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ABSTRACT 

Powder based additive manufacturing (AM) exhibits tremendous uncertainties, 

where variations in build quality is present despite utilizing similar build processing 

parameters. First, this work reports the features and formation mechanisms of five unique 

types of spatter during the LPBF process by in-situ high-speed, high-energy x-ray 

imaging. The unique physical characteristics of spatter are determined. The effect of laser 

scan speed and laser power on spatter formation, ejection, and mitigation are determined. 

Second, this work addresses the uncertainty challenge by identifying the sources of 

uncertainty in SLM by in-situ characterization due to variations from the additive 

manufacturing processing parameters needed for Ti6Al4V. Second, this work addresses 

the uncertainty challenge by identifying the sources of uncertainty in SLM by in-situ 

characterization due to variations from the additive manufacturing processing parameters 

needed for Ti6Al4V. We show that small variations in the laser beam size, power, scan 

speed, and powder bed thickness results in significant changes in the SLM dynamics.. 

Third, this work focuses on identifying the uncertainty due to particle size distribution 

(PSD) on the resulting Ti6Al4V powder’s flowability. More specifically, we showed that 

the PSDs effect on flowability is not linear, rather the PSD near local high packing 

densities cause significant reductions in overall dynamic flowability and affect the 

finalized part’s SLM dynamics. The understanding and control of these uncertainties are 

vital for increasing the capabilities and reliability of AM produced parts. 
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1. INTRODUCTION 

Additive manufacturing (AM) is a process of developing parts through feedstock 

material being fused in sections (or layers) to fabricate a final part. The applications of 

AM parts have grown into the fields of medical, aerospace, automotive, and private 

spheres. This growth is due to the method allowing the fabrication of unique, complex 

geometries without the need of post processing. The growing advantage over 

conventional methods is due to the applications for small scale part development without 

the costly need for tooling or molding. The limitation of AM manufacturing lies primarily 

in the lack of reliability of fabricated parts in terms of their final part properties and 

repeatability.     

Laser powder bed fusion (LPBF) or also known as selective laser melting (SLM) 

is a process that deposits a bed of powder feedstock layer by layer for laser scanning 

during part fabrication. The dynamics are constantly changing during the AM process, 

causing uncertainty to the finalized part’s properties. This uncertainty leads to reduction 

in part quality and repeatability. Some of the major uncertainties leading to the reduction 

in quality and capabilities of the SLM process lie in the spatter dynamics, sensitivity of 

processing conditions, and powder flowability. Determining the mechanisms driving 

these uncertainties are vital for the sustainability of AM in commercial and common use. 

Researching the underlying mechanisms that drive these uncertainties to determine the 

cause and test methods to mitigate or eliminate the uncertainty during SLM are vital. 

To determine the cause of the uncertainty, research has been conducted utilizing 

visible light and IR videography and simulations. Visible light and IR videography can 
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monitor spatter moving behavior above the powder bed surface. However, they lack the 

ability to see through the metal powder bed, so the accurate determination of spatter 

formation mechanisms is difficult from the information acquired only above the powder 

bed surface. Simulations can model the melt pool which has revealed important physical 

mechanisms of spatter formation. Currently, simulations are hard to, however, accurately 

model the spatter formation resulting from the complex interplay of metal vapor plume 

and ambient gas flow. 

In this work, we conduct hundreds of tests at varying laser parameters and 

environment conditions to obtain detailed insight into the types of spatter and their 

features and formation mechanisms. This work identifies five unique types of spatter that 

exist within the LPBF process. The formation mechanism of spatters has been determined 

and/or discussed. The size, speed, and direction have been quantified. The effects of the 

laser power, scan speed, and ambient pressure on spatter formation are also studied. We 

also report the sources of uncertainty in SLM due to variations from the optimized AM 

processing parameters for Ti6Al4V through in-situ characterization. We reveal the 

sensitivity of the SLM process to the processing parameters and identify the leading 

cause of uncertainty by quantifying the percent change in the SLM dynamics (depression 

zone dynamics, melt pool dynamics, build height dynamics, and spatter dynamics) due to 

three the laser processing parameters: (1) laser beam size, (2) laser power, and (3) laser 

scan speed and the three powder processing parameters: (1) powder size, (2) powder bed 

thickness, and (3) powder size distribution. The uncertainty in this work is studied by 

making small changes with respect to the optimized processing parameter needed for 

