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ABSTRACT

In Laser Powder Bed Fusion (L-PBF), surface roughness is pivotal for controlling the mechanical and functional
performances, as well as the geometrical accuracy of the final product. This study extensively investigated the
interactions of hatch and contour processing parameters, along with contour offset distance, on vertical surface
roughness for 316L stainless steel in L-PBF. Melt pool morphology and surface arithmetic average roughness (Sa)
were quantified using confocal microscopy, while scanning electron microscopy was employed to interpret the
detailed microstructure of surface features. Under low volumetric energy density (VED) hatch conditions (e.g.,
66.7 J/mm?>), varying the contour offset distance has a negatable effect on the surface roughness when the
contour VED is lower than 121.6 J/mm?®, remaining relatively smooth surfaces dominated by bare melt tracks
with sparely attached partially melted particles. Increasing the hatch or contour VED (e.g., 166.7 J/mm?®), dross
formation, identified by the microstructural differences and explained by the melt pool instability and migration,
is inevitable, which dictates the surface roughness with higher Sa values. The larger contour offset distance
further promotes the dross occurrence with irregularity and increases Sa. Employing a low contour VED with an
appropriate offset distance and adopting the contour-first scan strategy was demonstrated as an effective solution
to reduce the dross formation. Through the analysis of melt pool behavior, surface topography, and micro-
structure, this study elucidates the mechanisms governing dominant surface characteristics under the combined
influence of hatch and contour parameters. It lays the foundation for precise control of surface roughness without
altering hatching parameters, enabling the tailored manipulation of performance in additively manufactured

structures.

1. Introduction

Laser Powder Bed Fusion (L-PBF) presents a distinctive amalgam-
ation of advantages, encompassing high design flexibility, tailored
properties regulation, minimal geometric tolerances, and superior
product integrity [1]. Consequently, it has emerged as a prevalent
manufacturing technique for intricate components across industrial
sectors like biomedical and aerospace [2]. The surface roughness of
L-PBF-produced components not only influences the geometric precision
of the product [3] but also profoundly impacts their functional and
structural performances [4,5]. For instance, in heat exchangers, surface
roughness can modulate the heat transfer efficiency [6,7], whereas in
tubular products, it affects the liquid flow rate and permeability [8].
Surface features impact the sound absorption rate at different broad-
bands for acoustic applications [9]. Due to the favorable crack initiation
sites provided by rough surface features [10], the surface roughness
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exerts discernible effects on specific mechanical attributes, such as fa-
tigue endurance [11]. Although post-processing methods (such as
peening and electric polishing) have been employed to improve surface
quality [12,13], their applications to intricate geometric products, such
as inner small channels with high curvatures, remain ineffective or hard
to control [14,15]. Prioritizing the as-built vertical surface quality in
L-PBF, therefore, is of importance to tailor the desired performances.
Previous studies of vertical or downfacing surface roughness have
mainly focused on the impact of contour processing parameters.
Muhammad et al. [16] employed an artificial neural network (ANN)--
based machine learning model and showed that the contour parameters
mainly controlled the vertical surface roughness instead of the choice of
hatch parameters for a rode geometry with AlSi10Mg. With a focus on
the contour parameters, Buchenau et al. [17] concluded that the
increasing contour speed results in more attached particles on the sur-
face, leading to a coarser vertical surface finish, while the bulk

Received 1 August 2024; Received in revised form 24 August 2024; Accepted 26 August 2024

Available online 28 August 2024

2238-7854/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:langyuan@cec.sc.edu
www.sciencedirect.com/science/journal/22387854
https://www.elsevier.com/locate/jmrt
https://doi.org/10.1016/j.jmrt.2024.08.170

T. Zhang and L. Yuan

properties were not significantly impacted by varying the contour scan
parameter in AlSi7Mg0.6. The related work has been conducted by
Gockel et al. [18] to investigate the effect of contour processing pa-
rameters on vertical surface roughness in alloy 718 pillar samples with
constant hatch parameters and contour offset distance. Their findings
indicated that an increase in scanning speed led to insufficient energy
input with greater melt pool instability and balling, resulting in larger
notches between layers and elevated surface roughness. This observa-
tion contradicted the result from Yang et al. [19] by adjusting the energy
density to modify the surface quality in Hastelloy X samples. With an
increasing contour scan speed and smaller melt pool dimensions,
improved surface roughness was achieved by less attached particles and
melt pool protrusion at down skins. This difference was led by various
melt pool morphology and instability at different energy density levels.
Except for the impact of contour power and speed, Klingaa et al. [20,21]
also demonstrated that the channel surface roughness and its variation
decrease with increasing print orientation angle in straight channels due
to the fewer sintered particles on the surface for 17-4 PH stainless steel
in L-PBF.

