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conducted with a JEOL 7000F field emission gun (FEG) machine operating at 15 kV in backscattered 

electron (BSE) mode. Chemical analyses are performed by energy dispersive X-ray spectroscopy 

(EDS) on the same machine using a BRUKER EDS system.  

The grain size is determined from analyzing cross-sectional optical micrographs of SLM builds 

viewed along the building direction. Etching to reveal the microstructure is performed on these 

samples, after prior 0.25 µm diamond polishing. The etchant is a solution consisting of 2.5 g of CuCl2, 

50 mL of hydrochloric acid and 50 mL of ethanol. The revealed grain morphology is studied using a 

Zeiss Axio Imager 2 optical microscope. More than 100 randomly chosen grains are measured in 

different areas of each SLM builds.  

The micro-hardness is measured under a load of 9.8 N (1000 g) using a Vickers Struers 

Durascan device. Five lines containing 34 indentations are performed along the building direction and 

distributed in the whole width of samples. The micro-hardness is then averaged over the  170 

indentations and a confidence interval of 95% is given.  

Representative samples are observed by transmission electron microscopy (TEM). Sections of 

the SLM builds are then thinned from both sides to a thickness of about 100 µm. Discs with 3 mm in 

diameter are punched. Final thinning to electron transparency is performed thanks to an 

electropolishing system with a 10% perchloric acid in ethanol solution at a temperature of -10 °C. TEM 

imaging and EDS analyses are then conducted using a Jeol 2100 machine operating at 200 kV.  

Results:  

1. Effect of SLM processing parameters on the density 

The final density of the SLM builds is compared to the final as-extruded bar density. This bar 

contains no porosity and has an absolute density of 7.751 g/cm3. A first optimization of the processing 

parameters (laser power, scan speed and hatch distance) is performed to get a relative high density of 

the SLM builds. Based on this data, two processing parameters are fixed and the third one is modified 

in order to study the effect of each parameter on the final density.  

Laser power is studied in the range from 75 to  175 W. Figure 3a presents the evolution of 

relative density as a function of laser power. The relative density increases when the laser power 

increases. For values of laser power higher than  150 - 175 W, the relative density  begins to remain 
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nearly constant at 98%. The maximum laser power reached by the machine used in this study is 

limited to 175 W. Results show that higher laser power values should lead to produce fully 

dense SLM builds. Hatch distance is varied from 50 to 250 µm. As shown in figure 3b, the relative 

density remains constant with the evolution of hatch distance. HD has no influence on the density with 

the set of other used parameters. Scan speed is studied in the range from 30 to 300 mm.s-1. The 

evolution of the relative density as a function of scan speed is given in figure 3c. This plot shows that 

the relative density reduces as the scan speed increases. As observed for the laser power, it seems 

that for values of scan speed lower than 100 mm.s-1, the relative density remains stable at 98%. 

Figure 4 shows the distribution of porosities as a function of various processing 

parameters. It can be seen that a decrease in laser power as well as an increase in scan speed 

induce the formation of many porosities (Figure 4c,d,e,f). These porosities are oriented mostly 

along the building direction. The most porous samples are obtained with an energy density 

lower than 100 J.mm-3. These porosities could be attributed to a lack of fusion (Tang et al., 

2017). Porosities observed in SLM samples build at various hatch distance are mostly oriented 

horizontally (Figure 4i,j,k,l).  

Several scanning strategies are explored to elaborate SLM builds as illustrated on figure 2.  

Using an island scanning strategy is often preferred to scan large parts because that decreases 

residual stresses and distortion (Gibson et al., 2015). However, it can be seen in this study that some 

defects such as porosities are specially localized in the regions between different islands, as shown in 

figure 5a (red arrows). This phenomenon can be minimized by decreasing the hatch distance (Figure 

5b). The smaller the overlaps between islands are, the higher is the number of porosities observed 

between the various islands. The non-spherical shape of the powder can promote this phenomenon. It 

is also observed a decrease in terms of density by rotating the island scanning pattern of 45° rather 

than 90°. When the rotation angle decreases, the number of miss-overlap could increase and at the 

same time could increase the porosity formation. In this study, a simple scanning strategy with parallel 

lines is then used since the influence on the main processing parameters (Plaser, Vscan, H.D.) is on 

focus. Moreover, this simple scanning strategy produces parts with better densities than those 

elaborated with an island scanning strategy.  
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titanium and yttrium according to the EDX analysis. They are homogenously dispersed inside grains of 

each SLM builds. Very few particles are observed on grain boundaries (Figure 8a).  

