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Abstract: Metastable cellular structures (MCSs) play a crucial role for the mechanical performance
in concentrated alloys during non-equilibrium solidification process. In this paper, typifying the
heterogeneous 316L stainless steel by laser additive manufacturing (LAM) process, we examine the
microstructures in cellular interiors and cellular boundaries in detail, and reveal the interactions of
dislocations and twins with cellular boundaries. Highly ordered coherent precipitates present along
the cellular boundary, resulting from spinodal decomposition by local chemical fluctuation. The
co-existences of precipitates and high density of tangled dislocations at cellular boundaries serve as
walls for extra hardening. Furthermore, local chemical fluctuation in MCSs inducing variation in
stacking fault energy is another important factor for ductility enhancement. These findings shed light
on possible routines to further alter nanostructures, including precipitates and dislocation structures,
by tailoring local chemistry in MCSs during LAM.

Keywords: laser additive manufacturing; metastable cellular structures; 316L stainless steel; coherent
precipitates; stacking fault energy

1. Introduction

Laser additive manufacturing (LAM) is an emerging approach to achieve tailored
structural components with more exceptional performances than conventional processing
routines [1–4]. The near one-step process leads to enhanced mechanical properties, includ-
ing high yield strength, intermediate tensile ductility, and better fatigue resistance. From
the microstructural aspect, typical metastable cellular structures (MCSs) resulted from
LAM process play a central role for high strength and intermediate-to-high ductility in
many LAM materials, e.g., 316L stainless steel (SS) [1,2], Al-based alloys [4,5] and Ni-based
superalloys [6,7]. During LAM process, the intrinsic solidification features—including fast
cooling rate of 104~106 K/s and repeated thermal passes lead to redistribution of local
chemical composition during solidification, and consequentially prevailing MCSs far from
well-equilibrated state. In another case of high (medium)-entropy alloys, with four or more
principal elements, the sluggish solutes diffusion during non-equilibrium solidification
promotes to form MCSs as well [8–10]. Usually, accompanied with the formation of MCSs,
there are plenty of dislocations, solutes segregation, and precipitates, which collectively
contribute to a uniquely heterogeneous nature of MCSs. It is therefore expected that MCSs
with chemical and structural heterogeneity would bring forth distinct deformation behavior
and could be utilized for better tailoring a strength–ductility combination.

Taking 316L SS as an example, intensive efforts have been devoted to the intrinsic
feature of MCSs [2,11–14]. For instance, Morris et al. [2] reported that MCSs are endowed
with elemental segregations, a high density of dislocations and Mn-enriched SiO2 precipi-
tates along the cellular boundary. Other works revealed MCSs are embedded with Cr or
Mo-Cr enriched precipitates [15]. Bertsch et al. [14] found that a MCS has micro-segregation
networks superimposed on dislocation structures without observable precipitates. Indeed,

Nanomaterials 2021, 11, 2859. https://doi.org/10.3390/nano11112859 https://www.mdpi.com/journal/nanomaterials

https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0002-3213-7891
https://doi.org/10.3390/nano11112859
https://doi.org/10.3390/nano11112859
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/nano11112859
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano11112859?type=check_update&version=2


Nanomaterials 2021, 11, 2859 2 of 13

the formation of MCSs in LAM alloy depend on chemical segregations of solid–liquid
interface during solidification. At the advancing solid–liquid interface, insufficient solute
diffusion leads to the imbalance in solubility, and consequently micro-segregation occurs
in concentrated alloys [13]. The segregation plays a critical role in precipitation process
and heterogeneous chemical distributions at MCSs [16–18]. Theoretical studies suggest
that the spinodal decomposition depends on the magnitude and species of the solutes
enrichment by segregation at free surface [19,20]. Therefore, understanding the origins
of precipitation process induced by spinodal decomposition is beneficial to the tailored
chemical configuration at MCSs.

Additionally, how combined features in MCSs contribute to the desirable mechanical
property in LAM process is of practical importance. MCSs have been reported to be able to
facilitate deformation twinning to transfer through the adjacent cells, and give rise to pro-
gressive work-hardening [21,22]. Although the twinning mechanism has been commonly
highlighted [2,22,23], the detail interactions of MCSs with the twin boundary is still not
fully exploited. Another important feature associated with chemical fluctuation in MCSs
is the stacking fault energy (SFE): In company with local chemical fluctuation in MCSs,
SFE changes. It has been well known that SFE plays a key role for plastic deformation,
as broadly demonstrated in TRIP and TWIP steels [23], high entropy alloys [24], and so
on [25,26]. Thus, evaluating the SFE evolution at MCSs may supply further insights into
deformation mechanisms.

To summarize, both characteristics about MCSs and their correlation with deformation
process are critical for further optimization of heterogeneous structures in LAM metallic
alloys. Following these incentives, we examine prominent microstructures in cellular
interiors and MCSs of as-built 316L SS in detail, and demonstrate how chemical fluctuations
and the existence of heterogeneous walls may boost deformability and hardenability of
this particular LAM alloy.

2. Materials and Methods

The gas-atomized 316L SS powders, in weight composition 18.18% Cr, 11.36% Ni,
2.27% Mo, 0.97% Si, 0.06% C, and Fe balance, were characterized by the ICP-MS and used
for the LAM process. A five-axis handling system combining with a fiber-coupled diode
laser system YDFL-2000-CW-MM (Feibo Laser Technologies Co. Ltd, Shanghai, China)
with a wavelength of 1080 nm was utilized for printing. Argon was chosen as the shielding
and carrier gas to avoid oxidation and feed powders during manufacturing. The laser
beam was focused on the 316L SS substrate to create a melting pool, and when injected
powders were melted, a deposited layer is subsequently formed after solidification. A
unidirectional scan strategy with 45◦ rotation in each layer was employed. A scanning
speed of 24 mm/s and the laser power of 1200 W were applied during deposition. In the
successive track, the in-plane shift spacing was set to be 0.75 mm with a hatching angle 45◦

in the longitudinal direction (LD). A constant height offset of 0.5 mm (plane to plane) was
used in the build direction (BD). These process parameters were chosen based on extensive
process optimization so as to obtain fully dense samples [27]. Samples with an overall
dimension of 50 × 50 × 10 mm were built on a 316L SS substrate under the processing
conditions.

