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Abstract
In the growing additive manufacturing industry, there is increasing demand for 
improved as-built surface quality of parts fabricated by the powder bed fusion 
(PBF) process, particularly in the aerospace, medical, and tooling industrial sectors. 
The surface finish of PBF parts is often suboptimal due to the inherent layer-by-
layer fabrication process. Depending on the material used, the average surface 
roughness (Ra) of PBF components typically ranges from 5 to 50 μm. To address 
this issue, various strategies have been investigated, including optimizing printing 
process parameters, refining support designs, and upgrading laser hardware. In this 
study, we investigated the machine factors on the as-built surface quality of parts 
in the PBF process. Fully dense as-built 1.2709 tool steel parts were produced with 
a relative density of 99.9% using platform pre-heating. Without heat treatment, the 
as-built part exhibited an ultimate tensile strength of 1,135 ± 75 MPa, yield strength 
of 915 ± 120 MPa, and an elongation of 12 ± 3%. Vickers hardness was measured at 
339 ± 35. Surface measurements were performed on parts placed across the substrate 
plate, with the Ra of as-built vertical walls averaging 22.6 ± 11.9 mm. Results showed 
that the surface quality of as-built 1.2709 tool steel parts, with a layer thickness of 
30 μm, was significantly affected by their distance from the inert gas outlet and the 
laser center. This study demonstrates that the as-built surface quality of PBF parts can 
be controlled through more effective build job preparation without changing key 
processing parameters.

Keywords: Additive manufacturing; 3D printing; Powder bed fusion; Selective laser 
melting; Surface quality; Tool steel

1. Introduction
Additive manufacturing (AM), as defined by International Standardization Organization/
ASTM 52900:2021,1 is the process of joining materials to make parts from 3D model 
data. Usually, materials are joined layer upon layer, as opposed to subtractive and formative 
methods of manufacturing. Seven families of AM are commonly recognized, while powder 
bed fusion (PBF) uses lasers as the energy source to fully melt and fuse the metal powder 
materials directly to form the near-net shape metal product, which can be fully functional.
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Laser-based PBF of metals, commonly known as 
selective laser melting (SLM) or direct metal laser sintering, 
is an AM process capable of producing near-net-shape 
metal components for research and industrial applications. 
The process begins with a computer-aided design model 
configured with process parameters and sliced into layers 
using specialized software. During fabrication, metal 
powder is deposited onto a build plate layer-by-layer with 
a predefined layer thickness.2 The laser selectively melts 
the powder in each layer, fusing it to form the final part.3 
PBF enables the rapid fabrication of metal components 
with complex geometries, offering good quality and 
dimensional accuracy.4 It enhances design freedom by 
eliminating many of the geometric constraints imposed 
by conventional machining methods. In addition, PBF 
supports part integration, which can reduce manufacturing 
costs and improve overall component performance, 
making it well-suited for meeting industrial demands.5 
Parts are built layer-by-layer with the thickness of each 
layer at 20 – 100  µm. Ideal metal powder is spherical, 
medium-sized, with a narrow particle distribution. 
Oxygen level is controlled at <500 ppm. The platform can 
be heated up to 200°C.6 PBF technology is compatible with 
many materials, highly efficient, and capable of producing 
complex end-products of high precision.7,8 Companies 
such as General Electric, Airbus, Boeing, and Rolls-Royce 
are all at the forefront of using more metal AM in their 
production line.9-11

Key advantages of the PBF process include greater 
design freedom, enhanced functionality, reduced 
tooling and setup costs, lightweight structures, mass 
customization, and overall cost savings.8 However, various 
post-processing steps, such as heat treatment, secondary 
machining, and polishing, are often necessary to improve 
the quality of parts produced by the PBF process further. 
Components fabricated using PBF can exhibit superior 
properties compared to those made by conventional 
methods, largely due to the refined microstructures 
formed during the rapid cooling and solidification cycles, 
with cooling rates ranging from 103 to 106°C/s. Despite its 
potential for producing near-net-shape components, PBF 
technology has yet to be widely adopted across industries. 
A  key barrier to broader implementation is the need for 
additional post-processing to achieve the surface quality 
required for many applications.12

