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Effect of Surface Oxides on the Melting
and Solidification of 316L Stainless Steel Powder
for Additive Manufacturing

XINLIANG YANG, FENG GAO, FENGZAI TANG, XINJIANG HAO, and ZUSHU LI

Surface oxidation of metallic powders may significantly affect their melting and solidification
behavior and limit their service life in the additive manufacturing (AM) process. In the present
work, three levels of surface oxide concentration were prepared on AM-grade 316L stainless
steel powders, and their melting and solidification behavior was systematically studied through
in-situ observation, advanced characterization, phase-field modeling, and theoretical analysis.
Si, Mn, and Cr participated in the oxidation reaction in powder with low and medium oxygen
contents, whereas Fe was involved in the oxidation reaction for the powder samples with high
oxygen content. A higher full melting temperature is observed to lead to an integrated melt pool
in the melting of the highly oxidized powder, which is due to the reduced permeability produced
by the oxide cage effect. For the droplet samples prepared from high oxygen powders, the
inclusion with increased volume fraction and coarsened size is attributed to the agglomeration
of inclusion particles with the residual oxide in the melt. In the high oxygen powder fusion
scenario, an undesired coarse columnar grain structure with a high aspect ratio is formed in the
current nonequilibrium solidification process, and a consistent microstructure is predicted using
solidification conditions with a high cooling rate and high thermal gradient similar to the
conventional AM process. In contrast, fine equiaxed grains in the experiment and slim columnar
grains with a small aspect ratio in the phase-field simulation are obtained for the low oxygen
powder condition. This study illustrates the effect of powder oxide from a processing aspect and
provides insight into the importance of improving the service life of powder feedstock by
effectively reducing the surface oxidation process on the powder surface.
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I. INTRODUCTION

METAL powder, as one unique branch of metallic
feedstock, has been widely used in structural applica-
tions through powder metallurgy (PM), spray deposi-
tion, and newly emerged additive manufacturing
(AM).[1] The excellent chemical uniformity of rapidly
solidified metal powder by the gas/water atomization
process emphasizes its advantage compared to the
conventional bulk counterpart. However, surface oxi-
dation is inevitable in powder production, handling, and
processing for metals and alloys with high oxygen
affinity due to exposure of their high specific surface
area to the environmental atmosphere.[2] As the

dominant material in metallic powder production, steel
powders typically present surface oxidation in the form
of oxides due to their low oxygen solubility in the Fe
matrix. The chemistry of the formed oxides is primarily
dependent on the oxygen-gettering elements in metals
and alloys.[3]

Extensive investigation has been carried out to
characterize surface oxides of various steel powders
prepared using different atomization methods, including
study of their influence on the compacting, sintering,
and postprocessing of PM components.[4–8] The nano-
sized surface oxide layer[9] decreases the neck growth
kinetics of neighboring particles by reducing element
diffusion, which leads to an increased sintering temper-
ature and/or extended processing time. Both are detri-
mental for material oxidation control in the PM
process.[10] As a result, the excessive oxide from powder
materials greatly affects the mechanical performance of
PM-fabricated steel components.
The powder fusion-based AM process has broadened

the application of metallic powder from solid-state
sintering to solidification (liquid-state process).[11] With
the fast-growing AM market, research has covered the
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compatibility of powders with the AM process to
achieve a better performance for as-built compo-
nents,[12,13] e.g., the powder flowability,[14] sphericity,[15]

and packing density.[16] Powder feedstock suitable for
rapid solidification is highly desired in the AM indus-
try[17] because it is a prerequisite for AMs to march into
the mainstream business of structural components.
Although these existing efforts have helped to under-
stand the evolution of the materials in the powder
fusion-based AM process, the influence of powder
characteristics remains underexplored. It is critical to
understand the relationship between powder quality and
the performance of the built component, such as, for
instance, the surface oxide on the powder material.
Unlike the PM process, the application of AM to steel
powder is still challenging.[18] The feedstock powder in
the powder bed is unable to completely transform into
the present geometry of the targeting component due to
the nature of the process design.[19] By reusing the
powders in the powder bed, a large portion of the
material may experience multiple cycles of the process-
ing environment. Both the matrix element Fe and the
alloying elements Cr, Mn, and Si have high oxygen
affinity, which results in a significant amount of oxida-
tion during conventional AM-processing conditions.[2]

In the previous studies of Fe–Cr–Ni stainless steel
powders,[20,21] spatter powders from the laser-powder
bed fusion (L-PBF) process were collected for chemical
and morphological characterization. As strong oxide
formers, Si, Mn, and Cr oxides are observed in the
collected powders. Although a study of nano-oxides
inside 18Ni-300 maraging steel[22] suggested a positive
strengthening prospect for nano-oxide inclusions in the
laser fusion process, the source of such oxides was not
identified, which might arise from surface oxidation
during PBF or from prealloyed powder atomization. In
contrast, the effect of oxides on the mechanical proper-
ties of AM components has been reported extensively.
Quinn et al.[23] discussed the influence of recycled 316L
stainless steel powder with oxide contamination on the
performance of an as-built component and the layering
process during L-PBF. In a study of 12CrNi2 steel with
various oxygen contents,[24] a severely decreased tensile
property was reported to be attributed to a large portion
of the surface oxide layer on the starting powder with a
high oxygen content. Gatto et al.[25] reported the
degradation effects for powder contamination on the
fatigue property of an as-built 18Ni-300 maraging steel
component, even though the average chemical compo-
sition of the powder fell in the technical specification.
Further to the postmortem analysis, Leung et al.[26]