Some precipitates are studied more precisely to identify the oxide types formed during the 

SLM process (Figure 9). According to the EDX results, the precipitate numbered 1 has a high content 

of Y, Ti and O elements. Atomic proportions of these different elements show a Y/Ti ratio of 0.93. 

Average inter-reticular distances of 0.585 nm and 0.186 nm are found on the corresponding diffraction 

pattern. This is coherent with the inter-reticular distance of 0.582 nm for the {111} planes of Y2Ti2O7 

and with the inter-reticular distance of 0.1784 nm for the {044} planes of Y2Ti2O7, which has a cubic 

pyrochlore structure. Diffraction pattern coming from this oxide reveals spots with lower intensity, 

which are typical of surstructure spots of such pyrochlore structure (Badjeck et al., 2015). On the 

same image, the precipitate numbered 2 is also rich in elements of Y, Ti and O. The atomic Y/Ti ratio 

is around 0.76. Average inter-reticular distances of 0.367 nm and 0.236 nm are measured on the 

corresponding diffraction pattern. This might be consistent with the inter-reticular distance of 0.351 nm 

coming from the {210} planes belonging to YTi2O6 oxide, which has an orthorhombic symmetry. The 

inter-reticular distance of 0.236 nm is exactly the expected inter-reticular distance for the {112} planes 

of YTi2O6 oxide. Y2Ti2O7 is classically observed in conventional ODS alloys (Zhang et al., 2016) and 

YTi2O6  is another possible stable Y-Ti-O oxide (Dumont et al., 2014).  

Discussion:  

1. Role of processing parameters on density of SLM builds 

The influence of laser power and scan speed on the final relative density is significant by the 

range of analysis. Theoretically, by increasing the laser power as well as by decreasing the scan 

speed allow to fully melt the powder. In this case, refusion occurs in-depth. Bai et al. (2017) studied 

the influence of processing parameters during the elaboration of maraging steel 300 by selective laser 

melting. In their study, they explained that when the laser power is higher than a specific value, 

vaporization and spatter occur and induce a lack of liquid metal to fill the molten track leading to the 

formation of voids. AlMangour et al. (2018) studied the influence of the energy density (by 

changing the scan speed) on the densification behavior of TiC/316L stainless steel 

nanocomposites elaborated by SLM. They found that samples made with the lowest energy 

density (67 J.mm-3), which means at the highest scan speed, presents large pores, which could 
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SLM process induces high temperature gradient and high solidification velocity of the melt 

pool, which lead to columnar grain morphology along the building direction (DebRoy et al., 2018). In 

the present study, the layer thickness of the powder-bed was fixed to 50 µm and grains are much 

longer than 50 µm. It means that the depth of melt pool does not limit the growth of grains. The re-

melting of the previous layer allows the grains to grow through the various layers. In addition, this re-

melting leads to promote grains coarsening, which can explain the large grain size.  

Compared to a conventional route, extrusion followed by an annealing does not induce such 

coarsening of grains, since the melting temperature of the metal is not reached. This observation 

conflicts with the refinement in microstructure classically observed for additively manufactured parts in 

comparison with cast samples (Herzog et al., 2016). For example, Song et al. studied the 

microstructure and the mechanical properties of 316L stainless steel manufactured by SLM process 

(2014). They showed that the fine-grained microstructure and the higher dislocations density leads to 

improve the mechanical properties. Since conventional processing techniques used for ODS steels 

are different from casting method and SLM process, it would be better to compare the microstructure 

of ODS SLM parts to those obtained by welding process. Indeed, SLM presents many similarities with 

welding: a moving heat source and a fusion zone in displacement with the heat source (DebRoy et al., 

2018). However, fusion joining techniques are generally unsuccessful to produce ODS steels since 

melting induces agglomeration of precipitates.  

