation of synchroshear mechanism
within the Laves phase along with thermally activated slip systems in FeTi phase. Mn addition

contributed to higher interface cohesion by facilitating dissociation of dislocations.
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1. Introduction

Thanks to advantages such as building near-net-shape components with superior mechanical
properties due to intrinsic high cooling rate, additive manufacturing (AM) is growingly replacing the
conventional production methods [1]. Among the different AM techniques, laser powder bed fusion
(LPBF) is one of the most promising ones for manufacturing metallic parts through layer-by-layer

fusion and consolidation of powder feedstock according to a computer-aided design (CAD) [2].
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Compared to the other additive manufacturing methods like electron beam melting (EBM), direct
energy deposition (DED), wire arc additive manufacturing (WAAM), and laser metal deposition (LMD),
LPBF has higher dimensional precise and lower surface roughness. However, the building rate of the
LPBF is lower than the other counterparts [3]. The elemental ratio of the powders used for LPBF is
usually adjusted by pre-alloying. However, the substitution of the pre-alloying steps comprising
casting and atomization by in-situ alloying would save time and cost and, in turn, can increase the
productivity of AM methods. Inhomogeneous dispersion, evaporation, and incomplete melting of the
guest elements are the main challenges for AM in-situ alloying [4]. Hence, incorporating elements of
comparable melting points would provide a more reliable feedstock for production. Many researchers
exploited in-situ alloying as a low-cost strategy for structural modification [5], particularly grain
refinement [6]. So far, several solute elements for grain refining in different alloying systems have
been introduced [7]. The refinement mechanism of the inoculants can be assorted into two main
categories: (1) by affecting the growth restriction factor and changing the heat flow direction (e.g., Cu
in Ti alloys [8]), and (2) by reacting with the matrix to form the phases that can pin the grain
boundaries (for instance, Zr [9] and Sc [10] in Al alloys and Ni [11] and La [12] in Ti alloys). Recent
studies on inoculating steels using pure Ti [13] and its compounds (such as TiN) [14] revealed that the
formation of nano-oxides in the melt pool can hinder the epitaxial growth of grains and typical severe
texturing in AM. Additionally, it has been confirmed that raising the Mn content in steels would reduce
the stacking fault energy (SFE) and can activate the twinning mode besides the slip systems during
plastic deformation [15]. SS316L has excellent corrosion resistance and biocompatibility [16].
Nevertheless, its low yield strength at room temperature would make some complications for using
them in extreme environments. Therefore, the development of high-strength stainless steel has been of
great interest [17]. This study aimed to benefit from the simultaneous inoculation of Ti and Mn and
their synergistic potential in the strengthening and work-hardening of SS316L steel fabricated by the
LPBF technique.

2. Experimental methods

Commercial gas atomized SS316L powder (Hoganas, Sweden) (particle size: 15-50 pm) was blended
with 1 wt.% Ti (Sigma Aldrich, Germany) (particle size: 15-45 pum) and 2 wt.% Mn (Sigma Aldrich,
Germany) (particle size: 5-30 um) and used as feedstock material. A Sharebot METALONE Laser with a
spot size of 40 pm was employed to print the specimens under an argon atmosphere (0,<100 ppm)
with the optimized process parameters of 90 W, 400 mm/s, 30 um layer thickness, 70 pm hatch
spacing, and 67° scan rotation between layers (i.e., the set of parameters that obtained the highest
relative density). Samples were printed on an SS304L substrate with distinct geometries of (1) cubic

samples with a dimension of 10x10x10 mm3 for microstructural investigations and (2) tensile bars



with a gauge dimension of 32x6x4 mm3 according to the ASTM-E8 sub-size standard. Room-
temperature quasi-static tensile tests were conducted using a Zwick/Roell Z050 machine at starting
strain rate of 2x10-3/s. The microhardness measurement was executed using a VMHT machine with an
applied load of 0.1 kg and a dwell time of 15 s. For metallography, mirror polished specimens were
chemically etched by a mixed solution of 15HCI:10HNO3:1CH3COOH for 10 s. Microstructural
characterizations were performed using a DSX1000 Digital OM and a JEOL JSM7001F field emission
scanning electron microscope (FE-SEM) equipped with an electron backscatter diffraction (EBSD)
detector. The acquired EBSD data were analyzed using EDAX OIM Analysis™ software. TEM analysis
was carried out on FIB-cut thin foils using a dual-beam FEI Helios-NanoLab FIB and JEOL JEM-2100F
TEM operated at 200 kV. Lattice transformations were recorded by an X-Pert Philips x-ray
diffractometer (XRD).

