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Understanding surface roughness on vertical surfaces of 316 L stainless 
steel in laser powder bed fusion additive manufacturing 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Vertical surface roughness is positively 
correlated to melt pool width and depth. 

• Powder and melt tracks dominate ver-
tical surface roughness at low energy 
densities. 

• The dross dominates vertical surface 
roughness at high energy densities. 

• Inhomogeneous thermal distribution 
and melt pool instability drive dross 
formation.  
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A B S T R A C T   

Laser powder bed fusion (L-PBF) offers high degrees of freedom to create complex geometries with fine features. 
Controlling surface roughness is one of the means of improving mechanical and functional properties. This is 
critical for those surfaces that post-treatments cannot process. This study investigated the effects of a wide range 
of processing parameters grouped by energy density on surface roughness, particularly at vertical surfaces in L- 
PBF. The surface arithmetic average roughness, Sa, was measured via confocal microscopy. Scanning electron 
microscope was used to examine the detailed characteristics and the solidification microstructure on and near 
surfaces. Increasing laser power and speed under the identical energy density or increasing energy density under 
the equal speed results in rough vertical surfaces. Solidified melt tracks and partially remelted particles dominate 
the vertical surface roughness in cases with low energy densities. In contrast, the dross formation contributes to 
the high vertical surface roughness in cases with high energy densities. By examining the melt pool morphology 
and the solidification microstructure near the surfaces, the mechanism grounded on a multi-layer melt pool 
instability is proposed to explain the dominant factors for vertical surfaces. The insights into the formation of key 
surface characteristics can assist in designing process parameters and generating innovative methods to improve 
surface roughness.   
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1. Introduction 

Laser Powder Bed Fusion (L-PBF) Additive Manufacturing (AM) 
combines precision powder bed formation for materials deposition with 
high-resolution local melting for direct material consolidation. The 
layer-by-layer approach inherits high degrees of design freedom and 
enables the production of complex geometries with potentially location- 
specific materials properties [1–3]. Significant progress has been made 
to understand the complex physics, which paves the path to ultimately 
control microstructures and defects, such as distortion, porosity, and 
cracking, for a wide range of metallic alloys in L-PBF [4–6]. However, 
the methods to achieve desired surface roughness that describes the 
surface topography of printed parts are still limited [7]. 

Surface roughness influences products’ geometrical tolerances and 
plays a vital role in mechanical and functional properties [8,9]. For 
instance, the fatigue life of specimens with a rough surface can be 
approximately half of that with a smooth surface [10], where coarse 
surface features, e.g., the sharp radius of curvature or deep notch, can 
serve as stress concentration and fatigue crack initiation sites [11]. 
Functionally, surface characteristics can alternate the fluid flow be-
haviors, affecting the pressure drop in printed mini-channels and 
significantly influencing the heat transfer properties [12,13]. Although 
various post-process techniques can be applied to retreat the surfaces, e. 
g., machining, shot peening, and chemical processing [14], inner sur-
faces within a complex geometry are still difficult to be processed, 
limiting the part performance due to undesired surface roughness. The 
formation of surface topography in L-PBF owns to the complex and 
intertwined network of cause-effect relationships between the physical 
phenomena, e.g., heat transfer, solidification, fluid dynamics and sur-
face tension [15], and process parameters, e.g., powder size distribution, 
laser parameters, layer thickness and scanning pattern [16–25]. It has 
been generally agreed that the surface roughness was contributed by 
partially remelted particles, spatter particles, and balling effects besides 
the geometrical stepping effects [26,27]. 