For microstructure characterizations, the as-built samples were sectioned along the
LD-BD plane. The sectioned samples were then analyzed using a SEM (FEI-600) equipped
with an electron backscattered diffraction (EBSD) detector (Oxford Instruments, Tubney
Wood, UK) [28,29]. In our EBSD analyses, we adopted an accelerating voltage of 20 kV and
a probe current of 2.9 nA. We interpreted the raw EBSD data for geometrically necessary
dislocations (GNDs) density evolutions by the Channel 5 and Aztec (Oxford Instruments
HKL, Abingdon, UK) software. We followed the method from the literatures [30,31] to
relate local misorientations with GND density. It involves the following steps: (1) We obtain
an EBSD image of the sample under consideration; (2) the kernel average misorientation
(KAM) map is then calculated from the raw EBSD data, from which we obtain the average
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misorientation between every pixel and a kernel of surrounding pixels; (3) we use the
following equation to calculate GND density ρ: ρ = αθ

Xb , where α = 2, θ is the local
misorientation angle, X is the step size for KAM map and b is the magnitude of the Burgers
vector.

Tensile tests were performed using a Instron 5967 testing system at a constant strain
rate 10−3 s−1. Dog-bone specimens with a gauge length 20 mm were prepared for tensile
test. To identify the possible deformation mechanisms, post-mortem deformed samples
were examined using a transmission electron microscopy (TEM, JEM-2100F) at an accel-
erating voltage of 200 kV. We follow Du et al. [32] to abstract lattice distortion using the
geometric phase analysis (GPA) approach.

3. Results and Discussion

We prepared 316L SS by LAM process, and its microstructure and mechanical property
are shown in Figure 1. From the EBSD orientation maps in Figure 1a–c, we see both
equiaxed and elongated columnar grains in planes composing two characteristics directions
out of the longitudinal direction (LD), the transverse direction (TD), and the build directions
(BD). The average grain size is around 3 µm viewed from the LD-TD plane (Figure 1d).
The three-dimensional microstructures, viewed from different planes normal, are shown
in Figure 1e. The EBSD orientation map along BD in Figure 1f shows typically structure
of grain. Here, the boundaries of two grains A and B are highlighted. We show in
Figure 1g the close-up view about the morphology and direction of cellular structures in
the two grains. Dash lines indicating the cellular boundaries are aligned with either [100]
or [110] crystalline direction in each grain and coincide with the thermal flow direction:
thermal melting flow is associated with the minimum Young’s modulus direction or the axis
of symmetry of the plane with minimum crystal surface energy [16]. We show in Figure 1h
the engineering stress–strain curves of LAM 316L SSs, which have a yield strength of
850 MPa, together with an ultimate tensile strength of 1.05 GPa and a total elongation
of 9%.

To understand the role of the cellular boundary in deformation process, we compared
geometrically necessary dislocations (GNDs) density in a sample between its as-built
and deformed status, as shown in Figure 2. From the IPF (Figure 2a) and GNDs density
distribution maps of the as-built sample, we derive the GNDs density within the bracket of
(2~12) × 1014/m2. There is higher GNDs density in MCSs than that in interior, as evidently
seen in Figure 2b. In the post-mortem sample, we observe hierarchical deformation twins,
marked by T1 and T2. The GNDs density in the deformed sample ascends to the range of
(2~18) × 1015/m2. Interestingly, abundant dislocation emissions take place at the junction
of hierarchical twins and cellular boundaries, as shown in Figure 2c,d. As seen from
Figure 2e, the GNDs density of the deformed sample is about one order of magnitude
higher than its initial status.

We now apply selected area diffraction pattern (SADP) to distinguish the config-
urations of cellular boundary from interior. The bright field TEM (BF-TEM) image in
Figure 3a shows that the MCS is composed of the cellular boundary (indicated in yellow)
and the cellular interior (indicated in red). The SADP in the zone axis [112] indicates the
extra super lattice spots in the 1/2 (311) crystalline plane (highlighted in yellow circle in
Figure 3a1). Whereas the cellular interior in Figure 3a2 shows typical γ face cubic crystal
(γ-FCC) structure in the same [112] zone axis, without additional diffraction pattern. When
observing along the [110] zone axis, the diffraction patterns are the same for both cellular
boundaries and interiors, as shown in Figure 3a3,a4. These observations imply that the
coherent diffraction structure appears in (311) crystalline plane when observing along the
[112] zone axis. We then take dark-field TEM (DF-TM) image using the extra reflections
1/2 (311) spot in yellow circles in Figure 3a1. The light-up region marked by yellow dash
lines suggests nanoscale precipitates distribute densely along the cellular boundary from
DF-TEM image (see in Figure 3b). We take the HR-TEM image (Figure 3c) containing both
γ-FCC matrix and a precipitate in [110] zone axis. It demonstrates that the precipitates
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are coherent with the matrix. The α parameter measured for the matrix and precipitate is
0.3537 ± 0.002 and 0.3628 ± 0.003 respectively, with a misfit of about 2.5%.
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Figure 1. Microstructure and tension property of as-built 316L SS. (a–c) EBSD orientation maps in the
LD-TD, BD-LD, and BD-TD plane. Here LD, TD, and BD stand for the longitudinal, transverse and
build direction in turn. (d) The grain size distribution is obtained from the LD-TD surface. (e) The 3D
mapping of grain microstructure. (f) The orientation map in BD-LD plane of the individual grains.
Dash lines are used to identify grains A and B. (g) Band contrast map of the cellular structure and
dash lines indicating cellular boundaries. (h) Uniaxial tensile stress–strain curves of as-built 316L SS.
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Figure 2. Microstructures of as-built and post-mortem samples. (a) The initial EBSD orientation map
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a post-mortem sample and (d) its GNDs distribution. (e) GNDs distribution profiles of the selected
areas in (b,d), respectively.
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SADPs indicate the orientation relationship of γ matrix and σ phase along the zone axis of γ matrix: 

