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We demonstrate the possibility of spatially controlling the degree of grain boundary serration in functionally
graded stainless steels, by alloying powder mixtures on-the-fly during directed energy deposition additive
manufacturing. Grain boundary serration is an attractive feature in polycrystalline microstructures, as it confers
superior resistance to crack propagation and hot corrosion. Quantitative measurements at the microstructure
scale coupled with thermodynamic calculations allow us to propose a mechanism to explain the origin of grain

boundary serration. The formation of transient & ferrite during solidification and its subsequent dissolution
during cooling, governed by the Cr/Ni ratio, leads to the formation of remnant ferrite particles that hinder the
growth of austenite grains in the solid state via a Smith-Zener pinning phenomenon. This finding opens new
perspectives for grain boundary engineering, in-situ during additive manufacturing.

Functional grading is an exciting and nascent strategy in materials
design that holds significant promises for achieving precise control over
the mechanical [1,2], thermal [3], or environmental properties [4]
locally. Additive manufacturing (AM), powder-fed directed energy
deposition (DED) in particular, has quickly emerged as a powerful tool
for fabricating functionally graded materials (FGMs) [5]. Highly versa-
tile, DED uses separate powder feeders for each material, which enables
multi-material deposition [6]. Functional grading using DED has been
not only shown to achieve precise composition control [7-9], but it has
also emerged as a powerful tool to design new alloys on-the-fly, by
co-depositing multiple materials with varied ratio [10]. Beyond the
intended chemical gradient, functional grading sometimes leads to
intricate microstructures with drastic topological variations across the
graded regions, including dense GB networks [11-13]. The GB network
of polycrystalline materials controls most of their thermal, mechanical
and environmental properties [14,15]. Decades of research efforts have
been aimed at tailoring this network using approaches such as grain
boundary engineering (GBE) [16-19]. One particularly sought topo-
logical feature GB serration (GBS): first evidenced by Koul et al. [20],
GBS has been shown to improve creep resistance [21,22] by lowering
the cavitation rate and slowing down crack propagation [23,24] up to
850 °C in superalloys. GBS also alleviates hot corrosion by hindering the
percolation of sulfur and oxygen [25]. GBS is ubiquitous to many classes
of materials including nickel superalloys [23,26-29], stainless steel
[30-34], aluminum alloys [35], magnesium alloys [15,36] as well as
high entropy alloys (HEAs) [37,38]. The mechanisms of GBS have been
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vastly investigated in wrought nickel superalloys, where it is conven-
tionally triggered via solid state processing through dedicated annealing
treatments. GBS arises from the discontinuous precipitation of second
phase particles during cooling from supersolvus temperature [27,28,
39], typically y’ (NigAl) [26,40], y” or & (NigNb) [41] precipitates or
M33Cg, M7Cs3 carbides. The main mechanism leading to GBS is similar to
Smith-Zener pinning: upon cooling, second-phase particles exert a
counteracting pressure on migrating grain boundaries, locally inhibiting
their motion. The part of the boundary that is in contact with the particle
remains stationary while the rest of the boundary moves slightly, lead-
ing to a wavy topology. Fundamental knowledge of the mechanisms at
the origin of GBS has been leveraged into new alloy design paradigms
[20,42,43] as well as innovative processing pathways [44] for wrought
polycrystalline alloys with superior performance.

Here, we reveal the presence of intense GBS variations as a function
of the Cr/Ni ratio, in functionally graded stainless steel produced via in-
situ alloying using DED AM. Unlike previously documented GBS
mechanisms, the serrations are formed dynamically during solidifica-
tion, with § ferrite particles serving as pinning sites to the growth of
austenite grains. Concurrent thermodynamic calculations reveal a direct
correlation between the degree of GBS and the transition in solidifica-
tion mode: austenite-to-ferrite (AF) in alloys with low Cr/Ni ratio versus
ferrite-to-austenite (FA) in alloys of high Cr/Ni ratio. Quantification of
serration indices correlate with the pinning pressure by ferrite particles,
and depends on the fraction of transient ferrite formed during
solidification.
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Gas atomized 304L and 316L powders with diameter in the 45 um -
105 ym range and respective composition (in wt.%) Fe-18.62%Cr-9.52%
Ni-1.3%Mn-0.02%Cu-0.75%8Si-0.018%C-0.02%0-0.01%P-0.004%S-
0.07%N  and  Fe-17.6%Cr-12.6%Ni-0.89%Mn-2.43%Mo-0.67%Si-
0.019%C-0.02%0-0.007%P-0.004%S-0.09%N, were purchased from
Carpenter Technologies. N, O and C were measured by LECO analysis
and other elements via Inductively Coupled Plasma Optical Emission
spectroscopy. Parallelepiped-shaped specimens measuring 1.2 cm (w) x
2.5 cm (1) x 3 cm (h) were built onto a low carbon steel plate using a
Formalloy L2 direct energy deposition (DED) system equipped with a 1
kW Nd:YAG laser (wavelength 1070 nm) and gaussian energy profile.
Argon was used as shielding and carrier gas.