Prior studies have revealed qualitative correlations between laser 
process parameters and the surface roughness for different materials 
systems [28–31]. However, the majority of the studies evaluated the 
roughness on the top surfaces via printed tracks or cubic samples. Gu 
et al. [32] studied both tracks and blocks for 316 L stainless stress with L- 
PBF. They found that increasing the volumetric density of energy input 
by lowering scan speed, increasing laser power, or decreasing powder 
layer thickness, decreased the tendency of balling, which is governed by 
the wetting/surface tension characteristic of the melt pool, powder, and 
the solidified surface, resulting in low surface roughness. Yadroitsev 
et al. [33] investigated single tracks of 304 L and 904 L stainless steel. 
Their results indicated that instability zones appeared both at low 
scanning speed as the form of irregularities and at high scanning speed 
due to the balling effect. Calignano et al. [34] concluded that the 
scanning speed had the most influence on surface roughness for 
AlSi10Mg. Yang et al. [35] reached similar conclusions for Ti-6Al-4V, 
where scanning speed dominated the instability, followed by laser 
power and layer thickness. Chen et al. illustrated that the large size 
powder particles result in a coarse surface roughness finish [21]. Qiu 
et al. [22] explained that the high layer thickness led to a high porosity 
level with the irregularly shaped melt pool track and cave-shaped pores 
on the top surface, which degraded the surface quality. Shi et al. [23] 
concluded that the high layer thickness mainly deteriorated the surface 
quality other than density and tensile properties. Alfieri et al. [25] 
verified that the wobbling scanning strategy is helpful in improving 
surface topography, compared with linear scanning processing due to 
lower heat effects in the base metal. 

Limited studies have explored the roughness on vertical and angled 
surfaces. Mumtaz et al. [36] showed that vertical surface roughness on 
Inconel 625 was reduced with increasing laser power via enhanced 
wettability of the melt. Meanwhile, reduced scan speed increased 
roughness. Yang et al. [37] studied the linear energy density on vertical 

surface roughness for AlSi10Mg cubes and drew similar conclusions. 
They showed that the surface roughness could be reduced by approxi-
mately 70% by controlling the energy density. Higher energy density 
could cause instability of deposited tracks due to the stronger Marangoni 
convention and metal evaporation, resulting in increased surface 
roughness. Yang et al. [38] studied the impact of process parameters on 
the surface roughness of surfaces with 30o, 45o, and 60o inclined angles 
and confirmed that the dominant factor was contour scanning speed. 
Han et al. [39] discussed the impact of scanning speed and hatch spacing 
on inclined AlSi10Mg with 45o inclined angle. The infiltration effect 
explained the higher scanning speed and hatch spacing led to the lower 
surface roughness, where the liquid infiltrates into the gap between 
powders on the inclined surface and reduces the surface roughness via 
the formation of dross. Similar conclusions were drawn by Tian et al. 
[24] that low laser contour scan power could provide a better down- 
facing finish surface quality combined with skywriting mode by 
achieving a more stable melt track and smoothing the surface. Charles 
et al. [40] further explained the dross formation, which dominated the 
dimensional inaccuracy and surface roughness at down-facing surfaces. 
They concluded through numerical simulation that dross formation was 
primarily caused by high energy density via the drilling effect without 
mechanical resistance of the underlying powder domain [41]. Although 
the dominant surface characteristics [42], including balling, spatter 
particles, and partially remelted particles, have been observed, the un-
derlying mechanisms are still under investigation for vertical surfaces. 

In this study, cubic samples fabricated by L-PBF with a wide range of 
laser power and speed, grouped by energy density, were examined by 
optical microscope and scanning electron microscope (SEM) for surface 
topography, melt pool dimensions, and microstructure characteristics to 
interpret the surface roughness. Melt pool instability, partially remelted 
particles, spatters and dross formation were discussed, which led to new 
insights into understanding the as-printed vertical surfaces in L-PBF. 

2. Methodology 

Commercial gas atomized 316 L stainless steel powder supplied by 
Carpenter Technology Cooperation with a particle size distribution from 
15 to 45 μm with a mean size of 30 μm was used in this study. The 
nominal composition of the powder is listed in Table 1. The powder 
particles exhibit spherical morphology via SEM, and few are with sat-
ellites, as shown in Fig. 1. Cubic samples with a size of 10 mm × 10 mm 
× 10 mm were printed to study the surface characteristics of both top 
and vertical surfaces under different energy densities. The L-PBF ma-
chine, Aconity MIDI, which equips a single-mode fiber laser with a 
maximum laser of 1000 W, was utilized to print those samples in the 
argon environment. During the printing, the oxygen level in the cham-
ber was controlled to be lower than 100 ppm to minimize oxidation. 
Three groups of experiments with a total of 15 samples at energy den-
sities of 2 J/mm2, 3 J/mm2, 5 J/mm2 were studied. Each group has two 
repeats to ensure repeatability. Note that the energy density (ED) in this 
study is defined as 

ED = P
V × H (1)  

where P is the laser power, V is the laser scanning speed, and H is the 
hatch spacing. 

