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Nano-scaleMnSiO3 Rhodonite particleswere observed in 316L stainless steel fabricated by selective lasermelting
(SLM). These oxide particles act as Zener-pinning particles providing dragging force to retard grain growth, and
enhance strength through the comparison of Hall-Petch effects between SLM 316L and commercial wrought
316L under 1200 °C isothermal heat treatment. Themetastable Rhodonite particles were observed to in-situ con-
vert to stableMnCr2O4 Spinel particles at 1200 °C, as predicted by computational thermodynamics. Thiswork in-
troduces nano-scale oxides, which are normally detrimental inclusions, as a new type of particle for grain
refinement and strengthening through their refinement in additive manufacturing.
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Additive manufacturing (AM) has received great attention in the
past few years for the potential of building complex parts without the
design constraints of conventional manufacturing [1]. Selective laser
melting (SLM) is a powder bed fusion technique, which utilizes a
high-power laser to selectively melt and fuse the pre-laid powders in
a layer-by-layer manner. Since the feedstock materials for SLM are in
the form of powders, which are manufactured by the inert gas atomiza-
tion process, there is a much higher likelihood of oxygen contamination
in the initial powders. It is reported that the oxygen content in the gas-
atomized steel powders is typical ~200 ppm [2]. Due to the low solubil-
ity of oxygen in alloys, oxygen typically exists in the form of oxides,
whose chemistry is primarily dependent on the oxygen-gettering ele-
ments in the alloy. The presence of macro-scale oxide inclusions have
been recognized as a major concern in alloys, as they can significantly
degrade themechanical properties, due to the weakmetal/inclusion in-
terface or large oxide cracking. Therefore, for conventional manufactur-
ing, the oxygen content is strictly controlled below a certain level
(~20 ppm for steel). For AM materials made from powders with high
oxygen content, this brings up a concern for the influence of oxide inclu-
sions on the mechanical properties of AM parts. However, few publica-
tions have covered the study of oxide inclusions in AM metal builds.
Thijs et al. [3] investigated the origin of large irregular-shaped Ti and
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Al oxides in SLM maraging steel 18Ni(300) parts. These oxides are
sized around 10–100 μm,which are typically detrimental tomechanical
properties. On the contrary, nano-scale Si-rich oxide particles were dis-
covered in the laser-melted 316L stainless steel, along with excellent
tensile properties in the as-built condition [4–6]. The idea of in-situ for-
mation of oxide dispersion strengthening (ODS) steel by AMwas there-
fore proposed [5, 6], but more dedicated studies are still needed to
clarify the formation and the impacts of nano-scale oxide inclusions in
AM 316L. Since extensive work has been performed to study the deox-
idation reactions during solidification in the casting and welding pro-
cesses [7–10], some knowledge, such as the mechanisms of the
formation of oxide inclusions, can be directly applied to the AM process.
Additionally, for metallic parts for mission-critical service, mechanical
properties are highly demanding. A series of post-process heat treat-
ment is therefore essential before an as-fabricated AM part can trans-
form into an end-user part, and it is also important to investigate the
evolution of oxide inclusions during subsequent heat treatment. In
this study, 316L stainless steel was built by SLM followed by isothermal
heat treatment at 1200 °C. Phase stability and kinetics of oxide particles,
along with their impacts on grain structure and mechanical properties
were studied.

316L powders (16–44 μm) were produced by Carpenter Powder
Products Inc. with the composition listed in Table 1. A 10 mm ×
20 mm× 10mm cube was fabricated by the EOSM270 powder bed fu-
sion system, with 180 W laser power, 1000 mm/s scan speed, 180 μm
beam diameter, 0.02 mm layer thickness and 0.09 mm hatch spacing.
With the inert gas fusion (IGF) method, the oxygen content in the
build was determined to be 0.026 wt%. The as-deposited sample was
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Table 1
Composition (in wt%) of as-built SLM 316L alloy and 316L commercial wrought alloy.