Figure 3. Morphology of precipitates in a MCS. (a) BF-TEM image of a MCS composing of cellu-
lar boundary (in yellow circle) and interior (in red circle). (a1–a4) The SADPs of cellular bound-
ary (a1,a3) and interior (a2,a4). Taking from zone axis [112] (a1,a2) and [110] (a3,a4) respectively.
(b) DF-TEM image highlighting dense precipitates corresponds to the region marked by the red box
in (a). (c) HR-TEM image containing the matrix and precipitate in [110] direction, the marked region
indicating the coherent precipitate in γ-FCC matrix.

We also observed the σ phase next to the MCS, as shown in Figure 4a, with its blow-up
shown in Figure 4b: the σ phase is composed of alternatively lamellar-like layers. The
SADPs in Figure 4c,d suggest the σ phase owns tetragonal crystal structure and follows
the orientation relationship [112]σ//[211]γ, [114]σ//[111]γ with the γ-FCC matrix. The
energy-dispersive spectroscopy (EDS) map in Figure 4e illustrates that σ phase is composed
of alternative Cr or Fe (Ni) rich lamellas. As reported, the formation of σ phase in austenite
steels is promoted by enrichment of Cr or Mo [33] and the thermal cycling stress on the
cellular boundary [34]. In the current work, the generation of σ phase seems to be associated
with the chemical fluctuation around the cellular boundary.
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Figure 4. Lamellar-like σ phase nearby a MCS. (a) The BF-TEM image of σ phase. (b) A blow-up
high-angle annular dark-field (HAADF) STEM image showing the lamellar structure. (c,d) The
SADPs indicate the orientation relationship of γ matrix and σ phase along the zone axis of γ matrix:
(c) [211] and (d) [111]. (e) The energy-dispersive spectroscopy (EDS) maps of Fe, Cr, Ni, and Mo
distribution in the region shown in (b).

The origins of coherent precipitates and σ phase revealed here appear to be related
to the decomposition process due to concentrations of Cr, Ni, or Mo solutes in LAM
process. We suspect that the “spinodal decomposition” is mainly account for the phase
decomposition in multicomponent as-built 316L SS. Based on the non-equilibrium solidi-
fication theory [35–38], any chemical fluctuations may enable the “uphill diffusion” and
“spinodal decomposition” [35,37–39]. This phenomenon has been proven for precipitation
in high-entropy alloys due to the “sluggish diffusion” of solutes [9,39]. In terms of the
as-built alloys by LAM, the “spinodal decomposition” has the potential to take place due
to “insufficient diffusion” by high cooling rate. During the non-equilibrium solidification
process, the “spinodal decomposition” is plausible as the temperature gradients induce the
vibration entropy [18,40–42]. Chemical fluctuation owing to solutes segregation provides
the driving force for spinodal and transient spinodal phase separation at the cellular bound-
ary in as-built 316L SS. Therefore, the ordered coherent phase prevails along the cellular
boundary. Furthermore, the elastically soft direction is favorable for spinodal growth so
that the coherency strain is minimized by decomposition [36]. It explains why majority
of the precipitates are aligned with [100] crystalline direction. Albeit this phenomenon
has been broadly seen in aged heat treatment steels [18,33–38], it is firstly proposed in the
as-built 316L SS.

Apart from configurations, we further explore the dislocation arrangements at a
MCS. The HR-TEM images and geometric phase analysis (GPA) maps in Figure 5 help to
distinguish dislocation structures and lattice strain field in the cellular boundary from the
interior. The Inverse fast Fourier transformation (IFFT) image (Figure 5a) and its εxy lattice
strain map by GPA using (111) frequency (Figure 5b) indicate that limited lattice distortions
and isolated dislocation appear in the interior. Contrastively, dislocation dipoles and
entanglements, containing stacking faults, are operative at cellular boundary as identified
from the IFFT image and GPA map in Figure 5c and d, respectively. The lattice dilatations
profile in Figure 5e confirms the cellular boundary experiences more cycles of compression
and tension strain than that in the interior. It seems that thermal and solutes contribute
to the accumulation of lattice dilatations during solidification in as-built alloys [27,43,44].
Chemical composition fluctuation is likely the governing reason for such dislocation
structures and lattice strain difference between the cellular boundary and interior. Hence,
the co-existence of dislocation and precipitates in MCS is the stark feature in the as-built
316L SS.
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Figure 5. Dislocation structures in an MCS. (a) IFFT image of cellular interior taking along the [110]
zone axis, (b) its GPA map showing dislocation cores with (111) frequency. (c) IFFT images of the
cellular boundary, and (d) its GPA map. The color legend for GPA map indicates εxy induced by
dislocations. (e) The local εxy corresponding to dash lines marked in (b,d). The scale bar is 2 nm.