The focus of this study is on the relationship between surface 
roughness and laser processing parameters. The laser spot size and hatch 
spacing were set at 100 μm for all prints. The layer thickness remains 
constant at 30 μm. In each group, the laser power was chosen as 80 W, 
260 W, 440 W, 620 W, and 800 W, with the scanning speed ranging from 
160 mm/s to 4000 mm/s, plotted in Fig. 2. The samples are named E*_P* 
in this study for simplification. For example, E2_P80 presents that the 
energy density equals 2 J/mm2 and the power is 80 W, which gives the 
speed of 400 mm/s based on Eq.(1). The selection of parameters ensures 
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Table 1 
The nominal chemical composition (wt%) of stainless steel 316 L.  

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

Wt% Bal. 12.7 17.7 0.03 0.62 0.005 0.007 0.10 0.022 2.36 0.65 0.02  

Fig. 1. Particle morphologies via SEM for the stainless steel 316 L powder.  

Fig. 2. Process parameters grouped by energy density.  
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a wide range of laser power and speed without significant keyholing 
[43]. In addition, the process conditions with high laser power of >400 
W haven’t been widely investigated in L-PBF. Note that the surface 
energy density in the cases can be translated to the volumetric energy 
density by considering the layer thickness (Th), defined as P

V×H×Th in 
other studies. Thus, the range of energy density in this study would be 
from 66.7 to 166.7 J/mm3, which covers the practical parametric space 
for production [44,45]. A simple hatching scanning strategy was applied 
with 90 degrees of rotation between layers. One contour scan was per-
formed on each layer with the same parameters as the hatches. 

The surface topography of each sample was obtained via Keyence 
VHX-5000 digital optical microscope and Tescan Vega3 SEM. The height 
information Z(x,y) was captured in the digital Keyence microscope to 
examine the surface roughness. Sa, the arithmetical mean height of a 
surface, was employed to quantify the surface roughness value. It is 
calculated by: 

Sa =
1
A

∫∫

A
|z(x, y) |dxdy (2) 

Samples were cut in half by wire Electrical Discharge Machining 
(EDM) to evaluate the melt pool dimensions and the solidification 
microstructure. The cut plane is perpendicular to the laser scanning 
direction on the last layer. For metallurgical characterizations, the 
samples were ground, polished, and then etched with the mixture of 75 
vol% of HCl and 25 vol% HNO3 for 15 s. An example of the top surface 
after etching is shown in Fig. 3(a), where the melt pool width and depth 
were extracted at multiple locations on two repeats. The melt pool width 
was also measured from the top-down view images to confirm the 
measurement further, as shown in Fig. 3(b). SEM images were taken to 
reveal both the surface characteristics and the microstructure with sub- 
grain features, which assist in understanding and illustrating the 
mechanisms that drive surface roughness. 

3. Results and discussion 

3.1. Melt pool morphology and surface roughness at the top surfaces 

Fig. 4 shows the melt pool width and depth versus the laser power 
under different energy densities. The ratio of melt pool width to the melt 
pool depth is measured to be between 1.85 and 3.51, which indicates 
that the laser fabrication model is towards thermal conduction [43]. 
Under the same laser power, the higher the energy density, the larger the 
melt pool width and depth. This is because the lower laser scanning 
speed allows more energy to be absorbed during fabrication. Under the 
same energy density, the general behavior is that the higher the laser 
power or speed, the larger the melt pool size dimensions, which is 
consistent with prior observations [46]. With the same energy density 
delivered to the fabricated part, the higher scanning speed offers less 
time for the heat to be diffused or dispersed away and leads to a larger 
melt pool size, assuming the energy does not vary significantly under the 
same energy density. 