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

Powder Bal. 16.3 10.3 2.09 1.31 0.49 – 0.026 0.006 0.026 0.040
Commercial alloy Bal. 16.69 10.09 2.01 1.75 0.41 0.52 0.019 0.0256 0.026 –
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cut into 3 mm × 10 mm × 3 mm samples for further heat treatment.
Commercial wrought alloy in the form of a cold-rolled square bar
(10 mm × 10 mm × 300 mm) was purchased from TA Chen Stainless
Pipe Co., LTD. The as-received material (composition in Table 1) was
in the rolled and annealed state according to the ASTM A484-13a stan-
dard. Pieces of both SLMand thewrought specimenswere encapsulated
in quartz tubes under vacuum, and then argon back-filled to a pressure
of 10−4 to 10−2 Torr. Both SLM 316L and commercial wrought samples
were heat treated at 1200 °C for 0.5 h, 1 h and 2 h, followed by water
quenching. For comparison, one piece of wrought 316L alloy was heat
treated at 1200 °C for 12 h to generate a larger grain size. An array of
36 Vickers hardness indentations was performed on all as-polished sur-
faces by a Clemex MMT microhardness tester, with a load of 100 g and
dwell time of 10 s. Revealing grain boundaries was aided by a thin
oxide layer, obtained by a high-temperature exposure to air for a couple
of seconds. Grain structure analysis was performed by optical metallog-
raphy and electronmicroscopy. Grain sizewas determined by the inter-
cept method based on the ASTM E112-12 standard. SLM 316L samples
were further vibratory polished with 0.06 μm colloidal silica for 2 h be-
fore the EBSD examination, which was performed in an FEI Quanta
ESEM. A thin layer perpendicular to the build direction was taken
from the bottom part of the SLM 316L samples in the as-built condition
and heat-treated condition. JOEL JEM-2100 FasTEM and Hitachi HD-
2300 Dual EDS Cryo STEM equipped with dual energy-dispersive x-ray
spectroscopy (EDX) and electron energy loss spectroscopy (EELS)
were used for microstructural analysis on thin foil samples prepared
by electropolishing.
Fig. 1.OIM color maps and b110N build direction pole figures for the austenite phase in SLM 316
30 min; (c) Heat-treated for 1 h; (d) Heat-treated for 2 h.
Evolution of SLM 316L grain structures during isothermal heat treat-
ment at 1200 °C is illustrated by color-coded orientation imaging mi-
croscopy (OIM) in Fig. 1 using electron backscattering diffraction
(EBSD). As implied by Fig. 1(a), grains in the as-built condition are
mostly columnar along the build direction and are highly textured
along b110N directions. The bi-modal distribution of grains and less-
textured smaller equiaxed grains shown in Fig. 1(b) indicate the release
of residual stress by recrystallization after 30-min heat treatment at
1200 °C. As holding time increases, the smaller equiaxed grains keep
growing, consuming textured grains (green area in Fig. 1(b)–(d)), and
the number of twins in the FCC structure increases with annealing
time. The b110N build direction pole figures for the austenite phase
imply that the crystal texture gradually disappears after 30-min anneal-
ing. However, grain indexed in green in Fig. 1 still dominate after 2 h, in-
dicating partial recrystallization with most stored energy relieved by
recovery.

Thin foils from the bottom layer (x-y plane) of SLM 316L in the as-
built condition were observed by scanning transmission electron mi-
croscopy in both bright field and Z-contrast mode. As shown in Fig. 2
(a), cellular solidification structures were evident in the bright field
mode, with a high density of dislocations at the cell boundaries. In the
Z-contrastmode, highly dispersed nano-particleswere observedmostly
on cell boundaries, as shown in Fig. 2(b). Nano-diffraction on a specific
particle allows crystal structure analysis. The diffraction pattern as in
Fig. 2(b) includes an FCC structured-pattern for austenite matrix and a
set of complex diffraction spots, attributed to the oxides. Line scans
across the spherical particles were performed by EDX to estimate
L during isothermal heat treatment at 1200 °C. (a) As-built condition; (b) Heat-treated for



