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Abstract
Components built using the laser powder bed fusion (PBF-LB) additive manufacturing (AM) process often have more com-
plex surfaces than those produced by conventional manufacturing techniques. Features unique to the AM process are layering 
artifacts, adhered particles, and large stochastic valleys. Contour processing parameters are known to influence the resulting 
surface roughness; however, the generalized relationship between contour parameters, melt pool size and shape, and resulting 
surface roughness is not well understood. Typical PBF-LB metals, nickel superalloy 718 (In718) and AlSi10Mg, were built 
using a wide range of contour parameters (power and speed) and on multiple PBF-LB platforms with In718. Contour melt 
pool width and surface roughness were measured. Contour melt pool shape was characterized based on a novel approach that 
captures features such as balling instability and keyhole melting and considers both stable and unstable melt pool behaviors. 
In general, unstable contour melt pools had the highest values of both average roughness (Sa) and maximum valley depth 
(Sv). For In718, stable melt pools of increasing width led to reductions in both Sa and Sv. Similar trends were seen across 
platforms, but with different values to predict the process-melt pool-surface relationship. In AlSi10Mg, melt pool width was 
not correlated with surface roughness. Across alloys and platforms, specific melt pool widths would not be able to predict 
specific surface roughness values. This work provides a starting point for understanding how near surface melt pools influ-
ence the formation of surface roughness.

Keywords  Laser powder bed fusion · Surface roughness · Melt pool variation · Melt pool images · Additive 
manufacturing · Laser scanning confocal microscopy

1  Introduction

Laser powder bed fusion (PBF-LB) is an additive manufac-
turing (AM) process that fabricates components by selec-
tively melting layers of metal powder. The material is melted 
by scanning a laser beam across the layer of powder, melting 
powder and partially remelting previous layers to weld the 

current layer to the previous layer. The primary scanning 
modes that exist in this process are called bulk scans and 
contour scans. The bulk scans are used to rapidly fill in solid 
areas of the part and commonly use a pattern of repeating 
stripes that ends near the edges of the part geometry within 
each layer. Modern PBF-LB machines also rotate the angle 
of the stripes after each layer. Contour scans trace around 
the edges of the layer with the goal of improving surface fin-
ish. The layered fabrication of the PBF-LB process also has 
the benefit of reducing material usage by only creating part 
material where the design specifies. Complex geometries 
such as lattices, topology-optimized structures, and internal 
cooling channels can also be fabricated. Metals commonly 
used in the PBF-LB process include nickel superalloys, Ti-
6Al-4 V, stainless steels, and AlSi10Mg [1].

Selecting the ideal machine parameters for each material 
and machine is necessary to ensure consistent part quality 
and properties. Laser scan speed and power are influential 
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parameters within the PBF-LB process since they influence 
how much energy is delivered along each scan line. Within the 
range of possible speeds and powers for a machine, there is a 
range of parameters that produce parts with minimal porosity 
and consistent properties. This range is often called the oper-
ating window (or process window) [2, 3]. Within the oper-
ating window, stable conduction and keyhole mode melting 
occur. Above the operating window, keyhole melt pools can 
become unstable which is generally undesirable in PBF-LB as 
instabilities in the melt pool cause porosity and excessive spat-
ter [4, 5]. Below the operating window, there is insufficient 
energy to fully melt the powder layer combined with melt pool 
instability which leads to a lack of fusion porosity [3, 6]. The 
operating window and other properties of interest can be plot-
ted on a diagram of power vs speed (P–V diagram), which can 
be adapted to different processes [7]. Other machine param-
eters such as laser spot size and powder size distribution can 
change the operating window within P–V space [8, 9]. Within 
the PBF-LB process, there are several applications for P–V 
diagrams, showing the properties of melt pools [7, 10], micro-
structure [11], and surface roughness [10, 12].

Components fabricated with PBF-LB generally have 
rougher surfaces than those of components fabricated with 
conventional manufacturing techniques, and thus, PBF-LB 
components require additional considerations for design and 
manufacturing. Several studies have shown that the as-built 
surface roughness is detrimental to fatigue life, with surface 
defects being a common site for failure initiation [13, 14]. 
For fatigue of Ti-6Al-4 V manufactured with the PBF-LB 
process, the as-built surface contributed to a lower fatigue life 
compared to that from a polished surface [15, 16]. Several 
other studies on Ti-6Al-4 V have shown that under fatigue 
fracture conditions, cracks can initiate from the surface [17, 
18]. Similar trends have been observed in a wide range of 
AM alloys including nickel superalloy 718 (In718) [19, 20] 
and AlSi10Mg [21, 22]. Average roughness (Ra, Sa) is fre-
quently used to describe the surface of machined compo-
nents, but it does not correlate to the fatigue life of as-built 
PBF-LB components [23]. The maximum valley depth in line 
roughness (Rv) and surface roughness (Sv) has been shown 
to correlate with fatigue life [23, 24]. Surface roughness has 
been identified as a key consideration in the design of heat 
exchangers made using the PBF-LB process [25, 26]. High 
surface roughness in fluid channels of heat exchangers is 
beneficial since the surface area is increased, and the rough 
surface can help reduce the boundary layer and increase heat 
transfer [27]. Several post-processing techniques exist that 
can modify or improve the surface of PBF-LB components 
that come with their own considerations and limitations. 
Surface finishing techniques can reduce the roughness of a 
surface, but in some cases do not completely remove the as-
built surface notches resulting in only a slight improvement 
in fatigue performance [28]. Techniques such as machining 

and grinding will remove the notches and greatly increase 
the fatigue life, but they are more costly and involved [28, 
29]. Shot-peening, both on as-built and polished surfaces, 
has been shown to improve fatigue performance in AlSi10Mg 
[29]. Sandblasting is not capable of reducing the surface 
roughness of complex internal features and only provides 
a limited improvement in fatigue strength, since it does not 
eliminate surface defects [28, 30]. Electropolishing has 
shown a lot of potential to reduce the surface roughness of 
many common PBF-LB alloys [31, 32]; however, this process 
requires a lot of development to remove material uniformly 
from all regions of a component. Chemical-based polishing 
processes, including chemical polishing [33], chemically 
accelerated vibratory finishing [34], and self-terminating 
etching process [35], have also been used to greatly reduce 
the average roughness of metals fabricated with PBF-LB. 
Understanding the relationship between process variables and 
resulting surface roughness would allow for more efficient 
design and research within the PBF-LB process.