Besides studying processing parameters on vertical surface quality,
the surface characteristics and their formation mechanism have been
explored. Partially attached particles have been commonly recognized
as one of the dominant surface roughness [22]. The bare melt pool flow
pattern [23], spatters [24], and dross [25] have also been reported as
other features observed on vertical surfaces. Feng et al. [26] illustrated
that the domination of down skin surface features transmits from the
powder adhesion to the adhesion of powder clusters, severe warp
deformation, and dross formation as the overhang angle increases with
increasing Ra (arithmetic average roughness) values. To elucidate the
dross formation mechanism and its influence on the quality of
downward-facing surfaces, Charles et al. [27,28] suggested that the
loose powder’s low thermal conductivity and inability to conduct heat
away effectively result in a keyhole-like melt pool drilling into the
powder bed, which forms the dross and degrades the down skin surface
quality. It is noteworthy that the phenomenon of dross formation has
been rarely reported in studies focusing on vertical surfaces. This study
further explores the fundamentals of dross formation, including the
variations of dross, mechanisms, and the associated process conditions.

Previous researchers have extensively discussed surface roughness
and surface characteristics of vertical or down surfaces under different
process conditions. However, the interaction between the hatch and
contour parameters has not been investigated. In addition, the dominant
vertical surface characteristics and their formation mechanisms have not
been interpreted for a wide range of processing parameters. This study
has conducted a systematic investigation to discuss the impact of the
hatch and contour parameters and their combinations on the charac-
teristics of vertical surfaces. The contour offset distance, as an essential
parameter connecting contour and hatches, is also designed as an input
under constant hatch and contour conditions. Microstructure analysis
has been exclusively employed to explain the solidification behavior,
dross’s formation mechanism on vertical surfaces, and the differences
between spatters and dross. Established on the observed phenomena,
methods to improve the vertical surface quality are proposed to account
for diverse requirements without changing the hatch processing
parameters.

2. Methodology

Cubic specimens with the dimensions of 10 mm x 10 mm x 10 mm
were fabricated using an Aconity MIDI L-PBF machine to investigate
surface characteristics on the vertical surfaces. Gas-atomized 316L
stainless steel powder, purchased from Carpenter Technology Corpora-
tion, was utilized, featuring a particle size distribution ranging from 15
to 45 pm, with an average particle size of 30 pm. An argon inert gas
environment was maintained in the build chamber to minimize oxida-
tion, ensuring an oxygen level below 100 ppm during the printing
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process. A simple hatch scanning strategy was employed with a 90-de-
gree rotation angle between successive layers with better observation
of melt pool morphologies. Skywriting mode was implemented to
mitigate the effects of laser acceleration and deceleration, thereby
providing a clearer depiction of the melt pool characteristics [19].

Volume energy density (VED) is calculated by VED = s+ to ex-
press the input energy value of the laser, where P is laser power, S is
scanning speed, H is the hatch distance, and Th is the layer thickness.
Throughout the experiments, the hatch distance and laser spot size were
consistently maintained at 100 pm, while the layer thickness remained
fixed at 30 pm. Leveraging insights learned from our prior investigation
under constant contour offset distance, it was established that high VED
(166.7 J/mm?) generally yields a rough vertical surface attributed to
dross formation, whereas low VED (66.7 J/mm3) results in a smooth
vertical surface primarily characterized by bare melt tracks and
adherent particles. Consequently, the processing parameters selected for
this study were as follows: 260 W, 1300 mm/s (VED of 66.7 J/mm?),
which corresponds to the lowest vertical surface Sa value (11.31 pm)
with minimal defect occurrence (less than 2% porosity); and 800 W,
1600 mm/s (VED of 166.7 J/mm3), which exhibits the highest vertical
surface Sa value (43.24 pm) [25]. In addition to these two conditions, an
intermediate VED condition was added by averaging power and speed
parameters, resulting in a combination of 530 W and 1450 mm/s (VED
of 121.6 J/mm?®). These three combinations of laser power and speed
facilitated the fabrication of nine orthometric hatch parameters and
contour parameters to systematically investigate the individual impacts
of hatch and contour process parameters, as illustrated in Fig. 1 (a). All
nine samples were produced with a constant contour offset distance of
100 pm.