Fig. 5 shows the melt pool morphologies on the top surface under 
different energy densities. At the low energy density (2 J/mm2), the melt 
pool is relatively shallow and small. The connecting area between the 
melt pool and the powder is insufficient to provide a good wetting 
condition. Thus, surface tension brings the melt pool towards balling 
[47], shown in Fig. 5(a) and (c). Since the width is comparable to the 
hatch spacing, pores due to the lack of fusion defects are observed in 
Fig. 5(a). While under the high energy density (5 J/mm2), shown in 
Fig. 5(b) and (d), the melt pool is relatively wide and deep with the 
increased laser power. The wider melt pool wets well with the powder 
and solidified tracks and leads to a flat top surface. Since the hatching 
space is 100 μm, part of the melt pool (width higher than 200 μm) will be 
remelted by the next track, further smoothing the top surface. On the 
other hand, the Marangoni force due to surface tension gradient can 
affect the flow direction in the melt pool, thus, the melt pool size. For 
316 L stainless steel, when the sulfur level is lower than 75 ppm and the 
oxygen level remains lower than 570 ppm [48,49], the surface tension 
coefficient is a negative value, which means that the Marangoni flow is 
centrifugal outwards. In this study, the sulfur and oxygen compositions 
in the powder are relatively low (Table 1) at 50 ppm and 300 ppm, and 
the oxygen level in the chamber is lower than 100 ppm during the 
printing. This suggests that the Marangoni flow tends to widen the melt 
pool. With higher energy density, the high thermal gradient leads to a 
more robust centrifugal Marangoni flow, further assisting in flatting the 
top surface. In addition, a larger melt pool volume requires a longer 
cooling time, and gravity also helps reduce the curvature at the top 
surface [50]. 

Fig. 6 shows the top surface roughness Sa versus the laser power 
under different energy densities. In the high energy density group (5 J/ 
mm2), the top surface roughness decreases with the power and speed 
increase. However, in the low energy density group (2 J/mm2), It be-
haves differently, showing a tendency to increase with increasing the 
laser power. With the intermediate energy group (3 J/mm2), the surface 
roughness lies between the other two groups. 

It has been reported that the roughness on the top surfaces is highly 
correlated to the melt pool size and the melt pool instability [51,52]. 
Under the low energy density condition of 2 J/mm2, the melt tracks tend 
to be discontinuous due to insufficient wetting under small melt pool 
sizes. The melt pool becomes unstable with increasing speed. As 
measured in Fig. 7(a) and (b), the tail angle (by linking the end point of 
the melt pool to the widest two points of the melt pool) in ED2_P80 is 
approximately 60o, which is higher than ~45o in ED2_P800. This means 
that the melt pool length to width ratio increases with the increasing 
scanning speed, which further promotes the tendency for the melt pool 
to gather as discontinuous tracks, known as the Raleigh instability, 
commonly leading to balling [51]. These factors explain why the top 
surface roughness increases with the power/speed increases at energy 
density = 2 J/mm2 conditions. While under high energy density condi-
tion of 5 J/mm2, seen in Fig. 7(c) and (d), once the laser power (speed) 
increases, the melt pool size becomes more prominent with significant 
overlapping with the previous track, reducing the top surface roughness. 

Fig. 3. Measurement of melt pool size from sample ED5_P800 (800 W 1600 mm/s): (a) depth and width from the cross-sectional view, and (b) half width from the 
top-down view. 
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Meanwhile, with increased cooling time, Marangoni flow and gravity 
work against the surface tension to flatten the top surface. This explains 
the top Sa decreases with increasing the laser power and speed under 

high energy density conditions. Based on the current datasets and the 
analysis, it suggests that the L-PBF processing parameters of an energy 
density of minimal 5 J/mm2 with laser power over 260 W can result in 

Fig. 4. Melt pool width and depth measured from the printed cubic samples.  

Fig. 5. Surface characteristics: (a) & (b) cross-section view for melt pool morphology, and (c) & (d) top-down view of top surfaces. (a) and (c) ED2_P260 (260 W 
1300 mm/s), (b) and (d) ED5_P800 (800 W 1600 mm/s). 
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better top surface quality (e.g., Sa < 15 μm). Note that the upper bound 
of the energy density is not explored here due to the potential of key-
holing. In addition, the increase in the speed may increase the melt pool 
instability, although the melt pool width is also enlarged. Overall, the 
laser power of 800 W and speed of 1600 mm/s yields the best top surface 

quality in this study. 

3.2. Melt pool morphology and surface roughness at the vertical surfaces 

Fig. 8 shows the relationship between the Sa of vertical surfaces and 

Fig. 6. Sa values for top surfaces.  