The surface roughness (Ra, the arithmetic mean 
deviation of the assessed profile) of metal additive 
manufacturing (AM) components varies between 5 and 
50 μm, depending on the material used.12 At present, 
additional post-processes such as computer numerical 
control milling and turning, grinding, and polishing are 
implemented to achieve <1 μm Ra.13 In addition, the 

following factors are important in determining the final 
surface quality built by PBF: Material feedstock (type, size, 
and quality), surface orientation concerning the process, 
support interface, and key processing parameters.14 In 
recent years, the effect of machine factors on Ra variation 
has also received attention.

A variety of process parameters influence print quality 
in AM, including laser power, scanning speed, hatch 
spacing, layer thickness, scanning strategy, spot size, and 
pre-heat temperature.15 In addition, other factors, such 
as gas flow rate and raw material properties, can impact 
process stability and overall print quality. These parameters 
collectively affect mass and heat transfer within the melt 
pool, thereby influencing melt pool behavior and the 
resulting part quality.16 Meanwhile, heat treatment such as 
annealing also has a major effect on the fracture toughness 
and the threshold for fatigue crack initiation.17 Two other 
parameters to be considered are scanning strategy and 
build orientation.18

The main characteristics of 1.2709 tool steel are 
characterized by high hardness and high ductility.19-22 Its 
specific mechanical properties allow usage in high-stress 
components due to its high wear resistance.23-25 Lasers 
can also be used to diminish the Ra of 1.2709 tool steel 
PBF parts up to 41% and increase their hardness up to 
88%.26 The maximum operating temperatures can further 
reduce wear. It is commonly used for applications such as 
conformal cooling systems for mold devices.27,28 Various 
build strategies were developed to optimize the printing 
process of 1.2709 tool steel.29-33 In hybrid manufacturing 
applications, 1.2709 tool steel (ASTM A276/M300) is 
widely used and adopted.34-36 Its performance can also 
be enhanced via various heat treatment methods, such 
as solution annealing and aging after the PBF fabrication 
process.37,38 Its microstructure change during heat 
treatment was investigated to obtain the optimal heat 
treatment process.39-42

This study aims to produce high-quality PBF parts and 
investigate the machine factors affecting the surface quality 
of as-built parts from the PBF process, such as inert gas 
flow and the position of parts relative to the location of the 
laser spot center.

2. Data and methods
2.1. Material and manufacturing

This study used 1.2709 tool steel (ASTM A276/M300) 
(Nikon SLM Solutions AG, Germany). As shown in 
Figure  1, the powder has a spherical morphology 
according to the standards of the German Institute 
for Standardization (DIN), European Standard (EN), 
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and International Standardization Organization (ISO) 
3252:2023, with a particle size distribution of 10 – 45 µm. 
Its mass density is 8.0 g/cm3. Its chemical composition is 
shown in Table  1. The powder was dried before loading 
into the PBF machine with professional dry bags (Nikon 
SLM Solutions AG, Germany) to ensure that the relative 
humidity of the powder was <10% before starting the PBF 
process.

An AM machine was used for the PBF process (SLM280 
Twin 700W laser, Nikon SLM Solutions, Germany). 
A powder layer thickness of 30 µm was maintained, with 

a rotating hatch angle of 67°, whereas the laser beam focus 
diameter was 80 – 115 µm. The substrate plate was pre-
heated to 200°C before starting the fabrication process. 
During the fabrication process, its gas flow came from 
right to left, and the recoating direction came forward and 
backward (Figure 2). High-purity argon gas was pumped 
into the build chamber to maintain oxygen level below 
1,000 ppm throughout the fabrication process. Argon gas 
flow speed was controlled at 22 m/s to ensure that heavy 
spattering and soot formed from the rapid melting process 
could be effectively removed from the powder bed. The 
oxygen level was closely monitored via the AM system’s 
monitoring control system to ensure that the oxygen level 
was below 1,000 ppm. The metal powder was spread onto 
the substrate plate evenly with the calibrated recoater. The 
gap between the recoater blade and the substrate plate was 
controlled at 200 µm to ensure consistency across build 
jobs. Steel substrate plates were also ground smoothly, with 
their Ra <30 µm, to ensure that the building of the first 
layer on the substrate plate was smooth.