Surface roughness of additively manufactured compo-
nents is commonly measured using three types of techniques: 
contact profilometry, optical methods, and X-ray microcom-
puted tomography (microCT). Contact profilometers create 
2D measurements by measuring the change in height of a 
stylus as it is pulled across a surface. This technique is prone 
to mechanical filtering of the measurement data, which is a 
function of the tip size, type, and roughness of the surface 
measured [36, 37]. Features like valleys cannot always be 
accurately measured if the profilometer tip cannot reach the 
bottom [36]. Due to the extremely variable nature of surface 
roughness in the PBF-LB process, there is a high degree of 
uncertainty associated with single-line measurements from 
contact profilometers [38]. Optical techniques such as struc-
tured light scanning [12, 23], focus variation [39, 40], and 
confocal microscopy [41, 42] have been used to measure 
the roughness of PBF-LB components. These techniques 
are capable of larger measurement area than stylus profilom-
etry, which reduces the variation in roughness parameters 
measured from the same surface [38, 43]. MicroCT has also 
been used to measure the surface roughness and can pro-
vide a better view of surface notches if they are obscured by 
adhered particles, but this method results in lower measure-
ment resolution than other techniques [44, 45]. Analysis of 
microCT data has shown that pores, especially those near 
the surface of components, can be detrimental to fatigue 
performance [46, 47]. Estimation of stress intensity factors 
based on microCT measurements has been used to more reli-
ably predict failure [48], but this technique was not able to 
predict every failure partially due to pores near the surface.

The formation of surface roughness in the PBF-LB pro-
cess is currently not well understood. Contour parameters, 
laser power, laser speed, and number of contours, influence 
the surface roughness of components [45, 49]. In addition, 
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the angle of the surface being built (typically measured rela-
tive to the build platform) has been shown to have a strong 
influence on the measured surface roughness [39, 50]. Over-
hanging surfaces have high surface roughness due to the 
powder having less ability to support the molten liquid than 
solid material [50]. Vertical surfaces (perpendicular to the 
build plate) are of most interest since they are commonly 
used in mechanical testing [23, 51]. Laser incident angle, 
which changes in all platforms that use a galvo scanner with 
respect to distance from the center of the scanner, has been 
shown to change the surface roughness and melt pool width 
and depth on the top surface of components [52]. In 316L 
stainless steel, it was found that Sa increased with melt pool 
width for vertical surfaces and decreased for horizontal sur-
faces [53]. In In718, increasing laser power was found to 
decrease Sa and Sv on vertical surfaces, but melt pool geom-
etries were not studied [12, 23].

Better understanding of the formation of surface rough-
ness in PBF-LB alloys is needed to improve the future 
development of the process. This work investigates the 
relationship between contour laser parameters (power and 
speed) and the size and shape of the solidified contour melt 
pools and how these relate to the as-built surface rough-
ness of components. This will be studied for two materials, 
In718 specimens built on three different PBF-LB machines 
from different manufacturers, and AlSi10Mg built on one 
machine. The goal of this work is to determine if there is a 
quantifiable relationship between contour melt pool size and 
measured surface roughness and if that relationship can be 
translated across machines and alloys.

2 � Machines and materials

2.1 � PBF‑LB machines

Three types of PBF-LB machines from different manufactur-
ers1 were used in this study, with the goal of investigating the 
transferability of processing parameter combinations (con-
tour speed and power) to new platforms, and if replicating 

melt pool characteristics across platforms also replicated sur-
face roughness. Two materials, In718 and AlSi10Mg, were 
selected because they represent very different mechanical and 
thermal properties, and both are commonly used in the PBF-
LB process. Due to machine and material availability con-
straints, AlSi10Mg specimens were built on only one of the 
three platforms. Other than changing contour laser speed and 
power, machine- and material-specific default nominal param-
eters were used to make build failures less likely. Another 
reason for this decision is that since all the machines are made 
by different manufacturers, there is no practical way to ensure 
that the laser scan strategy is the same since the machines use 
manufacturer-specific slicers and file formats. Build plates 
were also specific to each machine and material built. A list 
of the machines and materials used is tabulated in Table 1.

The three platforms, henceforth referred to by the let-
ters A, B, and C given in Table 1, represent a wide range of 
default process parameters and machine variables. There is 
limited overlap in default parameters between the three differ-
ent machines, which will help to establish if there is translat-
ability between machines with respect to contour speed and 
power or melt pool size and shape. Each of the machines uses 
a different recoating method, which can affect the powder 
spread as well as have different potential interactions with 
the in-progress specimens. Machines A and C used the same 
layer height of 40 µm, while machine B used 30 µm layers. 
The laser spot size was the same for machines A and B at 
90 µm, while machine C had a smaller spot size of 70 µm. In 
all three machines, the scan order was set so that the contour 
scan would be performed after the bulk scans so that the con-
tour melt pool boundaries were less likely to be overwritten. 
On machines A and B, the number of contours was reduced 
from 2 to 1 for the same reason, since the contours are typi-
cally scanned at the same location. On machine C, the num-
ber of contours was left at the default value of 2, with only 
the outer contour (scanned after the inner contour) having 
modified parameters. This was done because there is a large 
distance between the outer contour, inner contour, and bulk, 
so there was concern that disabling the inner contour could 
cause undesired porosity. A list of the machine and process 
parameters that were available is given in the Appendix.