reported the laser-powder interaction of Fe-36Ni
Invar36 alloy in an L-PBF simulator using synchrotron
X-ray imaging and diffraction methods. The porosity
generated in the as-solidified melt track is attributed to
the high oxygen contents in the powder feedstock.
According to the above discussion, it is clear that the
performance of a component built by the powder
fusion-based AM process is highly dependent on the
oxide content in the powder feedstock. However,
information for the effect of surface oxides on the
melting and solidification of steel powder is still lacking.

A clear understanding of such phenomena would
provide insight into the melting and solidification of
powder materials. In the current study, we aim to
understand the influence of surface oxides on the
melting and solidification behavior of steel powder and
the corresponding as-solidified microstructure by com-
bining experimental observations with advanced char-
acterization techniques, thermodynamic calculations,
columnar to equiaxed transition (CET) analysis, and
phase-field simulations. To achieve this target, a
high-temperature confocal laser scanning microscope
(HT-CLSM) was utilized for in-situ observation of the
powder melting and solidification process.

II. MATERIALS AND METHODS

A. Experimental Design of 316L Powder with Varying
Oxygen Content

The as-received 316L powder produced by inert gas
atomization is presented in Figure 1. The particle size
distribution and particle sizes by number fraction are
listed in Figure 1(b). The chemical composition (wt pct)
of the as-received powder is Cr 15.77, Ni 10.22, Mo 2.12,
Mn 1.26, Si 0.63, C 0.0147, S 0.0142, P 0.038, O 0.0355,
and Fe is the balance. The chemical composition of
metallic elements was determined by the inductively
coupled plasma mass spectrometry (ICP-MS) method.
Carbon, sulfur and phosphorus contents were obtained
by combustion analysis. The oxygen content was mea-
sured by inert gas fusion.[27]

To understand the effect of surface oxides on the
powder melting and solidification behavior, three types
of powder were individually selected to present different
concentrations of powder surface oxides. The as-re-
ceived fresh powder was used as a low oxygen powder.
The same batch of 316L powder was subjected to
multiple cycles of the L-PBF process until the chemical
composition no longer fulfilled the manufacturing spec-
ification (oxygen content). These rejected powders were
collected as 316L powder with medium oxygen content.
To study the extreme conditions reported in the litera-
ture,[24,26] the as-received fresh 316L powder was arti-
ficially oxidized in an atmosphere-controlled furnace at
800 �C for 20 minutes with an airflow of 0.1 L/min. This
oxidized powder was used as high oxygen powder.
For simplicity, the as-received fresh 316L stainless

steel powder is hereafter referred to as the powder
containing low surface oxide (low O powder) and the
powder collected from the L-PBF process, and artifi-
cially oxidized powder is referred to as the powder
containing medium and high surface oxide contents
(medium O powder and high O powder), respectively, as
listed in Table I.

B. In-Situ Observation of the Melting and Solidification
Phenomena of 316L Powders

Due to the high heating and cooling rate of the
laser-powder interaction, capturing the solidification
feature in the AM process presents a great challenge. A
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high temporal resolution synchrotron X-ray facility[26]

provides the opportunity to observe porosity formation
in situ in the PB-SLM process. A characterization
approach with higher morphological contrast is desired
to capture the information for liquid/solid phase trans-
formation in the presence of oxides. Localized powder
fusion by laser/electron beams is a complicated physical
phenomenon involving heat-induced solid-liquid phase
transformation, laser/electron beam-induced local ion-
ization,[30] and powder-packing conditions. To study the
effect of surface oxides on the melting and solidification
of powder material, the design of the experiment has to
filter out the other variables and keep the heat input.
Here, a Yonekura VL2000DX-SVF17SP high-tempera-
ture confocal laser scanning microscope (HT-CLSM)
was utilized to observe the melting and solidification
behavior of 316L powders with varying oxide concen-
trations in situ. A schematic illustration of the
HT-CLSM is presented in Figure 2(a). The microscope
contains two subsystems: an environment furnace and
an optical acquisition unit. The environment furnace is
able to provide a maximum temperature up to 1700 �C
with heating and cooling rates of up to 20 and 100 K/s
(helium-forced cooling), respectively,[31] obtained by
infrared radiation heating, which helps to avoid high-en-
ergy beam-local ionization. The furnace is compatible
with inert gas (Ar, N2), reductive gas (H2, CH4),
oxidizing gas (CO2, air, O2, H2O), and vacuum[32] to
simulate the high-temperature behavior of the gas-liq-
uid-solid reaction under a range of environmental
conditions. The optical acquisition unit is composed of
a laser generator for the violet laser source with a
wavelength of 405 nm, an optical focusing control
system, and a CCD camera that is used to image the
sample behavior in the environment furnace through the
quartz window.