2.2. Design of parts

In this study, the testing parts in Figure 3 were produced 
and measured for their surface quality. Each part consisted 
of a 25 × 25 × 10 mm3 cube with a 25 mm diameter, 10 mm 
high cylinder on top. Twenty parts were produced per plate. 
The parts were removed from the substrate plate for further 
measurements of their surface quality. Surface quality 
was measured on the front, back, left, and right surfaces 
of every cube. Eighty measurements were performed to 
investigate the surface quality of as-built PBF parts against 
gas flow direction, recoat direction, and consistency across 
the full plate. The parts were stored inside sealed boxes 
during transportation to minimize the contamination of 
the part surface from the atmosphere.

2.3. Experimental and characterization methods

In this study, a 3D laser scanning microscope (VK-X200 
series, KEYENCE, Japan) was used. On every surface, a 
1 mm × 1 mm surface area was measured. Relative density 
was determined by testing specimens using light microscopy. 
Tensile testing was performed following the standards 
of DIN, EN, and ISO 6892 – 1:2020 B and conducted at 
room temperature. Tensile parts were processed before 
testing (geometry according to the standards of DIN, EN 
50125:2016 – D6 × 30, and DIN 50125:2016 – C6 × 30). 
Hardness testing was conducted according to the standards 

Table 1. Chemical composition of 1.2709 tool steel powder (mass fraction in %)

Element Fe Ni Co Mo Ti Al Mn Si C

% Balance 18.00 – 19.00 8.50 – 9.50 4.70 – 5.20 0.50 – 0.80 0.05 – 0.15 0.10 0.10 0.03

Figure  2. Gas flow and recoating direction of Nikon SLM Solutions’ 
SLM280 twin laser additive manufacturing system. 
Note: Green arrows indicate the gas flow direction, and blue arrow 
indicates the recoating direction.

Figure 1. Powder characteristics of 1.2709 tool steel (ASTM A276/M300) 
metal powder. Scale bar: 100 µm; magnification: ×100.
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DIN, EN, and ISO 6507 – 1:2024. Measurement direction 
was “2” according to the Association of German Engineers 
(VDI) 3405 2.1.

3. Results and discussion
3.1. Mechanical properties

The results of the mechanical properties of this 1.2709 tool 
steel (ASTM A276/M300) metal powder produced from 
Nikon SLM Solutions’ SLM280 twin laser AM system are 
shown in Table 2 after conducting respective density test, 
tensile test, and hardness test.

3.2. Surface quality properties

The overall average Ra of all 80 measurements in this study is 
22.6 ± 11.9 µm. The average Ra of left, right, front, and back 
surfaces are 23.0 ± 15.3 µm, 24.5 ± 14.3 µm, 19.1 ± 6.9 μm, and 
23.8 ± 9.2 µm, respectively. Detailed data of all measurements 
are shown in Table 3. All parts’ right surfaces were the closest 
to the gas flow outlet, whereas their left surfaces were the 
furthest away from the gas flow outlet. Their front and back 
surfaces faced the recoater’s moving direction when recoating 
metal powder during the PBF process.

3.3. Effect of gas flow

The effect of gas flow on surface quality was analyzed. 
Figure  4 and Table  4 show the change in Ra due to the 
change in its distance from the gas flow outlet. These 
results showed that the measured Ra increased gradually 
when the fabricated parts were placed further from the gas 

flow outlet. The impact of such gas flow became significant 
when the distance exceeded 200  mm. Ra of parts at a 
distance of 120  mm from the gas flow outlet was better 
than that at 70 mm. The potential root cause was that those 
parts placed at a distance of 120  mm from the gas flow 
outlet were closer to the center of the laser spot location. 
Therefore, such results also show that the distance of the 
part from the center of the laser position has a stronger 
impact on the as-built parts’ Ra compared to the distance 
from the gas flow outlet.