3. Results and discussions

The optical microscopy (OM), SEM, and EBSD micrographs of the as-built SS316L and reinforced
samples are presented in Fig. 1. As can be seen, despite applying the optimized parameters, the guest
elements have not been uniformly distributed inside the austenitic matrix. The OM images (Fig. 1(a vs.
f)) and EBSD IPFs (Fig. 1(b vs. g)) reveal the formation of a bimodal structure in the reinforced
sample, i.e., comprising ultrafine grains around the stacked phases and coarse columnar grains at
regions far from the generated phases (indicating the epitaxial growth), as opposed to a predominantly
columnar structure in the unreinforced sample. According to the SEM micrograph of Fig. 1(h), the
phases are mostly formed at the melt pool boundaries as well as vast areas inside some melt pools. The
formation of new phases limited the growth of the typical cellular structure of AMed SS316L. Likewise,
the intensive vulnerability of these phases in corrosive etchant (white districts in SEM images) arises
from their chemical composition difference. Analysis of the acquired phase maps revealed that alloying
elements in the austenitic matrix formed some unconventional bcc and hcp phases (comparing Fig. 1(d
vs. i)). The partial refinement of the grains besides the formation of new phases that hindered the
epitaxial growth of the columnar grains attenuated the typical texturing along the buildup direction in
AMed alloy. This can be inferred from a more randomized distribution of grains’ orientation depicted
in the pole figures (PFs) shown in Fig. 1(e vs. j). Prior works have demonstrated that inoculated Ti in
SS316L [18] and SS316L in Ti6Al4V [19] by in-situ alloying exhibit a non-uniform distribution and
create similar accumulated regions. Though the grain refinement impact of SS316L in Ti6Al4V, and
formed TiO nanoparticles in SS316L alloys have already been highlighted and studied, several
substantial points remain unexplored. Accumulation of inoculated elements occurs at the expense of
depletion of other regions and, eventually, localized concentrations of the elements lead to the advent

of unfavorable phases which may degrade the properties.



Fig. 2(a) displays the representative tensile stress-strain curves and the corresponding fracture
surfaces of the AMed SS316L specimens. Although the average yield strength (YS) (484+14 vs. 53220
MPa) and ultimate strength (UTS) (602+17 vs. 648+22 MPa) of the reinforced sample were higher, the
formation of new phases significantly deteriorated the mean elongation to failure (25.3+1.4% vs.
11.2+1%) and resulted in a higher fraction of brittle failure. A similar trend was repeated by several
tensile examinations. The difference in fracture behavior is readily conceivable from the fracture
surface of the unreinforced specimen mostly covered with dimples, as opposed to cleavage surfaces for
the reinforced specimen. From Fig 2(a), ruptured areas showed Fe,Ti indication with higher Ni and a
lower Cr content than the typical composition of SS316L alloy. Fig. 2(b) illustrates the true stress-
strain curves for the representative samples and the evolution of work-hardening rates for the
examined tensile samples. In stage II of the reinforced sample, the dominancy of brittle phases and the
prevention of dislocations' glide caused a limited slip and steeper declining work-hardening rate
eventuated in confined plastic deformation. Subsequently, an early failure led to a limited post-necking
elongation, i.e., by the acceleration of microcracks growth and dimples coalescence, resulting in a
shortened stage III.

According to the microhardness variation profile in Fig. 2(c) and corresponding OM micrographs of
the examined regions, the reinforced sample displayed local hardness values of about two times
greater than values for the unreinforced sample when the indenter passes through the brittle phases.
Zhai et al. [18] observed similar phase accumulation zones and attributed the superior hardness of
those regions to the local segregation of Ti. The STEM image of Fig. 3(a) is provided from a melt pool
boundary that is enriched by the accumulated phases. As can be inferred from the elemental
distribution maps in Fig. 3(b), the TEM image in Fig. 3(c) and its corresponding SAED patterns, the
inoculation of Ti, has led to its aggregation and a local Ti/Fe ratio enhancement; therefore, FeTi has
been formed within the region of stacked phases (as labeled in Fig. 3(a)) with a superlattice bcc
reflection (Fig. 3(c1)).