304L, 316L and graded specimens were printed using the same
process parameters: a laser power of 500 W, a scan speed of 1100 mm/s
and a scan rotation of 90° between adjacent layers. Built samples were
removed from the base plate using a band saw and cut using a slow-
speed saw. All samples were mechanically ground using SiC abrasive
papers, followed by diamond alumina and colloidal silica suspensions
down to 0.05 pm in diameter. X-ray diffractograms were acquired on all
printed specimens using a PanAlytical X’Pert Pro-MPD with Cu Ka ra-
diation (A = 0.154 nm) under an acceleration voltage of 40 kV.
Continuous 8—26 scans were collected with a step size of 0.01° and a
collection time of 0.2 s/step. The microstructure of all specimens was
characterized using a ThermoFischer Scientific (TFS) Scios2 scanning
electron microscope (SEM) equipped with an Edax Hikari Super electron
backscatter diffraction (EBSD) camera with a charged-coupled device
(CCD) detector of 640 x 480 pixels and an EDAX Ametek Octane Elite
Super energy dispersive spectroscopy (EDS) detector with a 70 mm?
window. Back-scatter electrons (BSE) images, EDS and EBSD datasets
were collected under an acceleration voltage of 30 kV over regions
encompassing at least 4 melt pools and over 1000 individual grains,
using a maximum step size of 1.5 pm. Twin-jet polishing was employed
to prepare electron-transparent foils from 70 pm thick samples, using an
HCIO4 acid mix chilled to —30 °C. A TFS Talos transmission electron
microscope (TEM) operated at 200 kV and equipped with a 4k x 4k
Ceta™ 16 M camera and a super-X EDS system was used to characterize
the thin foils. Thermodynamic calculations were performed using the
ThermoCalc2022b software, TCFE 12, MOBFE7 database.

Fig. 1 shows EBSD maps of all printed materials. The build direction
(BD) is normal to the surface, and maps are shown in inverse pole figure
(IPF) colors indicating which crystallographic direction is parallel to the
BD. High angle GBs, defined as those with a misorientation greater than
15°, are highlighted in black. While all materials exhibit a columnar
grain structure (Fig. la,c), the GB morphology appears qualitatively
planar in 316L (Fig. 1a) and strikingly wavy in the 304L material. The
graded material is composed of 5 contiguous regions with 304L/316L
ratios of 10/90, 30/70, 50/50, 70/30 and 90/10, deposited from bottom
to top. Each region, highlighted in Fig. 1b, contains 10 deposition layers.
Fig. 1b shows a polished cross-section of the functionally graded mate-
rial, etched with Carpenter’s reagent. No defects were observed in the
FGM, printed with a single set of manufacturing parameters. Melt pools
are contiguous from one layer to the other with no visible printing in-
stabilities between the graded regions. Samples were cut from each
graded region for more detailed characterization. Fig. 1c shows that GBS
qualitatively increases with increasing 304L/316L ratio, without sig-
nificant change in grain size (see suppl. mat. A for grain size measure-
ments). A sharp transition in GB morphology is visible from regions with
a 304L/316L ratio of 50/50 to 70/30. The Cr, Mo, Ni and Mn contents,
measured by SEM-EDS, are shown in Fig. 2a. As intended, all elements
vary linearly across the gradient, with increasing Cr and Mn and
decreasing Ni and Mo with increasing 304L fraction.

To characterize GBS quantitatively, we use the serration index
developed by Tang et al. [24]. This index depicts the area carved out
relative to a smooth boundary by incorporating both the wavelength
[23,45] and protrusion height of GBs, which makes it the most objective
and reliable method to quantify GBS so far. The method consists in
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Fig. 1. Microstructure of all printed materials. a) EBSD maps of 304L and 316L,
b) macro-etched functionally graded sample, ¢) EBSD maps of the five regions
in the FGM. All EBSD maps are coded in IPF colors with respect to the build
direction, normal to the surface.

measuring successive distances between a straight line drawn parallel to
the boundary. A fast Fourier transformation is applied on the profile of
distances, which reveals the individual wavelength and amplitude of
each serration present in the boundary. The overall shape of the
boundary is represented by its three waves with the highest amplitude
[24]. The wavelength and amplitude of these three waves are multiplied
which yields three indices per boundary. The overall serration index is
defined as the average value of the three and has units of ym?. Here, at
least 15 individual high angle boundaries were characterized per
microstructure, chosen randomly.