The processing parameter in Figure 2(b) is pro-
grammed for in-situ observation in the HT-CLSM to
reveal the localized powder melting and solidification
behavior in the nonequilibrium state with a high
temperature gradient with consideration of the maneu-
ver tolerance. For each powder condition, seven sets of

experiments were conducted with a powder dose of
~ 0.25 g, which was solidified as a semispherical droplet
(solidified droplet) with a diameter of less than 2 mm;
this droplet was designed by considering reported work
studying the laser/metallic material interaction in sin-
gle-spot fusion.[26,33] Benefitting from this consideration,
poor powder spreadability-induced packing defects can
be excluded.

C. Theoretic Analysis

The thermodynamic calculation was processed with
the FactSage 7.3 software package (GTT-Technologies).
The Phase Diagram module was utilized for oxide phase
prediction as a function of oxygen partial pressure and
temperature. The Equilib module was used for deter-
mining the theoretical liquidus and solidus of 316L
stainless steel with varying oxygen content, the equilib-
rium phase calculation in the oxidation reaction, and the
equilibrium phase evolution in the melting process with
increasing temperature. The input data included the
powder chemical composition and the relevant oxygen
partial pressure under the given conditions. The
database of FactPS, FToxid, and FSstel were used,
and monoxide, spinel, corundum, bixbyite, braunite,
and rhodonite were selected as oxide solution candi-
dates. The commercial software MICRESS� (ACCESS
e.V.) was used for the phase-field simulations of the
grain morphology evolution. The details for the theory
and the setup have been previously described in Refer-
ence 34.

D. Characterization of Powders and Solidified Droplets

Scanning electron microscopy (SEM, Jeol 7800) and
dual-beam focused ion beam (FIB) SEM (Versa FEI,
now part of Thermo Fisher Scientific) were employed to
study the morphology of 316L powders and solidified
droplets with different oxide concentrations, during
which both secondary electron (SE) and backscattered
electron (BSE) images were acquired. The chemical
compositions of the samples were examined in detail

Fig. 1—Morphology of the as-received 316L stainless steel powders (a) and their particle size distribution (b).
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using energy-dispersive X-ray spectroscopy (EDS,
Oxford Instruments) at 10 to 15 kV and wavelength-dis-
persive X-ray spectroscopy (WDS, Oxford Instruments)
at 30 kV.

To study the surface oxides on the 316L powders,
cross-sectional TEM (transmission electron microscopy)
samples were prepared from the oxide layer attached to
the steel matrix using the standard in-situ lift-out
technique.[35] Scanning TEM (STEM) analysis was
conducted using a Talos F200X microscope (FEI, now
part of Thermo Fisher Scientific) operating at 200 kV.
This microscope was equipped with a Super-X EDS
system with four integrated silicon drift detectors,
supporting a solid angle of 0.9 srad that offered fast
chemical composition mapping. During STEM analysis,
both high-angle annular dark-field (HAADF) and
bright-field (BF) images were acquired simultaneously
using Velox� software.

The as-solidified droplet samples were prepared
through a standard metallographic procedure with final
vibration polishing. Microstructural and crystallo-
graphic analyses were conducted using a Symmetry�
EBSD detector (Oxford Instrument) fitted within a Jeol
7800 SEM at 20 kV with an indexing speed of ~ 2000
fps. A step size of 1.5 lm was used for EBSD data
acquisition. The statistical analysis of the inclusion
(oxide) in the as-solidified droplet was carried out by
imaging analysis using ImageJ 1.49v software with 500
SEM micrographs under each powder condition.

An image processing method was used to determine
the solidification completion temperature. Each cap-
tured microstructure image has a unique gray value
profile. During such a first-order phase transformation,
the microstructure evolution will significantly change
the profile of the gray value for the captured microstruc-
ture image. Once the solidification is completed, the
microstructure will remain constant. By using ImageJ
1.49v (NIH) software, each frame of the recorded
microstructure image can be transformed into a unique
gray value curve. By a mathematical comparison of the
individual profiles, a critical temperature point can be
identified as the point after which the change in
neighboring gray value profiles is kept at a minimum
compared to the overall gray value difference between
the liquid state and fully solidified microstructure.

III. RESULTS

A. Surface Oxide Analysis for Different 316L Powders

As the framework of surface oxide selection on steel
powder materials has been well established for PM
purposes, the outcomes were obtained through sur-
face-sensitive approaches, such as XPS, AEM, and
SIMS. According to Hedberg et al.,[8] an oxide layer
with a thickness of ~ 3 nm enriched with Si, Mn, Fe, and
Cr is expected to be present on a fresh 316L powder
surface after argon gas atomization. In the current
investigation, the focus is on excessive oxide/contami-
nation with submicron to micron sizes on metal powder
surfaces at different concentrations.