Ti6Al4V under SLM AM conditions. Finally, we incorporate D.B. Miracle’s research to 
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determine the effect that the dense packing and varying PSDs of two unique powders 

have on the resulting flowability of the powder for powder spreading and determine the 

effects on SLM dynamics. The work investigates flowability characteristics of two 

powder sizes at various PSDs including D.B. Miracle’s dense packing region to see if 

non-homogenous powders flow differently from a single mixture of powders. The goal is 

to determine the source of the uncertainty between commercially employed powders that 

lead to overall reductions in part quality and use.  
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I. TYPES OF SPATTERS AND THEIR FEATURES AND FORMATION 

MECHANISMS IN LASER POWDER BED FUSION MANUFACTURING 

PROCESS 
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ABSTRACT 

Spatter causes defect formation, powder redistribution and contamination in laser 

powder bed fusion (LPBF) additive manufacturing process. It is critical to distinguish 
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different types of spatters and understand their features and formation mechanisms. This 

work reports the features and formation mechanisms of five unique types of spatters 

during the LPBF process by in-situ high-speed, high-energy x-ray imaging. Spatters 

observed during LPBF testing were quantified by their speed, size, and direction. Distinct 

quantifiable characteristics for each type of spatter are identified. Effects of the laser 

power, scan speed, and ambient pressure on spatter formation and features are also 

revealed.  

1.  INTRODUCTION 

Laser powder bed fusion (LPBF) is an additive manufacturing technology that can 

manufacture metal parts with complex geometry[1–5]. During fabrication, unfortunately, 

the spatters generated during laser-matter interaction have been witnessed to cause 

defects and part quality uncertainty [3,4,13–22,5,23–32,6,33,7–12] , which severely 

limits the application of LPBF-manufactured parts.  

To determine the cause of spatter formation, research has been conducted utilizing 

visible light and IR videography[27,29]  and simulations[2,6,26,28]. Visible light and IR 

videography can monitor spatter moving behavior above the powder bed 

surface[24,28,29]. However, they lack the ability to see through the metal powder bed, so 

the accurate determination of spatter formation mechanisms is difficult from the 

information acquired only above the powder bed surface. Simulations can model the melt 

pool which has revealed important physical mechanisms of spatter formation. Currently, 
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simulations are hard to, however, accurately model the spatter formation resulting from 

the complex interplay of metal vapor plume and ambient gas flow. 

Recently, we showed that high speed x-ray imaging can overcome the limitations 

of conventional characterization tools to reveal the dynamics of spattering behavior 

during LPBF process[25]. We revealed spattering dynamics as a function of time, 

pressure, and location throughout the manufacturing process. However, our previous 

work did not distinguish different types of spatter. 

In this work, we conduct hundreds of tests at varying laser parameters and 

environment conditions to obtain detailed insight into the types of spatter and their 

features and formation mechanisms. This work identifies five unique types of spatter that 

exist within the LPBF process. The formation mechanism of spatters has been determined 

and/or discussed. The size, speed, and direction have been quantified. The effects of the 

laser power, scan speed, and ambient pressure on spatter formation are also studied. 

2. MATERIAL AND METHOD 

High-speed high-energy x-ray imaging (Beamline 32-ID-B, Advanced Photon 

Source, Argonne National Laboratory) was used to monitor the dynamics of spattering 

during the laser melting process. The experiments were first recorded at a frame rate of 

45,259 fps (frames per second) to primarily determine physical characteristics of the 

phenomena. Then, a high frame rate of 135,776 fps was used to capture the detailed 

process of how certain phenomena form. ImageJ is used for image processing throughout 

the experimental data analysis.  
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An IPG continuous-wave (CW) ytterbium fiber laser (IPG YLR-500-AC, IPG 

Photonics, Oxford, USA) with a wavelength of 1070 nm and a maximum output power of 

520W was used to melt the material. A laser scanner (IntelliSCANde 30, SCANLAB 

GmbH., Germany) is used to control laser scan speed. For all testing, a laser beam 

incident angle of 90 degrees was used throughout testing. The laser scan path was a 

single continuous scan of 3-4 mm perpendicular to the x-ray 

Two commonly used additive manufacturing materials were used in testing the 

spatter dynamics in LPBF: Aluminum (AlSi10Mg) and titanium (Ti6Al4V). The 

feedstock powder is fabricated using plasma atomization. The resulting powder is 

spherical with near negligible satellites or internal porosity present. The powder size for 

aluminum and titanium feedstock is 15-38um. and 25-45um, respectively. The aluminum 

feedstock was obtained from Renishaw. The composition by mass contains 9-11% 

silicon, 0.25-0.45% Magnesium, and less than 0.25 of iron, nitrogen, oxygen, titanium, 

zinc, manganese, nickel, copper, lead, and tin. Titanium feedstock is provided by EOS. 