2.2 � Specimen geometry and build layout

Cylindrical specimens were designed with an outer diameter 
of 5 mm, a central hole with a 1 mm diameter, and a height of 

Table 1   List of machines used 
to fabricate surface roughness 
and melt pool characterization 
specimens

Letter Manufacturer Name Laser spot size Material(s)

A EOS M280 90 µm Nickel superalloy 718
B Open Additive Panda 90 µm Nickel superalloy 718, AlSi10Mg
C AddUp FormUp350 70 µm Nickel superalloy 718

1  Certain commercial equipment, instruments, or materials are iden-
tified in this paper in order to specify the experimental procedure ade-
quately. Such identification is not intended to imply recommendation 
or endorsement by NIST, nor is it intended to imply that the materials 
or equipment identified are necessarily the best available for the pur-
pose.
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at least 10 mm. The diameter of the specimen was designed to 
be similar in diameter to the gauge section of standard fatigue 
bars, and the height was chosen so that the thermal influence 
of the build plate was minimized with a reasonable print time. 
The center hole feature was added so that bulk material could 
be removed using wire electrical discharge machining (EDM), 
to reduce the material thickness to reduce the time required for 
future microCT scans. Due to the small size of the specimens 
and the center hole, using traditional numbers to identify spec-
imens was not possible; therefore, an orientation and number-
ing scheme was developed that engraved small symbols onto 
the top surface of each specimen. An orientation mark with a 
design like a division symbol ( ÷) rotated 90° clockwise was 
placed on the side of the cylinder facing the cross-bed gas 
flow outlet in the machine. A ring of four dashes was placed 
on the top surface to indicate the specimen number; the dash 
at each position was assigned a value so that the presence or 
absence of a mark could be used to generate a binary num-
ber when read clockwise starting at the orientation mark. A 
rendering of the specimen design, with orientation within the 
machine, and top surface features is shown in Fig. 1.

The layout of the specimens in the build chamber is shown 
in Fig. 2. Specimens were spaced 5 mm apart along the gas 
flow direction and 10 mm apart along the recoating direc-
tion; this was done to eliminate any overlap in the recoating 
direction and to concentrate the specimens in the center of the 
build plate, reducing the influence of laser incident angle on 
individual specimens. The same layout was replicated in each 
machine, and all were centered on the build plate which var-
ied in size across machines. Within each layer, the specimens 

were built from the farthest to the nearest to the gas outlet to 
prevent spatter from landing on a part before it was melted. 
Each build had at least 16 specimens to be able to test a range 
of contour speeds and powers, which were selected from a 
Rosenthal simulation, which ideally would have replicated 
four melt pool sizes across multiple speed/power combina-
tions. After the build process, the powder removal was per-
formed using the standard procedure established by the manu-
facturer, with care taken not to damage the as-built surfaces. 
Build plate removal was performed using wire electrical dis-
charge machining (wire EDM) for the In718 specimens and 
using a bandsaw for the AlSi10Mg specimens.

2.3 � In718 specimens

In718 specimens were built on machines A, B, and C. All 
three sets of specimens were directly printed onto the build 

Fig. 1   Specimen geometry with orientation within the build chamber 
and identification marks

Fig. 2   Specimen layout in build chamber
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plate and removed using electrical discharge machining 
(EDM). Machine-specific parameter sets for 718 were used 
so that the transferability of parameters could be investi-
gated. There was also a practical reason for this choice: 
machine-specific properties like recoater method, gas 
flow, optical properties, and slicer design make it impos-
sible to transfer all parameters across printers. The builds 
on machines B and C were performed after the build on 
machine A and used wider contour parameter ranges to 
increase the variation in surface roughness and contour 
melt pool behavior. An additional eight specimens were 
built on machine C to test parameters near the default 
contour speed and power for that machine of 1200 mm/s 
and 160 W. The selected ranges of contour speeds and 
powers for each machine are listed in Table 2. Machine A 
used virgin powder sieved by the manufacturer to remove 
particles larger than 45 µm and smaller than 15 µm. After 
the build on machine A, the powder was sieved to remove 
particles larger than 45 µm and then used in machine B. 
Machine C used a mixture of virgin and reused powder 
that was sieved to remove particles larger than 16 µm; it is 
typical for this machine to use a finer size distribution of 
powder particles compared to the other machines used in 
this study. The difference in powder sizes was expected to 
contribute to differences in surface roughness, but pow-
der samples could not be collected for all builds so an 
in-depth characterization of the powder could not be per-
formed. A full list of the selected contour parameters, as 
well as machine-specific parameters that were available, 
is reported in the Appendix.

2.4 � AlSi10Mg specimens

AlSi10Mg specimens were built on machine B. The speci-
mens were printed directly onto the build plate and removed 
using a bandsaw. The layer height was 40 µm, and default 
settings for bulk scans and offsets were used. The values 
for these process parameters were not available, so they are 
not included in the Appendix. A single contour pass was 
scanned after the bulk scans to prevent the contour melt pool 
boundaries from being overwritten. The contour parameter 
range shown in Table 3 uses the same range of speeds from 

the build with In718 on machine B, with powers increased 
to produce similar contour melt pool sizes to the nickel super 
alloy specimens with the goal of being able to draw stronger 
conclusions across different metal alloys.

3 � Methods

To characterize the relationship between contour param-
eters, contour melt pool size, and surface roughness, the 
following procedure was implemented. To observe the 
contour melt pools, specimens were sectioned, polished, 
and depending on material were etched to reveal the melt 
pool boundaries. Initially, the contour melt pools were to 
be measured at the top of the part so that width, depth, and 
area could be measured. Despite upskin parameters being 
disabled in all builds, the contour melt pools on the top 
surface appeared to be different in size and shape from the 
rest of the contour melt pools. The melt pools in approxi-
mately the same z location as the roughness measurements 
were imaged using optical microscopy so that the contour 
melt pool width could be measured and the contour melt 
pools could be categorized. The remaining half of each 
specimen was used for non-contact surface roughness 
measurements with a laser confocal microscope.