Fig. 2.Morphology, composition and crystal structure of oxide particles in the as-built andheat-treated SLM316L. (a) Cellular structure in the as-built condition (brightfield); (b) Spherical
particles along cell boundaries in the as-built condition (Z-contrast), with the nano-diffraction pattern for the spherical particles; (c) Spherical particles in the SLM 316L heat treated at
1200 °C for 30 min; (d) Prismatic particles distributed in the SLM 316L heat treated at 1200 °C for 1 h, with the nano-diffraction pattern for the prismatic particles; (e) Prismatic
particles in the SLM 316L heat treated at 1200 °C for 2 h; (f) EDX linear scan over a spherical particle in the as-built condition showing the particles rich in Si and Mn; (g) EELS
spectrum for particle and matrix in the as-built condition; (h) EDX linear scan over a prismatic particle showing the particles rich in Cr and Mn; (i) EDX linear scan over a large
spherical particle with a prismatic particle within in the sample heat treated for 30 min; (j) EDX linear scan over a large spherical particle with a prismatic particle within in the
sample heat treated for 1 h; (k) Temperature profile calculated by the Rosethal approximation. The inset shows the calculated cooling rate within the oxide-formation temperature range.

Table 2
Quantitative analysis of oxide size distribution in SLM 316L.

Annealing time
(s)

Phase r
(nm)

N
(1/m3)

0 (as-built) Rhodonite 7.09 7.71E21
1800 Rhodonite 32.41 8.04E19
3600 Spinel 24.13 1.62E20
7200 Spinel 98.62 2.37E18
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oxide concentration. It was found that such particles were rich in Mn
and Si, as shown in Fig. 2(f). Due to the limitation of EDX on light ele-
ments, EELS was adopted to reveal the compositional difference in Si,
O, and Mn between the matrix and the particle. Since the energy loss
of Si is significantly less than that of O and Mn, a Si peak is not visible
in the particle EELS spectrum shown in Fig. 2(h). The chemistry of par-
ticles is consistent with MnSiO3 Rhodonite, which is typically observed
in Mn/Si deoxidized steels [8, 9]. As several thermomechanical simula-
tions have shown that the laser can rapidly heat the melt pool above
the boiling temperature (~2862 °C) [11, 12], the initial oxides in the
powders can be completely dissolved back into the melt. With the
Rosenthal approximation, the temperature-time profile for the single-
track scanning can be estimated [13]. Fig. 2(k) shows the calculated
temperature history for the spot in the center of the path and 30 μm
away from the bottom of the melt pool in the Z-direction, with the pro-
cessing conditions used for the SLM process. The cooling rate within the
oxide-formation temperature range is as high as 106 K/s. Therefore, dur-
ing the rapid solidification, the oxide particles can precipitate into fine
dispersions. This differs from the large oxide inclusions in cast and
weld steel, as initial oxide particles are hardly dissolved and the slow
cooling rate promotes the significant growth and coarsening of the
initial oxide particles. [14–16]. After annealing for 30 min, particles are
coarsening quickly. However, after annealing for 1 h and longer, almost
all spherical particles are replaced by prismatic particles, as shown in
Fig. 2(d) & (e). All prismatic particles were found to be rich in Mn and
Cr (see Fig. 2(h)). The diffraction pattern identified the particles to be
Spinel (MnCr2O4) consistent with JCPDS card (No. 75-1614). A
500 nm spherical particle was capturedwith a prismatic particle within
(see Fig. 2(i)). The prismatic particle is rich in Cr andMn, and the rest of
the spherical particle is rich in Si, indicating the in-situ conversion
between two types of oxide during the post-process heat treatment.
A quantitative analysis of oxide size distribution evolution during



Fig. 3.Relationship of hardness and grain size for SLM 316L in the as-built state (black), SLM 316L in the heat-treated state (blue) and commercial 316L in the heat-treated state (red). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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1200 °C heat treatment is listed in Table 2. Since oxide phase transition
is observed between 30 min and 1 h, all the oxide particles before 30-
min heat treatment are considered as Rhodonite, and all the oxide par-
ticles after 1-h heat treatment are treated as Spinel, although in some lo-
cations two types of oxidesmay exist simultaneously. For simplicity, the
size of prismatic Spinel particles is taken as the diameter of the equiva-
lent sphere, as the aspect ratio of Spinel particles is b2. As evident in
Fig. 2(c) & (d), both types of oxide particles at grain boundaries can
act as pinning particles (pointed by arrows) which retards the motion
of grain boundaries.