Fig. 7. Optical micrographs for top surfaces: (a) ED2_P80 (80 W 400 mm/s), Sa = 14.30 μm, (b) ED5_ 80 (80 W 160 mm/s), Sa = 27.93 μm, (c) ED2_P800 (800 W 
4000 mm/s), Sa = 15.63 μm, and (d) ED5_800 (800 W 1600 mm/s), Sa = 11.74 μm. 
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laser power under different energy densities. Under the same energy 
density, the higher the laser power and speed, the coarser the roughness 
of vertical surfaces. Meanwhile, the higher the energy density (which 
also means lower speed) under the same laser power, the rougher the 
vertical surface. This suggests that the high energy density parameters 
lead to rough vertical surfaces, and the low energy density parameters 
result in better vertical surface finishing. The similarity was found in the 
trends shown in Fig. 4 and Fig. 8, both vertical surface Sa and melt pool 
dimensions increase with energy density or power/speed increase under 
the same energy density. Thus, the relationship between melt pool di-
mensions and vertical surface roughness is chosen in this study to discuss 
the mechanisms that drive the roughness on vertical surfaces. 

Fig. 9 plots the melt pool width and depth against the vertical surface 
roughness, respectively. It illustrates that the roughness is positively 
correlated to the melt pool width or depth: the larger the melt pool size 
(no matter the width or the depth), the coarser the vertical surface 
roughness. To examine the factors that drive the surface roughness, two 
conditions under each energy density group were selected to show the 
detailed characteristics of the vertical surfaces: ED2_P80 and ED2_P260 
from the 2 J/mm2 group, ED3_P440 and ED3_P620 from the 3 J/mm2 

group and ED5_P620 and ED5_P800 from the ED 5 J/mm2. The condi-
tions are also marked in Fig. 9. 

The topography of vertical surfaces and etched sectional images at 
the vertical surfaces are acquired for chosen samples. Fig. 10 shows the 
contour plot for Z heights of the vertical surfaces. Similar features can be 
identified in each group. At the energy density of 2 J/mm2 group, the 
average surface roughness for all samples is 16.44 μm, including 11.31 
μm for ED2_P80 and 9.83 μm for ED2_P260. From Fig. 10(a) and (d), the 
distance between the highest point and lowest point in one peak (Za) is 
<160 μm and 107 μm, respectively. Besides one outstanding melt track 
shown in Fig. 10(d), the vertical surface is dominated by the clean so-
lidified tracks and attached particles, similarly reported in [53]. At the 
energy density of 5 J/mm2 group, the vertical surface roughness Sa has a 
mean value of 33.54 μm with a value of 37.98 μm for ED5_P620 and 
43.24 μm for ED5_P800. Large semi-spheres are observed in Fig. 10(c) 
and (f). Their sizes are approximately 80–120 μm, much larger than the 
powder size (15–45 μm). Although the attached particles still exist, these 
semi-spheres dominate the surface roughness and make the Za in the 
high energy density group higher than 300 μm. At the energy density of 
3 J/mm2 group, from Fig. 10(b) and (e), a mixture of melt tracks, 
attached particles, and relatively small-sized semi-spheres are observed, 
resulting in average surface roughness of 25.75 μm for this group, 
including 26.35 μm for ED3_P440 and 31.18 μm for ED3_P620. The 
distinguishing features between the low and high energy density groups 
indicate that the dominant features of surfaces are transitioning from 
smooth melt tracks and attached powder particles to large-sized semi- 
spheres with increasing energy density. Based on the observations from 
Figs. 9 and 10, it suggests that low vertical surface roughness (e.g., Sa <
15 μm) can be achieved by adapting lower energy density (e.g., 2 J/ 
mm2) with relatively low laser power (e.g. 440 W in this study). Note 
that the selection of the process conditions has the precondition that the 
laser power can sufficiently melt the powder to allow solid binding be-
tween layers. As reducing the laser power and speed, the vertical sur-
faces may exhibit gaps between melt pool tracks, leading to worse 
surface roughness. In this study, the laser power of 80 W and speed of 
160 mm/s yield the best surface roughness. 

Characterizations are performed on representative samples to 
examine the causes behind the dominant features from each group, 
namely, ED2_P260, ED3_P620, and ED5_P800, which have a low Sa 
value of 9.83 μm, a median value of 31.18 μm, and a high value of 43.24 
μm, respectively. Fig. 11 shows the images with high magnification of 
the vertical surfaces and the cross sections after the etching observed 
with SEM and optical microscope, respectively. Note that these samples 
are also shown in the second row of Fig. 10. Fig. 11(a) indicates mostly 
smooth solidified tracks with sparely distributed partially remelted 
particles under the low laser energy density. The melt tracks on the 
vertical surface maintained well-defined shapes under the surface 

Fig. 8. Sa values for vertical surfaces.  

