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Abstract

Particle size distribution (PSD) variations significantly impact the processability and performance of
parts manufactured through Laser Powder Bed Fusion (LPBF). This study investigates the effects of PSD on
IN718 powder using a comprehensive experimental approach that addresses realistic manufacturing
scenarios. Through single-layer and multi-layer experiments, the research systematically examined how
PSD differences influence melt pool geometry, surface roughness, and mechanical properties. In the single-
layer experiment, finer powder demonstrated a more stable process window and distinct melt pool
characteristics. Surface roughness measurements revealed significantly higher values for finer powder,
with a one-way ANOVA confirming statistically significant. The depth-to-height (D/H) ratio analysis
showed that finer powder resulted in more consistent melt pool geometry across various energy densities.
The multi-layer experiment unveiled notable hardness variations between powders with different particle
size distributions. Vickers hardness (HV0.1) measurements indicated that the finer powder exhibited
approximately 6.8 % higher hardness compared to coarser powder, with statistical significance
confirmed through ANOVA testing. Preliminary microstructural analysis suggested potential
microstructural differences correlating with particle size distribution. These findings underscore the
critical importance of understanding and managing particle size distribution in additive manufacturing. The
research provides insights into how PSD variations can impact process stability, surface characteristics,
and mechanical properties, highlighting the need for precise powder characterization and potential process
parameter adjustments in LPBF manufacturing.

Introduction

Additive manufacturing using Laser Powder Bed Fusion (AM-LPBF) has seen significant advancements
in recent years, driven by its capability to produce complex geometries and high-performance components
[1, 2]. However, process consistency and part quality remain critical challenges [1, 2, 3, 4, 5, 6, 7]. Previous
research conducted at the W.M. Keck Center for 3D Innovation has indicated that differences in particle size
distribution (PSD) substantially affect the emissivity and absorptivity behavior of powders, as described by
the gray-body theorem [8, 9]. For instance, previous investigations revealed that PSD variations achieved
solely by spreading powder across the substrate plate or powder bed resulted in a notable 6.4% increase in
absorptivity for finer powders compared to coarser powders. Despite these findings, there is a lack of
comprehensive investigations into realistic PSD differences encountered during actual AM-LPBF operations
and their potential impacts on processability and the quality of finished parts. Existing studies primarily focus
on controlled PSD differences that are unlikely to occur in typical manufacturing scenarios [10, 11, 12, 13].
For example, refinements in PSD have been shown to significantly affect the process parameter window,
defined by the fundamental volumetric energy density Ey [J/mm?] (equation 1), particularly in terms of
scanning speed (vs [mm/s]) and laser power (P1 [W]) [14, 15, 16]. Finer powders exhibit broader parameter
combinations that produce fully dense parts, while coarser powders are more prone to defects such as porosity
or lack of fusion (LOF) [13, 17, 18]. However, these investigations typically involve PSDs with median
particle sizes (Dso [pim]) ranging from 16 pm to 76 um, which are not representative of real-world conditions
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In terms of mechanical properties, several studies have shown that PSD refinement enhances the yield
strength (YS) and ultimate tensile strength (UTS) of components, with increases ranging from 12—-57 % and
10-30 %, respectively, in IN718 feedstock [19, 20]. However, this improvement often comes at the expense
of reduced elongation (¢ [%]) [20]. While the influence of particle shape, such as the improved regularity of
plasma-atomized powders compared to gas-atomized powders, has been extensively studied, the isolated
effects of PSD refinement on fatigue performance remains largely unexplored. General trends identified
concerning hardness (Rockwell, Vickers) and toughness (Charpy) testing indicate increase property values
for refined powder, however, investigated PSD differences are not representative for actual in-process
occurrence [18, 21, 22].

