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Abstract 

Laser powder bed fusion (L-PBF) is one of the most promising additive manufacturing (AM) methods 

which provides an exceptional opportunity to improve the existing designs and move toward fabricating 

fine features and complex geometries with higher efficiencies. Considering the layer-wise nature of this 

technique, the possibility of fabricating fine features is tied to the ability to deposit thin powder layers in 

this process. Since the powder layer thickness is directly dictated by the powder particle size, finer powders 

are required to further enhance the ability of the L-PBF technique in manufacturing fine features and 

intricate geometries. Accordingly, this study aims at investigating the processability of fine AlSi10Mg 

powder (D50 = 9 µm) by using the L-PBF process. The densification level, surface quality and dimensional 

accuracy of the final parts are investigated in a wide range of process parameters and are compared to those 

manufactured by the commonly used AlSi10Mg powder (referred to as coarse powder with D50 = 40 µm). 

The underlying reasons behind the different processability of fine and coarse powders are explored from 

the density, surface quality, microhardness and dimensional accuracy viewpoints through analyzing the 

flowability, bed packing density and optical absorption of powders. Moreover, the process-microstructure-

microhardness relationship is assessed in detail for both fine and coarse powders. This study reinforces the 

idea that the utilization of fine powders in the range used in this study for L-PBF processing is rather 

challenging. 
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1 Introduction 

In recent years, the increase in the power level in many electronic applications has made the thermal 

management of the systems rather challenging, especially in microelectronic devices and miniaturized 

personal computers [1, 2]. Insufficient heat transfer of the excessive heat generated during the operation of 

these devices adversely affects their performance and may result in thermal failure [2]. To mitigate this 

concern, advanced manufacturing methods are required to produce more complicated architectures (e.g., 

lattice structures), which can increase the effective surface area of the heat exchangers by providing more 

channels for transportation of the coolant inside their volume [3-5]. In light of this scenario, additive 

manufacturing (AM) is the best choice for near-net-shape fabrication of these complex 3D components [6, 

7]. Laser powder bed fusion (L-PBF) process is one of the most promising AM techniques in terms of 

fabricating fine features that are required in tube/fin, plate/fin, finless tube micro-channels, pitot tube and 

twisted tube heat exchangers [5]. Fabrication of these heat exchangers through the L-PBF process was 

reported to be successful using aluminum (Al) alloys, including AlSi10Mg and AlSi12, among others [8, 

9]. However, there is still a great interest in decreasing the minimum achievable feature size in these devices 

to move towards more complicated designs having finer features and higher efficiencies. 

In the L-PBF process, a focused laser beam directly creates a 3D part in a layer-wise manner based on a 

computer-aided design (CAD) model by selectively fusing regions of a powder bed [10-14]. For a given 

material (e.g., AlSi10Mg), the finest achievable feature is dictated by the laser beam diameter and the 

powder layer thickness. Laser spot sizes less than 40 µm are not common in the L-PBF process due to the 

limitations with the currently existing machines. However, there seems to be no limitation in decreasing 

the powder layer thickness since it is a function of the powder particle size [15, 16]. For instance, for Al 

alloy powders with particles in the range of 15-50 µm, powder layer thicknesses less than 30 µm cannot be 

obtained. Nevertheless, finer micro-scale powder particles in the range of 1-20 µm and even submicron 

powders are also commercially available to further decrease the powder layer thickness and possibly 

provide the chance of printing finer features. Applying fine powder particles (less than 20 µm) in the L-

PBF process seems to be beneficial not only in terms of fabricating finer features but also from the Al 

printability viewpoint. For example, the presence of fine powder particles enhances the consolidation 

kinetics due to the lower amount of heat required to melt the powder particles [17]. Moreover, the decrease 

in the powder particle size results in a higher specific surface area relative to volume, which in turn enhances 

the laser absorptivity [17, 18]. Due to the high laser reflectivity of Al-based alloys, the enhancement of their 

laser absorptivity is of utmost importance in L-PBF processing [19]. It has to be noted that Al is on the 

Special Health Hazard Substance List due to its flammability and high affinity to oxidation in the powder 

form (particle sizes less than 420 µm). Fine powders should be treated with more caution since they have 
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lower minimum ignition energy as per standard ASTM E2019. For instance, by decreasing the mean particle 

size of Al powder from 32 to 9 µm,  the minimum ignition energy declines from 10 to 4 mJ [20, 21].   

Although the influence of process parameters and the scanning strategy on the quality of L-PBF processed 

Al alloys parts has been well investigated and documented in the literature [19, 22-26], this question has 

still remained unanswered that whether or not it is possible to fabricate sound Al-based parts with finer 

features using finer powder feedstocks.   

Table 1 summarizes the research studies that have been conducted to analyze the effect of particle size on 

powder characteristics and/or quality of the final printed parts. Referring to Table 1, the following vacancies 

need to be fulfilled:  

 Flowability: With a few exceptions [27], the literature appears to be devoid of investigating the role 

of the powder particle size on the powder flowability, which is of great importance in the L-PBF 

process. It is worth to mention that even when the flowability was concerned, the Hall flowmeter 

was utilized to measure the flowability. Although the Hall flowmeter is known to be closer to the 

AM process (especially the powder fed techniques) than other conventional powder flowability 

measurement techniques, it has major limitations with evaluating the flowability of cohesive 

powders which are still good enough for powder bed fusion additive manufacturing (PBF-AM) 

processes [28]. Among various techniques currently available for the powder flowability 

measurement, the FT4 Freeman powder rheometer technique has been recommended since the 

interaction of the precision blade with the powder resembles that of the recoater/powder in the L-

PBF process [29].  

 Absorptivity: The influence of the powder particle size on the laser absorptivity has not been 

reported through experimental measurements to the best knowledge of authors. By providing a 

larger specific surface area relative to volume for powder/laser interactions, finer powder particles 

are expected to have higher absorptivity and, therefore, higher kinetics of densification [17]. 

 Printing samples: Although powder characterization provides valuable information about the 

printability potential of fine powder particles, the literature lacks a systematic study correlating the 

powder behaviors (flowability, packing density and absorptivity) to the densification level, surface 

quality, dimensional accuracy, microstructure and mechanical properties of the final parts.   
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Table 1. Effect of powder particle size on the powder characteristics and/or the quality of the final printed parts in 

the literature. 

System 
Powder particle size 

(µm) 
Research focus Reference 

Ni-base 

alloy 

150-200 

100-150 

50-75 

25-40 

<20 

Influence of powder particle size, and different coarse-to-fine 

powder ratios on the powder bed density by depositing a 500 

µm thick powder layer using a metallic ruler as the recoater. 

[30] 

SS316L 

D50=15.05 

        28.19 

    37 

Effect of powder particle size on the relative powder density, 

effective powder layer thickness and the density of the L-PBF 

fabricated parts. 

[31] 

SS316L 

D50=15.12 

        28.26 

        37.70 

Comparison between the density, surface quality and 

mechanical properties of parts fabricated by the L-PBF process 

using different powder sizes and size distributions. 

[32] 

IN718 

Dave=7 

          21 

          70 

Influence of powder size on the powder bed packing density. [33] 

AlSi7Mg 

D50=31 

        63 

        70 

Powders with different sizes were characterized in terms of 

flowability, powder bed packing density, particle segregation 

during recoating and particle cohesiveness. 

[27] 

Fe 

D50=10 

        26 

        41 

        51 

        68 

       104 

       171 

The role of particle size on the microstructure of the printed 

parts (level of defects), surface morphology and particle 

bonding mechanism. 

