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Abstract. Stainless steel selective laser melting (SLM) can be considered as a new possible
approach for in-situ formation of oxide dispersion strengthened (ODS) steels because of the
dispersion of amorphous oxide nano-particles due to the trace amounts of laser chamber
oxygen and in-situ internal oxidation of reactive elements. In this paper it is demonstrated that
the particle sizes and distributions can be adjusted by choosing different chamber oxygen level
through controlling the quantity of initial reactive cores and the available reactive solutes of
each core.

1. Introduction

The in-situ formation of oxide nano-particles during 316L stainless steel selective laser melting (SLM)
has been reported in [1-3]. It is considered as a possible approach for in-situ formation of ODS-steels
(Oxide Dispersion Strengthened) where the constituents of Si and Cr readily react with oxygen
presented inside the 316L steel powder and the laser chamber. Saeidi reported that the ODS SLM
316L steel achieved a higher tensile strength ( 703 MPa) and a higher yield strength (456 MPa)
compared to that of the conventionally casted 316L steel ( 620MPa and 310 MPa, accordingly), and a
higher ductility with 46% elongation compared to that of HIPed ODS 304 steel (20~25%) and cast
316L (30%) [1].

A uniform and controlled dispersion of second phase particles is very critical in the material
performance, ODS alloys commonly employ a high energy ball milling technique but it is time-
consuming [4]. The internal oxidation process is another possible ODS method involving selective
reactions of a less noble solute with oxygen [5, 6]. The in-situ formation of ODS-steels through SLM
belongs to the category of internal oxidation and includes two basic physical steps: one is the
formation and growth of oxide particles and the second is the dispersion of formed particles under
laser driven strong convections. The fluid flow characteristics and particle migration behaviors within
the melt pool are well reported in SLM and/or laser welding [7-11], then uniform dispersions of
second phase particles can be expected under proper laser parameters.

The growth Kinetics and size control of oxide nano-particles are another research hot spots. The
particles growth is controlled by the mechanism of “reactive crystallization”, “diffusion-controlled
precipitation” and “collisional growth” in melt pool [12]. The growth rate is proportional to the initial
oxygen concentration, the melt flow field intensity and the particle collision probability, therefore the
sizes and distributions of nano-particles can be adjusted by manipulating the chamber oxygen level. In
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this paper, 316L selective laser melting experiments are conducted with different chamber atmosphere
(different oxygen levels) then the sizes, distributions and constituents of oxide nano-particles are
analyzed, the forming mechanism and growth behavior are also discussed.

2. Material and methods

316L stainless steel powder granules with an overall chemical composition of 17 wt.% Cr, 10.6 wt.%
Ni, 2.3 wt.% Mo, 0.98 wt.% Mn, 0.5 wt.% Si, 0.5 wt.% Ti, and Fe being the balance was used as
precursor, supplied by Renishaw (Renishaw, Shanghai, China). SLM experiments were conducted at a
Renishaw AM250 facility (Renishaw AMPD, Stone, UK) with laser parameters of power 190W, scan
speed 700 mm/s, line spacing 0.05 mm, and “zigzag” scan strategy. The chamber residual oxygen
contents in Ar atmosphere were set as extreme low (<<50ppm), medium (300~500ppm), and high
(1000~1200ppm) respectively. TEM observations were conducted on a JEM-2100 microscope (JEOL,
Tokyo, Japan) and the sample preparation followed the procedures in [2].

3. Results and discussion

As predicted, no oxide particles can be found in the microstructure in extreme low oxygen (less than
50ppm) chamber environment and the dislocations are non-uniform, Figure 1 (a ~ b). Increasing the
chamber oxygen level to 300~500ppm, some large oxide particles can be formed with size around 500
nm~2 pum, Figure 1 (d) and Figure 2 (a ~ b). The quantity of oxide particles is limited at this oxygen
level but plenty of dislocations and the pinning effects of particles can be clearly observed. With
further increase of the chamber oxygen level to 1000~1200 ppm, oxide nano-particles of size 50~100
nm are dispersive and distributed homogeneously, Figure 1 (c). The particles in 1000 ppm oxygen
level are fairly accorded with results reported in former literatures. Based on EDS analysis, the
inclusion constituents are actually Fe, Ni, Cr, Ti and Si oxides, Figure 2 (c), the Cr, Ti, Si and O
elements are relatively high but the Ni element is lower compared with the matrix Ni content, Figure 2
(d). This implies the oxide particles have similar chemical constitutions and amorphous structures
(presented in [1]) with stainless steel oxide (passive) films which are not the harmful brittle phases,
such as o (tetragonal), M3Cs (FCC) or y phase (BCC). Thus the following conclusions can be made:
the formation of nano-particles is closely related to the oxygen environment and with an increase in
the chamber oxygen level, the particle size reduces but the particle distribution is more dispersed. The
particle size discrepancy can be as high as 40 times in different chamber oxygen content, 50 nm in
1000 ppm while 2 pm in 300~500 ppm, Figure 1(c, d).
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Figure 1. The distribution of oxide particles, chamber oxygen level of less than 50ppm (a ~ b),
1000~1200ppm (c), and 300~500ppm (d).
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Figure 2. The oxide particles formed in the chamber oxygen level of 300~500ppm (a, b). EDS
spectrums of a nano-inclusion and the matrix (c), the partial enlarged view of 0~1 KeV (d).