Table 2. Mechanical properties of 1.2709 tool steel (ASTM 
A276/M300) used in this study

Properties Values

Relative density 99.9%

Ultimate tensile strength (MPa) 1135±75

Yield strength (MPa) 915±120

Elongation (%) 12±3

Vickers hardness (HV10) 339±35

Table 3. Overall surface quality of all measurements

Surface direction Surface roughness, Ra (µm)

Overall 22.6±11.9

Left 23.0±15.3

Right 24.5±14.3

Front 19.1±6.9

Back 23.8±9.2

Figure 3. As-built parts are produced using the powder bed fusion system. (A) As-built parts on the substrate plate; (B) parts with labeling from the top 
view; (C) front, back, left, and right surfaces of parts.

B CA

Figure 4. Surface roughness for surfaces against their distance to the gas flow outlet. (A) Overall surface. (B) left surface.

BA
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The argon gas was blown from the inert gas outlet on 
the right of the build chamber. Spattering and soot were 
formed during the rapid laser melting process. Although 
most spattering and soot were expected to be blown away 
from the powder bed working area, a portion of this 
spattering and soot would still fall onto the powder bed, 
affecting the surface quality if it fell onto the edges of the 
fabricated parts. This issue became more significant for 
those parts placed on the left part of the building areas 
because more spattering and soot were generated from the 
right areas.

In addition, Figure 5 shows that the standard deviation 
of the Ra increases gradually when the distance to the gas 
flow outlet increases from 20.0 mm to 120.0, 160.0, and 
260.0 mm, with the same number of measurements and 
parts at each location. When parts were placed further 
from the gas outlet, unpredictable spattering and soot 
would have a more significant impact on the parts’ Ra. 
Moreover, while the argon gas flow speed was maintained 
inside the build chamber, its effectiveness in removing 
the spattering and soot decreased when the parts were 
further away from the gas outlet position. A sintered wall 
was used at the argon gas outlet to ensure a laminar flow 
was blown into the build chamber. Turbulence would still 
be formed in the chamber, especially in spaces further 
away from the gas flow outlet. Such turbulence would 
also bring some spattering and soot back to the powder 
bed in the left area, affecting the as-built parts’ surface 
quality.

3.4. Effect of build position

The average Ra of each part is defined as the average 
value of its front, back, left, and right surfaces’ Ra values 
(Equation I):

Ra (sample) = average (Ra[front] + Ra [back] + Ra [left] + Ra 
[right])� (I)

In this study, a twin laser PBF system was used. The 
laser positions are marked as “X” in Figure 6. Detailed data 
of all 20 parts and their positions are shown in Figure 6. 
Parts placed near the center of the laser, such as parts 2, 3, 
6, 7, 14, 15, 18, and 19, had a better surface quality in the 
range of 15 – 20 μm. Parts placed further away from the 
center of the laser, such as parts 1, 4, 8, and 13, had poorer 
surface quality in the range of 25 – 35 μm.

The effect of building positions was analyzed. 
Figure 7 and Table 5 show the average Ra compared to the 
distance of the fabricated parts from the center of the laser 
spot positions. Ra values of PBF fabricated parts increased 
gradually when the parts were placed further away from 
the center of the laser spot location.

When the parts were placed further away from the 
center of the laser spot, the laser spot became more 

Table 4. Surface roughness for all surfaces against their 
distance to the gas flow outlet

Distance to gas 
flow outlet (mm)

Part number Average surface 
roughness (µm)

20.0 4, 5, 16, 17 20.7±2.5

70.0 10, 11 21.4±2.1

120.0 3, 6, 15, 18 20.4±3.1

160.0 2, 7, 14, 19 22.3±3.5

210.0 9, 12 25.1±1.1

260.0 1, 8, 13, 20 26.4±5.7

Figure 5. Standard deviation of the parts’ surface roughness against their 
distance to the gas flow outlet

Figure 7. Surface roughness for all surfaces against their distance to the 
center of the laser spot

Figure  6. The position of parts in the build chamber and their overall 
surface quality. (A) Overall surface quality of the parts. (B) Positions of 
parts with labeling. 
Note: The “X” marks in (B) indicate the laser position in the powder 
bed fusion system. Red circles indicate regions close to the center of the 
laser, whereas green circles indicate further regions. The parts included 
in rectangles in (A) correspond to the parts included in the circles of the 
same color in (B).