[17] 

Ti 

45-106 

75-106 

45-75 

Influence of powder particle size on the flowability, apparent 

and tap density and the powder bed macro-surface profile. 
[34] 

 

This study discusses the possibility of fabricating sound parts using fine powder particles (less than 20 µm). 

AlSi10Mg powders with two different sizes (coarse: 15-70 µm and fine: 1-20 µm) were employed as a 

model to recognize the effect of the particle size on the quality of final parts in terms of density (level of 

defects), surface quality, dimensional accuracy, microstructure and microhardness. The fundamental 

reasons behind the formation of defects, as well as the surface roughness trends and deviation from the 

nominal dimensions, were explored based on four key factors, namely, process parameters, powder 

flowability, powder bed packing density and powder laser absorptivity. In addition, the influence of powder 

particle size on the final microstructure was discussed in detail. To consider the physical properties of the 

material along with the process parameters in the energy density calculations, a modified volumetric energy 

density was proposed, considering the laser absorptivity and effective powder layer thickness of the powder 

https://doi.org/10.1016/j.addma.2020.101630
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feedstock. The lessons learned from this study can answer the question regarding the ability of fine powder 

particles to produce sound parts with finer features.   

2 Materials and Experimental Procedure 

2.1 Powder characteristics (chemical composition, particle size distribution and morphology) 

The powders used in this study were fine and coarse AlSi10Mg alloy with the nominal chemical 

compositions provided in Table 2. The particle size distribution (PSD) of both fine and coarse powders was 

investigated by means of laser diffraction according to the ASTM B822-17 standard [35]. Figure 1 presents 

the particle size distribution (PSD) of coarse and fine AlSi10Mg powders. The D10, D50, and D90 of 

powders representing the particle diameters at 10, 50 and 90% in the cumulative distribution are also 

provided in Figure 1. As seen, the powders follow a Gaussian distribution with the mean particle size (D50) 

being ~9 and ~40 µm for fine and coarse powders, respectively.  

Table 2. Nominal chemical composition of powders. 

Powder 
Elements (wt.%) 

Al Si Mg Fe Cu Other 

Coarse AlSi10Mg Bal. 9.76 0.21 0.07 0.08 1.5 

Fine AlSi10Mg Bal. 8.56 0.23 0.19 0.04 1.29 

 

 

Figure 1. Particle size distribution (PSD) of coarse and fine AlSi10Mg powders used in this study. 

The morphology of powders was observed using a Vega Tescan scanning electron microscopy (SEM) with 

an accelerating voltage of 20 kV. The SEM was equipped with an energy dispersive X-ray spectroscopy 

(EDS) detector for elemental analysis. Figure 2 shows the SEM micrographs of the gas atomized AlSi10Mg 

powders. As shown in Figure 2(a), a vast majority of particles in the coarse powder are almost 

spherical/quasi-spherical in shape. However, this powder contains particles which show some degrees of 

deviation from spherical to elongated shape (Figure 2(a) and (b)). Close observation of powder particles 

https://doi.org/10.1016/j.addma.2020.101630
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also reveals the presence of satellites on the surface of almost all particles (Figure 2(b)). These satellites are 

believed to form when the faster-solidified finer particles adhere to the molten or semi-solid surface of the 

coarser particles due to the in-flight collisions existing among the particles during the gas atomization 

process [36]. Morphological observation of the fine powder indicates that the particles are highly spherical 

and satellite-free (Figure 2(c) and (d)). This can be attributed to the extremely high cooling rate of fine 

particles, which provides their full solidification before inter-particle collisions. As can be observed in 

Figure 2(d), fine powder particles show a high tendency to attach to each other and form agglomerates. 

However, the particles in the coarse powder do not show signs of agglomeration. 

 

Figure 2. SEM micrographs of: (a) coarse, and (c) fine AlSi10Mg powders. (b) and (d) are higher magnification 

micrographs of the coarse and fine powders shown in (a) and (c), respectively. 

https://doi.org/10.1016/j.addma.2020.101630
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2.2 Powder behaviors (flowability, packing density and optical absorption) 

The flow behavior of powders was evaluated using three different methods, including Hall and Carney 

flowmeters (according to the ASTM B213-17 standard [37]) as well as the FT4 Freeman powder rheometer. 

In the Hall and Carney flowmeter techniques, the powder flowability refers to the time required for 50 g of 

powder to flow freely through a standard funnel. The larger diameter of the nozzle in the Carney method 

makes it possible to evaluate the flowability of powders, which might not flow through the nozzle of the 

Hall flowmeter. The dynamic flow methodology of the FT4 powder rheometer is of particular relevance to 

PBF-AM processes, where the powder spreading by the recoater is performed in a dynamic environment 

under a low-stress state [38]. This test is performed according to the standard "Stable and Variable Flow 

Rate (SVFR)" method, consisting of stable and variable zones. The stable zone has seven complete test 

cycles with the same tip speed. Following the stable zone, four complete test cycles with varying blade tip 

speeds are employed. As shown in Figure 3, each complete test cycle contains downward and then the 

upward movement of a precision blade in a standard vessel accommodating the powder. The details of the 

FT4 test procedure and process variables can be found in [29].  

The flow behavior of samples was studied by analyzing the basic flow energy (BFE) and specific energy 

(SE). The BFE represents the ability of the powder to flow under the stressed condition and is defined as 

the energy required for the rotation of the blade during its downward movement in the 7th test cycle as: 

𝐵𝐹𝐸 = 𝐸𝑡𝑒𝑠𝑡 7,𝑑𝑜𝑤𝑛                                                                                                                                 Eq. 1 

The SE shows the energy required to establish a particular flow pattern in a precise volume of conditioned 

powder and is defined as the average energy of the upward blade rotation for the 7th and 8th test cycles, 

divided by the mass of powder remaining in the vessel (Eq. 2). By gently lifting the powder, the upward 

motion of the blade generates a low stress and unconfined flow mode in the powder. 

𝑆𝐸 =

𝐸𝑡𝑒𝑠𝑡 7,𝑢𝑝+𝐸𝑡𝑒𝑠𝑡 8,𝑢𝑝

2

𝑚𝑠𝑝𝑙𝑖𝑡
                                                                                                                            Eq. 2 

where 𝑚𝑠𝑝𝑙𝑖𝑡 is the mass of the powder after the excess powder is removed. 

The conditioned bulk density (CBD) of powders was also measured by the FT4 powder rheometer 

according to the procedure reported in [29]. For each sample, three measurements were performed, and the 

average value was reported as the CBD based on Eq. 3: 

𝐶𝐵𝐷 =
𝑚𝑠𝑝𝑙𝑖𝑡

𝑣𝑠𝑝𝑙𝑖𝑡
⁄                                                                                                                                Eq. 3 

in which 𝑣𝑠𝑝𝑙𝑖𝑡 signifies the volume of powder after removing the excess powder. The interaction of the 

precision blade with the powder in the FT4 rheometer resembles that of recoater/powder in PBF-AM processes. In 

addition, the control over the speed of the blade provided by this technique facilitates analysis of the powder 

https://doi.org/10.1016/j.addma.2020.101630


  Manuscript version: Accepted (Sept. 18, 2020) 
Elsevier, Additive Manufacturing  

https://doi.org/10.1016/j.addma.2020.101630 

8 
© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license, https://creativecommons.org/licenses/by-nc-nd/4.0/ 

 

flowability for different PBF-AM machines operating with different recoater speeds. Since considering the upward 

motion of the blade, SE indicates how easily a powder flows in an unconfined or low-stress condition as that of the 

PBF-AM processes. Due to the dominancy of gravity in the upward movement of the blade, the SE considers the mass 

of powder in order to compensate the effect of bulk density on the measurements [29]. Although the FT4 Freeman 

powder rheometer flowability measurement technique has shown to be much more reliable than other traditional 

techniques, the results obtained by this test cannot be directly related to the ability of a powder to spread during the 

PBF-AM processes. To date, there is no commercially available powder characterization technique capable of 

predicting the powder spreadability in PBF-AM processes due to their closed architecture. However, there are a few 

recent experimental and simulation research studies targeting the powder spreadability measurement and prediction 

[39-43].     