3.1 � Sectioning, polishing, and etching

Specimens were sectioned along the build direction, separat-
ing the side of the cylinders that faced toward the gas flow 
from the side that faced away. The side facing the gas flow 
was cleaned and saved for surface roughness measurements, 
and the other side was mounted in Bakelite for polishing and 
etching. The gas flow facing side was selected for surface 
measurement since it generally has lower roughness and 
higher consistency than sides facing away from the gas flow. 
All samples were polished using a similar process, starting 
with a grinding step, then polishing with diamond slurries up 
to 1 µm. Melt pools in In718 were etched by swabbing aqua 
regia (5 ml HNO3 + 15 ml HCL) onto the polished specimens 
until the melt pool boundaries were revealed. An inexpensive 
digital microscope was used to monitor the etching process 
since the etching rate varied significantly from specimen to 
specimen. Bulk and contour regions were also observed to Table 2   Ranges of contour speed and power selected for In718 

machines

Machine Speed range, 
mm/s

Power range, 
W

Powder 
sieving size, 
µm

Number of 
specimens

A 500 to 800 100 to 320  − 45 + 15 16
B 300 to 900 30 to 400  − 45 + 15 16
C 300 to 1500 30 to 400  − 16 24

Table 3   Ranges of contour speeds and powers selected for AlSi10Mg 
specimens

Machine Speed range, mm/s Power range, W Number of 
specimens

B 300 to 900 75 to 400 16
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etch at different rates, depending on the selected contour 
parameters. AlSi10Mg specimens were polished using an 
additional step of colloidal silica, which allows for the melt 
pools to be revealed under dark-field illumination [54].

3.2 � Melt pool categorization and measurement

Melt pool micrographs of the In718 samples were captured 
with automatic lighting settings on an Olympus OLS5100 
laser confocal scanning microscope (LCSM). This micro-
scope can create three types of images simultaneously: 3D 
height measurement, laser intensity (grayscale), and a color 
image. The color and laser intensity images were used for 
the melt pool measurement. Micrographs of AlSi10Mg melt 
pools were collected using dark-field illumination on a Key-
ence VHX-5000 microscope, which was used because the 
Olympus did not have the option for dark-field illumination. 
Both had magnification set to produce approximately 0.5 µm 
pixel size. Contour melt pools were categorized based on 
the shape of the melt pool, and the interaction with the 
bulk scans. Contour melt pools were categorized using the 

categories shown in Fig. 3: balling, indistinct, transition, 
distinct, keyhole, and exploded.

1.	 Balling: Specimens were assigned to this category if 
balling instability was observed in the contour melt pool 
region. Balling instability leads to high variability in 
contour melt pool size, with large circular melt pools 
occurring occasionally in the sectioned specimen. The 
presence of balling instability in the contours can also 
be seen on the surface of the specimen.

2.	 Indistinct: This category includes specimens where 
contour melt pools were not identifiable near the sur-
face of the part. This could be due to the contour melt 
pools being small enough that subsequent bulk scans 
fully remelted them or that the contour melt pools were 
far enough from the bulk material that they did not fuse 
to the bulk and were mixed into the powder that was 
removed at the end of the build process.

3.	 Transition: Transition contours are neither fully over-
written nor distinct; the most common cause of transi-
tion-type contours was periodic bulk rotations overwrit-

Fig. 3   Examples of each of the melt pool shape categories: A ball-
ing (machine C with 300  mm/s and 30 W contours), B indis-
tinct (machine B with 500  mm/s and 50 W contours), C transition 
(machine B with 500 mm/s and 190 W contours), D distinct (machine 

A with 800  mm/s and 245 W contours), E keyhole (machine C 
with 300  mm/s and 140 W contours), F exploded (machine B with 
900 mm/s and 400 W contours)
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ing nearby contours which produces a repeating pattern 
along the build direction that is related to both the layer 
height and bulk rotation angle of the printer.

4.	 Distinct: Distinct contours were categorized as having a 
continuous stack of melt pools along the surface of the 
specimen. This stack of melt pools can be differentiated 
from the bulk scans since the shape and approximate 
size of the melt pool boundaries are consistent and the 
vertical distance between them is roughly equal to the 
layer height. This is different from the bulk scans, which 
are rotated in each layer, which causes the dimensions 
of the melt pool to change

5.	 Keyhole: This category is similar to the distinct cat-
egory, but with the addition of porosity observed in the 
center of the contour melt pool region. The shape of the 
melt pool also changes from a semicircular or “U” shape 
to a “V” shape. This indicates that the selected contour 
parameters led to unstable keyhole mode melting.

6.	 Exploded: Exploded melt pools were characterized as 
having a jagged surface with an incomplete melt pool 
shape, similar to a “J” shape where the side of the melt 
pool on the outside of the specimen does not reach the 
same height as on the bulk side of the specimen.

Scanning electron microscopy (SEM) images of the 
specimens used as examples for melt pool categorization 
in Fig. 4 reveal that each melt pool category had qualitative 

differences in the surface generated by the weld tracks. The 
balling category had large spherical features on the surface 
that were caused by instability in the melt pool. From indis-
tinct to keyhole categories, the surface went from having 
fish scale-like features to being relatively smooth. This is 
likely the bulk melt pools appearing on the surface in the 
indistinct and transition specimens and then not being vis-
ible on the distinct and keyhole specimens. The exploded 
category had a surface that had many sharp and deep valleys 
that appeared to result from the exploded melt pool shape 
observed in the melt pool images. Figure 4 shows six SEM 
images of the as-built surface roughness of each of the spec-
imens used for the melt pool shape categorization in Fig. 3.

Melt pool width was estimated in the open-source image 
analysis program Fiji [55]. The width of the contour melt 
pool region was measured by placing a rectangular selec-
tion from the outer surface to the intersection of the contour 
and bulk melt pools. The height of the rectangle was at least 
200 µm to provide an average width across many layers. 
Measurements were performed only on specimens with tran-
sition, distinct, and keyhole category contour melt pools, 
since contours could not be readily discerned in samples 
with indistinct or balling contours. Exploded contours could 
be distinguished from the bulk, but there were extreme vari-
ations in width, so they were not measured. Several contours 
could be measured in transition specimens, with the same 
width measured above and below an overwritten region.