To investigate the role of MCS in plastic deformation, we further perform TEM
observation of the post-mortem sample, as illustrated in Figure 6. We prepare the TEM
lamellar in the interested area including the interaction of MCS with hierarchical twins, as
mentioned in Figure 2d. The SADP inserted in Figure 6a indicate the hierarchical twins
are operative. The BF-TEM image in Figure 6a shows that tangled and looped dislocations
(yellow arrows) prevail near side ‘A’. Usually, the dislocation loops around side ‘A’ of
cellular boundary are induced by Frank dislocations, which are associated with local
supersaturation of vacancies at high cooling rate [45].When a twin penetrates through side
‘A’ of cellular boundary, a dislocation reaction follows,

a
6
[

211
]
+

a
3
[
111

]
→ a

2
[
011

]
(1)

As twinning propagates from side ‘A’ to side ‘B’, dislocations multiply and pile up
closely to side ‘B’, as seen from white circle in BF-TEM image (Figure 6b). It also shows
that a large density of nano-spaced stacking faults (green arrows) and partial dislocations
(yellow arrows) arise from massive dislocation dissociations. Subsequently, more partial
dislocations prevail at side ‘B’, accompanied with nanotwins, as seen in DF-TEM image
(Figure 6c). It appears that the motion of dislocations is hindered but not fully stopped by
the cellular boundary, which is in line with the in-situ observation of twinning interactions
with the cellular boundary [21,22]. Overall, it implies that the threshold of nanotwins
nucleation can be decreased by the variation of SFE at the MCS, which is commonly seen
from the twinning nucleation theory [46]. Additionally, the dislocation slip prevails in the
MCS during deformation as well. Figure 6d shows that the coherent precipitates (in red
arrows) can be sheared by dislocations, as indicated in blue arrows. After shearing, the
antiphase boundary (APB) can be created on the dislocation gliding plane, consequently,
the ordering hardening is possible to be the source for strengthening [47–49].

The HR-TEM image (Figure 7) adjacent to an MCS shows that coherent precipitates
are sheared by edge dislocations on (111) crystalline plane, as indicated in the blue circle; it
further confirms the APB forms when dislocations cutting through the coherent precipitates.
Interestingly, we observe the ‘V-shaped’ dislocation network (boxed in pink in Figure 7a)
as well. The close-up IFFT image of the ‘V-shaped’ dislocation in Figure 7a demonstrates
edge dislocations glide on (111) and (111) crystalline planes, as detailed in Figure 7b. The
dislocations dissociate as follows

a
2
[110] → a

6
[121] +

a
6
[
211

]
(2)
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a
2
[
101

]
→ a

6
[
211

]
+

a
6
[
112

]
(3)
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Figure 6. Post-mortem TEM observations. (a) BF-TEM image showing twin interactions with the MCS. Hierarchical
nanotwins and the cellular boundary are indicated in white arrows and red lines respectively. The yellow arrows and the
white circle indicate dislocation loops and dislocation piling up region respectively. (b) The BF-TEM image showing SFs (in
green arrows) and partial dislocations (in yellow arrows). (c) The DF-TEM image taken with g = 111. (d) Precipitates in a
MCS (marked as red arrows) are cut through by dislocations indicated as blue arrows.
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Figure 7. HR-TEM images close to an MCS. (a) HR-TEM of the ‘V’-shaped configuration of SF. The pink and blue area
indicate Lomer–Cottrell locks and APB. (b) A close-up IFFT of the pink box in (a,c) GPA map with (200) frequency showing
dislocation structure. (d) HR-TEM images of twins. The yellow and red box indicate the CTB and ITB respectively. (e) The
IFFT images of ITB. (f) The corresponding GPA map.
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Burgers vector in red in Figure 7b indicates that the immobile stair-rod dislocations are
generated via a

6 [121] + a
6
[
112

]
→ a

6
[
011

]
, which are known as Lomer–Cottrell locks [50,51].

The Lomer–Cottrell lock is possible to enhance the strain hardening as the dislocation
reactions [51]. Figure 7c illustrates that the dislocation cores and the lattice strain field εxy
of Lomer–Cottrell locks are derived from its GPA map with (200) frequency. Furthermore,
the heterogeneous MCS promotes the nanotwins to nucleate, accompanied with coherent
twin boundary (CTB) and incoherent twin boundary (ITB), as marked in Figure 7d. The
corresponding IFFT images suggest partial dislocations prevail, as shown in Figure 7e,
together with the corresponding GPA map of ITB (Figure 7f). The ITB belongs to ∑ 3{112}
with 9R structures twinning behavior, as commonly seen in nanocrystalline alloys [52,53].
It further suggests that the reduced stacking fault contribute to the twinning nucleation and
dislocation dissociation when hierarchical twin interacts with the MCS [46]. As expected,
the dislocation structures are associated with variation of SFE due to the local chemical
fluctuation in the MCS [11,15,25].

As mentioned above, dislocation dissociations are linked to SFE variations, which can
be tailored by local chemical environment. We perform the chemical distribution analysis
in the region around the MCS, as shown in HAADF-STEM (Figure 8a). The composition
map in Figure 8b–e displays the solutes Fe, Cr, Ni, and Mo distribution respectively. The
circled region in Figure 8c,d indicate the solutes Cr and Ni clustered area. The line analysis
across the boundary suggests that Cr shares a similar degree of inhomogeneity with Ni,
whereas Fe has the opposite fluctuation tendency, as shown in Figure 8f. Meanwhile, the
atomic ratio of the Fe, Ni, and Cr is (2~4):1:1, therefore, the ordered precipitate mentioned
in Figure 3 is assumed to be Fe2CrNi as the similar atomic ratio. This ordered precipitate
has been found in aged Fe-Cr-Ni austenite steels [54–56], while it is newly reported here in
the as-built 316L SS.
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The corresponding EDS maps for individual elements of Fe, Cr, Ni, and Mo, in turn. (f) Composition profile along the white
line in (a), showing local chemical fluctuation.
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According to the documented SFE evaluations in concentrated alloys [23–26,57], an
empirical equation is used to estimate the SFE variation following [57],