 

Figure 3. Schematic view of a single test cycle in the dynamic flow methodology of the FT4 Freeman powder 

rheometer test used to evaluate the powder flowability. The rotating impeller moves downward and then upward 

through a fixed volume of powder placed in a standard vessel. 

The optical absorption of powders was measured by means of diffuse reflectance spectroscopy (DRS) in 

the wavelength range of 400-1400 nm using an UV-Visible-NIR LAMBDA 950 Perkin Elmer 

spectrophotometer equipped with a 150 mm diameter integrating sphere. The integrating sphere was coated 

with Spectralon with a spectral resolution of 1 nm. To remove the background and noise, Barium Sulfate 

powder with a reflectance of 100% was employed as reference. The powder samples were placed in a quartz 

cuvette and sealed prior to mounting on a Teflon sample holder for the DRS test. The light sources 

employed for the measurements had Deuterium (D2) and Tungsten with the wavelength ranges of 200-320 

and 320-2500 nm, respectively. The employed detectors were Photon Counting photomultiplier tubes 

https://doi.org/10.1016/j.addma.2020.101630
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(PMT) and Lead Sulfide (PbS), applicable in the wavelength ranges of 200-860.8 and 861-2500 nm, 

respectively.  

2.3 L-PBF Processing 

The L-PBF machine used in this study was EOS M290 having a 400 W Yb fiber laser with a focus diameter 

of 100 μm. Two sets of samples, each containing 18 cubes with dimensions of 10×10×12 mm3 were printed 

on an Al alloy build plate under the protection of a high-purity argon gas atmosphere to lower the oxygen 

content below 0.1% to minimize oxidation. The second set of samples was the replicate of the first set in 

terms of process parameters. The build plate was preheated to 200 °C to decrease the temperature difference 

along the building direction and reduce the residual stresses. As summarized in Table 3, using a fixed 

platform downward displacement of 30 µm (as recommended by the machine manufacturer for AlSi10Mg 

alloy), different laser powers, scanning speeds and hatch spacings were employed. As illustrated in Figure 

4, the scanning of layers was conducted using a stripe hatching pattern, alternating 90° between subsequent 

layers. The stripe hatching pattern was employed to provide a more homogeneous distribution of residual 

stress compared to the meander hatching pattern and higher building rate than the chessboard hatching 

pattern [44]. The main reason behind applying 90° rotation between subsequent layers was the ease of melt 

pool size and shape characterizations with higher accuracy. To reduce the chance of recoater jamming, the 

coupons were placed at a 20° angle to the recoating direction. 

Table 3. The process parameters employed to fabricate parts. 

Laser Power, P (W) Scanning Speed, v (mm/s) Hatch Spacing, h (mm) 
Platform downward 

displacement (mm) 

300, 335, 370 800, 1050, 1300 0.15, 0.19 0.03 

https://doi.org/10.1016/j.addma.2020.101630
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Figure 4. Schematic of the employed stripe hatching pattern scanning strategy, alternating 90° between subsequent 

layers. 

2.4 Characterization of L-PBF-fabricated parts (densification level, dimensional accuracy, surface 

quality, microstructure and microhardness) 

The densification level of L-PBF fabricated parts was measured using the Archimedes method in 

accordance with the ASTM B296-17 standard [45]. The reported relative density is the average of at least 

five measurements from different parts manufactured with the same process parameters. The bulk density 

of AlSi10Mg parts was selected as 2.68 g/cm3 [46, 47].  

Dimensional accuracy and flatness of as-built coupons were measured using a coordinate measuring 

machine (CMM) having an accuracy of 0.1 µm. Measurements were done by recording 8 points on each 

surface of each coupon except the bottom surface to create planes. The distance between two parallel planes 

in X and Y directions is measured, respectively, along with the degree of flatness of each plane. The top 

surface of L-PBF fabricated parts was analyzed using SEM with an accelerating voltage of 20 kV as well 

as Alicona Infinite Focus G5 microscope (Alicona Manufacturing Inc., Bartlett, IL, USA) which generates 

real 3D surface images by varying the focus. While providing valuable information about the surface 

integrity, the surface roughness of the additively manufactured parts was also evaluated by employing the 

Alicona microscope. The surface roughness reported in this study is the arithmetic mean surface roughness 

value (Sa). The measurements were repeated five times for each part, and the mean value was reported as 

the surface roughness.  

The defects were characterized by observing the front section of parts using a Nikon optical microscopy 

(OM). For this purpose, the front sections were ground and polished according to the standard 

metallography procedure. To observe the microstructural evolution in the L-PBF fabricated parts, the 

https://doi.org/10.1016/j.addma.2020.101630
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polished samples were etched chemically using Keller's Reagent and were characterized by OM as well as 

SEM operating at an accelerated voltage of 10 kV.  

Microhardness measurements were performed by employing a Matsuzawa microhardness testing machine 

with a load of 200 g being applied for 10 s. The reported microhardness represents the average of at least 9 

measurements for each specimen.  

3 Results and Discussion 

3.1 Flowability and packing density 

The results of powder flowability measurements obtained by Hall flowmeters and FT4 powder rheometer 

are provided in Table 4. The fine AlSi10Mg powder flowed through the funnel neither in Hall nor in Carney 

flowmeter. However, the coarse AlSi10Mg powder experienced free flow even in the Hall flowmeter with 

a time of ~76 s for 50 g of powder. Based on the Hall and Carney flowmeter measurements, the coarse 

powder was found to be more flowable compared to the fine one. However, a quantitative comparison 

between the flowability of fine and coarse powder systems is only available by the FT4 powder rheometer 

method in which both powders can flow. The higher the BFE or SE in the FT4 test, the lower the powder 

flowability. The BFE and SE results derived from the FT4 test measurements were not in agreement in 

terms of introducing the powder with higher flowability. From the BFE index perspective, the fine powder 

showed a higher flowability. However, from the SE viewpoint, the coarse powder was found to be more 

flowable. Since the powder/blade interaction during the upward motion of the blade is closer to the 

powder/recoater interactions during the powder spreading stage in the L-PBF process, SE is a better 

representative of the powder flowability [29]. Based on the SE results provided in Table 4, the flowability 

of fine powder is 75% lower than that of the coarse one. This is attributed to the intensive cohesive forces 

existing among the fine powder particles with significantly large specific surface area relative to volume, 

which results in noticeably high inter-particle friction and low powder flowability [48-50].  

Table 4. The results of Hall flowmeter and FT4 Freeman powder rheometer techniques presenting the flowability 

and density of powders. 

AlSi10Mg 

Powder 

Powder Flowability Powder Density 

Hall Flowmeter FT4 Powder Rheometer 
Conditioned Bulk Density-CBD 

(g/mL) Flow Time 

(sec) 

Basic Flow Energy, 

BFE (mJ) 
Specific Energy, SE (mJ/g) 

Coarse 76.54±0.6 234.2±10.08 2.606±0.068 1.424±0.003 

Fine No flow 99.85±3.27 4.568±0.193 1.019±0.027 

 

https://doi.org/10.1016/j.addma.2020.101630
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The CBDs of the fine and coarse AlSi10Mg powders are also summarized in Table 4. The measurements 

revealed a major difference between the densities of fine and coarse powder systems. The coarse powder 

showed ~43% higher density compared to the fine powder due to the higher population of interstices, more 

inter-particle frictions, and the higher chance of agglomeration in the fine powder feedstock. The relative 

densities with respect to the bulk density of AlSi10Mg alloy (i.e., 2.68 g/mL) would be 53% and 38% for 

coarse and fine powders, respectively. Since the powder/blade interactions through the density 

measurement by the FT4 method resembles that of PBF-AM processes, the relative powder bed packing 

density is estimated to be around the same values as well [29].  