XRD patterns of Fig. 3(d) validated the existence of the bcc phase in the reinforced sample. SAED
patterns (Fig. 3(cz) proved that the FeTi chunks are surrounded by the C14 Laves phase with an hcp
structure containing lower Ti and higher Cr and Mn contents (as can be inferred from the EDS maps in
Fig. 3(b)). Since Ti is a ferrite stabilizer element, a bcc ferritic interlayer is formed between the
intermetallics (FeTi/Laves phase) and the fcc austenitic matrix. The ferrite grains contained higher Cr
and lower Ni and Ti values compared to its neighboring Laves phase (following the EDS maps in Fig.
3(b)). Rapid solidification of the deposited layers left substantial residual stress in the austenitic zone
which was responded by the generation of a large number density of GNDs at the austenitic/ferritic
interface (Fig. 3(c)). The strain gradient between the hard intermetallics and austenitic matrix led to

GNDs pilling up at the interface within the softer phase [20]. Likewise, the EDS map of Ni reveals a Ni-



rich branched matrix in between the FeTi chunks and Laves phase. Due to XRD limitation in recording
the diffraction of phases with lower volume fractions, Laves phase, and other emerged phases except
for bcc and fcc ones are not detected in the obtained patterns.

The line scans and EDS maps (Fig. 4(a)) obtained from the branched matrix proved that these zones
were enriched in Cr, Ni, and Mn and depleted in Ti. The SAED pattern of the detected phase in Fig. 4(b)
exhibits lattice constants like those of a typical o phase with a tetragonal crystal structure (some
reported constants from the literature are tabulated in Fig. 4(d)). The lattice parameters for the o
phase based on the obtained SAED pattern (Fig. 4(b)) are a=8.929 A and c=4.549 A. Lee et al. [21]
have examined the Mn variation on precipitation behavior of the ¢ phase in austenitic steels and found
that Mn can replace Mo within its structure. Also, it has been proven that the addition of ferrite
stabilizer elements (such as Cr, Mo, and Ti) instantly forms the o phase [22]. Therefore, Mn addition
can adversely impact formability by reacting with Cr and Ni to develop an undesirable ¢ phase. From
Fig. 4(b) and Fig. 4(c), some TiO nanoparticles are formed and observable inside the ferrite
interlayers, FeTi, and Laves phases (fine black dots in Fig. 3(a) and 4(a)). These particles have been
introduced as the major grain refiners in Ti-reinforced steels [18].

Although TiO nanoparticles have not preferentially settled at the grain boundaries to pin them, as can
be seen in Fig. 4(b), they will act as an obstacle against dislocations motion and, therefore, enhance the
tensile strength of the reinforced sample [23]. The Cr-containing silicates are the most prevalent
oxides in SS316L alloy. These inclusions are a constituent part of the feedstock particles and often
dissociate and reform during the printing of stainless steel [24]. Compared to the titanium oxides, the
formation enthalpy of the silicates is substantially lower [25]. So, thermodynamically, silicon oxides
are more favorable, and the formation of TiO nanoparticles may be due to the higher kinetics of Ti and
oxygen reaction and localized segregation and availability of enough Ti atoms, given the ultrafast
cooling rates during LPBF.

Fig. 5(a) depicts an overview of microstructural evolution from the boundary toward the center of a
melt pool including complex regions formed due to Ti and Mn accumulation. As can be seen in the top-
right corner, the FeTi phase and adjacent Laves phase have no distinguishable boundaries. Also,
comparing Fig. 5(b) and the obtained chemical compositions (given in Fig. 5(e)), illuminate that the
Laves phases formed between the ferrite grains and FeTi phase exhibit two distinct morphologies and
compositions. The Laves phase closer to the melt pool center contains higher Ti and lower Cr contents
than the one beside the ferrite grains. This phase appears to have responded to thermal stresses
during rapid solidification of the melt pool by activating the synchroshear mechanism, as can be
inferred from Figs. 5(c and d). Owing to the low activation energy, synchroshear is the most prevalent
mechanism for the basal slip in the Laves phase with hcp crystallography [26]. Indeed, the twin-like