The surface morphology of the three types of powder
is shown in Figure 3. A clean metal surface is observed
for the low O powder with a few micron-sized oxides
present on the surface (Figures 3(a) and (b)). The
medium O powder in Figure 3(c) shows a wide range of
oxides on the powder surface. From the inset of
Figure 3(d), the resultant oxides are present in large
patches with dark contrast accompanied by small
compact particles. The high O powder in Figures 3(e)
and (f) shows a globally oxidized surface.
By considering the oxygen affinity of alloying ele-

ments in 316L stainless steel,[36] the EDS mapping for
oxygen elements, strong oxide-forming elements (Si,
Mn, and Cr), and matrix Fe is presented in Figure 3. A
detailed point analysis for the medium O powder and
high O powder is listed in Table II. In the element maps
for the low O powder shown in Figure 3(b), Si and O
signals are observed in the same region of the powder
surface with a weak signal from Mn. The element maps
in Figure 3(d) show the chemical information for the
medium O powder surface. The intense Si/Mn signal
overlaps in the large patch area, and the Si-free area in
the large patch is occupied by Cr. From the element
maps for the high O powder element in Figure 3(f), a
large portion of the powder surface is occupied by the
Fe-intensified area, which overlaps with the oxygen-rich
region. The chemical formula of this oxide is determined
to be Fe2O3 according to the point analysis of P3 and P4
in Figure 3(f). In the meantime, weak contrasts for Cr
and Si are also noticed.

B. Melting and Solidification Behavior of Different 316L
Powders

Snapshots for the in-situ observation of powder
melting and solidification in HT-CLSM are presented
in Figure 4. For the low O powder shown in Figures 4(a)
through (e), the bubbling phenomenon is observed in
the fully molten liquid (Figures 4(c) and (d)), and a clean
surface for the austenite grain is exhibited when solid-
ification is completed (Figure 4(e)). The bubbling could
be due to the gas wrapped in the melt pool, which is then
driven out by the buoyant force. In contrast, the oxides
are released to the top of the melt pool and cover the
droplet surface in the solidification of the melt from the
medium O powder (Figures 4(h) and (i)) and the high O
powder (Figures 4(m) and (n)). During the solidification
of the melt from medium O powder, thin and porous
oxides gather on the surface of the melt pool, forming an
integrated network (Figures 4(h) and (i)). With a higher
oxide content in high O powder, thick and condensed
patches of oxides are observed on the top of the melt in
Figures 4(m) and (n). Once solidification occurs, a
smooth and fine surface for the as-solidified droplet is
observed in the low O powder experiment, as shown in
Figure 4(p), which suggests that the absence of surface
oxides leads to a clean as-solidified surface. On the other
hand, the top surface of the medium O droplet is
contaminated by large patches of oxides (Figure 4(q)).
Meanwhile, the coarse austenite dendrites observed on
the droplets suggest that columnar grain growth may
occur during solidification.
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Figure 5 shows the full melting temperature of the
powders and the temperature of the primary phase
completely solidified in the observation field. The full
melting temperature of the metallic powder is defined as
the temperature when the individual powder melt is
integrated into one liquid pool, which can be the same as
or higher than the theoretical liquidus. An increase in
the full melting temperature is noticed with increasing
oxide content in the powder. In the meantime, the
temperatures for solidification completion for the three
types of powders are consistent with the theoretical
solidus of the alloy.

C. The As-Solidified Microstructure of the Droplets
Prepared Using Various 316L Powders

The inverse pole figure (IPF) image with the overlap-
ping grain boundary (GB) map and the corresponding
distribution of the grain boundary misorientation are
presented in Figure 6. A clear microstructural difference
between the droplets solidified by the low O powder and
high O powder indicates a change in the austenite grain
growth pattern. A clear equiaxed grain morphology is
observed in the low O droplet (Figure 6(a)), while
columnar growth results in straight grain boundaries,
and large grain blocks are observed for the cases of the
medium O powder (Figure 6(b)) and high O powder
(Figure 6(c)). By combining with Figure 4(q), a typical
columnar growth for austenite grains is observed. A fine
and equiaxed microstructure with an average grain size
of 90 lm is observed in the low O droplets, while the
medium and high O droplets show a coarse columnar
structure with average primary dendrite arm spacings
(DASs) of 145 and 244 lm, respectively. The total
number of austenite grains/dendrites measured for the
high O droplets and medium and low O droplets is 350
and 500, respectively.
The grain boundary and related misorientation dis-

tribution in the as-solidified droplets are also important
to understand the solidification behavior of the droplets
obtained from different powders. In the current analysis,
15 deg is used as the threshold misorientation to
distinguish high-angle grain boundaries (HAGBs) from
low-angle grain boundaries (LAGBs) in the IPF+GB
map (Figures 6(a) to (c)). The HAGBs (‡ 15 deg) in
black define the boundaries of individual austenite
grains. The LAGBs are highlighted in white with a
misorientation angle lower than 15 deg to separate the
substructure within the individual grains. By examining
the as-solidified high O droplets (Figure 6(c)), a high
LAGB fraction of 65 pct in the total length of grain
boundaries is obtained. The low O and medium O
droplets show 53 and 49 pct LAGB fractions, respec-
tively. Normally, the as-solidified sample is expected to
present a HAGB-dominant feature as the solidification
approaches the low residual stress condition. The high
LAGB fraction of the high O droplet may be related to
the surface oxide on the high O powder. The dimensions
of the substructure outlined by the LAGB fall onto a
similar scale as the initial powder size. This indicates
that a portion of the oxides from the high O powder are
trapped in the melt pool during solidification, which
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hinders the solidification front and results in a local
crystallographic misorientation on both sides of the
obstacle oxides.