Recognizing the importance of PSD in LPBF processes could significantly enhance manufacturing
efficiency by reducing part rejection rates during quality assurance testing. Moreover, it could improve the
viability of powder reuse strategies, which are crucial for cost and resource efficiency. Current reuse
methodologies, such as "Top-Up," "Single Batch Method," and "Collective Aging Method," do not account
for PSD adjustments, even though sieving and combining powders often lead to PSD changes [3, 23, 24, 25].
Developing an awareness of the need for process parameter adjustments based on PSD conditions is essential
for achieving consistent manufacturing quality [3]. This work seeks to bridge the knowledge gap by
characterizing the impact of PSD on both processability and part quality. A time- and resource-efficient
experimental setup is proposed to enable systematic investigations of PSD effects. Additionally, a real-world
case study is presented, focusing on medium-volume production scenarios where:

e Several parts are produced in each job across a substrate plate
e The required powder volume exceeds the capacity of a single powder lot
e Variations arise due to displacement between powder suppliers or recoaters

The hypothesis underpinning this study is that PSD differences in such scenarios cause significant changes
in processability, particularly in melt pool geometry, and negatively affect part performance, such as hardness.
These variations ultimately hinder the consistent quality required for high-performance applications in AM-
LPBF.

Materials and Methods

This study investigates the influence of particle size distribution (PSD) variations on the processability
and quality of parts produced through Laser Powder Bed Fusion (LPBF). Prior research has highlighted the
significant differences in absorptivity between fine and coarse powders, emphasizing the necessity of
understanding these effects on manufacturing outcomes. Plasma-atomized IN718 powder supplied by
3DSystems (Rock Hill, USA) was utilized. PSD was characterized using dynamic image analysis (DIA) on a
Camsizer X2 system by Microtrac/Retsch, adhering to ASTM B822-20 standards. Volume-based
characteristics were derived in accordance with ASTM E1617-09, focusing on diameter descriptors Dio, Dso,
and Dgo. The minimal particle size, Xemin [Um], was measured following ASTM E11-22 guidelines. Three
independent measurements of 20 g samples were performed to ensure statistical robustness, with calibrated
feeder settings providing repeatability. Sampling adhered to ASTM B215-20, with a randomized container
selection process executed via an RStudio script to ensure unbiased results.

Two lots from the same powder batch were analyzed, and deviations between lots were attributed to
powder segregation and atomization process parameters, such as dispersion and atomization pressure
differences. These findings are elaborated in Chapter 1. Previous investigations indicate that displacement-
fed recoaters, such as those in the ACONITY MIDI+ system, cause PSD gradients across the substrate plate,
with significant variation along the recoater's travel direction. This phenomenon, combined with absorptivity
differences (finer powder showing a 6.4 % higher absorptivity than coarser powder), necessitates a
comprehensive "worst-case scenario” analysis.
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Lot
Characteristic 20MP0O1261C 490655 A [%]
Dio [pm] 21.5 24.6 12.7
Dso [um] 33.7 35.0 3.6
Dog [pum] 46.3 48.1 3.7

Table 1: D-Characteristics Data Comparison — Lot Dependency

Sampling location
Characteristic First contact Last contact A [%]
Dio [um] 19.0 21.7 12.4
Dso [um] 29.7 333 10.9
Doo [um] 43.2 46.0 6.1

Table 2: D-Characteristics Data Comparison — Sampling Location Dependency

Powder identifier
Characteristic Superpos1 / Samplel Superpos2 / Sample2 A [%]
Dio [um] 22.6 16.6 26.5
Dso [um] 34.5 28.2 18.3
Dogo [um] 45.9 31.0 10.7

Table 3: D-Characteristics Data Comparison — “worst case scenario” superposition
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Software developed at the W.M. Keck Center for 3D Innovation facilitated the creation of PSD blends to
simulate this scenario, achieving over 98 % repeatability between simulation and actual powder blends.
Blends were prepared using a chute splitter (ASTM B215-20) and verified with the Camsizer X2. The
graphical results of the cumulative distribution functions are depicted in Figure 1, with the numerical diameter
lot-to-lot deviations presented in Table 1, spreading deviations in Table 2, and the superimposed total
deviations in Table 3. These configurations served as the basis for subsequent experimental comparisons and
analytical/statistical evaluations.