Fig. 9. Sa values for vertical surfaces: (a) against the melt pool width; and (b) against the melt pool depth.  
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tension, making the melt track smooth and clean. This further confirms 
that the solidified tracks and attached particles dominate the surface 
roughness at low energy density. 

While in the case of ED5_P800 (Fig. 11(c) and Fig. 10(f)), large 
“droplets” stand out on the vertical surface in the cross-sectional view. 
They are well connected with the bulk. Note that those “droplets” are the 
semi-spheres seen in Fig. 10(f) and Fig. 11(c). Empty zones are also 
consistently observed around the large-sized semi-spheres. At the energy 
density group of 3 J/mm2, shown in Fig. 11(b) and Fig. 10(e), for 
ED3_P620, some melt tracks are visible. Smaller-sized semi-spheres and 
partially remelted particles can be seen on the vertical surface, showing 
mixed features from the low and high energy density groups. 

Representative regions on the vertical surfaces are further investi-
gated with SEM for their microstructures. Fig. 12 shows the micrographs 
near the vertical surface for the case of ED2_P260. Under the relatively 
low magnification (Fig. 12(a)), a few particles are attached to the sur-
face, and most of the regions are made of smooth melt tracks. Under the 
high magnification, cellular structures are observed, as shown in Fig. 12 
(c) (in the bulk region) and Fig. 12(d) (close to the boundary), which 
exhibit similar primary dendritic arm spacing (PDAS). This suggests that 
the materials in bulk and close to the surface experienced similar cooling 
conditions. Fig. 12(b) shows the microstructure of an attached particle. 
The size and shape of the particle and the interface at the connecting 
area suggest that it is an attached powder. The cellular structure size in 

the powder is relatively larger than that in the bulk material, which is 
due to the gas atomization manufacturing process yielding a lower 
cooling rate than that in the L-PBF process [54]. 

Fig. 13 shows the microstructures of the case ED5_800 in the high 
energy density group. The large-sized droplet feature and its surround-
ing region are shown in Fig. 13(a). A similar feature has been observed 
on downfacing surfaces, which is defined as a “dross” [41]. Here a 
similar definition for those large-sized droplets was used in this study. 
Two distinguished regions of microstructures are observed between the 
bulk materials and the dross. The zoom-in areas are shown in Fig. 13(c) 
and (d). It is clearly demonstrated that larger sub-grains (cellular 
structures) are observed in the dross, indicating that it experiences a 
slower solidification environment during its formation process than the 
bulk material. The microstructures are inhomogeneous in the dross, as 
shown in Fig. 13(b) and Fig. 11(c). At the location close to the bulk 
material, the subgrains have a similar size to the bulk. The cellular size 
increases in the center of the dross and decreases again on the surface. 
Previous studies show that spatters, which have a larger subgrain size, 
can be a primary factor in surface roughness [55–57]. Meanwhile, a 
clear interface is expected between spatter and bulk material with 
distinguished microstructures without any transition. Therefore, a 
different forming mechanism is required to explain the dross formation 
on vertical surfaces. 

Fig. 10. Surface topography on vertical surfaces: (a) ED2_P80 (80 W 400 mm/s), (b) ED3_440 (440 W 1467 mm/s), (c) ED5_620 (620 W 1240 mm/s), (d) ED2_260 
(260 W 1300 mm/s), (e) ED3_620 (620 W 2067 mm/s), and (f) ED5_800 (800 W 1600 mm/s). 

Fig. 11. Representative surface morphology by SEM on vertical surface and cross section view via optical microscopy under different process conditions. (a) 
ED2_P260 (260 W 1300 mm/s), (b) ED3_P620 (620 W 2067 mm/s), and (c) ED5_P800 (800 W 4000 mm/s). 
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Fig. 12. Micrographs of the vertical surface for ED2_P260 (260 W 1300 mm/s) via SEM: (a) a selected representative region at the vertical surface. (b) zoom-in image 
for the attached particle. (c) microstructure in bulk materials, and (d) microstructure near the melt pool boundary. 