IV. DISCUSSION

A. Surface Oxidation of the 316L Powders Under
Different Conditions

In general, the thermodynamics and kinetics of oxide
formation are determined by the temperature, exposure
period, oxygen partial pressure, and powder chemical
composition.[37] The calculated oxygen solubility in the

austenite phase is extremely low (~ 10�15 wt pct at 800
�C), which suggests that the oxygen in the powder
materials has to be present in the form of oxide
compounds.
The extremely short exposure time and low oxygen

partial pressure in the low O powder condition
(PO2

= ~10-5 atm) limited the oxidation reaction only
to the high oxygen affinity elements (Si, Mn). The oxide
phase diagram in Figure 7(a) suggests that the corun-
dum-type oxide can form in the conditions experienced
by the medium O powder and high O powder d (Table I)
along with minor SiO2, Mn monoxide, and spinel-type
oxides. The low powder bed temperature of ~ 200 �C in

Fig. 2—Schematic illustration of the high-temperature confocal laser scanning microscope (HT-CLSM) (a) and the processing parameters used in
the powder melting and solidification experiment (b).

Fig. 3—Surface morphology and EDS element mapping for the powder surface to indicate the excessive oxide compounds formed on the powder
surface under different oxidation conditions: (a) and (b) the low O powder, (c) and (d) the medium O powder, and (e) and (f) the high O
powder.
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the medium O powder oxidation favors the formation of
Cr2O3 but suppresses the iron oxide (Figure 7(b)). For
the case of high O powder, the Fe2O3 corundum phase is
promoted on the powder surface because of the
increased temperature and sufficient O2. At the same
time, metal iron is transported through corundum-type
oxides, which are involved in the formation of the (Fe,
Cr) spinel phase and further outer layer Fe2O3 forma-
tion via outward diffusion.[38] The STEM-EDS images
shown in Figure 8 show the surface oxide cross section
on the high O powder with the oxide formation
sequence of Cr2O3 fi (Fe, Cr) spinel fi Fe2O3 from
the metal surface to the oxide layer surface. Such
oxidation behavior has also been reported in previous
research.[39–41] Consequently, the oxidation thermody-
namic preference and outward diffusion result in a high
volume fraction of iron oxide on the high O powder
surface.

Table II. Detailed Atomic Ratio (At. Pct) for Each Element for the Given Location in Fig. 3.

Powder Location O Si Mn Cr Fe Compound

Medium Oxygen P1 59.9 14.9 12.9 3.6 2.5 Si:Mn:O � 1:1:4
P2 67.6 21.7 6.0 0.4 1.3 Si:Mn:O � 3:1:10
P3 39.0 2.2 0.6 30.3 19.1 Cr:O � 3:4
P4 44.1 5.7 — 40.1 6.4 Cr:O � 1:1

High Oxygen P1 34.9 1.4 — 32.2 28.2 Fe:Cr:O � 1:1:1
P2 49.1 0.7 — 11.2 34.6 Fe:Cr:O � 3:1:5
P3 62.7 0.1 — — 35.8 Fe:O � 2:3
P4 61.0 0.1 — — 37.2 Fe:O � 2:3

Fig. 4—HT-CLSM in-situ observation of the solidification behavior of 316L stainless steel powders with different surface oxidation conditions:
(a) to (e) for the low O powder, (f) to (j) for the medium O powder, and (k) to (o) for the high O powder. (p) and (q) show the top views of the
Low O droplet and Medium O droplet, respectively.

Fig. 5—The full melting temperature of the powders and the
solidification completion temperature of the primary phase in the
observation field of the HT-CLSM are plotted vs the oxide
concentration in the 316L powder.
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B. The Delayed Fully Melting Temperature

The in-situ observation of the melting behavior of the
316L powders in HT-CLSM experiments presented an
increase in the full melting temperature with increasing
oxide content in the powders. In bulk metal melting, the
liquidus is normally the same as the full melting
temperature due to its structural continuity. The powder
metal and alloys are on the opposite condition, where
the high surface area of powder materials separates
them as individual cells during melting. Powder surface
characteristics are one of the key factors that influence
the melting behavior of loaded powders.

In the current study, the increased full melting point is
influenced by the surface oxide layer, which prevents the
individual molten powder from contacting each other
when the liquidus temperature is reached. Such reduced
permeability for the molten powder hinders the forma-
tion of an integrated melt pool in the powder melting
process. A similar phenomenon in liquid lithium was
reported by Wang et al.[42] and Ga-In liquid alloy by
Khan et al.[43] This can be attributed to the high
interfacial energy and limited wetting between the melt
and surrounding oxides. From the equilibrium phase
calculation (Figure 9), an increased volume fraction of
spinel oxides retains the solid state with increasing oxide
content from the liquidus of 316L alloy (~ 1430 �C) to
1500 �C, when the liquid oxide phase first appears.
These solid oxides might still be strong enough to
maintain the layer formed on the molten powder
surface.

