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1. Introduction 

Laser powder bed fusion (PBF-LB/M) is highly prevalent in 
both industry and research due to its near-net-shape 
manufacturing and capability to produce intricate structures. 
However, the PBF-LB/M process is subject to various process-
related factors that can affect the stability of the laser-induced 
melt pool and, consequently, the quality of the component [1]. 

Haynes® 282® is a superalloy that is strengthened by the 
presence of the γ’ phase, which gives it high strength and high 
creep resistance at high temperatures [2,3,4]. These properties 
make it ideal for use in aircraft and industrial gas turbine 
engines. In addition, Haynes® 282® is a potential candidate for 
PBF-LB/M printing due to its adequate fabricability and 
mechanical properties compared to Waspaloy [3].  

Swaminathan et al. [5] study the effect of individual process 
parameters on melt pool dimensions and porosity using 

Haynes® 282®. They showed that the volume energy density 
VED captures the total heat incident on the powder particles 
and is therefore a suitable parameter for determining melt pool 
behavior and the resulting part porosity. However, other authors 
have pointed out that the uncritical use of the VED as a 
comparison mean should be avoided [6]. This is because 
different parameter combinations giving the same VED can 
lead to different manufacturing results. Li et al. [7] investigated 
the impact of VED on print quality, focusing on the 
densification behavior and surface quality of 7075 alloy. They 
verified that both very low and high VEDs led to issues such as 
lack-of-fusion and keyhole pores [1] respectively, resulting in 
high porosity. Moreover, their findings revealed a nuanced 
relationship: surface roughness initially decreased but later 
increased with rising VED. Guo et al. [8] confirmed in their 
study with IN738LC that the applied hatch spacing, scan speed 
and laser power influence the porosity as well as the surface 
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roughness. The authors identified solidification and fluid 
dynamics phenomena, such as Marangoni convection and 
micro-humping as crucial factors affecting surface quality. 
Tang et al. [9] revealed by using computational fluid dynamics 
the various effects of surface tension, Marangoni convection, 
viscous force, and recoil pressure on the humping phenomenon 
in PBF-LB/M. They indicated that at the same energy density, 
samples produced at high scan speeds or high laser power 
exhibit humping and intense mass backflow at the bottom of the 
keyhole. 

To identify the optimal parameter sets for manufacturing 
high-quality components, it is crucial not only to comprehend 
the influence of parameters on the printing behaviors but also 
to enhance the efficiency of defect detection and understand the 
interrelationships among these defects. This work presents a 
methodological approach to parameter development, aiming to 
achieve minimum component porosity and optimum surface 
finish while considering shape accuracy. In addition, three 
different methods for determining density are compared: The 
Archimedes method, microscopy and gaspycnometry. It also 
evaluates the validity of these methods based on their sources 
of error.  

2. Materials and Methods 

2.1. Haynes® 282® powder 

The gas-atomized Haynes® 282® powder used in this 
investigation was provided by Praxair Surface Technologies 
GmbH, Ratingen, Germany. According to supplier 
specifications, the powder material exhibits a particle size 
distribution with values of D10 = 19.1 µm, D50 = 29 µm, 
D90 = 44.9 µm and chemical composition as shown in Table 1. 

Table 1. Chemical composition of the Haynes® 282® powder (wt%).  

Ni Cr Co Mo Ti Al Fe Mn Si C B 

57 bal. 20 10 8.5 2.1 1.5 1.5 0.3 0.15 0.06 0.005 

2.2. PBF-LB/M process 

Samples measuring (10 x 10 x 10) mm3 were manufactured 
using the PBF-LB/M system AconityMidi+ (Aconity3D 
GmbH, Herzogenrath, Germany) equipped with a 500 W AFX 

fiber laser. Four build processes were performed to generate all 
samples on a round build platform with a diameter of 250 mm 
and without pre-heating. The process parameters were varied 
as indicated in Table 2.  

Table 2. Summary of the PBF-LB/M processing parameters. 

Parameter Value  

Scan speed vS 450 - 1100 mm/s 

Laser power PL 150 - 350 W 

Layer thickness  lz 40 µm 

Hatch spacing hs 100 µm 

Interlayer time ILT 12 s 

Laser spot size ØL 80 µm 

Based on studies from the literature [3,4,5], the range of 
volumetric energy density VED to be investigated was initially 
set between 40 J/mm³ – 200 J/mm³, Eq.1. A range of laser 
power PL from 150 W – 350 W was defined, with increments 
of 25 W. The scan speed vS was systematically varied in 
increments of 50 mm/s, starting from a minimum value of 
450 mm/s to ensure enhanced productivity. 