Fig. 4   SEM images of surface characteristics in melt pool categori-
zation specimens: A balling (machine C with 300  mm/s and 30 W 
contours), B indistinct (machine B with 500  mm/s and 50 W con-
tours), C transition (machine B with 500 mm/s and 190 W contours), 

D distinct (machine A with 800 mm/s and 245 W contours), E key-
hole (machine C with 300  mm/s and 140 W contours), F exploded 
(machine B with 900 mm/s and 400 W contours)
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3.3 � 3D surface roughness measurement

Prior to the 3D measurement, specimens were cleaned in 
an ultrasonic cleaner to remove any dirt or loose powder. 
The specimens were handled with gloves and individually 
bagged to prevent the surface from collecting dirt or being 
damaged from rubbing against other specimens. These steps 
were important so that the surface roughness data collected 
was the most accurate representation of the as-built sur-
face. Powder particles that become sintered or welded to 
the surface would not be removed or damaged during this 
process. The gas flow facing surfaces were measured using 
an Olympus OLS5100 LSCM, which has several options for 
objective lens and magnification to use during the measure-
ment process. There were two main considerations in the 
lens selection process: the lens had to have a long enough 
working distance to avoid colliding with the specimen dur-
ing the scanning and to have the highest possible numeri-
cal aperture to maximize image quality. To achieve these 
goals, the long working distance 50 × lens with a 0.6 numeri-
cal aperture (NA) was selected. While this lens had a high 
numerical aperture and working distance, the field of view 
is very narrow (254 µm square) which makes it necessary to 
use a stitched image to collect a large enough sample of the 
surface. The stitched image consisted of an approximately 
1.4 mm wide by 5 mm tall region of the gas flow facing side 
of each cylinder, with the build direction along the vertical 
axis of the image. The rectangular measurement area was 
selected to increase the amount of area scanned, without 
reducing the image quality since the microscope loses fidel-
ity as the angle of surface increases toward vertical. The 
area was selected to be as large as practical so that the final 
measurement would be representative of the surface of the 
specimen. The final stitched images have an x–y resolution 
of 0.5 µm, and the z pitch was set to 0.4 µm using the “fine” 
acquisition setting. The OLS5100 also has a feature labeled 
“laser HDR” which was used to further improve the image 
quality. The setting works similarly to conventional high 
dynamic range (HDR) imaging by capturing the surface with 
two different laser intensities, which allows for more of the 
surface to be captured with optimal lighting.

3.4 � Surface roughness processing

Surface roughness scans were processed in OmniSurf3D 
[56], a commercial 3D surface roughness processing soft-
ware. Scans were processed with cylinder removal, then 
filtered with 1.4 mm high pass and 2.5 µm low pass filters. 
These values were selected based on properties of the scan, 
and the scans were 1.4 mm long along the x-direction, which 
sets the long wavelength limit. The low pass filter was set at 
2.5 µm since that is five times the pixel resolution of 0.5 µm. 

The robust filter was selected instead of the Gaussian filter, 
since the former provides better filtering around complex 
features in the height profile. Surface roughness metrics [57] 
were then calculated from the filtered surface. The average 
surface roughness, Sa, is the measurement of the arithmetic 
mean of the height values. This metric was of interest since 
average roughness is commonly used to describe surfaces of 
components. The equation to calculate Sa is shown in Eq. 1 
(average surface roughness, Sa), where A is the area of the 
scan and Z is the measured height centered on zero.

The maximum valley depth, Sv (Eq. 2), is the distance 
from the mean surface to the lowest point. It was selected 
since it has been correlated with fatigue life in components 
built with the PBF-LB process with as-built surfaces [23, 24].

Some additional surface roughness metrics of interest are 
those related to the distribution of the height values in the 
surface measurement. Root mean square height, Sq (Eq. 3), 
is the root mean square of the height values and is also equal 
to the standard deviation of the measured heights. Skewness, 
Ssk (Eq. 4), is a quantification of how balanced the tails of 
the distribution are; a normal distribution has a skewness of 
zero, while a positive skewness means that the tail on the 
right is bigger than the other. Kurtosis, Sku (Eq. 5), is related 
to the size of the tails of the distribution, with a normal dis-
tribution having a kurtosis of 3.

4 � Results

4.1 � In718

4.1.1 � Melt pool categorization and measurement

The categorization and measurement of the In718 melt 
pools reveal the stable process window, which shows the 
range of combinations of speeds and powers that form 
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1

A∬ Ã
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stable and consistent melt pools as well as the relation-
ship between the contour parameters and the size of the 
melt pools. Figure 5 shows the contour power and speed 
used for each printer, along with the results of the cat-
egorization represented by different colors. Overall, there 
is some agreement in the categorization between the 
three machines, but there are many potential causes for 
disagreement, even when contour parameters were rep-
licated across machines. Other process variables, such as 
recoater type, gas flow, laser spot size, and powder size 
distribution, are known to influence the melting process. 
Machines A and B were the most similar, with the primary 

differences being layer height, recoater type, and contour 
offsets. Machine C produced stable melt pools across 
almost the entire range of selected contour parameters, 
and unlike A and B, it scans contours that overlap with the 
bulk scans. The result of this is that the contour scans on 
machine C will have much more interaction with material 
that had been previously melted with the bulk scans than 
the other two machines.

Measurement of the melt pool widths further elucidates 
the differences between machines. Linear energy density 
(LED), which is equal to laser power divided by scan speed 
and quantifies the amount of energy deposited per mm of 
scan path, is a method for combining speed and power into 
one number to compare with the resulting width. Contour 
melt pool width versus LED is shown in Fig. 6. The meas-
ured contour melt pools in each platform had a linear rela-
tionship with energy density which is verified by the high 
R-squared values for the linear fit. However, each platform 
had a different relationship between linear energy density 
and the width of the contour melt pool region. Energy den-
sity parameters must always be used with caution, as results 
are typically only valid for a small range of parameters [58]. 
In this case, there were large differences in other machine 
parameters, such as laser spot size and powder packing, that 
influence the melt pool size that is not captured in LED.