According to the Young-Laplace equation,[44] the
capillary pressure pc of the individual powder melt flow
through the gap of surrounding oxides is described as
pc ¼ 2ccosh=rc, where c is the interfacial energy, rc is the

effective radius of the interface, and h is the wetting
angle. The surface oxide concentration on the powder
influences the effective radius of the interface, where
here is the unoxidized powder surface between oxide
patches. A higher concentration of oxide results in a
higher coverage of oxide patches on the powder surface
and a smaller pure metal surface. It is more difficult for
the high O molten powder to permeate and integrate
into one melt pool due to the significantly reduced gap
dimension. However, the wettability of the steel melt on
the surrounding oxide increases with increasing temper-
ature,[45] which leads to a reduced capillary pressure for
the powder melt permeating the surface oxide. As
compensation, a further higher temperature is presented
for melt pool integration in high O powder melting.
Figure 10 presents a schematic illustration of the

effect of surface oxides on the powder melting process.
These large patches of oxides on the high O powder
form a ceramic cage retaining the molten metal from
each other due to the limited wetting of the metal melt.
A higher temperature is expected to assist melt integra-
tion. In contrast, the low O powder melt immediately
forms an integrated pool when the melting temperature
reaches the liquidus temperature
The balling defect[46,47] generated by inappropriate

fusion parameters and an inefficient protective atmo-
sphere may also appear with the surface oxide-induced
cage effect in the powder fusion-based AM process from
a material point of view. The presence of contamination
(oxide layer) on the surface of the molten powder
maintains the spherical shape of the melt owing to high
surface tension, and, thus, poor wetting of the substrate.
In the L-PBF process, the heating and cooling rates
range from 103 to 106 K/s.[26,48] Due to the limited

Fig. 6—EBSD analysis of as-solidified droplets prepared from the three different types of powders. The inverse pole figure image with the
overlapping of the grain boundaries and their corresponding misorientation distribution is presented: (a) droplet obtained from the low O
powder, (b) droplet obtained from the medium O powder, and (c) droplet obtained from the high O powder.
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melting time caused by the high scanning speed of the
heating source, a much higher heating temperature is
required to eliminate the balling behavior induced by the
cage effect. However, severe overheating of the metallic
powder can inevitably raise the evaporation of low
melting point solutes and affect the mechanical perfor-
mance of the as-built component.

C. The Columnar to Equiaxed Transition in Austenitic
Dendrite Growth

In general, the as-solidified grain morphology is
synergistically influenced by the alloy chemical compo-
sition, inoculation, melt treatment and processing

method.[49] As the experimental procedure remains
unchanged and the melt is free from any interference
during heating and solidification, chemical variation and
inoculation become two potential factors that affect the
microstructure evolution of the as-solidified droplets.
The chemical analysis shows that the Cr and Si

content in low O droplets and high O droplets changes
from 15.3 to 14.6 wt pct and 0.63 to 0.37 wt pct,
respectively. As strong oxide-forming elements, these
solutes participate in surface oxidation and are incor-
porated into oxide compounds.[2] Based on the Colum-
nar to Equiaxed transition (CET) criteria established by
Hunt,[50] the fully columnar dendritic structure can be
described as

Fig. 7—The oxide phase diagram for 316L stainless steel (a) and the mole fraction of the M2O3 corundum species under different oxygen partial
pressures (b). The system is Fe–15.77Cr–1.26 Mn–0.63Si under varying oxygen partial pressure. Ni and Mo were not considered here due to
their limited oxygen affinity. The M2O3 corundum oxide includes Fe2O3 and Cr2O3. The AB2O4 spinel oxide includes Fe3O4, FeCr2O4,
MnFe2O4, and MnCr2O4. The oxidation conditions for the three types of 316L powder are listed in Table I.

Fig. 8—STEM-EDS result for the cross section of surface oxides on the high O powder. The Cr2O3 and (Fe, Cr) spinel and Fe2O3 phases are
indicated in the Fe and Cr element maps.
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DT ¼ 2 � 2mV 1� k0ð ÞC0C
D

� �1=2

; ½2�

where G is the temperature gradient, V is the dendrite
growth velocity, N0 is the effective number density of
heterogeneous substrate particles within the melt, DT is
the undercooling, DTN is the undercooling at the
heterogeneous nucleation temperature, C0 is the alloy
composition, m is the liquidus slope, k0 is the distribu-
tion coefficient, and C is the Gibbs-Thomson coefficient
(the ratio of solid–liquid interfacial energy to fusion
entropy). The term �m 1� k0ð ÞC0 corresponds to the
temperature difference between the liquidus and solidus
at a composition of k0C0. It is proportional to the
undercooling for dendrite growth. The equilibrium
calculation shows that the solid-liquid coexisting region
occurs at 43 K in the low O droplet sample and at 37 K
in the high O droplet solidification. The reduced
chemical composition leads to the reduction of growth
restriction by solutes in the melt, which promotes
columnar dendritic growth. With the modification of
this CET criterion by considering the high-velocity effect
in rapid solidification,[51] the reduced solute elements
can further stimulate columnar grain growth.

Fig. 9—The equilibrium phase predicted by Factsage 7.3 with the
FSstel and FToxid databases. The increased oxide volume fraction is
consistent with the oxide content in the powders. The oxide was
retained in the solid state at the melt integration temperature of
different 316L powders.