3.2 Laser absorptivity 

The reflectance results obtained by the DRS test were converted to the Kubelka-Munk (K-M) absorption 

factor to quantitatively compare the absorption behavior of powders using the K-M equation as [51]: 

𝑓(𝑅) = 𝐾
𝑆⁄ =

(1 − 𝑅)2

2𝑅
⁄       Eq. 4 

where 𝑅 is the reflectance of the powder, 𝐾 is the absorption coefficient, and 𝑆 represents the scattering 

coefficient. Figure 5 shows the variation in the 𝑅 and K-M absorption factor for both powders as a function 

of the wavelength. At the wavelength of 1070 nm, which is the wavelength for most of the commercially 

available L-PBF machines, including the EOS M290 employed in the present research, the 𝑅 of the fine 

powder was ~2% lower than that of the coarse powder. Since the transmittance of the metallic powder as 

an opaque object is negligible, the absorption can be estimated as (1- 𝑅). Accordingly, the absorptance of 

the fine powder is ~2% higher than the coarse one (58% and 60% for coarse and fine powder systems, 

respectively). From the K-M absorption factor perspective, the fine powder was found to be ~13% more 

absorptive to the laser compared to the coarse powder. The higher absorption of the fine powder is due to 

the: (i) higher specific surface area relative to volume of powder particles and (ii) the entrance of more light 

and consequently more internal interaction caused by the lower packing density of the fine powder. 

However, based on the microstructural observations of powders provided in Figure 2(c) and (d), the 

agglomerates formed in the fine powder feedstock act to decrease the specific surface area relative to 

volume and consequently decline the absorption. In addition, the slightly higher (not significant) absorption 

of the fine powder can also be ascribed to the major dependence of the absorptivity on the material. The 

research studies have shown that the absorption of metallic materials with a relatively high laser absorptivity 

(e.g., AlSi10Mg alloy used in this study) is not highly dependent on the particle size distribution [52, 53]. 

https://doi.org/10.1016/j.addma.2020.101630


  Manuscript version: Accepted (Sept. 18, 2020) 
Elsevier, Additive Manufacturing  

https://doi.org/10.1016/j.addma.2020.101630 

13 
© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license, https://creativecommons.org/licenses/by-nc-nd/4.0/ 

 

 

Figure 5. The variation in the reflectivity and the K-M absorption factor of fine and coarse AlSi10Mg powders as a 

function of the wavelength. The dashed vertical line (wavelength of 1070 nm) represents the laser wavelength of the 

L-PBF machine used in this study. 

3.3 Density-laser energy input relationship 

Energy density is usually used as a metric to compare the parts fabricated by the L-PBF process under 

different sets of process parameters. The volumetric energy density (𝑒𝑉) is the most widely used energy 

density in the literature, which is defined as [10, 54]: 

𝑒𝑉 =
𝑃

𝑣ℎ𝑡
                                                                                                                                                   Eq. 5 

where 𝑃, 𝑣, ℎ, and 𝑡 denote the laser power, scanning speed, hatch spacing and powder layer thickness, 

respectively. The powder layer thickness is often mistaken for the platform downward displacement [55]. 

After the laser processing of the first deposited powder layer with the thickness of 𝑡, the consolidated layer 

is believed to have a lower thickness due to the presence of inter-particle pores within the powder bed. In 

other words, the molten material formed due to the powder/laser interaction fills the interstices and leads to 

a dense solidifies layer with a thickness lower than 𝑡. Therefore, a gap is created between the top surface 

of the consolidated layer and the tip of the recoater. Afterward, the platform moves downward for another 

𝑡, and the recoater deposits the second powder layer. However, due to the presence of the free height formed 

as a result of the first layer consolidation, the thickness of the deposited powder in the second layer will be 

larger than 𝑡. It means that the thickness of the powder bed in the second layer is higher than the nominal 

value/platform displacement (𝑡) considered as the powder layer thickness in Eq. 5. Further deviation from 

𝑡 occurs as the next powder layers are deposited and consolidated until the powder layer thickness 

approaches a constant value governed by the 𝑡 and the powder bed packing density. The powder layer 
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thickness in the steady-state condition is known as the "effective powder layer thickness (𝑡𝑒𝑓𝑓)" which is 

larger than 𝑡 [31]. To compensate the error associated with ignoring the actual powder layer thickness, 𝑡𝑒𝑓𝑓 

should be substituted in Eq. 5. In addition, this equation assumes the laser absorptivity of the powder as 

100%. However, since the laser absorptivity is dependent on the material and particle size, the laser 

absorptivity coefficient (𝐾) needs to be involved in the volumetric energy density equation as well. By 

taking the 𝑡𝑒𝑓𝑓 and 𝐾 into account, the energy input can be defined with a new perspective as: 

𝐸𝑉 =
𝐾𝑃

𝑣ℎ𝑡𝑒𝑓𝑓
       Eq. 6 

This equation takes the effect of both the process parameters and the powder properties into account. In 

most of the research studies which have investigated the effect of process parameters on the densification 

of a single material with a fixed powder system, the application of this equation would only shift the energy 

input results to lower values. However, when it comes to the comparison between different materials or 

different powders of the same material, calculation of the energy density based on Eq. 5 would be 

misleading. Therefore, to establish a correlation between the densification level of the L-PBF processed 

parts and the energy input, 𝐸𝑉 (Eq. 6) was used in this study. By considering the platform displacement of 

30 µm and relative powder bed packing densities of 53% and 38% (section 3.1), 𝑡𝑒𝑓𝑓 was calculated to be 

56.3 and 78.8 µm for coarse and fine powder systems, respectively. By substituting the calculated 𝑡𝑒𝑓𝑓 and 

the measured 𝐾 value (section 3.2) in Eq. 6, 𝐸𝑉 would be 12.5-28.8 J/mm3 and 9.3-21.3 J/mm3 for the 

coarse and fine powder systems within the applied range of process parameters, respectively.  

The results of relative density as a function of the 𝐸𝑉 for parts fabricated by both fine and coarse powder 

systems are shown in Figure 6(a). The density measurement results are quite reliable, with a maximum 

coefficient of variation less than 1.3% for both powder systems. With one exception, the relative density is 

lower than 95% in the case of fine powder. However, highly dense samples with relative densities up to 

99% are achieved in the case of coarse powder feedstock. In general, the relative density of the parts 

fabricated by the coarse powder was up to 4.6% higher than that of the fine powder case. Since the 

calculated standard deviations of the measured relative densities vary between 0.1-1.1% for both cases, the 

differences between relative densities of the fine and coarse powder cases are statistically significant. The 

optimum samples in terms of density for both coarse and fine powders are shown in Figure 6(b) and (c). 

Although their 𝐸𝑉 are different, the laser power, scanning speed and hatch spacing of optimum samples are 

the same for both cases (𝑃=335 W, 𝑣=1050 mm/s and ℎ=0.15 mm). In the following section, the reasons 

behind the inferior densification levels in the case of the fine powder system are explored.    
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Figure 6. (a) The variation in the density of L-PBF fabricated AlSi10Mg parts as a function of the volumetric energy 

density (𝑬𝑽). (b) and (c) Cross-sectional optical micrographs of parts with the optimum density obtained by L-PBF 

processing of coarse (𝑷=335 W, 𝒗=1050 mm/s, 𝒉=0.15 mm and 𝑬𝑽=21.9 J/mm3) and fine (𝑷=335 W, 𝒗=1050 

mm/s, 𝒉=0.15 mm and 𝑬𝑽=16.3 J/mm3) AlSi10Mg powders, respectively. 