The observed linear relationship between LED and melt 
pool width is only expected to exist for a single machine in 
the stable process window, and on either end non-linearity Fig. 5   Melt pool categorization of In718 specimens

Fig. 6   Melt pool width vs 
linear energy density for In718 
machines A, B, and C
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can occur due to changes in melt pool shape. For a given 
LED, machine C produced the widest melt pools, followed 
by machines A and B. Melt pool widths in machine A varied 
from being more like machine B at lower energy densities, to 
more like machine C at higher energy densities. Even though 
the same contour speed and power did not always produce 
the same melt pool size across the three machines, there is 
overlap between the machines. All three machines produced 
several contour melt pool widths between 55 and 125 µm. 
The high overall level of overlap allows investigation of rela-
tionships between contour melt pool width, surface rough-
ness metrics Sa and Sv, and platform.

4.1.2 � Surface roughness measurement

Figure 7 shows the measurements of Sa and Sv for dif-
ferent melt pool widths and linear energy densities, with 
the unmeasured “unstable” melt pools highlighted using 
red squares on top of each machine’s markers in the lin-
ear energy density plots. In Fig. 7A, B, increasing melt 
pool width correlates to reduced Sa and Sv for machine A 
over the entire range of contour parameters studied with 
Sa reduced from 10 to 5 µm and Sv from 60 to 30 µm. 
Machine B had the lowest number of stable contours, 
which also show a reduction in Sa with increased melt 
pool width; however, two specimens did not agree with 
the rest. Both of these specimens were scanned at 230 
W which was the highest power for stable melt pools on 
that machine. The specimens printed at powers above 
230 W all had exploded melt pool types, so there may be 
some instability in the contour melt pools at the 230 W 

power level that was not captured in the melt pool images. 
Machine C produced lower Sa and Sv overall when com-
pared to A and B. There is some reduction in Sa and Sv 
as width increases, but, with contour melt pool widths 
larger than 125 µm, the average roughness increases again. 
Plotting Sa and Sv vs LED reveals a similar trend to Sa 
and Sv vs contour melt pool width but allows for compari-
sons to be made against specimens with unstable contour 
melt pools. In Fig. 7, specimens that had unstable contour 
melt pools had rougher surfaces than specimens with sta-
ble melting. This trend is most obvious with machine B, 
which shows both the Sa and Sv of stable and unstable 
melt pools diverge as linear energy density increases. The 
specimen built on machine C that had contour melt pools 
categorized as having balling instability had the highest Sa 
of the whole build but did not have the highest Sv.

Ssk, Sku, and Sq are the surface roughness metrics that 
relate to the statistical characteristics of the distribution of 
height measurements and are shown in Fig. 8. Both Ssk and 
Sku decreased as melt pool width increased, and values were 
more similar across the three platforms than Sa or Sv. Sq 
showed similar behavior as Sa, with there being a decrease 
as melt pool width increases, but the value for Sq at a given 
melt pool width is not consistent across platforms. The three 
metrics decreased as LED increased; however, there were 
differences in the behavior of unstable melt pools. For Ssk 
and Sku, melt pool instability led to reduced values com-
pared to stable melt pools, while Sq increased for unstable 
melt pools. Since Ssk and Sku are parameters that describe 
the shape of the height measurement distribution, decreasing 
these metrics does not necessarily mean that the surface is 

Fig. 7   Surface roughness plots for In718. A Sa vs stable contour melt pool width. B Sa vs linear energy density. C Sv vs stable contour melt pool 
width. D Sv vs linear energy density
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smoother. For Ssk, it is most likely that decreases for unsta-
ble melt pools are due to the increase in Sv and observed 
increase in the quantity of surface valleys.

Despite similar trends being observed in all three 
machines, neither the contour melt pool width nor linear 
energy density would be able to predict an exact value of Sa 
or Sv across machines. All three machines produced melt 
pool widths between 60 and 120 µm, but while machines A 
and B have similar Sa values, machine C has lower Sa and 
all three machines do not appear to have an agreement in 
Sv. There is less overlap in selected linear energy densities 
across machines, but both Sa and Sv measurements differ 
from machine to machine when there is overlap. Within a 
machine, increasing the contour melt pool width measurably 
reduced both Sa and Sv. Unstable melt pools led to the high-
est Sa within each machine and often led to high Sv values.

4.2 � AlSi10Mg

4.2.1 � Melt pool categorization and measurement

The contour melt pools in AlSi10Mg shown in Fig.  9 
spanned from balling to keyhole melting; however, distinct 

non-keyhole melt pools were not observed in any of the 
specimens. The highest power specimens at each speed all 
had keyhole melting that was not overwritten by the bulk. 
The bulk parameters supplied for this build produced very 
large melt pools that partially or completely overwrote the 
melt pools at lower contour powers. Specimens with the 
lowest powers had observable balling instability, which was 
visible in both melt pools and surface measurements.

The width measurements of the melt pools shown in 
Fig. 10 also revealed a linear relationship between melt 
pool width and linear energy density. This build used 
higher energy densities than any of the In718 builds. Due 
to the higher reflectivity of AlSi10Mg, the higher energy 
input was expected to produce similar contour melt pool 
sizes to the 718 specimens. The resulting melt pools in 
AlSi10Mg were generally larger than those observed in the 
In718 builds; however, there was some overlap between the 
largest In718 melt pools and the smallest AlSi10Mg melt 
pools. The AlSi10Mg build and In718 build have some lin-
ear energy density overlap between 0.3 and 0.5 J/mm, and in 
this region, the contour melt pools in AlSi10Mg are larger 
than those seen in the In718 specimens built on the same 
machine (machine B).