SFE = 2.8 Ni(wt.%) + 0.39 Cr(wt.%) + 2.2 Mo(wt.%)− 2.0 Si(wt.%)− 4.0 (4)

We plot the SFE profile as a function of distance in Figure 9 based on the chemical
fluctuation in Figure 8f. We reveal that the SFE energy is not constant due to chemical
fluctuation in the MCS, in contrast to the single-valued SFE in conventional crystalline
counterparts. This is in line with the commonly studied concentrated alloys [22–24,55]. The
published SFE data of 316L SS are in the range of (12.9~42) mJ/m2, which are included as the
red background in Figure 9. The variation of SFE strongly influences plastic deformation
mechanisms, in particular for dislocation multiplication [25,58]. As a result, the SFE
variation in heterogeneous MCS is crucial for tailoring mechanical properties.
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Figure 9. SFE profile calculated based on an empirical formula. The marked range of the SFE data
from the reference [25,57].

Local chemical variation gives rise to lattice distortions at the atomic scale resulting
from the SFE variations. Therefore, the dislocation line travelling in a field of solutes will
be wavy in nature [59]. The bowing of the dislocation lines occurs at the cost of extra
line energy compared to an otherwise straight dislocation segment. These additional
nano-disturbances of SFE account for dislocation strengthening as well.

4. Conclusions

Metastable cellular structures (MCSs), as a result of the LAM process, are pivotal
to the deformation behavior of concentrated alloys. Taking as-built 316L SS as a model
case, we conducted a systematic investigation on the structure of MCSs and mapped the
structures to deformation mechanisms. The following observations may be significant for
later research about this aspect:

(1) We revealed that highly ordered coherent precipitates present along the MCS resulting
from spinodal decomposition by local chemical fluctuation. The co-existences of
coherent precipitates and high density of tangled dislocations at MCS serve as walls
for extra hardening.

(2) We demonstrated the existence of local chemical fluctuation in MCSs and suspect
the induced variation in stacking fault energy is an important factor for ductility
enhancement.
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(3) We proposed that the synergistic contributions from the ordering strengthening
by coherent precipitates and dislocations strengthening by high density of tangled
dislocations in the heterogeneous MCS lead to the extra strain hardening in as-built
316L SS.

These findings provide a sound foundation for understanding of the local chemical in
MCSs to tune precipitates and dislocation structures with the aid of LAM process.
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version of the manuscript.

Funding: This research was funded by “Multiscale Problems in Nonlinear Mechanics” (no. 11988102)
and (no. 11790291), the Strategic Priority Research Program of the Chinese Academy of Sciences
(XDB22020200).

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kürnsteiner, P.; Wilms, M.B.; Weisheit, A.; Gault, B.; Jägle, E.A. Raabe, High-strength Damascus steel by additive manufacturing.

Nature 2020, 582, 515–519. [CrossRef]
2. Wang, Y.M.; Voisin, T.; McKeown, J.T.; Ye, J.; Calta, N.P.; Li, Z.; Zeng, Z.; Zhang, Y.; Chen, W.; Roehling, T.T.; et al. Additively

manufactured hierarchical stainless steels with high strength and ductility. Nat. Mater. 2018, 17, 63–70. [CrossRef]
3. Zhang, D.; Qiu, D.; Gibson, M.A.; Zheng, Y.; Fraser, H.L.; StJohn, D.H.; Easton, M.A. Additive manufacturing of ultrafine-grained

high-strength titanium alloys. Nature 2019, 576, 91–95. [CrossRef]
4. Martin, J.H.; Yahata, B.D.; Hundley, J.M.; Mayer, J.A.; Schaedler, T.A.; Pollock, T.M. 3D printing of high-strength aluminium

alloys. Nature 2017, 549, 365–369. [CrossRef] [PubMed]
5. Wu, J.; Wang, X.Q.; Wang, W.; Attallah, M.M.; Loretto, M.H. Microstructure and strength of selectively laser melted AlSi10Mg.

Acta Mater. 2016, 117, 311–320. [CrossRef]
6. Dinda, G.P.; Dasgupta, A.K.; Mazumder, J. Laser aided direct metal deposition of Inconel 625 superalloy: Microstructural

evolution and thermal stability. Mater. Sci. Eng. A 2009, 509, 98–104. [CrossRef]
7. Galera-Rueda, C.; Nieto-Valeiras, E.; Gardon, M.; Pérez-Prado, M.T.; Lorca, J.L. Effect of ZrH2 particles on the microstructure and

mechanical properties of IN718 manufactured by selective laser melting. Mater. Sci. Eng. A 2021, 813, 141123. [CrossRef]
8. Su, I.-A.; Tseng, K.-K.; Yeh, J.-W.; El-Sayed, B.; Liu, C.-H.; Wang, S.-H. Strengthening mechanisms and microstructural evolution

of ductile refractory medium-entropy alloy Hf20Nb10Ti35Zr35. Scr. Mater. 2022, 206, 114225. [CrossRef]
9. Tsai, M.H.; Yeh, J.W. High-entropy alloys: A critical review. Mater. Res. Lett. 2014, 2, 107–123. [CrossRef]
10. Zhang, Q.; Huang, R.; Zhang, X.; Cao, T.; Xue, Y.; Li, X. Deformation Mechanisms and Remarkable Strain Hardening in

Single-Crystalline High-Entropy-Alloy Micropillars/Nanopillars. Nano Lett. 2021, 21, 3671–3679. [CrossRef]
11. Voisin, T.; Forien, J.B.; Perron, A.; Aubry, S.; Bertin, N.; Samanta, A.; Baker, A.; Wang, Y.M. New insights on cellular structures

strengthening mechanisms and thermal stability of an austenitic stainless steel fabricated by laser powder-bed-fusion. Acta Mater.
2021, 203, 116476. [CrossRef]