Fig. 13. Micrographs for the vertical surface for ED5_800 (800 W 1600 mm/s) by SEM: (a) dross on the vertical surface, (b) microstructure in the dross, (c) 
microstructure in the transition region between the dross and the bulk material, and (d) microstructure at the center of the dross. 
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3.3. Dross formation on the vertical surfaces 

The dross formation has been exclusively reported only on down-
facing surfaces. It typically evolves from a single melt pool track since 
the loose powder cannot support the melt pool. The extension of the melt 
pool forms dross. In addition, powders with low thermal conductivity 
promote melt pool expansion, further facilitating the dross formation 
[24,40,41]. However, dross formation on the vertical surface has not 
been reported and explained in the literature. The mechanisms of dross 
formation on the downfacing surface cannot directly explain the ob-
servations on vertical surfaces since the bottom of the melt pool does not 
directly face the powder. Based on the observations in Fig. 11 and 
Fig. 13, a mechanism grounded on a multi-layer melt pool instability is 
proposed here to explain the formation of dross on vertical surfaces, 
which is illustrated in Fig. 14. 

When a laser scans a bulk region, the cross-section of a melt pool 
tends to have a symmetrical shape due to the homogenous heat transfer 
conditions (Fig. 14(a)). At the bulk-powder boundary, since the loose 
powders have much lower effective thermal conductivity [58], heat 
energy can accumulate at the powder side, leading to an asymmetry melt 
pool shape where the melt pool becomes deeper and larger towards the 
powder boundary (Fig. 14(b)). The surface tension has an inward 
cohesive force [59] in the melt pool. Therefore, under high energy 
density conditions, the conjunct powders can be drawn into the melt 
pool, making the powder around the melt pool less packed and creating 
a denudation zone between the melt pool track and the powder domain 
[60]. As the solidification process continues, the melt pool can shrink as 
temperature decreases, and the surface tension continues to work in-
ward. As the melt pool absorbs powder and shrinks, the denudation zone 
exists aside from the vertical wall and partially under the melt track 
boundaries (Fig. 14(c)). As the printing process continues, the recoating 
process can bring new powder that may partially fill the denudation 
zone close to the side of the melt pool track, and the region below the 
melt track would remain empty. As the remelting continues, repeating 
the phenomena in Fig. 14(b), the large and deeper melt pools continue to 
expand to the powder region with the denudation zone keeps growing, 

shown in Fig. 14(c), which creates a scenario similar to a downfacing 
surface with an overhang staircase. After a few layers, as the vertical 
wall keeps pushing towards the powder with potentially a large denu-
dation zone underneath the melt pool, the combination of the gravity 
(shown as G is Fig. 14(d)) and the recoil pressure due to vaporization of 
metal under high energy density (shown as P is Fig. 14(d)), working with 
the Marangoni force (shown as M in Fig. 14(d)) and surface tension 
(shown as δ in Fig. 14(d)), drive the outward melt pool instability and 
potentially form a droplet from the melt pool into the denudation zone 
and powder, shown as Fig. 14(e). As the melt pool extends into the 
powder, the high-temperature liquid could keep melting powders and 
growing larger. Since the additional materials absorb the heat to finish 
the phase transition as well as conduct away, the melt pool temperature 
decreases. The surface tension and viscosity are higher in a low- 
temperature environment, preventing the melt pool from further infil-
tration. Under the surface tension and gravity, spherical-shaped dross 
eventually forms without much support from powders, shown as a 
similar shape as observed in the experiment in Figs. 11 and 13. The 
shrinkage of the dross decreases the connecting area between the melt 
pool and powder, creating an isolated solidification environment for the 
dross on the powder side, as shown in Fig. 14(e). Since the dross is 
developed from the melt pool, the connected region would have a 
similar microstructure as the bulk in the melt pool. On the other hand, as 
the portion that is close to the powder experiences a lower cooling rate, a 
coarser microstructure is expected. 

The primary dendrite arm spacing (PDAS) was measured based on 
the mean linear intercept method by ASTM E112 for the representative 
processing parameters. The PDAS measurements reflect the cooling 
condition the samples experienced: the larger the PDAS, the slower the 
cooling rate. As shown in Fig. 15, the case with higher energy density 
has larger PDAS in bulk, which is consistent with the cooling rate esti-
mation under different laser power and speed using Rosenthal analytical 
solutions [61,62]. For ED5_P800, the PDAS has also measured at the 
connection region of dross and bulk, and the area inside the dross. The 
mean value of PDAS in the dross is 2.48 times larger than that in bulk 
with significant variation, implying that the cooling rate in the dross is 

Fig. 14. Schematic of the dross formation on the vertical surface: (a) ideal melt pool shape in the bulk domain, (b) melt pool shape at the boundary, (c) the formation 
of denudation after multiple layers, (d) the force at the boundary of the melt pool, (e) the melt pool evolution, (f) dross formation. 
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much lower than the bulk material. While at the connection region be-
tween the dross and bulk material, the PDAS is rather similar, with 
slightly higher values. This suggests that the dross is developed from the 
melt tracks, experiencing similar cooling conditions as bulk. This indi-
rectly confirms the proposed isolated thermal environment during the 
dross formation. 