Fig. 8   Surface roughness plots for In718. A Ssk vs stable contour melt pool width. B Ssk vs linear energy density. C Sku vs stable contour melt 
pool width. D Sku vs linear energy density. E Sq vs stable contour melt pool width. F Sq vs linear energy density
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4.2.2 � Surface roughness measurement

The AlSi10Mg specimens did not show a change in either 
Sa or Sv (shown in Fig. 11) as the width of the contour melt 
pool region increased. Specimens with contour melt pools 
from one of the three stable categories (transition, distinct, 
or keyhole) had lower Sa and Sv than those with balling or 
indistinct category contour melt pools. Specimens with melt 
pools categorized as balling had significantly rougher sur-
faces than those with stable, measurable melt pools. It was 
observed that all the measurable contour melt pools were 
much closer to having a keyhole shape instead of the semi-
circular shape that is associated with conduction mode melt 

pools. In the In718 specimens, the lowest Sa and Sv were 
seen with the widest melt pools, which also had parabolic 
melt pool shapes or keyhole melting. The bulk and contour 
offsets as well as the bulk parameters will influence whether 
the contour melt pools are remelted as the part is built up. 
Several specimens categorized as having indistinct contour 
melt pools had similar or lower Sa and Sv to specimens that 
had measurable melt pools. The contour melt pools in these 
specimens have been obscured by the bulk scans, so it is not 
clear if the roughness in these specimens is controlled by 
the bulk scans or by the contour scans. As melt pool width 
and linear energy decreased, the spread of measured surface 
roughness increased.

The Ssk, Sku, and Sq roughness metrics of the AlSi10Mg 
specimens are shown in Fig. 12. Ssk and Sku decreased 
with increasing melt pool width which was also seen in the 
In718 results; however, the range of values measured for 
Ssk and Sku was lower. Contour melt pool instability did not 
appear to have a strong influence on Ssk or Sku. Sq decreased 
slightly as melt pool width increased and unstable melting 
led to higher values of Sq, which is similar to the Sa and Sv 
results.

5 � Discussion

5.1 � Future process development

The results of this work can be used to develop a frame-
work for future process development. Contour melt pool 
width and shape have a strong effect on the formation of 
surface roughness of components fabricated using the PBF-
LB process. Surface roughness decreases as the melt pool 
width increases and even as the melt pool transitions from 
conduction mode to keyhole mode. However, keyhole melt-
ing has the potential to create sub-surface porosity in the 
contour region, which could be detrimental to mechanical 
performance. Understanding of the relationship between 
contour parameters, surface roughness, and sub-surface 
porosity will allow for better tailoring of PBF-LB com-
ponents to applications. If lower surface roughness was 
desired for a component, it could be achieved by shifting 
the contour parameters to increase melt pool width and 
approach keyhole melting. However, since this can lead 
to undesirable sub-surface porosity, it would need to be 
considered in the design of the component, as well as the 
selection of the post-processing steps such as hot isostatic 
pressing (HIP).

Properties of PBF-LB components can vary greatly 
across a single component due to changes in geometry. The 
primary process parameters of laser speed and power do 
not guarantee a fixed melt pool size since the local geom-
etry influences the heat transfer conditions. Commercial 

Fig. 9   Melt pool categorization of AlSi10Mg specimen cross-sec-
tions from machine B

Fig. 10   Melt pool width vs linear energy density for AlSi10Mg. Melt 
pool width scales approximately linearly with LED
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Fig. 11   Surface roughness measurement plots for AlSi10Mg. A Sa vs stable contour melt pool width. B Sa vs linear energy density. C Sv vs sta-
ble contour melt pool width. D Sv vs linear energy density

Fig. 12   Surface roughness plots for AlSi10Mg. A Ssk vs stable contour melt pool width. B Ssk vs linear energy density. C Sku vs stable contour 
melt pool width. D Sku vs linear energy density. E Sq vs stable contour melt pool width. F Sq vs linear energy density
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machines may use several sets of contour speeds and pow-
ers that are tailored to different geometrical conditions 
such as downward-facing and upward-facing surfaces. 
Other geometries, thin walls, changes in cross-sectional 
area, converging/diverging geometry, and step changes in 
area, lead to shifts in the conditions of the process and the 
resulting melting behavior. Some commercial slicing soft-
ware packages already use thermal simulations to estimate 
warping and residual stress, which could be expanded to 
include the prediction of surface roughness. The relation-
ships formed in this work can also be used to calibrate or 
validate the simulation of the PBF-LB process and the 
selection of process parameters for parts. Simulation of 
contour melt pool size within a part could also be used 
to select contour parameters during the slicing process 
with the goal of producing more consistent melt pool sizes 
and to prevent bulk scans from influencing the surface 
roughness.

5.2 � Adhered particles and the solid surface

Spherical particles adhered or partially melted into the 
surface, such as powder and spatter particles, covering 

the surfaces of all specimens. Adhered particles do not 
influence the mechanical properties of components since 
they do not contribute to carrying the load [12], but they 
do influence the surface measurements and calculation 
of surface roughness metrics. For the In718 specimens, 
machines A and B which used the same powder size had 
higher Sa and Sv roughness than machine C, which used 
a finer powder. The amount of powder adhered to the sur-
face varied with respect to platform, parameter set, and 
material. The data collected in these experiments qualita-
tively showed that the surfaces with the lowest Sa within 
a platform had a reduced quantity of adhered particles. 
The Ssk and Sku measurements corroborate this observa-
tion since both decreased along with Sa. Figure 13 shows 
some samples from the color images of the surfaces of 
two In718 specimens built on machine B collected by the 
LSCM with adhered particles circled in red. Sample A has 
a contour melt pool width of 64 µm and Sa of 12.9 µm, 
and 67 adhered particles were counted. Sample B has a 
contour melt pool width of 120.6 µm, Sa of 8.6 µm, and 
52 adhered particles. This quantification of adhered parti-
cles had to be done manually, so a wider study of adhered 
powder was not practical.