12. Bajaj, P.; Hariharan, A.; Kini, A.; Kürnsteiner, P.; Raabe, D.; Jägle, E.A. Steels in additive manufacturing: A review of their
microstructure and properties. Mater. Sci. Eng. A 2020, 772, 138633. [CrossRef]

13. Barkia, B.; Aubry, P.; Haghi-Ashtiani, P.; Auger, T.; Gosmain, L.; Schuster, F.; Maskrot, H. On the origin of the high tensile strength
and ductility of additively manufactured 316L stainless steel: Multiscale investigation. J. Mater. Sci. Technol. 2020, 41, 209–218.
[CrossRef]

14. Bertsch, K.M.; de Bellefon, G.M.; Kuehl, B.; Thoma, D.J. Origin of dislocation structures in an additively manufactured austenitic
stainless steel 316L. Acta Mater. 2020, 199, 19–33. [CrossRef]

15. Kong, D.; Dong, C.; Wei, S.; Ni, X.; Zhang, L.; Li, R.; Wang, L.; Man, C.; Li, X. About metastable cellular structure in additively
manufactured austenitic stainless steels. Addit. Manuf. 2021, 38, 101804.

16. Hu, S.Y.; Chen, L.Q. Solute segregation and coherent nucleation and growth near a dislocation—A phase-field model integrating
defect and phase microstructures. Acta Mater. 2001, 49, 463–472. [CrossRef]

17. Kamachali, R.D.; da Silva, A.K.; McEniry, E.; Ponge, D.; Gault, B.; Neugebauer, J.; Raabe, D. Segregation-assisted spinodal and
transient spinodal phase separation at grain boundaries. NPJ Comput. Mater. 2020, 6, 191. [CrossRef]

18. da Silva, A.K.; Ponge, D.; Peng, Z.; Inden, G.; Lu, Y.; Breen, A.; Gault, B.; Raabe, D. Phase nucleation through confined spinodal
fluctuations at crystal defects evidenced in Fe-Mn alloys. Nat. Commun. 2018, 9, 1137. [CrossRef] [PubMed]

19. Geng, C.; Chen, L.Q. Spinodal decomposition and pattern formation near a crystalline surface. Surf. Sci. 1996, 355, 229–240.
[CrossRef]

http://doi.org/10.1038/s41586-020-2409-3
http://doi.org/10.1038/nmat5021
http://doi.org/10.1038/s41586-019-1783-1
http://doi.org/10.1038/nature23894
http://www.ncbi.nlm.nih.gov/pubmed/28933439
http://doi.org/10.1016/j.actamat.2016.07.012
http://doi.org/10.1016/j.msea.2009.01.009
http://doi.org/10.1016/j.msea.2021.141123
http://doi.org/10.1016/j.scriptamat.2021.114225
http://doi.org/10.1080/21663831.2014.912690
http://doi.org/10.1021/acs.nanolett.1c00444
http://doi.org/10.1016/j.actamat.2020.11.018
http://doi.org/10.1016/j.msea.2019.138633
http://doi.org/10.1016/j.jmst.2019.09.017
http://doi.org/10.1016/j.actamat.2020.07.063
http://doi.org/10.1016/S1359-6454(00)00331-1
http://doi.org/10.1038/s41524-020-00456-7
http://doi.org/10.1038/s41467-018-03591-4
http://www.ncbi.nlm.nih.gov/pubmed/29555984
http://doi.org/10.1016/0039-6028(95)01045-9


Nanomaterials 2021, 11, 2859 12 of 13

20. Helms, C.R. Surface segregation in alloys: Existence of surface miscibility gaps within regular solution theory. Surf. Sci. 1977, 69,
689–701. [CrossRef]

21. Li, Z.; Cui, Y.; Yan, W.; Zhang, D.; Fang, Y.; Chen, Y.; Yu, Q.; Wang, G.; Ouyang, H.; Fan, C.; et al. Enhanced strengthening and
hardening via self-stabilized dislocation network in additively manufactured metals. Mater. Today 2021. [CrossRef]

22. Liu, L.; Ding, Q.; Zhong, Y.; Zou, J.; Wu, J.; Chiu, Y.L.; Li, J.; Zhang, Z.; Yu, Q.; Shen, Z. Dislocation network in additive
manufactured steel breaks strength–ductility trade-off. Mater. Today 2018, 21, 354–361. [CrossRef]

23. Wei, Y.; Li, Y.; Zhu, L.; Liu, Y.; Lei, X.; Wang, G.; Wu, Y.; Mi, Z.; Liu, J.; Wang, H.; et al. Evading the strength-ductility trade-off
dilemma in steel through gradient hierarchical nanotwins. Nat. Commun. 2014, 5, 1–8. [CrossRef]

24. Liu, S.; Wei, Y. The Gaussian distribution of lattice size and atomic level heterogeneity in high entropy alloys. Extrem. Mech. Lett.
2017, 11, 84–88. [CrossRef]

25. Woo, W.; Jeong, J.S.; Kim, D.K.; Lee, C.M.; Choi, S.H.; Suh, J.Y.; Lee, S.Y.; Harjo, S.; Kawasaki, T. Stacking Fault Energy Analyses of
Additively Manufactured Stainless Steel 316L and CrCoNi Medium Entropy Alloy Using In Situ Neutron Diffraction. Sci. Rep.
2020, 10, 2–4. [CrossRef]

26. Shih, M.; Miao, J.; Mills, M.; Ghazisaeidi, M. Stacking fault energy in concentrated alloys. Nat. Commun. 2021, 12, 1–10. [CrossRef]
27. DebRoy, T.; Wei, H.L.; Zuback, J.S.; Mukherjee, T.; Elmer, J.W.; Milewski, J.O.; Beese, A.M.; Wilson-Heid, A.; De, A.; Zhang,

W. Additive manufacturing of metallic components—Process, structure and properties. Prog. Mater. Sci. 2018, 92, 112–224.
[CrossRef]

28. Wei, Q.; Pan, Z.L.; Zhao, Y.H.; Topping, T.; Valiev, R.Z.; Liao, X.Z.; Lavernia, E.J.; Zhu, Y.T. Effect of strain rate on the mechanical
properties of a gum metal with various microstructures. Acta Mater. 2017, 132, 193–208.