structures in Fig. 5(d) are formed by multiple synchroshears and acted as slip planes in the structure



of the Laves phase under the applied thermal stresses. The magnitude of synchronous glide of partial
dislocations on adjacent parallel atomic planes is equal to the length of Burgers vector [27]. As
depicted in the SAED pattern of Fig. 3, FeTi has a superlattice bcc structure and the slip systems in bcc
require sufficient heat to activate. During solidification, the synergetic effect of activation of slip
systems in FeTi and the decreased SFE by Mn addition (which facilitates the dissociation of
dislocations), generated numerous statistically stored dislocations (SSDs). It could be inferred that the
absence of interface microcracks in the presence of brittle phases (i.e., intermetallic) denotes higher
interface cohesion which can be in direct correlation with the feasibility of dislocations dissociation by
Mn addition. Hence, the stacked phases in the center of the melt pools are recognizable from their
morphology; i.e., the regions with highly accumulated dislocations contain the FeTi phase, whereas the
smooth phases containing twin-like structures represent the Laves phase. Compared to SSDs, GNDs are
more effective in the improvement of work hardening and mechanical strength of the alloys [28]. It
has been revealed that having the same dislocation density, the yield stress and work hardening of the
high-GND steels will be much higher than high-SSD ones due to the higher heterogeneous deformation-
induced strengthening. However, the role of GNDs is more highlighted in the early stage of work
hardening, where the plastic strain is small, but SSDs dominate in the later stages where the strain is

significant [26].

4. Conclusion

In the present work, to exploit the refinement and strengthening effect of Ti and SFE reducing impact
of Mn, they were inoculated to SS316L simultaneously by laser powder bed fusion (LPBF) in-situ
alloying. Nonuniform distribution of the additives eventuated in the formation of complex
intermetallics while rapid solidification led to a higher mechanical strength, culminating in early
failure of the reinforced sample. In-depth microstructural analysis revealed that stacked phases,
consisting of FeTi (bcc) and two different C14 Laves phases (hcp), were surrounded by ferrite
interlayers within the austenitic matrix. Development of 0 phase beside Laves phase and dispersion of
fine TiO nanoparticles inside the emerged phases were also detected. Rapid solidification induced
large thermal stresses that were responded by the generation of geometrically necessary dislocations
(GNDs) at the austenite/ferrite interface and activation of synchroshear mechanism and thermally-

activated slip systems in Laves phase and FeTi, respectively.
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Fig. 1. OM micrographs, EBSD IPFs, SEM images, phase maps, and PFs of (a-e) unreinforced and
(f-)) reinforced AMed SS316L alloys.
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Fig. 2. Representative tensile engineering stress-strain curves and corresponding fracture
surfaces (a), true stress-strain curves and evolution of work-hardening rates (b), and

microhardness profiles (c) of AMed SS316L alloys.

o

'©
o
o
o
0
=

[
)
<
®
g°)
c
=
)
2

1
. a 5nm .
ZA= [001] pcc| Nu—

C))

v . |5 nm’ 2 a
ZA= [011] gcc| mmmmm ~ ZA= [011] rcc

Reinforced
N

SS316L
O Ll ' L) l L) l L] l L) l Ll l
40 50 60 70 80 90 100

10



Fig. 3. (a) STEM image obtained from the interface of stacked phases and austenitic matrix, (b)

corresponding EDS elemental maps, (c) TEM image and SAED patterns of different regions of
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20Cr-25-34Ni-6.5-8Mo a=8.87,c=4.61

Fig. 4. (a) STEM image, EDS line scans, and corresponding EDS maps acquired from the
branched matrix, (b) TEM image and corresponding EDS maps along with SAED pattern
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exhibiting the formation of the TiO nanoparticles and ¢ phase, (c) TEM image illustrating the

magnified view of TiO nanoparticles embedded in a ferrite grain and (d) collected lattice

parameters of ¢ phase from the literature [22].
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Fig. 5. TEM images of (a) various phases formed inside a melt-pool, (b) Laves phase, (c, d) the
synchroshear phenomenon within the Laves phase, and (e) EDS point analysis acquired from

different phases.
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