Fig. 2b shows the serration indices with increasing fraction of 304L
alloy from left to right. The markers correspond to the average serration
index and the bars to the standard deviation. The mean serration index
increases monotonously with the 304L fraction. 316L, 10/90 and 30/70
regions possess indices around 15 um?2. The 50/50 and 70,30 regions are
characterized by a large span of GBS indices which is consistent with the
mix of serrated and relatively smoother boundaries in Fig. 1c. Regions
containing over 90% of 304L exhibit significantly higher GBS. All
boundaries are serrated, as seen in Fig. 1a,c. It is worth noting that these
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Fig. 2. Statistical characterization of the printed microstructures. Colors corresponds to the different regions in Fig. 1. a) Cr, Ni, Mo and Mn weight fractions from
SEM-EDS mabps, b) serration indices using the method from Tang et al. [24], ¢) X-ray diffractograms, d) Smith-Zener pinning pressure from § ferrite. The fractions in

the x-axis correspond to the 304L/316L ratios.

values are substantially higher than those reported in wrought micro-
structures after dedicated thermal GBS processing [24], which typically
fall in the 10-25 um? range. X-ray diffractograms shown in Fig. 2c,
reveal that alloys containing over 90% 304L contain BCC § ferrite, in
addition to the FCC y austenite.

Close inspection of the GB structure reveals a strikingly different
morphology in 316L-rich (Fig. 3a,b,c) versus 304L-rich alloys (Fig. 3d,e,
f). While all microstructures exhibit cellular structures, their segregation
profiles are drastically different. In 316L-rich alloys, cell walls are
enriched in Ni, Cr and Mo (Fig. 3b,c). In 304L-rich alloys Ni segregates to
the core of the cells and Cr at the cell walls (Fig. 3f), where 50-100 nm
thick 6 ferrite particles are observed (Fig. 3d,e). Interestingly, GBs align
with cell boundaries in 304L-rich alloys (Fig. 3d), where the GB is pin-
ned by & ferrite particles, while no such observation can be made in
316L-rich alloys (Fig. 3a). These observations suggest different solidi-
fication modes as a function of the alloy composition. The solidification
mode in Fe-Cr-Ni-Mn steels is governed by the ratio between ferrite

versus austenite stabilizers, Creq/Nieq. Utilizing the SEM-EDS measure-
ments in Fig. 2a, we calculated the Creq/Nieq ratio in our alloys, shown as
vertical lines in Fig. 4b, and compared with the theoretical solidification
mode predicted from the pseudo-binary phase diagram in Fig. 4a. These
results suggest that alloys 316L, 10/90, 30/70 and 50/50 would solidify
following an AF mode, while alloys 70/30, 90/10 and 304L solidify
following a FA mode.

In AF mode, austenitic cells grow following the steepest thermal
gradient, in colonies separated by GBs [46-48]. The partitioning co-
efficients of Cr, Mo and Ni in austenite (k& ki, and ki;) are < 1,
indicating that they are rejected into the liquid while austenite grows
[49-52]. This solute partitioning creates the characteristic AF
micro-segregation profile observed in Fig. 3c, with Cr, Mo, and Ni
enrichment at cell boundaries. As the Creq/Nieq ratio increases at cell
boundaries, ferrite can occasionally form via a eutectic reaction [50].
Dislocations accumulate on the cell boundaries as a result of thermal
stress [53-55]. The main driving force for grain boundary migration is
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Fig. 3. Sub-grain scale microstructure analysis in the printed alloys. a) BSE
image showing orientation and phase contrast in the 10/90 material, b) STEM-
HAADF image in 316L and c) corresponding TEM-EDS composition profile
showing enrichment of Ni, Cr and Mo at the cell walls (arrow in b), d) BSE
image in 90/10 material showing a GB pinned by & ferrite particles and cell
structures spatially correlated with GBs, e) STEM-HAADF image in 304L and f)
corresponding TEM-EDS composition profile showing enrichment of Cr and
depletion of Ni at the cell walls (arrow in e).

the reduction in GB surface area [51], which leads to smooth GBs in
316L, 10/90, 30/70 and 50/50 alloys, that do not coincide with the
microsegregation pattern (Fig. 3a).