3.4 Densification level 

Referring to Figure 6, the fabrication of almost fully dense AlSi10Mg parts with fine powder feedstock 

seems to be impossible. Although the fine powder was expected to show higher kinetics of densification 

due to the smaller size and higher absorptivity, the results are suggesting otherwise. To understand the 

fundamental reasons behind the inferior densification level of parts obtained by the fine powder, the factors 

dictating the density of L-PBF processed parts need to be investigated.  

Powder bed packing density: One of the most important factors affecting the part density in PBF-AM 

processes is the powder bed packing density [27]. Lower relative powder bed densities are accompanied by 

a higher volume fraction of pores within the powder bed. This consequently makes it rather challenging for 

the molten material to fill all of the interstices due to the rapid solidification nature of the L-PBF process 

[56]. Not only can the volume fraction of pores within the powder bed, but also their size can play a 
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significant role in the densification level of the final printed part. While tiny inter-particle porosities can be 

easily filled by the molten material, the large pores have a lower chance of being filled, especially at high 

laser scanning speeds. Presence of large particle agglomerates which are not able to settle on the substrate 

(larger than 𝑡𝑒𝑓𝑓 in size) is believed to be one of the main sources for the formation of large voids within 

the powder bed. These agglomerates can also sweep the powder particles ahead of them and further 

influence the powder bed packing density [57]. Since the powder particles in the fine powder system tend 

to create agglomerates to alleviate their considerably high surface energy (Figure 2(c) and (d)), the existence 

of large voids within the powder bed of fine powder feedstock is highly probable [16]. Moreover, the 

significantly lower flowability of the fine powder feedstock compared to the coarse one (Table 4) can also 

generate large vacancies within the powder bed. According to the CBD measurement results, the relative 

powder bed density is 53% and 38% for coarse and fine powder systems, respectively. Accordingly, the 

volume fraction of pores in the bed of fine powder is 32% higher than that of the coarse one. This reveals 

that the filling of pores requires a significantly longer period during the processing of the fine powder, 

which is not available in the L-PBF process due to its rapid melting/solidification nature. Figure 7 shows 

optical micrographs of parts manufactured at a high scanning speed of 1300 mm/s and various laser powers. 

As it is evident, there is almost no defect in the case of the coarse powder system (Figure 7(a)-(c)). However, 

large pores which are free from un-melted/partially melted powder particles are visible in samples 

fabricated by the fine powder feedstock. The absence of un-melted/partially melted powder particles in 

most of these pores proves that they are formed due to the limited flow of the molten material to fill the 

large voids within the powder bed [58]. The fraction of these large pores shows a descending trend by 

increasing the laser power, which can be attributed to the larger melt pool, lower melt viscosity, lower 

cooling rate and higher chance of the molten material to fill the pores (Figure 7(d)-(f)) [59-61]. That is why 

the large pores are almost eliminated at the laser power of 370 W in the fine powder system (Figure 7(f)).    
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Figure 7. Cross-sectional non-etched optical micrographs of parts obtained by L-PBF processing of: (a)-(c) coarse 

and (d)-(f) fine AlSi10Mg powders. The employed hatch spacing and scanning speed are 0.15 mm and 1300 mm/s 

for all samples while the laser powder is: (a), (d) 300 W; (b), (e) 335 W and (c), (f) 370 W. 

Evaporation and oxygen content: Another factor which is mainly dominant at low scanning speeds is the 

material evaporation caused by the high 𝐸𝑉 [59]. The evaporated AlSi10Mg and the entrapped oxygen gas 

would lead to the formation of spherical porosities in the final parts. Although the significantly higher 𝑡𝑒𝑓𝑓 

of the fine powder favors lower 𝐸𝑉 at the same process parameters, more evaporation is expected to take 

place when the fine powder is employed. This is due to the fact that the melting of individual powder 

particles and their evaporation is way easier in the fine powder system. The energy required to melt a single 

powder particle over the average energy of the laser beam can be calculated as [32]: 

 
𝐸𝑛𝑒𝑒𝑑

𝐸𝑎𝑣
=

(4
3⁄ 𝜋𝑟3).𝜌.(𝑐∆𝑇𝑚+𝐿𝑚)

𝐾.𝐼0.𝜋.𝑟2 = 𝑟.
4𝜌(𝑐∆𝑇𝑚+𝐿𝑚)

3𝐾𝐼0
 Eq. 7 

in which 𝑟, 𝜌, 𝑐, ∆𝑇𝑚, 𝐿𝑚, 𝐾 and 𝐼0 denote the particle radius, density, specific heat capacity, temperature 

rise up to the melting point, latent heat of fusion, the absorption coefficient of the powder and the intensity 

of the laser beam, respectively. As it is evident, the finer the powder particle (smaller 𝑟) and the higher the 

absorption coefficient (𝐾), the lower the energy required for melting and, therefore, evaporation. On the 

other hand, due to their higher specific surface area relative to volume, fine powders show a higher degree 

of contamination and are more prone to oxidation [62]. For instance, calculations for a portion of the powder 

bed with a volume of 10×10× 𝑡𝑒𝑓𝑓 revealed that the number of particles and their surface area in the fine 
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powder system are 88 and 4.5 times greater than those of the coarse powder feedstock, respectively. In this 

calculation, all of the powder particles in each system are assumed to have a diameter equal to their average 

powder particle size (9 and 40 µm for fine and coarse powders, respectively). It can be inferred from these 

calculations that the volume and, therefore, the mass fraction of the oxide layers existing on the surface of 

particles (e.g., MgAl2O5 detected on the surface of AlSi10Mg powder particles [63]) in the fine powder 

feedstock are 4.5 times greater than that of the coarse powder. These oxide films usually have a melting 

point noticeably higher than that of metallic powders. However, they can be decomposed during the L-PBF 

process. Since the rapid solidification of the melt pool can hinder the generated oxygen/evaporated material 

to escape from the melt pool, the entrapped gas bubbles can lead to spherical porosities in the final part, 

which is more severe in the fine powder system due to its higher mass fraction of oxide layers. Figure 8 

shows optical micrographs of parts manufactured at a low scanning speed of 800 mm/s and various laser 

powers. It can be seen that the dominant defects in these samples are spherical pores which are present in 

both samples fabricated by coarse and fine powder feedstocks. However, their volume fraction is higher in 

the case of the fine powder system (Figure 8(d)-(f)). The volume fraction of pores follows an ascending 

trend by increasing the laser power in both cases. This is attributed to the increased evaporation of the 

molten material and the intensified oxide decomposition caused by the increase in the 𝐸𝑉.  

https://doi.org/10.1016/j.addma.2020.101630


  Manuscript version: Accepted (Sept. 18, 2020) 
Elsevier, Additive Manufacturing  

https://doi.org/10.1016/j.addma.2020.101630 

19 
© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license, https://creativecommons.org/licenses/by-nc-nd/4.0/ 

 

 

Figure 8. Cross-sectional non-etched optical micrographs of parts obtained by L-PBF processing of: (a)-(c) coarse 

and (d)-(f) fine AlSi10Mg powders. The employed hatch spacing and scanning speed are 0.19 mm and 800 mm/s for 

all samples while the laser powder is: (a), (d) 300 W, (b), (e)335 W, and (c), (f) 370 W. 