Experiments were conducted using an adjusted ACONITY MIDI+ system (Aconity3D GmbH,
Herzogenrath, Germany), optimized for resource efficiency and isolation of variables. A reduction adapter for
the substrate plate enabled the use of a smaller 1”7 x 1” IN718 scan plate, significantly reducing material
requirements. A custom gravity-fed recoater, designed and manufactured at the W.M. Keck Center, was
mounted on the OEM recoater arm. The recoater utilized a carbon fiber brush trimmed for the reduced
substrate dimensions. Parts required for the experimental setup were manufactured at W.M. Keck Center for
3D Innovation utilizing a Stratasys Neo450 VAT polymerization system processing the WaterShed XC11122
material. The supplier system, equipped with eight chambers, dispensed powder incrementally through a chute
splitter. Each chamber was filled with 3 g of powder, ensuring consistent layer deposition. A cross-sectional
representation of the experimental setup is depicted in Figure 2. The recoater's start and end points were
precisely aligned using ACONITY STUDIO's user-friendly controls, ensuring homogeneity across the
reduced substrate geometry during the recoating process and consistent repeatability of the process. The
general experimental procedures adhered to the listed LPBF conditions:

Powder layer thickness 60 pm

Recoating speed 50 mm/s

Oxygen Level <10000 ppm

Argon inert gas atmosphere

Scan vectors aligned / parallel with gas flow

Table 4: General Process Parameter Setup
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Figure 2: Experimental ACONITY MIDI+ Setup
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Single-Layer Experiment: The primary objective of the single-layer experiment is to investigate the
impact of particle size distribution (PSD) variations on the processability of the powder material in the Laser
Powder Bed Fusion (LPBF) process. The study focuses on assessing how these variations influence the
geometry of the melt pool, surface roughness, and the overall consistency of the melt pool during the
manufacturing process. Previous experiments conducted at the W.M. Keck Center for 3D Innovation, as well
as trends observed in literature, indicate that differences in absorptivity between fine and coarse powders can
significantly affect processability, which ultimately impacts the quality of the final parts.

A total of 21 parameter variations, based on the parameter ranges presented in Table 5, were selected to
evaluate the influence of PSD variations on processability. These variations are designed to impact the line
energy density (Ei [J/mm]), Equation 2. The objective was to determine whether the PSD variation,
specifically between Superposl and Superpos2, has an effect on the processability of the material. The impact
of these variations was evaluated by observing changes in melt pool geometry, particularly the depth and
height of the melt pool. For each experimental parameter combination, a single scan track was made on the
scan plate. The scan parameters included a track/hatch distance of 1 mm and a scan length of 20 mm. The
parameter combinations where randomly assigned a specific track/hatch, as depicted in Figure 3, utilizing an
customized Python script for randomization.

Factor Initial Level
P [W] 280 150, 200, 250, 300, 350
vs [mm/s] 1000 600, 800, 1000, 1200
Table 5: Single Layer Experiment Factor Levels
E = § 2] @)

To ensure proper alignment and avoid displacement of the scan plate during recoating, the scan plate was
mounted into a socket using modeling clay as an adhesive. This also facilitated achieving a level, smooth
surface with respect to the top surface of the scan plate, its mount, and the substrate plate reduction.
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Figure 3: Single-Layer Setup

The line-surface roughness of the scan tracks was measured using the KEYENCE VHX-5000 digital
optical microscope. Surface roughness (Ra [um]) was measured along the symmetry line of each scan track.
The lateral tilt of the scan track surface was compensated for during the measurement process to ensure
accurate results. The roughness was calculated based on the following equation, whereas 1 [um] is the
measurement length and z(x) [um] is the height of individual measurement data points above the
measurement’s reference surface:
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Additionally, melt pool measurements were taken using the KEYENCE VHX-7000 digital optical
microscope. The dimensions measured included melt pool depth (D [um]) and melt pool height (H [um])
relative to the surface level of the scan plate. These cross sectional measurements were conducted after the
scan plate was sectioned, ground, and polished using Kallings No. 2 etchant to prepare the surface for analysis.
The measurement methods for both surface roughness and melt pool geometry are schematically illustrated
in Figure 4. The left illustration presents the surface roughness measurements along three scan tracks, while
the illustrates on the right side depict the melt pool depth and height measurements for a single scan track.

Prior to the main experiments, a scouting experiment was conducted to assess the potential correlation
between aspect ratios and PSD variations. Based on the preliminary results, no significant dependency or
correlation was observed between aspect ratios and PSD'. This finding led to the conclusion that while
aspect ratios may not show a direct link to PSD, the melt pool geometry and surface roughness are more
sensitive to changes in PSD.