As indicated in Fig. 3, SLM 316L in the as-built condition exhibits the
highest hardness, and the hardness drops with heat treatment. Con-
structing an effective Hall-Petch relationship among the heat-treated
SLM 316L specimens, extrapolation falls short of the hardness in the
as-built state. This difference in hardness is primarily attributed to the
strengthening effect by high-density dislocations in the form of the
cell boundaries, shown in Fig. 2(a). Since the as-built alloy is heat-
treated, dislocations recover with a corresponding hardness drop. This
Fig. 4. (a) Equilibrium step diagram for 316L with the composition Fe-16.3Cr-10.3Ni-2.09Mo
Spinel phase dormant for 316L with the composition Fe-16.3Cr-10.3Ni-2.09Mo-1.31Mn-0.49Si
is in accordance with the tensile property comparisons between the
as-built and heat-treated AM 316L in previous studies [5, 17]. A true
Hall-Petch relationship for grain size strengthening was constructed
for the heat-treated commercial rolled and annealed 316L, showing a
smaller slope compared with that for the heat-treated SLM 316L. By ac-
counting for the true effect of grain size, the higher hardness in the heat-
treated SLM 316L can be attributed to the Orowan strengthening of
finely dispersed oxide particles, which decreases as particle coarsens.
The intercept of the two lines indicates where the strengthening effect
of oxide particles become negligible as particles coarsen with long-
time heat treatment.

In order to understand the phase transition of oxide particles ob-
served in isothermal heat treatment at 1200 °C, phase relations were
predicted with thermodynamic calculations using the Thermo-Calc
software with the TCFE9 Steels thermodynamic database [18]. For the
composition of 316L stainless steel, an equilibrium step diagram
shown in Fig. 4(a) predicts that the stable phases at 1200 °C are FCC
(austenite), Spinel and MnS. The phase transition from Rhodonite to
-1.31Mn-0.49Si-0.026C-0.006S-0.026P-0.026O in wt%. (b) Metastable step diagram with
-0.026C-0.006S-0.026P-0.026O in wt%.
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Spinel can be explained by calculating themetastable phase diagram as
given in Fig. 4(b), where the equilibrium Spinel phase is dormant, and
the oxygen-rich Rhodonite phase is predicted with a comparable
phase fraction. Since rapid solidification accompanies the AM process,
the metastable Rhodonite phase, likely promoted by a lower interfacial
energy [13], has a higher rate of nucleation during solidification. During
isothermal heat treatment at 1200 °C, Cr gradually diffuses to oxide par-
ticles, and Rhodonite is gradually replaced by Spinel, with morphology
changing from spherical to prismatic, as evident in Fig. 2(i) & (j).

In summary, this work reveals the ultra-fine oxide inclusions dis-
persed in the additively manufactured 316L stainless steel. Compared
with conventional processing, the high-power laser in AM enables the
dissolution of initial oxides in the powders and the rapid solidification
of AM refines the dimension of oxide inclusions, turning the normally
detrimental oxide inclusions into beneficial nano-scale particles,
strengthening the material and retarding grain growth during post-
process heat treatment. Such an observation introduces a new type of
particle in alloy design with the Zener-pinning effect in addition to con-
ventional pinningparticles, such asMC (M=Ti, V, Nb) carbides in steels
[19, 20]. This work also investigates the metastability of MnSiO3

Rhodonite oxides observed in the as-built SLM 316L with the aid of
thermodynamic calculations and demonstrates the kinetics of phase
transformation fromMnSiO3 Rhodonite phase to the predicted equilib-
riumMnCr2O4 Spinel phase at 1200 °C. Further studieswill apply kinetic
simulations of oxide evolution during AM and subsequent heat
treatment.
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