Fig. 13   Surfaces of In718 specimens built on machine B. Adhered particles circled in red. A Sample with 64  µm wide contour melt pools 
(700 mm/s, 140 W) and 67 adhered particles. B Sample with 120.6 µm wide contour melt pools (500 mm/s 230 W) and 52 adhered particles
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Reduction in the number and size of adhered particles 
will also influence the calculation of many surface rough-
ness parameters. Height values used to calculate Sa and 
Sv are measured relative to the mean surface that is at the 
mean height of the data set. The mean surface that is cal-
culated will thus be affected by the size and number of 
adhered particles in the measured region, with increasing 
amounts and sizes of particles pulling the mean surface 
farther away from the true surface. This effect would have 
the largest effect on measurements of peak and valley 
heights. Larger powder particle sizes have been shown 
to increase the average roughness of PBF-LB Ti-6Al-4 V 
components [9]. A similar effect could be seen in the peak 
and valley measurements since the height of the powder 
particles and the area of the particles over the surface will 
change. Current surface roughness metrics do not provide a 
good method for characterizing adhered particles, even for 
high-resolution 3D scans, nor is there a sufficiently robust 
method known to the authors for segmenting particles from 
the roughness data.

Another difference between the two specimens that was 
apparent between the two surfaces in Fig. 13 is that there is 
a difference between the melted surfaces. The weld tracks, 
which run horizontally across the image, are smoother in 
surface B, which had a larger melt pool size. Both of these 
specimens had their contour melt pools categorized as tran-
sition, since the contour melt pools were overwritten by 
certain rotations of the bulk scans. Differences in the solid 
surface across different melt pool categories can also be 
seen in Fig. 4, where from indistinct to keyhole categories, 
fish scale-like features on the surface can be seen to disap-
pear. These surface features, which are also visible on both 
surfaces shown in Fig. 13, may be the ends of bulk scan 
melt pools that overwrite the contour melt pools. Scan off-
sets which typically change where the laser scans relative 
to the edge of the sliced geometry would have an influence 
on the melt pool category and the surface roughness of the 
component. Varying contour offsets with contour speed and 
power would expand the range of contour melt pool widths 
that would fit into the distinct category and enable for a 
more detailed study on the influence of melt pool width on 
surface roughness in the PBF-LB process.

Due to the complexity of surface features and the vari-
ability of the features that are present in a given region, 

the currently available surface roughness metrics do not 
accurately describe the as-built PBF-LB surface. Adhered 
powder in particular is a potentially significant source of 
measured surface roughness and will influence some proper-
ties of interest more than others. To more accurately charac-
terize the surface roughness of PBF-LB components, there 
is a need to segment adhered particles from surface rough-
ness measurements and characterize the size and density of 
adhered particles.

6 � Conclusions

The following conclusions can be drawn from the col-
lected data and analysis:

•	 Within the range of stable contour melt pools, linear 
energy density had a linear relationship with the width 
of the contour melt pool region.

•	 Contour melt pool width was shown to influence sur-
face roughness metrics for In718, with reductions to Sa 
and Sv occurring as width increased.

•	 While the same trends were observed for all platforms, 
neither contour melt pool width nor LED alone would 
be sufficient to predict Sa or Sv values across platforms.

•	 Sa and Sv roughness continued to decrease under key-
hole melting conditions that produced keyhole porosity.

•	 Across alloys, unstable contour melting led greatly 
increased Sa and Sv. Unstable contour melting was 
defined as having contour melt pools that were com-
pletely obscured/overwritten by bulk scans (indistinct 
category) or having an inconsistent melt pool cross-
section (balling and exploded categories).

•	 The lack of a relationship between melt pool width and 
surface roughness for AlSi10Mg could be caused by 
the range of melt pools created being wide enough to 
already produce minimal roughness for the other param-
eters. Machine C saw the least reduction in Sa and Sv 
among In718 platforms, and the trend appeared to flatten 
somewhat as the width was greater than 120 µm. There 
is potentially a limit past which increasing melt pool 
width does not reduce surface roughness, but the data in 
this work is not sufficient to propose what that limit is.
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Appendix. Build and machine parameters

See Tables 4, 5, 6, 7, 8, and 9

Table 4   Nickel superalloy 718 
contour parameters

EOS M280 Open Additive FormUp350

Speed, mm/s Power, W Speed, mm/s Power, W Speed, mm/s Power, W

500 205 300 30 300 30
600 245 500 50 1200 160
700 285 700 70 1200 110
800 320 900 90 900 90
500 170 300 70 1200 190
600 205 500 110 1100 160
700 245 700 140 1300 160
800 245 900 190 1000 160
500 135 300 110 300 110
600 170 500 190 500 190
700 170 700 230 700 230
800 210 900 300 1100 110
500 100 300 140 300 140
600 120 500 230 500 230
700 135 700 300 1300 190
800 170 900 400 900 400

1200 160
1400 160
1500 160
1400 190
1500 190
1000 120
1300 120
900 160

Table 5   Other EOS M280 process parameters

Property Value

Layer Thickness, µm 40
Hardware offset, mm 0.040
Powder cut, µm  − 45 + 15
Recoater type Blade
Bulk/infill parameters
Stripe distance, mm 0.11
Speed, mm/s 960
Power, W 285
Beam offset, mm 0.015
Stripe width, mm 10
Stripe overlap, mm 0.12
Rotation, deg 67
Contour parameters
Beam offset, mm 0.012

Table 6   Other Open Additive Panda process parameters (nickel 
superalloy 718)

Property Value

Layer thickness, µm 30
Powder cut, µm  − 45 + 15 (reused powder sieved 

to remove particles larger than 
45 µm)

Recoater type Flexible
Bulk/infill parameters
Spacing, mm 0.07
Speed, mm/s 800
Power, W 180
Tile size, mm 5
Overlap, mm 0.1
Offset, mm 0.05
Rotation, deg 67
Contour parameters
Offset, mm  − 0.03
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