21.454mm i

(1]16.648,m)

Figure 4: Melt Pool Measurements

Multi-Layer Experiment: The multi-layer experiment aims to evaluate the influence of different powder
compositions on the properties of laser powder bed fusion (LPBF) parts while maintaining as many process
and environmental variables as possible. To minimize variables, the comparison of powders is conducted
within the same multi-layer specimen, meaning the machine will not be opened to change the material during
the experiment. Instead, the powder is loaded into four chambers, with one chamber containing the first
powder type and the remaining chambers containing the second powder type. To address the heat-related issue
of mounting the scan plate with modeling clay (which softens and causes displacement during recoating), a
different approach was implemented. Instead of using modeling clay, the powder is compressed into the voids
between the scan plate and its mount. This allows for the alignment of the scan plate's surface, although it
may not be perfectly aligned. To improve the alignment, a sacrificial layer is used, consisting of the same type
of powder as the one in the chamber that is being opened first. Approximately 5 g of powder is manually
placed in front of the recoater to create the sacrificial layer, which helps level the scan plate's surface for the
actual powder layers that will form the multi-layer specimen. Powder loading of the supplier chambers follows
two specific sequences:

! Measurement data and statistical evaluation available upon request
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e Superposl2: 5 layers of Superpos] powder followed by 4 layers of Superpos2 powder
e Superpos21: 5 layers of Superpos2 powder followed by 4 layers of Superpos] powder

This inversion of the sequence is done to ensure that the initial contact with the scan plate, as well as the
sequence of powder layers, does not affect the process or the final quality of the specimen. The process
parameters and exposure strategy applied for the multi-layer experiment, the specimen manufacturing, are
presented in Table 6 below.

Laser power 280 W
Scan speed 1000 mm/s
Recoater speed 50 mm/s
Layer thickness 60 um

No scan vector rotation — unidirectional scanning
Initial scan location Indicated by a red dot
Scan region 20 mm x 20 mm

Table 6: Process Parameters / Setup

After the multi-layer specimen is manufactured, it is sectioned at the center to provide a cross-sectional
(z-x) view of the melt pools and the overall multi-layer structure as schematically depicted in Figure 5. This
cross-section is then prepared for further analysis by grinding, etching, and polishing. The etching process is
carried out using Kallings No. 2 etchant. Hardness testing is performed on the specimen according to ASTM
E92-17 guidelines, specifically using the Vickers hardness test with an applied load of HVO0.1. The hardness
measurements are conducted using the QNESS 30 CHD Master+ from QATM. For each series of
measurements, 10 indentations are made in the same powder region of the specimen. These measurements are
repeated across several runs, alternating between regions of the specimen with different powder compositions.
If necessary, the indentations are manually checked and remeasured to ensure accurate hardness calculations
in compliance with ASTM guidelines.

20 mm

Scan plate IN718

Figure 5: Multi-Layer Setup
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Results and Discussion

The setup developed, manufactured, and tested as described in Chapter 2, and illustrated in Figure 3 and
Figure 6, successfully enables consistent and homogeneous powder application on the scan plate. The top
right corner image shows the fully prepared scan plate setup. A fraction of the prepared powder for the actual
experiment is utilized to establish a level and plane recoating region surrounding the scan plate. The powder
is manually placed in front of the recoater brush which then distributes the powder across the scan plate and
its mount. The displacement rod connected to the mount and hence the scan plate is repositioned that no
residual powder is covering the scan plate ensuring that the subsequent single layer is recoated with the desired
layer thickness. Residual powder on the scan plate’s edges is blown off by using a handheld air pump. The
bottom right image presents the single powder layer after recoating; A homogeneous powder distribution
across the entire scan plate surface is apparent, indicating uniformity of the powder application.