Fig. 10—A schematic illustration of the cage effect produced by the surface oxide layer of the 316L powders, which requires a higher
temperature to improve the wetting and interfacial tension to reduce the capillary pressure needed to filtrate the liquid within the powders to
integrate with other liquid for forming one melting pool.
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To examine the redistribution of surface oxide from
high O powder, interfered droplet samples with low O
powder and high O powder were obtained by

terminating heating at 1500 �C and solidifying them.
The microstructures of interfered droplets and normal
heating samples are shown in Figure 11.
The low O interfered droplet in Figure 11(a) shows

the porosity via argon gas entrapment, which presents a
clean inner surface in the cavity. In contrast, in the high
O interfered droplet, the upfloating oxides from the
powder surface are entrapped in the droplet with the Ar
gas (Figure 11(c). With increasing temperature, such
porosity and floating oxides are captured in
Figures 11(b) and (d) in the melting of low O powder
and high O powder, respectively. As a consequence, the
low O sample shows a fine and uniform distribution of
inclusions (oxides) and precipitates in Figure 11(b).
However, large oxide agglomeration with a reduced
inclusion number is observed when the majority of the
surface oxides are released to the top of the high O
droplet (Figure 11(d)). Agglomeration of inclusions is
desired in the steel-making process due to the improved
kinetics for inclusion into the slag layer to purify the
steel. However, coarse inclusions in the highly localized
powder melting can lead to degradation of mechanical
performance because of stress concentration-induced
early failure.[52]

The statistical measurements for the inclusions in the
droplet samples shown in Figure 12 confirm that the
increased oxide content of powder materials leads to a

Fig. 11—Microstructure of the as-solidified droplets at different temperatures. The low O powder heated to (a) 1500 �C and (b) 1600 �C and the
high O powder heated to (c) 1500 �C and (d) 1600 �C. (a) and (c) were analyzed with the SE signal, and (b) and (d) were obtained under BSE
contrast.

Fig. 12—Statistical analysis of the inclusions in the as-solidified
droplets prepared from316L powders with different surface oxidation
conditions. Low O droplet: volume fraction 0.189 pct, number
density 0.025 per lm2; Medium O droplet: volume fraction
0.238 pct, number density 0.002 per lm2; High O droplet: volume
fraction 0.321 pct, number density 0.003 per lm2.
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higher volume fraction and larger sized inclusions in the
as-solidified droplets. However, the number density of
these inclusions drops in magnitude from 0.025 per lm2

in low O droplets to 0.003 per lm2 in high O droplets.
This reduction in inclusion number density in the
droplet samples is attributed to absorption of the in-situ
formed inclusions in the melt[53] by the entrapped oxides
from powders to reduce the interface energy. A similar
inclusion distribution (increased inclusion size and
reduced inclusion number density for increasing pow-
der/processing oxygen content) has also been reported in
AM-processed 12CrNi2 alloy,[24] AISI 420 stainless
steel,[54] and 316L stainless steel[55] powder materials,
which suggests that inclusion agglomeration is
inevitable even under AM-processing conditions. In
the laser/electron beam-induced powder fusion scenario,
the Marangoni effect is believed to substantially influ-
ence melt pool convection.[56] By using the measured
speed of Marangoni flow of 0.96 m/s[56] and assuming
that the turbulence fluctuation reaches 50 pct, the
calculated turbulence kinetic energy can reach ~ 0.35
m2/s2, which is insufficient to break up inclusions with a
size smaller than 100 lm (0.75 m2/s2) according to
Guan’s model.[53] Thus, the influence of the tempera-
ture-induced Marangoni effect on the agglomeration
break-up is limited. From the literature,[57–59] some
stable inclusions in liquid steel have been proven to be
austenite grain refiners with varying solidification con-
ditions. Together with the above evaluation of the
inclusions in the droplets, it is indicated that potential
nucleation sites for austenite can be reduced in the high
O droplet due to inclusion agglomeration.

From the measured grain size (90 lm for the low O
droplet) and width of the columnar dimension (145 and
244 lm for medium and high O droplets, respectively),
the grain number densities of the three droplets are
estimated to be around the level of 791011 m�3 (low O
droplet), 291011 m�3 (medium O droplet), and 391010

m�3 (high O droplet) based on the equation Ng = 0.5/
d3,[60] where Ng is the grain number density and d is the

grain size. Thus, on the basis of the CET model,[50] the
CET diagram for the austenite grain morphology
selection is calculated and shown in Figure 13(a), in
which the nucleation undercooling used is 2 K. The
growth velocity of the dendritic tip used here is mainly
obtained from References 61, 62 but with a smaller
exponent (3) compared with the value (3.12) in Refer-
ences 61, 62, as the temperature gradient in this work is
smaller than that in the references. The experimental
condition in this work is also shown in Figure 13a by the
red square. As shown in Figure 13a, the low O droplet in
this work falls in the full equiaxed grain region, while
the medium and high O droplets all lie in the equiaxed
and columnar mixing region.
To further reveal the morphological evolution of