29. Liu, S.; Guo, Y.Z.; Pan, Z.L.; Liao, X.Z.; Lavernia, E.J.; Zhu, Y.T.; Wei, Q.M.; Zhao, Y. Microstructural softening induced adiabatic
shear banding in Ti-23Nb-0.7Ta-2Zr-O gum metal. J. Mater. Sci. Technol. 2020, 54, 31–39. [CrossRef]

30. DField, P.; Trivedi, P.B.; Wright, S.I.; Kumar, M. Analysis of local orientation gradients in deformed single crystals. Ultramicroscopy
2005, 103, 33–39.

31. Kundu, A.; Field, D.P. Influence of plastic deformation heterogeneity on development of geometrically necessary dislocation
density in dual phase steel. Mater. Sci. Eng. A 2016, 667, 435–443. [CrossRef]

32. Du, H. GPA-Geometrical Phase Analysis Software. 2018. Available online: http://www.er-c.org/centre/software/gpa.htm
(accessed on 29 May 2021).

33. Li, J.S.; Cheng, G.J.; Yen, H.W.; Wu, L.T.; Yang, Y.L.; Wu, R.T.; Yang, J.R.; Wang, S.H. Thermal cycling induced stress—Assisted
sigma phase formation in super duplex stainless steel. Mater. Des. 2019, 182, 108003. [CrossRef]

34. Gellai, M.; Edwards, R. Mechanism of alpha 2-adrenoceptor agonist-induced diuresis. Am. J. Physiol. Ren. Fluid Electrolyte Physiol.
1988, 24, F317–F323. [CrossRef]

35. Cahn, J.W. Free energy of a nonuniform system. II. Thermodynamic basis. J. Chem. Phys. 1959, 30, 1121–1124. [CrossRef]
36. Cahn, J.W. On spinodal decomposition in cubic crystals. Acta Metall. 1962, 10, 179–183. [CrossRef]
37. Caron, P.; Khan, T.; Veyssière, P. On precipitate shearing by superlattice stacking faults in superalloys. Philos. Mag. A Phys.

Condens. Matter Struct. Defects Mech. Prop. 1988, 57, 859–875. [CrossRef]
38. Division, C.; Ridge, O.; Ridge, O.; Sciences, P. Spinadal decompsotion Fe-Cr alloys:experimental study at the atomic level and

comparison with computer models-development of morphology—I introduction and methodology. Acta Metall. Mater. 1995, 43,
3385–3401.

39. Smith, D.W.; Elliott, C.M. Spinodal decompsotion Fe-Cr alloys: Experimental study at the atomic level and comparison with
computer models-development of morphology—III. Development of metholody. Acta Metall. Mater. 1995, 43, 3415–3426.

40. Tung, C.C.; Yeh, J.W.; Shun, T.t.; Chen, S.K.; Huang, Y.S.; Chen, H.C. On the elemental effect of AlCoCrCuFeNi high-entropy alloy
system. Mater. Lett. 2007, 61, 1–5. [CrossRef]

41. Kaplan, W.D.; Chatain, D.; Wynblatt, P.; Carter, W.C. A review of wetting versus adsorption, complexions, and related phenomena:
The rosetta stone of wetting. J. Mater. Sci. 2013, 48, 5681–5717. [CrossRef]

42. Miracle, D.B.; Senkov, O.N. A critical review of high entropy alloys and related concepts. Acta Mater. 2017, 122, 448–511.
[CrossRef]

43. Birnbaum, A.J.; Steuben, J.C.; Barrick, E.J.; Iliopoulos, A.P.; Michopoulos, J.G. Intrinsic strain aging, Σ3 boundaries, and origins of
cellular substructure in additively manufactured 316L. Addit. Manuf. 2019, 29, 100784. [CrossRef]

44. Chen, W.; Voisin, T.; Zhang, Y.; Florien, J.B.; Spadaccini, C.M.; McDowell, D.L.; Zhu, T.; Wang, Y.M. Microscale residual stresses in
additively manufactured stainless steel. Nat. Commun. 2019, 10, 1–12. [CrossRef] [PubMed]

45. Bacon, D.H.D.J. Introducation to Dislocatons; Elsevier Ltd.: Amsterdam, The Netherlands, 2011.
46. Zhang, Y.; Tao, N.R.; Lu, K. Effect of stacking-fault energy on deformation twin thickness in Cu-Al alloys. Scr. Mater. 2009, 60,