recoater
arm

can plate |

upplier

eparator

M
substrate
plate
reduction

Figure 6: Machine Modification / Setup

Single-Layer Experiment: In the single-layer experiment, the surface roughness (Ra) and energy density
(E1) for Superposl and Superpos2 powders were analyzed. As shown in Figure 7, Superpos2 consistently
exhibited larger Ra values across the entire spectrum of investigated E; values. A co-linear trend between the
powder-specific linear data regression suggested significant differences in the line roughness measurements
between the two powders. To assess the significance of these differences, a one-way analysis of variance
(ANOVA) was performed with a 95 % confidence interval and a significance level of 5 % (a = 0.05). The
results yielded a p-value of 0.996x10 and an F-value of 18.77, leading to the rejection of the null hypothesis,
which indicated that the Ra for Superposl and Superpos2 were not equivalent. This finding supports the
conclusion that the PSD differences have a significant impact on the surface roughness. A general trend was
identified in the data, where increased line roughness (R.) was observed with higher line energy density (E\),
which is consistent with reports in the existing literature. A follow-up investigation is recommended to explore
a wider range of process parameters to examine scan track consistency and the potential effects of powder
PSD composition on initial humping or balling phenomena.
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Figure 7: Setup Implementation Figure 8: Melt Pool D-H Measurement Data

Regarding the melt pool geometry, no obvious differences were observed when comparing the melt pool
depth (D) and height (H) individually across different energy densities. However, a more detailed analysis of
the D/H ratios revealed distinct data separation between the two powders, as shown in Figure 8. Specifically,
Superpos1, which consists of coarser powder, exhibited lower melt pool height (H) values for a given depth
(D), while the finer Superpos2 powder showed increased melt pool heights for the corresponding depth
measurements. This suggests that the D/H ratio is more sensitive to powder composition, warranting further
investigation into its relationship with line energy density (Ei) and other process parameters. When analyzing
the D/H ratio over Ej, a clear data separation between Superposl and Superpos2 was evident. Superposl
exhibited higher D/H values, indicating that the finer Superpos2 powder results in a decreased melt pool depth
relative to height. A second ANOVA test was performed on the D/H data, and the results showed a p-value
0f0.007 (p-value < 0.05), and an F-value of 8.16 leading to the rejection of the null hypothesis and confirming
that the PSD significantly impacts the D/H ratio. Contour plotting of measured D/H ratios over the process
parameters reveals increased regularity across the process parameter window with respect to the D/H metric.
For the fine Superpos2 powder a primary dependency between D/H and the applied scan speed (vs) is apparent.
The coarse Superposl powder, within the same parameter ranger for the power (Pi) and scan speed (vs)
exhibits an irregular trend behavior, whereas no continuous D/H trend dependency of the scan speed is
observable. To verify detected trends and trend differences between the powder PSDs utilized additional
replicas are required, furthermore intermediate factor levels, and parameter combinations, would increase the
process parameter window resolution and hence support the identified trends. Concluding, the increase in line
surface roughness (Ra) and the decrease in D/H for the finer powder composition, indicates that a slight
powder refinement significantly increases the balling tendencies, thus negatively affects the processability in
PBF-LB/M
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Figure 9: Single Layer Experiment Process Window
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Multi-Layer Experiment: In the multi-layer experiment, several notable observations were made as
depicted in Figure 10. Usage of the etchant Kallings No. 2 exhibited a color difference (blue — bronze) as
shown in the accompanying images, whereas the specimen exhibits a blue tint for layers manufactured using
the finer Superpos2 powder and a bronze tint for layers using the coarse Superpos] powder. A transition zone
between both specimen regions was identified for both specimens, which corresponds to the number of layers
printed before the introduction of the other powder. This observation raises the question of whether thermal
or heat flux conditions are responsible for the discoloration. It is hypothesized that the finer powder absorbs
a greater fraction of the energy, leading to increased heat flux, higher temperatures, and possibly the
evaporation of temperature responsive elements. Another explanation point for the visible discoloration is of
chemical nature. Powder containing a greater volume fraction of fines could present a different chemical
composition, alternatively evaporation due to differences in absorptivity as elaborated already potentially
decreases the concentration of elements having lower evaporation temperatures. Adjusted in-depth
investigations are necessary to characterize those explanations approaches in further detail to resolve the
discoloration issue. Additionally, black dots, especially visible in the Superpos12 image, were identified as
burn marks caused by the etchant accumulation in pore defects and surface cavities. The noticeable number
of pore defects within the cutout of the manufactured specimens is determined to likely be caused by the
unidirectional scan direction (in gas flow direction) chosen for the experiment to minimize the impact of in-
process contamination of the specimen during manufacturing. An adjustment of the etching procedure could
minimize the burn to provide even more comparable visual comparison, since etching is a manual/operator-
dependent procedure. As depicted for Superpos21 where no black dot shaped and colored etching burns are
visible, proper adjustment through increased/extended etching standardization/automation should be possible.
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Figure 10: Visual Layer Differentiation Figure 11: Micrograph Comparison