Besides the hatch and contour processing parameters, the contour
offset distance was further designed as part of the experiments on ver-
tical surface quality. Commercial software, Autodesk Netfabb, was uti-
lized for generating scan path files. Hatch scans were generated first,
followed by contour scans where outer offset distances ranged from 0 to
200 pm, with a 25 pm gap beyond the geometry boundary. In this set,
the contour and hatch scans utilized identical processing parameters as
previously chosen, namely 260 W (1300 mm/s), 530 W (1450 mm/s),
and 800 W (1600 mm/s). The explored conditions are depicted in Fig. 1
(b). Fig. 2 Ilustrates contours with outer offset distances of 100 pm, 150
pm, and 200 pm. For all experimental conditions, contour scans were
conducted following hatch scans. Each condition was printed three
times to verify the repeatability and reliability of the results.

The samples are labeled using the convention HP*_CP* D* to
represent the process parameters for ease of reference. For example,
HP260_CP800_D100 presents the hatch power of 260 W (with a speed of
1300 mm/s), the contour power of 800 W (with a speed of 1600 mm/s),
and the contour offset distance of 100 pm.

The surface topography of samples was captured by Keyence VHX-
5000 digital microscopy, where the height value for each location
Z(x,y) was acquired. Sa, the arithmetical mean height of the surface, is
employed to quantify the surface roughness, which is calculated by: S, =
L/ 4\Z(x, y)|dxdy, where A represents the area. For each sample, the
surface topography images were taken at all four vertical surfaces, and
an average of Sa was taken to minimize the error from measurements.

The samples underwent a series of preparation steps, including cut-
ting, grinding, polishing, and etching, to assess the morphologies of melt
pools and solidification microstructures at the surface boundary. The
cutting plane was oriented perpendicular to the laser scanning direction
of the top layer. The samples were etched with the aqua regia for 15 s.
Melt pool morphologies were imaged using digital microscopy, with
measurements of melt pool width and depth conducted five times to
establish average values. Zeiss GeminiSEM 500 Scanning Electron Mi-
croscopy (SEM) was employed to characterize the microstructure,
including subgrains, to explain the forming mechanisms of the surface
features. The primary dendrite arm spacing (PDAS), indicative of
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Fig. 1. Experimental conditions: (a) varying contour and hatch power and speed, (b) varying contour offset distance.

200 pm outer offset contour

150 pm outer offset contour
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Geometrical boundary

Fig. 2. Illustration of contour scans with different offset distances.

cellular subgrain microstructure, was measured using the mean linear
intercept method outlined in ASTM E112 for representative samples,
providing insights into solidification conditions [29].

3. Result and discussion
3.1. Melt pool morphology

The melt pool morphology serves as an indicator of melt pool
instability during the printing process, with direct implications for sur-
face characteristics. Fig. 3 illustrates the melt pool on the top surface of
samples under various processing parameters, with the build direction
(BD) marked for clarity. Table 1 presents the melt pool dimensions for
each condition. Melt pool shape transitions from a cross-sectional ellipse
shape at HP260_CP260_ D100 to a half-ellipse shape at
HP800_CP800_D100. The dimensions of the melt pool and the melt pool
width-to-depth ratio increase with the elevated VED, as detailed in
Table 1. These ratios range from 1.72 to 2.42, suggesting that melt pool
fabrication predominantly occurred under the conduction mode of
melting [30].

The changes in melt pool shape can be attributed to several factors,
including improved wetting conditions, extended solidification time at
higher melt liquid temperatures, and intensified Marangoni flow under
high VED conditions [31]. As shown in Fig. 3, with increasing VED, a
larger melt pool facilitates a larger connection region with previously

200 pm

HP800_CP800_D100 BD

Fig. 3. The melt pool morphology under different process conditions: (a)
HP260_CP260_D100, (b) HP530_CP530_D100, (c) HP800_CP800_D100.