211–213. [CrossRef]
47. Bhattacharyya, J.J.; Wang, F.; Stanford, N.; Agnew, S.R. Slip mode dependency of dislocation shearing and looping of precipitates

in Mg alloy WE43. Acta Mater. 2018, 146, 55–62. [CrossRef]
48. Xin, T.; Zhao, Y.; Mahjoub, R.; Jiang, J.; Yadav, A.; Nomoto, K.; Niu, R.; Tang, S.; Ji, F.; Quadir, Z.; et al. Ultrahigh specific strength

in a magnesium alloy strengthened by spinodal decomposition. Sci. Adv. 2021, 7, aebf3039. [CrossRef] [PubMed]
49. Jiang, S.; Wang, H.; Wu, Y.; Liu, X.; Chen, H.; Yao, M.; Gault, B.; Ponge, D.; Raabe, D.; Hirata, A.; et al. Ultrastrong steel via

minimal lattice misfit and high-density nanoprecipitation. Nature 2017, 544, 460–464. [CrossRef]

http://doi.org/10.1016/0039-6028(77)90143-1
http://doi.org/10.1016/j.mattod.2021.06.002
http://doi.org/10.1016/j.mattod.2017.11.004
http://doi.org/10.1038/ncomms4580
http://doi.org/10.1016/j.eml.2016.10.007
http://doi.org/10.1038/s41598-020-58273-3
http://doi.org/10.1038/s41467-021-23860-z
http://doi.org/10.1016/j.pmatsci.2017.10.001
http://doi.org/10.1016/j.jmst.2020.03.042
http://doi.org/10.1016/j.msea.2016.05.022
http://www.er-c.org/centre/software/gpa.htm
http://doi.org/10.1016/j.matdes.2019.108003
http://doi.org/10.1152/ajprenal.1988.255.2.F317
http://doi.org/10.1063/1.1730145
http://doi.org/10.1016/0001-6160(62)90114-1
http://doi.org/10.1080/01418618808204522
http://doi.org/10.1016/j.matlet.2006.03.140
http://doi.org/10.1007/s10853-013-7462-y
http://doi.org/10.1016/j.actamat.2016.08.081
http://doi.org/10.1016/j.addma.2019.100784
http://doi.org/10.1038/s41467-019-12265-8
http://www.ncbi.nlm.nih.gov/pubmed/31554787
http://doi.org/10.1016/j.scriptamat.2008.10.005
http://doi.org/10.1016/j.actamat.2017.12.043
http://doi.org/10.1126/sciadv.abf3039
http://www.ncbi.nlm.nih.gov/pubmed/34078600
http://doi.org/10.1038/nature22032


Nanomaterials 2021, 11, 2859 13 of 13

50. Chen, S.; Oh, H.S.; Gludovatz, B.; Kim, S.J.; Park, E.S.; Zhang, Z.; Ritchie, R.O.; Yu, Q. Real-time observations of TRIP-induced
ultrahigh strain hardening in a dual-phase CrMnFeCoNi high-entropy alloy. Nat. Commun. 2020, 11, 1–8. [CrossRef]

51. Du, X.H.; Li, W.P.; Chang, H.T.; Yang, T.; Duan, G.S.; Wu, B.L.; Huang, J.C.; Chen, F.R.; Liu, C.T.; Chuang, W.S.; et al. Dual
heterogeneous structures lead to ultrahigh strength and uniform ductility in a Co-Cr-Ni medium-entropy alloy. Nat. Commun.
2020, 11, 1–7.

52. Zhao, Y.L.; Yang, T.; Tong, Y.; Wang, J.; Luan, J.H.; Jiao, Z.B.; Chen, D.; Yang, Y.; Hu, A.; Liu, C.T.; et al. Heterogeneous precipitation
behavior and stacking-fault-mediated deformation in a CoCrNi-based medium-entropy alloy. Acta Mater. 2017, 138, 72–82.
[CrossRef]

53. Zhang, Z.; Sheng, H.; Wang, Z.; Gludovatz, B.; Zhang, Z.; George, E.P.; Yu, Q.; Mao, S.X.; Ritchie, R.O. Dislocation mechanisms
and 3D twin architectures generate exceptional strength-ductility-toughness combination in CrCoNi medium-entropy alloy. Nat.
Commun. 2017, 8, 14390. [CrossRef] [PubMed]

54. Wróbel, J.S.; Nguyen-Manh, D.; Lavrentiev, M.Y.; Muzyk, M.; Dudarev, S.L. Phase stability of ternary fcc and bcc Fe-Cr-Ni alloys.
Phys. Rev. B—Condens. Matter Mater. Phys. 2015, 91, 024108. [CrossRef]

55. Koseki, T. Undercooling and Rapid Solidification of Fe-Cr-Ni Ternary Alloys. Ph.D. Thesis, Massachusetts Institute of Technology,
Cambridge, MA, USA, 1994.

56. Franke, P.; Seifert, H.J. The influence of Cr additions on the ordering of Fe-Cr-Ni alloys near the Ni3Fe composition. J. Phys. F.
Met. Phys. Relat. Content 1987, 17, 37.

57. Yonezawa, T.; Suzuki, K.; Ooki, S.; Hashimoto, A. The effect of chemical composition and heat treatment conditions on stacking
fault energy for Fe-Cr-Ni austenitic stainless steel. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2013, 44, 5884–5896. [CrossRef]

58. Bu, Y.; Peng, S.; Wu, S.; Wei, Y.; Wang, G.; Liu, J.; Wang, H. Unconventional deformation behaviours of nanoscaled high-entropy
alloys. Entropy 2018, 20, 778. [CrossRef]

59. Li, Q.J.; Sheng, H.; Ma, E. Strengthening in multi-principal element alloys with local-chemical-order roughened dislocation
pathways. Nat. Commun. 2019, 10, 1–11. [CrossRef]

http://doi.org/10.1038/s41467-020-14641-1
http://doi.org/10.1016/j.actamat.2017.07.029
http://doi.org/10.1038/ncomms14390
http://www.ncbi.nlm.nih.gov/pubmed/28218267
http://doi.org/10.1103/PhysRevB.91.024108
http://doi.org/10.1007/s11661-013-1943-0
http://doi.org/10.3390/e20100778
http://doi.org/10.1038/s41467-019-11464-7

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