Effective powder layer thickness (𝑡𝑒𝑓𝑓): Although rarely observed, un-melted or partially melted powder 

particles were also present in some of the parts fabricated by L-PBF processing of fine powder feedstock 

at low 𝐸𝑉. None of the parts had un-melted/partially melted powder particles within the applied range of 

process parameters when the coarse powder was used. This can be ascribed to the lower 𝑡𝑒𝑓𝑓 (56.3 µm) and 

the negligible tendency of coarse powder particles to form agglomerates. Figure 9 shows an irregular-shape 

defect which was formed due to the incomplete fusion of fine powder particles at 𝐸𝑉=9.3 J/mm3 (the 

minimum 𝐸𝑉 in this study). Although the extremely large agglomerates cannot settle on the substrate during 

the spreading stage, clusters less than 𝑡𝑒𝑓𝑓 (78.5 µm) in size can be deposited. At low 𝐸𝑉, the laser cannot 

completely melt the deposited agglomerates, leading to the formation of defects which contain un-

melted/partially melted powder particles (Figure 9(b)). These particles seem to be sintered and fused 

together due to the thermal cycles induced during the processing of the adjacent tracks/next layers (Figure 

9(b)).  
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Figure 9. SEM micrographs from the cross-section of part obtained by L-PBF processing of the fine AlSi10Mg 

powder employing laser power of 300 W, scanning speed of 1300 mm/s and hatch spacing of 0.19 mm (𝑬𝑽= 9.3 

J/mm3). (b) Shows the higher magnification micrograph of the selected region in (a). 

3.5 Top surface quality 

Since in the L-PBF process, the components are fabricated through a layer-by-layer manner, the 

top surface of each consolidated layer acts as the substrate for the deposition of the next powder 

layer. Therefore, the top surface (not the side surface) quality of the consolidated layer plays a 

major role in the powder spreading process, powder bed packing density, and, consequently, the 

densification level of the next powder layer. Given the fact that the top surface of the last layer in 

the printed part resembles the top surface of every single consolidated layer during the process, its 

characterization provides valuable information about the quality of the final part. Figure 10 presents 

SEM micrographs of the top surface for parts manufactured by fine and coarse powders using various 

scanning speeds. A qualitative comparison of the surfaces reveals the worsening of the surface quality by 

increasing the scanning speed. For the sake of quantitative analysis, top surfaces were also analyzed using 

3D surface topography measurements. Figure 11 shows the effect of scanning speed on the surface 

topography of samples obtained by both fine and coarse powders as well as the Sa values corresponding to 

these surfaces. Within the applied range of process parameters, fine powder resulted in higher surface 

roughness compared to the coarse powder. Depending on the employed scanning speed, the difference 

between the Sa of fine and coarse powder cases was found to be 5-73%, with higher scanning speeds 

resulting in a larger difference in the Sa.  
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Figure 10. SEM micrographs of the top surface for parts manufactured by L-PBF processing of: (a), (c), (e) coarse 

and (b), (d), (f) fine AlSi10Mg powders. The parts have been processed by a fixed laser power of 335 W and a 

constant hatch spacing of 0.15 mm but varying scanning speeds of: (a) and (b) 800; (c) and (d) 1050; (e) and (f) 

1300 mm/s. The arrows show the scanning direction. 
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Figure 11. Color-3D images showing the top surface topography of parts produced by L-PBF processing of: (a), 

(c), (e) coarse and (b), (d), (f) fine AlSi10Mg powders. The roughness of the provided surfaces is also listed in the 

table. The parts have been processed by a laser power of 335 W and a hatch spacing of 0.15 mm but varying 

scanning speeds of: (a) and (b) 800; (c) and (d) 1050; (e) and (f) 1300 mm/s. 

Although it has been reported in the literature that application of fine powders can lead to the fabrication 

of parts with the improved surface quality due to the decrease in the size of un-melted/partially melted 

particles on the surface [64, 65], the surface roughness obtained by the fine powder feedstock is lower than 

the coarse one regardless of the applied scanning speed. Referring to Figure 10, the surface in both cases is 

almost free from un-melted/partially melted powder particles, suggesting that the variation in the surface 

roughness cannot be attributed to these particles. The reason behind the higher top surface roughness of 

samples fabricated by the fine powder can be unveiled through the analysis of the oxygen content. Figure 
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12 shows the oxygen concentration for the top surface of parts fabricated by fine and coarse powders with 

the same process parameters. As it is evident, the oxygen content in the case of fine powder is 2-7 times 

higher than that of the coarse powder system. The significantly higher specific surface area relative to 

volume of fine powder feedstock is the main reason behind its higher oxidation tendency, leading to the 

elevated oxygen content in the final part [62]. The presence of higher oxygen content in the melt pool results 

in the inward flow of the molten material due to the larger positive value of the surface tension gradient, 

encouraging the instability and discontinuity of the melt pool [66]. The locally disrupted tracks with the 

perturbed surface formed under such conditions lead to the higher top surface roughness. Moreover, higher 

content of oxygen is accompanied by the in-situ formation of oxides during the L-PBF process, which 

amplifies the surface roughness. It is also worth noting that some oxides existing in the fabricated parts may 

originate from the oxidation activated during the melting process [25]. On the other hand, the spattering 

phenomenon induced during the L-PBF process may vary by changing the particle size and size distribution 

which in turn affects the surface quality of the final parts [67, 68].  

 

Figure 12. The oxygen concentration of parts obtained by L-PBF processing of coarse and fine AlSi10Mg powders 

using various laser powders. The measurement has been performed by EDS analysis. The employed scanning speed 

and hatch spacing were 800 mm/s and 0.15 mm, respectively. 

It should be borne in mind that the surface quality is affected by not only the surface roughness but also the 

surface waviness of the fabricated parts. Based on the powder flowability results provided in Table 4, the 

fine powder system suffers from a poor flowability, originating from the enhanced inter-particle friction 

and cohesiveness. The deteriorated spreadability caused by inter-particle friction, as well as the higher 

tendency of agglomeration due to the high cohesiveness, leads to the deposition of non-uniform powder 

layers during the recoating process [69]. Consequently, the layer consolidated from the fine powder shows 

a surface texture that is wavier (Figure 11).   
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3.6 Dimensional accuracy 

3.6.1 X-Y plane 

Figure 13(a) illustrates the deviation in the area of X-Y plane (compared to the design dimensions of 10 

mm×10 mm) for parts printed from the coarse and fine powders using various linear laser energy densities 

(𝑃/𝑣) and two different hatch spacings of 0.15 and 0.19 mm. Compared to the case of coarse powder, the 

fine powder led to parts with higher deviations in the area within the employed range of 𝑃/𝑣 ratio and hatch 

spacing.  

 

Figure 13. The deviation in the area of the X-Y plane in the cubic samples fabricated by L-PBF processing of fine 

(F) and coarse (C) AlSi10Mg powders using various 𝑷/𝒗 ratios and two different hatch spacings of 0.16 and 0.19 

mm. 

Microstructural observation of the side surface can provide valuable information regarding the in-plane 

dimensional accuracy. Figure 14 shows SEM micrographs of the side surface for parts obtained by L-PBF 

processing of coarse and fine powder feedstocks. The surface of the part processed from the coarse powder 

shows un-melted/partially melted powder particles and molten droplets attached to the surface (Figure 14(a) 

and (b)). Compared to the top surface of the same part provided in Figure 10(e), the side surface shows an 

inferior surface quality. The presence of un-melted/partially melted powder particles on the side surface is 

more significant in part produced by the fine powder (Figure 14). As shown in Figure 14(c) and (d), the 

side surface under this condition is noticeably rough and contains a large number of powder particles that 
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seem to be attached to the molten tracks during the L-PBF process. A close observation of these powder 

particles shows their agglomeration, which can be due to the sintering of fine powder particles adjacent to 

the melt pool caused by the thermal effects of the L-PBF process (Figure 14(d)). The intensified sinterability 

of fine powder particles arises from their noticeably higher specific surface area relative to volume 

compared to the coarse powder system [70, 71]. 