VED P
v  l  h (1) 

Layer thickness lz, hatch spacing hs, interlayer time ILT and 
the meander scanning strategy (without contours) remained 
constant for all samples.  

2.3. Density determination 

The Archimedes method is based on the principle, which 
states that a body immersed in a liquid experience a buoyant 
force equivalent to the weight of the volume of liquid it 
displaces. The measurements by this method were conducted 
in accordance with the standards DIN EN ISO 3369 using 
isopropanol as liquid and the analytical balance ME204T/00 
with the density kit (Mettler-Toledo, Ohio, USA). 

For the density determination using the optical microscope 
Polyvar-Met (Reichert Inc, New York, USA) equipped with a 
microscope camera Gryphax Altair (Jenoptik AG, Jena, 
Germany) the samples were sectioned parallel to the 
longitudinal plane. These cross-sections were embedded using 
Epofix cold mounting material, consisting of resin and 
hardener, and subsequently mechanically polished. The 
measurements were carried out by the image management 
system IMS Client (Imagic Bildverarbeitung AG, Glattburg, 
Switzerland). 

In gaspycnometry, a specific volume of gas (in this study 
helium) is pressurized within a container, which is then filled 
with the sample. The volume of the material can be calculated 
by measuring the pressure before and after filling the container. 
The part density can then be calculated using the known weight 
of the sample. The density measurements were conducted 
according to DIN 66137-2 using the gas pycnometer of type 
AccuPyc 1330 (Micromeritics Instrument Corporation, 
Georgia, USA). In both gas pycnometry and the Archimedes 
method, the samples were examined without any post-
processing.  

Fig. 1. SEM image of the powder used for the sample fabrication. 
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2.4. Surface characterization 

To determine the parameter sets that produce the highest 
surface quality, 3D images of the sample top surface were 
captured using the optical microscope Keyence VHX-7000N 
(Keyence Corporation, Osaka, Japan). At a magnification of 
1000x, a systematic scan along the central zone of the top 
surface was conducted, capturing an image strip with a length 
of 5600 µm, where three primary profile Pt measurements 
perpendicular to the scan tracks were extracted, Fig.3(b).  

For identifying samples with the flattest surface or rather 
lower edge elevation, the distance in z-direction between the 
highest and lowest points was measured on four different 
profiles of the sample top surface at a magnification of 250x, 
Fig.3(d). These points were located at the edges and in the 
center of the surface profile respectively.  

3. Results and Discussion 

3.1. Porosity 

Achieving maximum part density in additively 
manufactured parts is of paramount importance. Density 
significantly improves mechanical properties and serves as a 
coarse measure of printing success [4,7,8]. Therefore, in this 
study, density, or rather porosity, is used as the primary 
criterion for evaluating part quality. The porosity of all printed 
samples, measured by Archimedes method, is correlated with 
the VED and visualized in Fig.2(a).  

Fig. 2. (a) Porosity as a function of VED; microscopic images of a specimen 
in (b) lack-of-fusion region, (c) transition region to low porosity, (d) low 
porosity region, (e) transition region to keyhole porosity, (f) keyhole region. 

The graph in Fig.2(a) can be divided into three distinct 
regions based on the degree of porosity and two transition 
regions (yellow areas). In the blue region, specimens with 
VED < 50 J/mm3, the relative porosity exceeds 2 %, indicating 
insufficient energy input resulting in a so-called lack-of-fusion 
[4,5]. As VED increases, the porosity values decrease and 

remain stable in the range of 60 - 90 J/mm3. In the red region 
(VED > 140 J/mm3), porosity increases again due to excessive 
energy input, as result of the keyhole pores [1,2]. This behavior 
is consistent with previously reported results [4,7] and is 
illustrated by the microscopic images in Fig.2(b - f), stemming 
from characteristic specimens of the distinct regions.  