To statistically analyze the gathered HV0.1 hardness data through indentation, ANOVA testing was
conducted using Minitab Statistical Software, with a one-way analysis of variance (ANOVA) at a 95%
confidence interval and a significance level of 5% (o = 0.05). The null hypothesis, stating that the populations
were the same, was rejected based on a p-value of 0.681 x 107 (<< 0.05) and an F-value of 88.36. This result
supports the alternative hypothesis, indicating that the populations are not equivalent. The PSD difference
between Superpos] and Superpos2 causes a significant difference in the resulting hardness, with the finer
Superpos2 powder exhibiting a hardness difference of more than 20 HVO0.1, as depicted in Figure 12.
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Sequence Powder Run Avg. HVO0.1 St.Dev.
Superpos12 1 1 325.9 15.1
Superpos12 2 1 340.1 3.8
Superpos12 1 2 3204 6.8
Superpos12 2 2 343.8 9.1
Superpos21 1 1 329.8 6.8
Superpos21 2 1 354.0 10.9
Superpos21 1 2 321.6 12.4
Superpos21 2 2 354.4 9.1

Table 7: HV0.1 Measurement Data

Further ANOVAs were conducted to ensure that the HVO0.1 values of Run 1 and Run 2 within the same
sequence belonged to the same population. The results showed that for Superpos12, the p-value was 0.84 and
the F-value was 0.04, indicating no significant difference in population. Similarly, for Superpos21, the p-
value was 0.47 and the F-value was 0.498, suggesting the same conclusion. Considering all measurements
presented in Table 7 and depicted in Figure 12, the average HVO0.1 hardness value for the region of the
specimen based on Superpos1 powder (coarser) was 324.4, while for Superpos2 (finer) powder, it was 348.1.
Additional ANOVAs were conducted to examine whether the powder sequencing resulted in significant
differences within the same specimen. For Superpos12, the p-value was much smaller than 0.05, with an F-
value of 34.09, leading to the rejection of the equivalency hypothesis. Similarly, for Superpos21, the p-value
was also much smaller than 0.05, with an F-value of 70.64, indicating that the populations are not equivalent.
These results suggest that the HVO0.1 hardness difference in Superpos21 is more pronounced than in
Superpos12, likely due to heat flux and initial microstructural grain growth. To ensure consistency, similar
ANOVAs were conducted for the indentation/hardness measurement runs to confirm statistical inference for
the same powder in both specimens. The results showed that for Superpos12, the p-value was 0.84 and the F-
value was 0.04, leading to the acceptance of the equivalency hypothesis. For Superpos21, the p-value was
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0.47 and the F-value was 0.50, also supporting the equivalency hypothesis. One important factor contributing
to the relatively high standard deviations observed was the measurement equipment calibration adjustment.
Additionally, due to the thin layer of the same powder, a slight angular offset during indentation preparation
may cause the last indents to shift into the transition zone or even into the area of the other powder. For future
investigations, it is suggested to increase the number of supply chambers to ensure enough powder for an
increased number of layers, which may help mitigate this issue. The consistently elevated HVO0.1 hardness
values for the finer powder, with the PSD composition being the only factor of variability in this experiment,
suggest that a correlating change in microstructure might be present. Therefore, further investigation,
especially with a focus on microstructural analysis, is recommended.