In contrast, 70/30, 90/10 and 304L alloys solidify in FA mode
(Fig. 4b) where the primary solidification front is ferritic and transforms
to austenite via a solid-state transformation [50,51,56,57]. At the onset
of solidification, Ni is rejected from the ferritic solidification front into
the liquid, as k¥; < 1 [50]. The cell cores are enriched in Cr and possess a
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Fig. 4. Pseudo-binary FeNie,Creq phase diagrams obtained from Thermocalc. a)
phase map with solidification modes highlighted in blue dashed lines, b)
composition of our printed alloys measured by EDS overlapped with the phase
map. Colors correspond to the different regions in Fig. 1.

low Creq/Nigq ratio at their boundaries, which promotes the nucleation
of austenite in the intercellular regions. The ferrite-to-austenite trans-
formation occurs through the migration of the y-§ interface into the
original ferrite, governed by short-range trans-interphase diffusion of Ni
into austenite, while Cr and other ferrite stabilizers partition to ferrite
[50]. This results in opposite Cr versus Ni microsegregation profiles as
shown in Fig. 3f, characteristic of FA solidification [50,51,58], and
retained ferrite enveloped by the new v cell structure. A closer inspec-
tion of serrated GBs, in Fig. 5, reveals two driving forces acting
concurrently onto them: strain-induced boundary migration (SIBM) and
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Fig. 5. EBSD maps around two serrated GBs in 304L. a) IPF-colored map overlapped by transparency with the index quality (IQ) map in greyscale, where & particles
appear as dark features; b) corresponding GND density map; ¢) IPF-IQ maps in a second region; d) corresponding GND density map with GBs in white.

Smith-Zener pinning. Fig. 5a,c show composite EBSD maps in IPF colors
overlapped with the index quality (IQ) in greyscale, showing & phase as
darker particles. Numerous & particles are visibly pinning the GBs,
creating serrations. Fig. 5b,d show the corresponding EBSD maps
colored according to the density of geometrically necessary dislocations
(GNDs) [59]. The presence of remnant dislocation densities in the vi-
cinity of serrated GBs is indicative of the presence of a driving force for
SIBM [15,60,61]. These results suggest that GBS is the product of the
balance between SIBM, driving force for boundary migration, and
Smith-Zener pinning, a restraining force to GB motion.

GNDs could arise from multiple phenomena. Sheil calculations in
DED 304L indicate that solidifying grains are subject to tensile stresses
as the surrounding liquid contracts [62]. The high number of slip sys-
tems available in BCC & ferrite, combined with its low yield strength at
high temperature, can lead to plastically deformed ferritic grains, that
accumulate misorientation as they solidify [63]. Geometrically neces-
sary dislocations (GNDs) arise to maintain the continuity of the defor-
mation field [64,65], leading to long-range 3D misorientation fields that
could be inherited by the austenite grains, as observed in [62].
Furthermore, y and & phases possess different coefficients of thermal
expansion which can also increase the dislocation density during the
ferrite-to-austenite phase transformation [50,66].

Although determination of the exact mechanism would require in-
situ observation at the sub-cell scale during solidification, it is clear
that GB pinning by & ferrite plays a critical role in inducing GBS. To gain
quantitative insight onto this effect, we calculate the Smith-Zener
pinning pressure Pz in all alloys, defined as:

3vesf

P, = =0

@
where ygg is the grain boundary energy (here 0.835 J/m> [671), f and
d are the fraction and average equivalent diameter of & ferrite respec-
tively, measured from back-scattered images (see suppl. mat. B for an

example). The calculated pinning pressures are shown in Fig. 2d. The
small ferrite fraction measured in AF-solidifying alloys corresponds to
eutectic ferrite (see suppl. mat. C). While GBS likely occurred at a
temperature where the fraction and size of § particles were different,
comparison with Fig. 2b shows a clear correlation between the serration
index and pinning force with increasing Creq/Nieq ratio. In summary, we
show that the solidification mode governs the grain structure develop-
ment in AM stainless steels. Tailoring the Creq/Nieq ratio allows to tune
the fraction of transient ferrite formed during solidification, hence its
Smith-Zener pinning pressure and the degree of GBS. Furthermore, we
demonstrate the possibility of spatially controlling GBS via functional
grading using a single set of printing parameters in DED. This mecha-
nism can be leveraged into a new alloy design paradigm for in-situ GBE
during AM.
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