Table 1
Melt pool dimension and width-to-depth ratio at different conditions.

Sample Melt pool width Melt pool depth ~ Width-to-depth
ratio
HP260_CP260_D100  85.3 + 5.9 ym 49.6 + 4.2 pym 1.72
HP530_CP530_D100 158.7 4+ 10.3 pm 66.99 + 8.8 ym 2.36
HP800_CP800_.D100  221.78 + 25.4 91.39 +12.6 2.42
pm pm

solidified melt tracks while reducing the contact angle of the liquid. The
elevated melt pool temperature and elongated solidification time reduce
liquid viscosity and provide sufficient time for gravity to flatten melt
pool protrusions. Furthermore, the Marangoni force, arising from sur-
face tension gradients, plays a critical role in driving fluid flow and
consequently influencing the morphology of the melt pool [32,33]. For
316L stainless steel, the surface tension coefficient is negative when
sulfur levels are at 75 ppm and oxygen levels are below 570 ppm [34,
35], indicating a centrifugal outward direction of Marangoni flow. With
the increased VED input, a more pronounced Marangoni flow acceler-
ates fluid motion, expanding its width and resulting in a shallower,
wider melt pool, as depicted in Fig. 3 (c).
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3.2. Characteristics of vertical surfaces

To provide a comprehensive understanding of vertical surface
characteristics, the top-down topographies and cross-sectional melt pool
morphologies of the selected samples are shown in Fig. 4. Note that the
scale of the color bar is different to better illustrate the features on the
surfaces. At HP260_CP260_D100 condition (Fig. 4 (al) and (a2)), bare
melt tracks and unmelted powders are observed on vertical surfaces with
a low Sa value of 15.02 pm. On the other hand, at HP800_CP800_D100
condition, melt pools exhibit a downward trend, coalescing into a cross-
sectional ellipse shape, contributing to a rough vertical surface (Sa of
30.97 pum), as shown in Fig. 4 (c2). This feature, also evident in Fig. 4
(c1), is recognized as dross [27,28]. At HP530_CP530_D100 condition
(Fig. 4 (b1) and (b2)), dross is accompanied by bare melt tracks with
attached powders, presenting mixed features of 260 W and 800 W
conditions. These observations align with the prior research [25],
indicating that at low VED conditions, bare melt tracks and attached
unmelted powder predominate vertical surface roughness, while
large-sized dross dominates it at high VED conditions.

3.2.1. Dross formation

The formation of dross at the vertical surfaces between the bulk
material and powder has been recognized as a multilayer process, pri-
marily driven by the migration of large melt pools [25]. In contact with
the vertical surfaces, the lower effective thermal conductivity of the
loose powder, compared to the solidified bulk material, leads to
diminished heat transfer within the powders [36]. This disparity gives
rise to the formation of an asymmetric melt pool, which expands pref-
erentially towards the powder area. A denudation zone also emerges
near the vertical surface, driven by either the absorption of adjacent
powder particles into the melt pool due to oscillatory motion or by their
expulsion via gas expansion [37,38]. As the denudated powder base
offers even lower thermal conductivity and less physical support to the
melt pool, the asymmetric melt pool elongates and migrates from its
original position into the powder region under the influence of recoil
pressure and gravity. Ultimately, due to surface tension, the melt pool
solidifies into a spherical shape, forming dross on the vertical surfaces.

The observed downward melt pool shape in Fig. 4 (c2) aligns with

o o

HP260_CP260_D100

Sa 15.02 ym Sa 26.03 pm

Fig. 4. Surface topography of the vertical surface and melt pool morphology of cross-sectional view under different process conditions.

HP530_CP530_D100, (c) HP800_CP800_D100.

'HP530_CP530_D100
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the mechanism for dross formation. The microstructural variation
within the dross provides additional evidence supporting this mecha-
nism. Fig. 5 illustrates a typical dross and the microstructure at various
locations within the dross. The PDAS serves as an indicator of the
cooling rate, with elevated cooling rates resulting in smaller PDAS [39].
Near the bulk region, epitaxial growth maintains a mean PDAS of 0.61
pm, as shown in Fig. 5 (b). Conversely, a significantly larger cellular size
of 1.73 pm was observed near the vertical surface. This heterogeneous
microstructure suggests different solidification conditions as the melt
pool migrates: In the connection region, epitaxial growth and a small
PDAS imply the existing contact with bulk before solidification. Near the
vertical surface, the larger PDAS implies an isolated thermal environ-
ment provided by the loose powder base and denudation zone. It’s worth
noting the presence of attached unmelted powder at the bottom right
corner of Fig. 5 (a). The homogeneous microstructure within the
attached powder suggests it remained unmelted and was attached to the
melt pool.