austenite grains, 2D phase-field simulations were carried
out with different effective nucleation site number densi-
ties (the same as that used in the calculation of the CET
diagram), which are presented inFigure 13(b).MICRESS
software[63] was used here for the phase-field simulations.
The details of the theory and the setup have been
described in Reference 34. Similar to the analytical model
prediction shown in Figure 13(a), the microstructures
observed in the as-solidified droplets were reproduced by
governing heterogeneous nucleation during melt solidifi-
cation. With a number density of the heterogeneous
nucleation sites of 7 9 1011 m�3 for low O droplets, the
grain morphology under the current experimental condi-
tions falls into the full equiaxed structure region (the
blue-dashed line is the boundary of the equiaxed struc-
ture), where the phase-field simulation shows the same
tendency as that for the equiaxed structure in the left
column inFigure 13(b). In contrast, a columnar dominant
structure with limited equiaxed grains is observed in the
right column in Figure 13(b) with a nuclei number density
of 3 9 1010m�3 in a highOdroplet, which approaches the
full columnar region boundary shown by the red solid line
in the CET diagram shown in Figure 13(a). Based on the
consistent results obtained from the solidification exper-
iment and theoretical analysis, the effective number

Fig. 13—The CET diagram with different nuclei number densities suggests a tendency for austenite morphology evolution (a), and the
corresponding phase-field simulation shows consistent results as the microstructure of the as-solidified droplet varies with oxide content (b).
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density of the heterogonous nucleation particles greatly
influences the as-solidified microstructure of 316L pow-
ders with varying oxide content.

To reveal the microstructure evolution in the powder
fusion-based AM process, a high cooling rate (105 K/s)
and high thermal gradient (106 K/m) condition were
used as inputs for the calculation (Figure 14) with the
powder condition of nuclei number densities resulting
from varying oxide content. The columnar morphology
was predicted by the CET model (Figure 14(a)). The
oxide agglomeration results in a decrease in the nuclei
number density of the heterogenous nucleation site,
which leads to a coarsening of the columnar morphol-
ogy of the as-solidified grains, as exhibited in the
phase-field simulation (Figure 14(b)). A statistical anal-
ysis of the simulation data in Figure 14(c) suggested that
an enlarged columnar aspect ratio and increased colum-
nar grain width are present under the rapid solidification
of the high O powder condition compared to the low O
powder condition. Generally, a coarse columnar struc-
ture is not desired due to its higher hot cracking
tendency and severe performance anisotropy for the
as-built component. This shows that the powder oxide
content is critical to the as-solidified microstructure in
the powder fusion-based AM process.

Based on the above discussion, the surface oxides
formed on the steel powders can influence powder
melting and solidification. The surface oxides delay the
melt integration of molten powders due to the cage
effect, which reduces melt permeability caused by the
poor wetting of liquid steel on these oxides. Addition-
ally, surface oxidation modifies the steel composition by
the consumption of solute elements with high oxygen
affinity. These oxides leftover in the melt lead to
inclusion agglomeration, which alters the solidification
behavior and as-solidified microstructure. As a result,
deterioration of the mechanical performance of the
as-built component is expected.

V. CONCLUSIONS

In the current work, we studied the effect of surface
oxides on the melting and solidification of AM-grade
316L stainless steel powders by experimental observa-
tion and theoretical analysis. The following conclusions
were drawn:

1. The surface oxidation of the powder significantly
alters its melting and solidification behavior. An
increased full melting temperature is observed with

Fig. 14—The CET diagram with different nuclei number densities suggests a tendency for a columnar morphology for the austenite phase during
the solidification under a high cooling rate ( _T) and thermal gradient (G) (a), the corresponding phase-field simulation showing the grain
morphology (b), and the columnar grain width and aspect ratio extracted from phase-field simulation (c).
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increasing oxide content in the steel powders. This is
caused by the reduced permeability of liquid steel
due to the cage effect of the surface oxide layer,
which originates from poor wetting of liquid steel
on the oxide substrate.

2. Due to oxide entrapment during the liquid-to-solid
phase transformation, the as-solidified droplet
obtained from the high O powder shows a higher
inclusion fraction with a larger particle size, which
leads to an increased LAGB fraction compared to
the case of low O powder.

3. As for the formation process for the oxides, surface
oxidation modifies the chemical composition of
steel powder by taking Cr, Mn, and Si solutes as
cation elements in the stable oxide system due to
their high oxygen affinity. The higher surface oxide
content leads to solute element loss in the steel
powder. The decrease in these solute elements
promotes columnar grain growth.

4. The entrapped oxides in the high O melt result in
inclusion agglomeration with a larger particle size
and lower number density, which reduces the
number density of heterogeneous substrates for
nucleation. As a result, the low O droplet presents a
fully equiaxed microstructure, while undesired
columnar grains are observed in the high O droplet.

5. By using the solidification conditions of a high
cooling rate and high thermal gradient similar to the
powder fusion-based AM process, a columnar
morphology is predicted for all three powder
conditions. An undesired coarse and elongated
columnar structure is promoted by considering
inclusion agglomeration under the high O powder
condition. In contrast, a fine columnar structure
with a small aspect ratio is predicted for the low O
powder condition.
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