Figure 3. TEM analysis and corresponding electron diffraction patterns.

(a) and (b) with extreme low oxygen less than 50ppm, (c) and (d) with high oxygen 1000~1200 ppm. The
diffraction positions taken in (a) and (c) are with high density dislocations, while in (b) and (d) are with nearly
no dislocations.

The chamber oxygen level can affect not only the inclusion formations but also the matrix
microstructures. As shown in Figure 3 the TEM analysis and corresponding electron diffraction
patterns in extreme low oxygen chamber environment, most areas can be identified as the FCC
structures (austenite) but some areas with high density dislocation tangles can be identified as the BCC
structures demonstrating the ferrite nucleation. In a high oxygen environment (1000~1200 ppm), all
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the diffraction regions regardless of dislocation densities are all identified as the FCC structures
(austenite).

316L stainless steel solidifies as the main austenite but a small amount of ferrite can be generated
through eutectic reaction in the cellular/dendritic interface according to its constituents and phase
diagram. Austenite stabilizing elements (e.g. Ni) will be consumed during laser melting and the re-
solidifying process, while ferrite stabilizing elements (e.g. Si, Cr, Ti, and Mo) will be enriched in the
solidification front and dendritic interface. With low oxygen chamber atmosphere, in this local area of
dendritic interface the equivalent proportion of Cr and Ni (Creq/Nieq) Will be increased which will then
form ferrite nucleation and high density dislocations, Figure 3 (a). With a certain amount of oxygen in
the chamber, a thin oxide film on the melt pool surface will be generated rapidly by oxidation of the
rejected Ti, Si and Cr for the high laser irradiation temperature and shallow melt pool (100~200 pm
depth). Moreover, melt convection in the laser melt pool is another significant feature [8, 13] and
under this strong stirring action the formed oxide film will be scattered and then dispersively
distributed in the microstructure as the discovered oxide nano-particles. For Ni the element is
consumed by austenitic solidification, so it’s counting is a bit lower in oxide-particles than in the
matrix. Cr, Ti and Si are excessively consumed by oxidation, so ferrite nucleation seems impossible in
high oxygen chamber atmosphere. Mo element (solute) is heavier than Fe melt (solvent) and does not
participate in the formation of oxide film [14], so it will be distributed in the cellular boundaries.

There still remains difficulty in calculating the particle sizes and distributions quantitatively
because of the lack of some thermophysical data, but the qualitative analysis based on growth kinetics
of particles can be still involved. Nano-particles in laser melt pool can be considered as a polydisperse
system with a radius of a continuous distribution, the density distribution function of particles n(r) is
defined as a steady-state exponential distribution in particle radius range (r, r+dr) [15]:

n(r)=ng exp(-Ar), ro <r<ry (1)

The parameters ng, 4, Ig, Iy are decided by specific experimental conditions, where

Ny

= r
4mp, X, r: rie *'dr

[O%] is the oxygen content in the melt, X, is the oxygen mass fraction in particles. Therefore the
particle number density is directly correlated with oxygen level, the higher oxygen level in laser
chamber and the higher dissolved oxygen in the melt ([O%]), means more amounts of oxide particles
(no and n(r)) can be generated.

Based on sphere diffusion model [12], the maximum radius R., of oxide-particles growth is defined
as:

1/3
R, = Rd% ©)

Co

Where Ry is the radius of sphere diffusion (Figure 4 b ~ c), C, is initial concentration of reactive
elements (Cr, Si, Ti, O, etc.) in the melt, C, is mass fraction of reactive elements in the particles.
Therefore, the maximum radius R, is controlled by the number of reactive cores and diffusion radius
Rg. Higher density of initial reactive cores (n(r)) decides the shorter diffusion radius Ry which means
the available solute for each reactive core is limited.
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Figure 4. The formation mechanism of oxide particles (a). (b) and (c) exhibit the scenarios of
different oxygen level, 300~500ppm and 1000~1200ppm separately.

4. Conclusions

Based on these analyses, oxygen level can be used as a regulating method. Therefore, the quantity of
initial reactive cores is limited and oxide-particle growth is sufficient in the condition of 300~500 ppm
chamber oxygen. On the contrary, the initial reactive cores are numerous and the final radius is limited
in the condition of 1000~1200 ppm chamber oxygen. Higher oxygen content may further reduce the
particle size but high oxygen level (over 1500ppm) will deteriorate SLM densities because of the
balling phenomenon [16]. Adding small amounts of Ti, Al and Y and fabricating in an atmosphere of
300~500ppm oxygen can be predicted as a new possible process for in-situ ODS 316L steel.
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