 

Figure 14. SEM micrographs of the side surface corresponding to parts obtained by L-PBF processing of: (a), (b) 

coarse and (c), (d) fine AlSi10Mg powders using laser power of 335 W, scanning speed of 1300 mm/s and hatch 

spacing of 0.15 mm.  The higher magnification micrograph of the selected region in (c) is provided in (d). The inset 

in (d) shows the magnified view of powder particles adhered to the surface. UM/PM refers to un-melted/partially 

melted.  
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The X-Y plane dimensional accuracy was also found to be a function of the hatch spacing. As shown in 

Figure 13(a), the hatch spacing of 0.19 mm led to lower deviations in the area than that of 0.15 mm. This 

is almost valid for both fine and coarse powders within the applied range of 𝑃/𝑣 ratio. In general, the 

highest dimensional accuracy (the lowest deviation in the area) belongs to parts obtained by processing of 

the coarse powder with the hatch spacing of 0.19 mm. However, for almost the whole range of 𝑃/𝑣 ratio, 

L-PBF processing of the fine powder with the hatch spacing of 0.15 mm led to the worst dimensional 

accuracy in the X-Y plane. This may be attributed to the elevated heat input transferred to the surrounding 

powder media at lower hatch spacing. The dimensional accuracy measurement results suggest that the 

fabrication of sound parts with the fine powder feedstock is challenging not only from the densification 

level perspective but also from the dimensional accuracy viewpoint.   

3.6.2 Building direction (Z-direction) 

The dimensional accuracy along the Z direction (building direction) is shown in Figure 15 for the optimum 

samples of both the coarse and fine powder cases. The part obtained from the fine powder has a lower 

dimensional accuracy (higher percentage of deviation from the nominal height).  

 

Figure 15. The deviation from the nominal height of samples with the optimum density obtained by L-PBF 

processing of coarse (𝑷=335 W, 𝒗=1050 mm/s, 𝒉=0.15 mm and 𝑬𝑽=21.9 J/mm3) and fine (𝑷=335 W, 𝒗=1050 

mm/s, 𝒉=0.15 mm and 𝑬𝑽=16.3 J/mm3) AlSi10Mg powders. The nominal height refers to the height of samples 

after being cut off the build plate. The errors associated with measurements are 4.3 and 6.5 µm for coarse and fine 

powder cases, respectively.  

This can be justified based on the higher cohesive forces existing among the particles of the fine powder 

system compared to the coarse one [16]. As mentioned before, the decrease in the size of powder particles 

is accompanied by an increase in the specific surface area relative to volume and, consequently, the inter-

particle cohesive forces (e.g., van der Waals and electrostatic forces). Therefore, the fine powder system 

has a high tendency to form particle clusters to reduce the surface energy. Depending on their size, these 

https://doi.org/10.1016/j.addma.2020.101630


  Manuscript version: Accepted (Sept. 18, 2020) 
Elsevier, Additive Manufacturing  

https://doi.org/10.1016/j.addma.2020.101630 

27 
© 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license, https://creativecommons.org/licenses/by-nc-nd/4.0/ 

 

agglomerates adversely affect the uniformity of the powder bed during the powder deposition stage through 

two different scenarios. If the agglomerates are larger than 𝒕𝒆𝒇𝒇, they not only fail to settle on the substrate 

but also sweep the powder particles ahead of them, leading to the decreased overall powder bed packing 

density and uneven powder bed [55]. The clusters smaller than 𝒕𝒆𝒇𝒇 might be able to settle on the substrate. 

However, the size and population of particles deposited ahead, behind and on top of these agglomerates are 

completely different, resulting in local non-uniformities in the powder bed. Each of these two scenarios 

leads to the formation of wavy surfaces in most of the parts obtained by L-PBF processing of fine powder 

feedstock (Figure 10(d) and (f), Figure 11(d) and (f), Figure 16(b)). Besides, the higher inter-particle friction 

in the fine powder system causes a poor powder flowability (higher SE provided in Table 4), which further 

decreases the dimensional accuracy in the Z direction. Lower flowability is believed to reduce the overall 

thickness of the powder bed and result in the deviation from the nominal height of the coupons [59]. As it 

is evident in Figure 16, the height of the part fabricated by the fine powder is lower than that of the coarse 

one, which is directly attributed to the poor flow behavior of the fine powder. It is of note that the higher 

volume fraction of defects in coupons fabricated by the fine powder system is another factor adversely 

affecting the dimensional accuracy in the Z direction (Figure 16). The defects formed in each layer influence 

not only the layer in which they are located but also the subsequent layer(s). In other words, the formation 

of a non-uniform consolidated layer jeopardizes the uniformity of the powder layer deposited on top of it 

and in turn hinders the creation of subsequent uniform layers. 

 
Figure 16. Cross-sectional optical micrographs of parts manufactured by L-PBF processing of: (a) coarse and (b) 

fine AlSi10Mg powders using laser power of 370 W, scanning speed of 1300 mm/s and hatch spacing of 0.19 mm.  
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3.7 Microstructural characterization 

Figure 17 presents optical micrographs of the cross-sections for parts fabricated by L-PBF processing of 

coarse and fine powders using the same 𝐸𝑉. As being observed, cross-sections of the successive melt pools 

represent the layer-wise nature of the process. The typical semi-elliptical shape of the melt pool is evident 

in macrostructures due to the employed scanning strategy. The microstructures of parts processed by fine 

and coarse powders seem to show no considerable difference in the size of melt pools. Higher magnification 

micrographs provided in Figure 17(b) and (d) reveal the difference between the microstructure of the melt 

pool interiors and boundaries. This is why the melt pools can be observed in the L-PBF processed AlSi10Mg 

components. 

 

Figure 17. Cross-sectional optical micrographs of parts fabricated by L-PBF processing of: (a), (b) coarse 

(𝑬𝑽=21.9 J/mm3) and (c), (d) fine (𝑬𝑽=16.3 J/mm3) AlSi10Mg powders using laser powder of 335 W, scanning 

speed of 1050 mm/s and hatch spacing of 0.15 mm. (b) and (d) are higher magnification micrographs of boxed 

regions in (a) and (c), respectively. 

To have a better understanding of the microstructural evolutions, SEM micrographs of the same samples 

provided in Figure 17 are shown in Figure 18. The microstructures presented in Figure 18(a) and (b) reveal 
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a band structure of alternating coarse and fine structures in parts manufactured by either the fine or the 

coarse powder. Detailed microstructures of different regions presented in Figure 18(a) and (b) show that 

the obtained inhomogeneous microstructures can be divided into three distinct regions having different 

microstructural features; the core of melt pools with a fine microstructure (MP-fine), the boundary of melt 

pools with a coarse microstructure (MP-coarse) and the heat-affected zone (HAZ). Moving from layer n to 

layer n+1 along the boundary, HAZ, MP-coarse and MP-fine regions are distinguishable. The HAZ is 

defined as the region in which the previous track/layer (layer n) experiences the thermal effects of the next 

track/layer (layer n+1) and may undergo microstructural changes. To analyze the microstructures 

developed inside the melt pools, the mode of solidification needs to be examined. The solidification mode 

of the melt pool is governed by the 𝐺/𝑅 ratio, in which 𝐺 and 𝑅 are the thermal gradient and solidification 

rate, respectively [72]. The micrographs shown in Figure 18 reveal the formation of a micro-cellular 

microstructure, in which fine α-Al cells are decorated by Si particles segregated at the cell boundaries. 