Preliminary microstructural analysis, as depicted in Figure 11, highlighted the need to adjust the
experimental setup to perform more comprehensive microstructural analysis. In the Superpos12 specimen
(top illustration), an obvious grain size difference between the powders was observed. Superpos2 (finer
powder) above the transition zone depicted larger grains compared to Superposl (coarse powder) below the
transition zone. In contrast, in the Superpos21 specimen (bottom illustration), Superposl (coarse powder)
above the transition zone exhibited larger grains than Superpos2 (fine powder). This discrepancy suggests
that grain sizes for Superpos1 do not match with the observations made for the Superpos12 specimen, while
Superpos2 grain sizes are, on a qualitative basis, comparable to those seen in Superpos12. For Superpos21,
unlike Superpos12, continuous grain growth through the transition zone was observed. This difference may
be explained by the experimental setup, which involved applying only four powder layers of distinct PSD,
subsequently scanned. During exposure, the laser penetrates and re-solidifies previous layers, leading to
continuous grain growth that is not limited to layers of equivalent PSD. Thus, cross-influence between
Superposl and Superpos2 powder could occur, preventing distinct grain growth. It is recommended to
increase the number of powder layers for each powder type to ensure complete grain growth separation.
However, as shown in previous investigations, finer powders exhibit a significantly higher absorptivity
coefficient compared to coarser powders, which could result in different initial conditions for grain growth
based on powder sequencing. A potential solution is to manufacture individual specimens consisting of only
one powder composition, although this might compromise direct comparability due to slight differences in
environmental factors and setup conditions, such as brush-scan plate alignment. One remaining challenge is
understanding why HV0.1 hardness measurements for the same powder in both specimens were statistically
equivalent despite being seemingly unaffected by the microstructure. A deeper chemical analysis is
recommended to determine whether the consistent hardness difference is due to categorical differences in the
chemistry of the powders. The finer powder particles may have a higher ratio of certain elements, and due to
differences in absorptivity, these elements could evaporate differently depending on the powder particle size
distribution. This could provide insights into the observed hardness variations.

Conclusion

This study successfully validated the experimental setup for both single-layer and multi-layer experiments,
yielding significant results regarding the effects of powder particle size distribution (PSD) on the geometry,
surface roughness, hardness, and microstructure of parts produced using Laser Powder Bed Fusion
(PBF-LB/M).

Single-Layer Experiment: Surface roughness (Ra) analysis revealed that finer powder (Superpos2)
exhibited significantly higher line surface roughness values, indicating increased balling tendency. This could
be attributed to differences in energy absorption and melt pool geometry. The D/H ratio was identified as the
only melt pool geometry metric showing differences for the investigated powder compositions. The finer
powder resulted in an increased melt pool height, leading to a reduced D/H ratio. Furthermore, the process
window for finer powder was wider and more stable, indicating improved process control and more consistent
melt pool geometry. This highlights the importance of adjusting process parameters such as the laser powder
(P1) and scan speed (vs) as the governing parameters for the line (Ei) and volumetric (Ev) energy density
equations to accommodate powder bed location variations, ensuring consistent processability and part quality
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across the entire powder bed/substrate plate. Future investigations should involve an extended factor level
array of process parameters to determine stability boundaries through scan track continuity and explore the
influence of a third PSD factor level.

Multi-Layer Experiment: In the multi-layer experiments, layer discoloration was observed to be
independent of powder sequence, with finer powder (Superpos2) showing a blue discoloration and coarser
powder (Superposl) exhibiting a bronze color. Significant differences in hardness (HV0.1) were observed,
with the finer powder (Superpos2) exhibiting an at least 6.8 % higher hardness (HV0.1 = 348.1) compared to
the coarser powder (HV0.1 = 324.4). These hardness differences were independent of the powder sequence,
indicating the need for further investigation into the microstructure to better understand the root causes of
these differences. Additional replicas are necessary to ensure the consistency and repeatability of these results,
and further exploration of a third PSD factor level is needed to determine if these trends are continuous or
regular.

The results highlight the need for software tools applicable at the shop floor level to compensate for
“Lot-to-Lot” PSD variations through appropriate powder blending or modification. Additionally, further
investigation is required to determine whether the detected differences in mechanical properties are
fundamentally caused by microstructural differences due to PSD alone, or by chemical variations, or a
combination of both. Literature often suggests that chemistry is particle size-dependent and thus may be the
driving factor behind the observed differences in mechanical properties, melt pool geometry, and surface
roughness. However, this hypothesis needs to be validated, as such studies have not yet been conducted in
realistic application scenarios, such as the one presented in this research. In conclusion, finer powders
exhibited a more stable process and significantly higher hardness values. Further research into the
microstructure, chemical composition, and underlying physical mechanisms is necessary to better understand
and validate the observed phenomena.
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