3.2.2. Spatter on the vertical surface

In addition to dross formation, the presence of spatter on the vertical
surface may also influence surface quality. Spatter, resulting from the
ejection of melt pool liquid, has been reported to impact surface
roughness [40,41]. Although spatter and dross may share similar
topography on vertical surface roughness, their formation mechanisms
and microstructures differ. Fig. 6 illustrates the microstructure of a
sectional view for both spatter and dross. As shown in Fig. 6 (b), sub-
grains are more uniformly distributed in the spatter due to the simul-
taneous solidification environment, and a distinct boundary line can be
observed between the spatter and the bulk material [41]. In contrast, the
subgrains in dross increase the feature size from the bulk region to the
vertical surface region, as depicted in Fig. 6 (c). Comparatively, the
average size of the subgrains in the spatter is measured at 2.84 pm
compared to a maximum of 1.46 pm in dross, indicating a slower cooling
rate in the spatter. The differences can be attributed to the dross being
connected with the bulk region, facilitating faster heat conduction than
convection through the environment surrounding the spatter.

Both the dross and spatter impact the vertical surface quality under
high VED conditions, and distinguishing them in topography images can

HP800_CP800_D100
Sa 30.97 ym

(a) HP260_CP260_D100, (b)
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Fig. 5. Subgrain microstructure of dross at vertical surface: (a) overview of dross, (b) microstructure at the dross-bulk connection region, and (¢) microstructure at

the outer surface region.

(a)

100 um

HP800_CP800_D200

Fig. 6. Differences in dross and spatter. (a) Optical image showing both dross and spatter, (b) homogeneous distribution of microstructure in a spatter, and (c)

inhomogeneous microstructure in dross.

pose a challenge. Nevertheless, the likelihood of spatter landing on the
vertical surface is extremely low due to the particular location of the
outer surface, leading to a rare occurrence of spatter on the vertical
surface.

3.3. Surface roughness under different hatch and contour combinations

Fig. 7 illustrates the variation in Sa of vertical surfaces under the
combinations of hatch and contour parameters, corresponding to the
conditions listed in Fig. 1 (a). When the hatch parameter is at a high VED
of 166.7 J/mm? (800 W and 1600 mm/s), the adjustments in contour
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scan parameters exhibit minimal influence on the vertical surface Sa.
The measurements yield rough surfaces, around 30 pm, for all the
contour conditions. However, with reduced VEDs at 66.7 J/mm® and
121.6 J/mm® (260 W, 1300 mm/s and 530 W, 1450 mm/s) of the
hatching parameters, an increase in contour VED correlates with
elevated surface roughness. When identical contour parameters are
applied, higher VEDs of the hatch parameters result in larger Sa values.
Such observations suggest hatch parameters also play an essential role in
vertical surface quality, differing from the conclusions made by previous
studies [16,17].

To comprehensively understand the influence of hatch and contour
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Fig. 7. Sa of vertical surfaces under different combinations of hatch and con-
tour process conditions.

parameters on vertical surface features and roughness, top-down to-
pographies (Fig. 8) and cross-sectional melt pool morphologies (Fig. 9)
are obtained. With hatch VED of 66.7 J/mm? (Fig. 8(a)-(d) and Fig. 9
(a)-(d)), an increase in contour VED (from 66.7 J/mm?® to 166.7 J/mm3)
promotes the domination of surface features transition from bare melt
tracks to dross formation, consequently deteriorating surface quality (Sa
increases from 15.02 pm to 28.66 pm). In Fig. 8 (d), under the
HP260_CP800_D100 condition, attached particles on the dross are not
observed, and the discernible wave ripple near the boundary indicates
sustained material flow during its formation stage. This phenomenon is
also reflected in Fig. 9 (d), where the cross-sectional dross exhibits a
cohesive integration with the bulk region, devoid of any adhered par-
ticles. Under hatch VED of 166.7 J/mm?, as shown in Fig. 8(c)-(f) and
Fig. 9(c)-(f), dross at top-down topographies and the downward melt
pool shapes in the cross-sectional view are observed under all condi-
tions. In Fig. 8 (¢), at HP800_CP260_D100 condition, the dross exhibits
non-uniformity and rough surface texture, featuring attached particles,
indicating that the dross formation primarily stems from hatch scans and
subsequently undergoes remelting during the contour scan. This phe-
nomenon can possibly be explained by the interaction between contour
and high VED hatch scans under the persistence of a wide denudation
zone on the vertical surface. During subsequent contour scans, the melt
track encounters a combination of irregularities from the previous track,
unevenly distributed powder, and the denudation zone. This combina-
tion exacerbates the instability of the contour melt track, hindering the
smoothing of vertical surfaces. Subsequent contour scans, therefore, are
ineffective in eliminating surface irregularities originating from the
hatch scans.