Since the dross significantly increases the roughness on vertical 
surfaces, preventing its formation is one of the effective means to 
improve the surface roughness. Based on the forming conditions and the 
mechanisms, the following methods can be proposed to deal with the 
dross on vertical surfaces: 1) apply low energy density for contour pa-
rameters: when the infill parameters are with high energy density, dross 
formation can be expected at the outmost region. Therefore, the low 
energy density contour parameters can melt and eliminate the dross 
evolved from the infill scans and improve the surface roughness. This 
has been a practice for contour parameters [38]. However, if the contour 
energy density is too low with insufficient melts, the lack of fusion may 
occur between the contour and bulk, and more partially remelted par-
ticles will appear; 2) increase the distance between contour and infill 
scans if high contour energy density parameters are required: This 
efficiently reduces the heat transfer from the contour to the bulk ma-
terial, which prevents the asymmetric melt pool shape and stabilizes the 
melt pool, further decreases dross formation. However, if the distance 
between the contour and infill is set larger than the melt pool size, the 
contour melt track can’t connect with the infill scans, which causes both 
the product dimension inaccuracy and rough surfaces; 3) alternate the 
distance between the contour and infill scans. This would break up the 
continuous expansion of the melt pool under high energy density con-
ditions and prevent dross formation on the vertical surface. 

4. Conclusions 

The effects of energy density on surface roughness, in particular, for 
vertical surfaces, are investigated in this study. While examining the 
melt pool dimensions, surface topography, and microstructures for a 
wide range of process parameters, the correlation between the melt pool 

dynamics and the surface roughness is discussed. A new mechanism for 
dross formation under high energy density conditions on vertical sur-
faces, based on multi-layer melt pool instability, is proposed. The key 
conclusions are summarized as follows:  

1. The top surface roughness increases with increasing power (speed) 
under the low energy density condition (2 J/mm2) due to high melt 
pool instability and poor wetting condition. In contrast, it decreases 
with increasing power (speed) under the high energy density con-
dition (5 J/mm2) due to the larger remelt region, gravity and Mar-
angoni flow. A smooth top surface (Sa < 15 μm) can be achieved by 
applying laser power higher than 260 W with the energy density of 5 
J/mm2.  

2. The vertical surface roughness is positively correlated with the melt 
pool dimensions (width and depth). Both increase with energy den-
sity under identical laser power or speed. Under equal energy den-
sity, they increase with increasing power or speed. In this study, a 
good vertical surface quality (Sa < 15 μm) can be achieved by using 
laser power lower than 440 W with the energy density of 2 J/mm2.  

3. Partially remelted particles and melt tracks dominate the vertical 
surface roughness under the low energy density condition (2 J/mm2). 
The dross dominates in the high energy density condition (5 J/mm2). 
A mixture of these features exists in the intermediate energy density 
condition (3 J/mm2).  

4. The mechanism for dross formation on vertical surfaces is proposed: 
the low thermal conductivity of power and the existence of the 
denudation zone promote the melt pool extension towards the 
powder region. An empty zone can be formed by the denudation 
effect, and the Marangoni force, recoil pressure, and gravity work 
against the surface tension resulting in dross on vertical surfaces. 

Since most of the study on surface roughness in L-PBF is on the top 
and the downfacing surfaces, this study fills the gaps by uncovering the 
factors that dominate the surface roughness on vertical surfaces. By 
revealing the dross formation mechanisms on vertical surfaces, effective 
methods can be further evaluated to control surface roughness. This also 

Fig. 15. Measured PDAS for selective process conditions.  
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provides a means to systematically optimize the L-PBF process param-
eters, not only the infill for bulk materials but also the contours at the 
surfaces. Continuing works have been developing computational models 
further to explain the surface roughness and performing experimental 
studies based on the proposed methods to improve the surface 
roughness. 
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