The porosity behavior with respect to VED was observed to 
be consistent regardless of the measurement method used, 
Fig.2(a). Both microscopy and gaspycnometry examined only 
25 % of the total sample size. Porosities below 0.5 % were 
measured in the optimum VED range. The differences in the 
porosity values can be attributed to sources of error in the 
measurement methods. In the Archimedes method, the sample 
is displaced by isopropanol, which can cause air bubbles on the 
surface of the object due to the surface tension of the liquid, 
potentially distorting the measurement. Furthermore, surface 
imperfections play a significant role, as it can be difficult to 
ensure that all voids are filled with liquid in samples with 
uneven or porous surfaces [10,11]. Microscopic void detection 
is strongly influenced by the threshold and magnification value 
used, leading to inaccurate results. In addition, the 
measurement is only made in a cross section, which may not be 
fully representative for the right part-density [10]. 
Gaspycnometry is a method in which the entire sample is 
displaced by helium gas under high pressure, ensuring that the 
measurement is not affected by surface quality or unfilled 
voids. This method can be considered more accurate than 
others. However, the microscopy method has an advantage 
over the other two methods because it allows for statements 
about the quality of the pores, which can lead to conclusions 
about their causes. 

Fig. 3. (a) Primary profile Pt in function of the VED; (b) measurement 
method for determining surface roughness; (c) Edge elevation in function of 
the VED; (d) measurement method for determining edge elevation. 

To investigate the influence of process parameters on the 
part surface quality, 25 % of the total samples were selected. 
These samples exhibit reduced porosity and fall within the 
VED range of 50 - 110 J/mm³, ensuring that the lack-of-fusion 
and keyhole areas are not considered. The primary profile Pt 
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characterizes surface waviness and roughness, with a smaller 
Pt-value indicating a flatter surface. Fig.3(a) displays the 
arithmetic mean height of the primary profile throughout the 
VED variation, while Fig.3(c) shows the arithmetic mean 
height of the edge elevations throughout the VED variation. 

Fig.3(a) illustrates that surface roughness decreases as VED 
increases, suggesting that smoother surfaces can be achieved 
with higher VED. As the VED increases, the viscosity and 
surface tension gradient of the melt decrease, resulting in 
improved flowability [7, 8]. The measurements of the edge 
elevations (or overall flatness of the top surface) are shown in 
Fig.3(b). Definitive statements are difficult to make due to the 
large standard deviation of the measured values recorded with 
the method used. 

To provide a more detailed analysis of the impact of laser 
power and scan speed on surface quality, the VED is divided 
into ranges with a width of less than 10 J/mm³ and evaluated 
over both laser power and scan speed, as shown in Fig.4. The 
plots are fitted with a second-order polynomial approximation. 
The graphs demonstrate that, at every level of VED, surface 
roughness and edge elevation initially decrease and then 
increase with an increase in laser power and scan speed. This 
behavior indicates that extreme values of laser power and scan 
speed have a negative impact on the surface condition, 
regardless of the VED. 

Fig. 4. Primary profile Pt average in function of (a) laser power and (b) scan 
speed; edge elevation in function of (c) laser power and (d) scan speed. 

Based on the data, a faster scanning speed within a fixed 
VED can improve the flow of molten fluid over the melt area, 
resulting in a more uniform surface. These findings are 
consistent with previous studies [8,9]. However, excessive 
laser powers and high scanning speeds can cause uncontrolled 
spreading of the melt pool, leading to rougher surfaces and 
elevated edges due to micro-humping [9]. This effect is 
particularly noticeable at the edges of the specimens. 

4. Conclusions 

The purpose of this study was to develop parameters for 
producing Haynes® 282® parts with optimal surface quality and 
low part porosity. The key findings are summarized below: 

 The Archimedes method, compared to 
gaspycnometry and porosity analysis with 
microscope, tends to overestimate the actual 
porosity. 

 Gaspycnometry is the most suitable method for 
determining density, due to its high reproducibility 
and accuracy. This method is predestined for 
measuring small PBF-LB/M samples. 

 The optimal VED range for processing 
Haynes® 282® achieving maximum relative 
density (> 99.5 %) is between 60 – 80 J/mm3. 

 Increasing the VED generally results in smoother 
surfaces. However, a VED value that is 
excessively high can result in severe edge 
deformation. 

 To optimize surface condition, laser power and 
scanning speed are crucial factors. Rougher 
surfaces can result from both too low and too high 
values. For optimal performance in the given 
application, a power setting of between 
200 - 250 W is recommended. Moreover, the 
scanning speed should be maintained within the 
range of 800 - 900 mm/s to achieve optimal 
results.  
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