The variations in dross morphologies can be observed under different
contours and hatch VEDs. A smoother and spherical-shaped dross exists
at low hatch but high contour VED conditions. As marked in Fig. 9 (d),
the HP260_CP800_D100 sample presents a large contour melt track
(approximately 200 pm width), and the cross-sectional melt pool shape
maintains high curvature. Due to the limited denudation zone and tight
connection between the contour melt track and the bulk region, surface
tension gathers the dross (migrated melt pool) into a spherical shape. A
similar spherical dross was also observed in Fig. 8 (b). On the other
hand, an irregular dross correlated with a slender downward melt pool is
observed at 166.7 J/mm°® hatch conditions (HP800_CP800 D100 sam-
ple), as shown in Figs. 8 (c¢) and 9 (c). Since the contour scans face un-
even powder distribution, they remain high melt pool instability with
reduced wetting at high VED hatch conditions, resulting in an irregular
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shape.

The Sa values of the vertical surface with the hatch VED of 121.6 J/
mm? are located between the 66.7 and 166.7 J/mm? groups in Fig. 7. As
an example, the two conditions, HP530_CP260_D100 (Figs. 8(b) and 9
(b)) and HP530_CP800_D100 (Figs. 8(e) and 9(e)) demonstrated a
combination of characteristics of 260 and 800 W hatch conditions,
combining the dross and attached particles. The Sa values maintain an
intermediate value of 20.67 pm and 30.12 pm, respectively.

3.4. Vertical surface Sa with contour offset distance

As the contour scans with low VEDs have shown limited impact on
altering the surface roughness initiated from hatch scans with high
VEDs, varying the offset distance between hatch and contour scans is
exclusively explored here to understand its role on vertical surface
roughness. Fig. 10 shows the Sa of vertical surfaces with contour offset
distances ranging from O pm to 200 pm. Under relatively high VED of
121.6 J/mm?® and 166.7 J/mm®, corresponding to 530 W, 1450 mm/s
and 800 W, 1600 mm/s process conditions, the Sa generally increases
with the contour offset distances. However, Sa maintained a similar
value of around 16 pm when increasing contour offset distances at a low
VED condition of 66.7 J/mm?®. Moreover, consistent with the observa-
tions in Fig. 7, the Sa values are getting larger under the identical con-
tour offset distance when the contour and hatch parameters are with
higher VEDs.

The surface topography and etched sectional view of melt pools are
presented in Figs. 11 and 12 to investigate the progression of Sa values in
Fig. 10. The surface features observed in the topography images align
with those in the sectional views. As shown in Fig. 11(a) and (b) and
Fig. 12(a) and (b), dross dominates the surface under a high VED of
166.7 J/mm?>. For example, under a 75 pm contour offset, the contour
melt tracks traverse the previously migrated hatch scans, leading to a Sa
of 29.06 pm, as marked in Fig. 12 (a). Under a 200 pm contour offset, the
dross protrudes further from the bulk region, resulting in a higher Sa of
38.67 pm (Figs. 11 (b) and 12 (b)). The larger contour offset exacerbates
the separation between the contour melt track and the bulk material,
thereby deteriorating the wetting conditions and increasing the insta-
bility of the melt pool, which further facilitates the formation of dross
and rougher vertical surfaces. Comparable melt pool morphologies and
surface features are observed under the VED 121.6 J/mm? contour and
hatch conditions, where an elevation in Sa is observed with increasing
contour offset distance, as shown in Fig. 11(c) and (d) and Fig. 12(c) and
(d).