However, the size of cells varies from the boundary toward the center of the melt pool due to the variations 

in the 𝐺 × 𝑅, which governs the microstructural refinement [59, 72]. The finer microstructure of the MP-

fine than the MP-coarse can be attributed to the higher 𝐺 × 𝑅 values induced in the center of the melt pool. 

The cellular microstructure also seems to be oriented mainly along the center of the melt pool. This 

directionality is known to be due the unidirectional heat flux occurring from center toward the boundaries 

of the melt pool in the welding and AM [59, 73, 74]. Such a thermal gradient allows preferential growth 

(<100> direction in metals with cubic crystal structure such as Al) opposite to the heat flux vector, leading 

to the directional solidification [75-78]. 

The comparison of the melt pool interior microstructures (MP-fine) revealed a coarser microstructure 

(larger cells) for the sample obtained by L-PBF processing of the fine powder (Figure 18(c) and (d)). Based 

on the measurements performed on both powder cases using ImageJ Software, the cell size of the MP-F 

region was 1.04±0.12 and 0.66±0.14 for fine and coarse powder cases, respectively. This shows that the 

cell size of the part fabricated by the fine powder is 57% larger than that obtained by the coarse powder, 

suggesting a significant difference between their microstructural features. This can be ascribed to the higher 

laser absorptivity of the fine powder, which may act to elevate the melt pool temperature or reduce the 

cooling rate (Figure 5). 
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Figure 18. SEM microstructure for parts obtained by L-PBF processing of: (a), (c) coarse (𝑬𝑽=21.9 J/mm3) and 

(b), (d) fine (𝑬𝑽=16.3 J/mm3) AlSi10Mg powders using laser powder of 335 W, scanning speed of 1050 mm/s and 

hatch spacing of 0.15 mm. (a) and (b) show the variation in the microstructure adjacent to the melt pool boundaries. 

(c) and (d) are enclosed views of the MP-F regions shown in (a) and (b), respectively. MP-F, MP-C and HAZ refer 

to the melt pool-fine, melt pool-coarse, and heat-affected zone, respectively. 

A close observation of the obtained microstructures unveils the existence of micro-cracks randomly 

distributed in the part fabricated by L-PBF processing of the fine powder (Figure 19(b), (c)). These micro-

cracks were found throughout the part and seemed to be inter-connected. The formation of these cracks 

may be attributed to the higher oxygen content of the fine powder system, which paves the way for the 

formation of Al oxide with poor wettability by the Al melt during L-PBF processing. Despite the case of 

the fine powder, the part achieved by the coarse powder was almost free from these cracks (Figure 19(a)).  
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Figure 19. Typical SEM micrographs of parts achieved by L-PBF processing of: (a) coarse; and (b), (c) fine 

AlSi10Mg powders using laser powder of 335 W, scanning speed of 1050 mm/s and hatch spacing of 0.15 mm (𝑬𝑽= 

16.3 J/mm3). (c) Enclosed view of micro-cracks existing in (b). 

3.8 Microhardness 

Microhardness measurement results are depicted in Figure 20 as a function of the 𝑃/𝑣 ratio and hatch 

spacing for both fine and coarse powder cases. The obtained microhardness data showed high accuracy and 

repeatability, with the maximum coefficient of variation less than 5% for both fine and coarse powder cases. 

It can be inferred that regardless of the 𝑃/𝑣 value and the employed hatch spacing, the coarse powder 

resulted in higher microhardness compared to the fine powder. The average microhardness of the samples 

fabricated by the coarse powder system is 3-15.5 HV higher than those for the fine powder feedstock, 

depending on the process parameters. This higher hardness can be traced back to two factors: 

I. Finer microstructure: As shown in Figure 18, the finer cellular microstructure in the case of the 

coarse powder can more efficiently resist the plastic deformation and consequently lead to the 

higher hardness and strength [79].  

II. Lower amount of micro-cracks: The micro-cracks existing in the part fabricated from the fine 

powder (Figure 19(b), (c)) can cause an easier collapse of the material underneath the indenter 

during the microhardness loading. Unlike the macro-hardness test, the microhardness measurement 

is not influenced by the porosities existing within the L-PBF processed parts since locally defect-

free areas are typically selected by microstructural observations for indentation. Moreover, the 

indentation depth of the microhardness test is believed to be small enough to avoid any interactions 

with the sub-surface pores [10, 80]. However, the size of micro-cracks observed in the case of fine 

powder is considerably smaller than the indentation size, meaning that these cracks can play a role 

in decreasing the microhardness.  

It is worth noting that for both the coarse and fine powder cases, the microhardness follows a decreasing 

trend when increasing the 𝑃/𝑣 ratio. Moreover, the results also reveal that for both powders, the hatch 

spacing of 0.15 mm leads to lower microhardness than that of 0.19 mm. Both of these findings can be 
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ascribed to the microstructural coarsening caused by the elevated heat induced in the system by either 

increase in 𝑃/𝑣 ratio or decrease in the hatch spacing (Eq. 6). The coarser microstructure (larger cell size) 

associated with the lower cooling rate results in decreased hardness, as suggested by the well-known Hall-

Petch equation. In other words, due to the significant role of grain boundaries on the movement of 

dislocations, the decreased fraction of cell boundaries obtained by the microstructure coarsening reduces 

the plastic deformation resistivity and consequently lowers the hardness of the material [81].  

 
Figure 20. The variation in the microhardness of parts achieved by L-PBF processing of fine (F) and coarse (C) 

AlSi10Mg powders as a function of the employed 𝑷/𝒗 ratio for two different hatch spacings of 0.15 and 0.19 mm.  

4 Conclusions 

This study was aimed at investigating the role of powder particle size on the L-PBF processability of the 

AlSi10Mg alloy. For this purpose, two different powders with the mean particle sizes of 9 µm (fine) and 

40 µm (coarse) were subjected to the L-PBF process to fabricate parts using various laser powders, scanning 

speeds and hatch spacings. A modified volumetric energy density was introduced to compare the parts, 

which takes the effects of the laser absorptivity and the effective powder layer thickness also into account. 

The influence of process parameters on the densification level, top and side surface integrity, dimensional 

accuracy, microstructural evolutions and microhardness was explored, and the parts obtained by L-PBF 

processing of the fine and coarse powders were compared. The main findings can be summarized as 

follows: 

1. The flowability and packing density of the fine powder was 75% and ~30% lower than the coarse 

powder, respectively. 
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2. For both powders, the part density first raised and then declined by increasing the energy density. 

Within the applied range of energy density, inferior densification levels were achieved in the case 

of fine powder due to its lower powder bed packing density, higher oxygen content and higher 

effective powder layer thickness.  

3. The maximum part densities were ~95 and ~99 for the fine and coarse powder cases, respectively.  

4. The coarse powder led to a lower top surface roughness compared to the fine powder. Depending 

on the scanning speed, a difference of 5-73% between the Sa of parts obtained by the fine and coarse 

powder cases was attained. 

5. The fine powder feedstock led to the lower dimensional accuracy in the X-Y plane, mainly due to 

the adherence of a noticeable volume of un-melted/partially melted powder particles to the side 

surfaces.  

6. Due to its noticeably lower flowability and great tendency to form agglomerates, the parts 

fabricated by the fine powder had lower dimensional accuracy along the building direction (height). 

7. The coarse powder resulted in finer cellular structure and, consequently, higher microhardness than 

the fine powder feedstock.    
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