BA
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elliptical. This would result in reduced energy density, thus 
causing higher Ra or even forming porosity inside the part 
due to a lack of fusion. Figure 8 illustrates the consequence 
of such laser interaction due to the position of the parts. 
When the laser was shot directly onto the powder bed from 
90° vertically, the melt pool and laser spot size were nearly 
a perfect round shape. However, when the part moved 
away from the center of the laser spot, the melt pool shape 
became distorted, which negatively affected the surface 
quality of the as-built parts.

3.5. Summary of the surface quality of parts

Figure 9 summarizes the measured surface quality of parts 
fabricated on different positions of the substrate plate, 
with the indication of the gas flow direction and recoating 
directions.

When all identical parts with the same geometry design 
and the same support design were fabricated inside the 
same build chamber, using the same argon gas settings, 
recoating settings, metal powder, and process parameters, 
their Ra varied across the full substrate plate. The key 
factors that account for such variations are the distance 
from the parts to the gas flow outlet and the center of the 
laser spot. For example, parts 1, 8, and 13 had the worst Ra 
because they were furthest away from the gas flow outlet, 
as well as the center of the laser spot. On the other hand, 
parts 5, 7, 11, 14, 16, 17, and 18 had better Ra because these 
parts were placed close to either the center of the laser spot 
or the gas flow outlets. As a general trend observed from 
the measurements, parts positioned on the right side of the 
substrate plate (which are closer to the gas flow outlet) and 
parts placed near the center of the laser spot have better Ra 
compared with those parts that are placed away from the 
gas flow outlet and the center of laser spot position.

4. Conclusion
In this study, 1.2709 tool steel (ASTM A276/M300) was 
fabricated using the PBF system. The main conclusions of 
the study are summarized as follows:
(i)	 Fully dense parts of a relative density of 99.9% were 

fabricated from the PBF process with platform pre-
heating. Without heat treatment, its as-built ultimate 
tensile strength was 1,135 ± 75 MPa, yield strength 
was 915 ± 120 MPa, and elongation was 12 ± 3 %. It 
has HV10 at 339 ± 35.

(ii)	 Surface measurements were performed for parts 
placed across the substrate plate, and the average Ra 
for as-built vertical walls was 22.6 ± 11.9 µm.

(iii)	Machine factors, such as the distance of parts to the 
gas flow outlet, impact the Ra of as-built parts. The Ra 
becomes higher when the parts are placed further away 
from the inert gas outlet. The distance of parts to the 
center of the laser spot also impacts the Ra of as-built 
parts. The Ra increases when the parts are placed 
further away from the center of the laser spot location.

This study provides guidance and reference for 
optimizing the PBF fabrication strategy, especially on the 
part placement, considering machine factors such as inert 
gas outlet and laser spot position.
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Table 5. Surface roughness for all surfaces against their 
distance to the center of the laser spot

Distance from the 
laser center (mm)

Part number Average surface 
roughness (µm)

32.0 2, 3, 6, 7, 14, 15, 18, 19 21.3±3.0

89.0 9, 10, 11, 12 23.3±2.0

122.6 1, 4, 5, 8, 13, 16, 17, 20 23.5±5.5

Figure 9. Surface roughness for all parts on the substrate plate. 
Notes: # indicates part number. The “X” mark in gray indicates the center 
of the laser spot. Green boxes indicate that produced parts have a good 
Ra value smaller than 20 μm. Orange boxes indicate those produced parts 
have a relatively poor Ra value between 20 μm and 30 μm. Red boxes 
indicate those produced parts have a poor Ra value larger than 30 μm.

Figure 8. Illustration of laser interaction on the powder bed. (A) Laser 
interaction with powder bed at different incident angles. (B) Elliptical 
shape of the laser beam when the parts are placed at a different location 
on the substrate plate (courtesy Nikon SLM Solutions AG).
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