At low VED condition of 66.7 J/mm? (Fig. 11(e) and (f) and Fig. 12
(e) and (f)), the predominant features on the vertical surfaces are the
presence of unmelted powder and bare melt tracks, irrelevant to the
offset distances. The relatively small size of the melt pool, which is
contributed to by low energy input, yields limited migration of the melt
pool. The contour track maintains similar wetting conditions and
instability with increased contour offset distance, resulting in similar
vertical surface Sa. As shown in Fig. 12 (d), at the largest contour offset
distance (200 pm) in this study, a gap is observed between the contour
and hatch scans at low VED conditions due to the limited melt pool
dimensions (average melt pool width 85.3 pm). Such a gap does not
appear with the higher VED conditions, as shown in Fig. 12(b) and (c).
Not only are the melt pool dimensions larger (an average width of 158.7
pm at VED of 121.6 J/mm? and an average width of 221.78 ym at VED of
166.7 J/mm®), but the melt pool from the hatches extends more to the
vertical surface, facilitating the gap filling between contour and hatch
tracks.

3.5. Controlling vertical surface roughness
After analyzing the factors affecting vertical surface characteristics,

it is imperative to propose efficient methods to improve or control sur-
face roughness without varying the bulk material properties, primarily
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Fig. 8. Surface topography of vertical surfaces at different hatch and contour parameters.

determined by hatch parameters [17]. As explored in this study, con-
ducting high VED contour scans results in dross formation and uneven
vertical surfaces. A contour scan with low VED (e.g. 66.7 J/mm3) is
necessary to achieve a smooth vertical surface. High VED hatch scans
also lead to dross formation, which cannot be easily remedied by either
applying a low VED contour scan with a constant offset distance or
increasing the contour offset distance while maintaining the VED, as
discussed. Only through applying a low VED contour with a large offset
distance (e.g., 200 pm), the small melt pool fails to achieve optimal
wetting conditions. It cannot address the formation of large dross,
thereby exerting limited influence on vertical surface quality. Such an
example is demonstrated in Fig. 13. With a 200 pm contour offset dis-
tance, the vertical surface Sa of HP800_CP260_D200 shows a similar
value of 30.57 pm with HP800_CP260_D100 (28.66 pm shown in Fig. 8
(¢)). Given that low VED scans result in smaller denudation zones and
improved wettability for subsequent tracks, increasing the number of
low VED contours (e.g., 2 or 3 contours) would progressively mitigate
the adverse impact of hatch scans on vertical surface roughness. How-
ever, excessive contour scans may lead to a large dimensional error in
the final product.

As this study focuses on the post-contour strategy, employing the
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contour-first strategy has shown promising results in improving surface
roughness [42]. It is crucial to apply a proper contour offset distance to
minimize the impact of melt pool migration on the vertical surface from
subsequent hatch scans. Inadequate contour offset distance (e.g., 50 pm
in this study) could result in later hatch scans overwriting the contour
scans due to the melt pool migration, while excessive contour offset
distance can lead to gap occurrence between contour and hatch scans,
thereby compromising the mechanical behavior of the final product, as
depicted in Fig. 12 (f). An example of the contour-first strategy in
smoothing the vertical surface was conducted, specifically denoted as
HP800_CP260_D200_contourfirst, as shown in Fig. 14. Coordinated with
low VED (66.7 J/mm>) contour scans at 260 W and 1300 mm/s, an
improved vertical surface with a Sa value of 21.62 pm was achieved,
which is comparably lower than the 28.66 pm observed in the
HP800_CP260_ D100 (Fig. 8 (c)) and the 30.57 pm in
HP800_CP260_D200 (Fig. 13). Fig. 14 (a) shows that the contour scans
are tightly connected to the bulk region without any prominent dross
formation, while some attached powders are visible. Compared with the
contour scans facing only one side of the powder in the post-contour
strategy, the melt track faces both sides with powder at the
contour-first scans, which increases the laser absorptivity and melt pool
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Fig. 9. Melt pool morphology on vertical surfaces.

dimensions but also results in a symmetric melt pool [42]. The appro-
priate contour offset distance prevents the overwriting from the high
VED hatches migration, thereby inhibiting the formation of prominent
dross. Although attached powders and some dross are still present on the
vertical surface in Fig. 14 (b), the height of the dross has been signifi-
cantly reduced from approximately 200 pm observed in
HP800_CP260_D100 and HP800_CP260_D200 (as shown in Figs. 8 (c)
and Fig. 13) to around 100 pm.