Friction stir welding is usually preferred to join ODS steels: This process induces a local 

temperature close to the melting point without reach it. Dawson et al. studied the microstructure of 

ODS steels produced by friction stir welding (2017). They obtained grains with an aspect ratio of about 

2 and a mean diameter between 2 and 3 µm, which is close to the conventional microstructure. They 

also observed a decrease in the measured volume fraction of nano-particles dispersion in the welds 

as compared to the base material. The additive manufacturing process seems to be the only process, 

which allow to produce ODS steels despite several melting steps. Thanks to the SLM process, it is 

possible to elaborate new microstructure for ODS stainless steels. The microstructural characteristics 

can be controlled thanks to a precise selection of the processing parameters. 
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Figure 1: SEM images of (a)  the matrix material and (b) the powder M and 
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Figure 2: Picture of (a) samples connected to the substrate plate and (b) schematic of scanning 

strategy using parallel lines rotated of 90° between each layer and (c) using 4x4 mm island scanning 

pattern rotating of 45 or 90° between each layer (BD: building direction, HD: hatch distance)  
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 Figure 3: Effect of a) laser power; b) hatch distance and c) scan speed on the density of as-

grown SLM builds 
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Figure 4: Optical images of the side view of SLM builds showing the effect of processing 

parameters on the porosities distribution: (a,b,c,d) 100 mm.s-1, 195 µm and 175, 150, 100 and 75 

W respectively; (e,f,g,h) 175 W, 195 µm and 300, 200, 100 and 30 mm.s-1 respectively; (i,j,k,l) 175 

W, 100 mm.s-1 and 250, 195, 100 and 50 µm respectively. Numbers in parentheses refer to the 

energy densities.  
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Figure 5: Optical images of porosities left between different islands when an island scanning strategy 

is used with (a) a hatch distance of 195 µm and (b) a hatch distance of 100 µm 
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Figure 6: SEM cross-section images of the microstructure of SLM builds with a laser power of 175 W, 

a scan speed of 100 mm.s-1and a hatch distance of 195 µm viewed in two different orientations (BD: 

Building direction) 
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Figure 7: {100} pole figures of as-grown SLM builds at various processing parameters (the growth 

direction is at the center of the pole figure): a) 175 W, 100 mm.s-1, 195 µm; b) 175 W, 100 mm.s-1, 50 

µm; c) 100 W, 100 mm.s-1, 195 µm; and d) 175 W, 30 mm.s-1, 195 µm. 
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Figure 8: (a) SEM and (b) TEM images of the precipitation inside SLM builds 
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Figure 9: TEM image and diffraction patterns of oxide particles, which are identified as Y2Ti2O7 

(precipitate 1) and YTi2O6 (precipitate 2). 
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Table 1 : Elemental composition (wt. %) of the  powder M measured by ICP-OES 

Fe Cr W Y Ti Mn Ni 
balance 14.4 ± 0.4 0.95 ± 0.03 0.31 ± 0.01 0.28 ± 0.01 0.24 ± 0.01 0.17 ± 0.01 
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Table 3: Grain sizes obtained by analyzing cross-sectional optical micrographs and Vickers 
microhardness of SLM builds for various processing parameters 

 

Plaser 

(W) 
Vscan 

(mm.s-1) 
HD 

(µm) 
Relative 

density (%) 

Grain width 
(µm) 

Grain length 
(µm) 

Vickers Hardness (HV) 

Along BD Across BD 

175 100 195 97.5 31 ± 3 495 ± 60 189 ± 1 178 ± 2 

100 100 195 89.3 27 ± 2 226 ± 32 175 ± 3 169 ± 4 

175 300 195 85.7 26 ± 3 336 ± 60 170 ± 3 171 ± 5 

175 100 50 96.9 43 ± 4 411 ± 47 173 ± 1 159 ± 3 

Extruded ODS steel 

(García-Junceda et al., 2012) 

100 0.1 to 3 3 to 9 362 ± 6 392 ± 4  
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