4. Conclusions

The interactions of contour and hatch parameters, as well as contour
offset distance, on vertical surface quality, are thoroughly investigated
in this study. The formation mechanisms of various surface features,
including dross, spatter, bare melt tracks, and attached powder, under
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different VED conditions, are analyzed through the melt pool
morphology and microstructures. Based on the driving mechanisms for
surface characteristics, methods for suppressing dross formation and
controlling vertical surface quality are proposed.

Both the hatch and contour scans impact the vertical surface
roughness. Under low VED hatch and contour conditions, the smooth
vertical surfaces, quantified by low Sa values, are achieved with the
domination of attached particles and bare melt tracks. With a higher
contour VED, the larger melt pool results in the tendency of melt pool
migration at the vertical surface boundary region, leading to dross for-
mation and higher vertical surface roughness. With the higher hatch
VED, the severer hatch melt pool migration and larger denudation left
from hatch scans elevate the instability of subsequent contour tracks,
consequently forming the irregular-shaped dross and rougher vertical
surface.
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The contour offset distance shows different impacts on vertical sur-
face roughness under different contour and hatch VEDs. Under hatch
and contour parameters with low VED (e.g., 66.7 J/mm?3), the restricted
melt pool migration and small melt pool size yield a smooth vertical
surface, irrespective of the contour offset distance. However, at higher
hatch and contour VED values (exceeding 121.6 J/mm?3), increasing the
contour offset distance increases instability in the contour melt track and
results in a rougher vertical surface. The Sa under higher hatch and
contour VEDs consistently exceeds that at low VEDs, regardless of con-
tour offset distance.

Overall, hatch and contour parameters with low VEDs are typically
preferred to achieve a smooth vertical surface. Any dross generated by
high VED hatch scans poses challenges for subsequent contour scans to
remove. When hatch parameters with high VEDs are necessary, multiple
contour scans with low VED or the contour-first strategy with an
appropriate offset distance can mitigate the dross formation and
improve the surface quality.

This study offers insights into the mechanisms that drive the surface
characteristics and has demonstrated methods to improve surface
quality via mitigating dross formation. By promoting a deeper under-
standing of the interactions between contour and hatch parameters, the
research uncovers that the selection of the contour parameters for
desired surface roughness is dependent on the hatch parameters. Such a

'HP530_CP530_D200
Sa 29.36 ym
: £

0 pum

200 um HP260_CP260_D200
_— Sa 14.84 ym

Fig. 11. Surface topography of samples with different contour offset distances.
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Fig. 12. Melt pool morphology on vertical surfaces at different contour offset distances.

Fig. 13. (a) Melt pool morphology and (b) surface topography on the vertical surface of HP800_CP260_D200.

finding challenges the common practice of independently assigning further geometric precision as well as the functional or structural per-
contour parameters without considering hatch parameters. Given that formances of additively printed structures, particularly those with
the microstructure, defects, and thus, the material properties in bulk are complex internal features. Although various surface post-treatment
determined by hatch parameters, the means to determining optimal technologies, such as machining, abrasive polishing, shot peening,
contour parameters suggested in this study is expected to enhance chemical etching, etc., have been developed for improving the surface
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Fig. 14. (a) Melt pool morphology and (b) surface topography on the vertical surface of HP800_CP260_D200_contourfirst.

quality of additively manufactured, controlling the as-built surface
quality, including roughness and features, can significantly reduce
processing time and costs [15]. By linking hatch parameters with con-
tour parameters and establishing correlations between surface charac-
teristics and process parameters, this study offers the potential for
real-time, localized control of the printing process to tailor surface
roughness, thereby achieving location-dependent properties.

Nomenclature
BD Build direction
CP Contour power
D Contour offset distance
H Hatch spacing
HP Hatch power
L-PBF Laser powder bed fusion
P Power
PDAS Primary dendrite arm spacing
S Scanning speed
Sa Surface arithmetic average roughness
VED Volumetric energy density
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