The composition by mass contains 5.5-6.5% aluminum, 3.5-4.5% Vanadium, and less 

than 0.25 oxygen, nitrogen, carbon, hydrogen, and iron. 

Powder layers are spread on a metal substrate with identical composition to the 

powder. Two pieces of glassy carbon are mounted as side walls to hold the powder in 

place. The powder layer thickness is determined by the difference in height between the 

substrate and glassy carbon. Powder layer thickness is set at roughly 100um to maintain 

consistent melt pool dynamics across testing. Powder size is varied between aluminum 

and Titanium depending on the supplier specification.    Both aluminum and titanium 

were tested in our work. Testing is conducted in a vacuum chamber filled with argon gas 
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of 99.99% purity. Environmental pressure is varied from the region of near vacuum 

(0.002 atm) to atmospheric (1 atm) to observe the effects of ambient pressure.  

3.    RESULTS AND DISCUSSION 

3.1.  IDENTIFICATION OF SPATTER TYPES AND FORMATION 

MECHANISMS 

Five types of spatter were identified through in-situ analysis of the LPBF process. 

The spatter formation dynamics were captured and analyzed to determine their individual 

formation mechanisms. The five types of spatter and their formation mechanisms are 

discussed in detail below. 

3.1.1. Solid Spatter.  During scanning, powder was observed to be ejected prior 

to sufficient laser interaction to induce melting. Large amounts of un-melted spatter were 

seen throughout the entire scanning process. This type of un-melted spatter is referred to 

as solid spatter. The solid spatter generation is caused by the vapor jet (intense vapor 

generated due to localized laser heating) interacting with solid powder outside the strong 

laser interaction region. The vapor jet can create sufficient force to eject unmelted 

powders before melting can take place. Fig 1 shows the dynamics of the vapor jet 

ejecting unmelted powders away from the melt pool. The details about the vapor jet 

induced spatter phenomena can be found in our previous publication [25]. Solid spatter 

formation can lead to non-uniformity in powder layer thickness but has less detrimental 

effects on the overall part quality compared to liquid spatter [5,26–29,33]. 
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Figure 1. Solid spatter. Dynamic X- ray images showing dynamics of solid spatter when a 

laser beam with a diameter of 100 um and power of 322 W scans a powder bed with a 

layer thickness of 100 μm at a scan speed of 0.8 m/s. Yellow arrow and dashed line 

indicate the position of the laser beam and the melt pool boundary, respectively. Blue 

circles and arrows indicate the representative solid spatters ejecting from the substrate 

over time. Red arrows indicate the hypothesized vapor jet direction.   

     

3.1.2. Metallic Jet. Liquid droplet was observed to be ejected from the melt pool 

at the edge of the depression zone region. This type of spatter is referred to as metallic jet 

spatter. The formation of the metallic jet spatter is caused by the intense metallic vapor 

during the localized laser heating process. The intense metallic vapor generates high 

recoil pressure and shear forces on the depression zone’s vapor-liquid interface during the 

LPBF process. The recoil pressure creates strong melt flow along the depression zone 

walls. The intense vapor flow also generates shear forces on the depression zone wall, 

contributing to high speed spatter upward from the melt pool. When the metallic vapor is 

intense enough to produce force capable of overcoming the surface tension, necking of 

the melt pool begins to appear on the walls of the depression zone (Figure 2, b,e) and 

leads to the liquid detachment from the elongated melt pool protrusion (Figure. 2, c,f). 

Our recent results show that bulk-explosion is also an important mechanism for metallic 

jet formation[18]. The production of metallic jet spatter is reliant on the intensity of the 

200 um 200 um 200 um
Substrate Substrate Substrate

(a) (b) (c)Scanning direction: 

Powder bed

Laser Laser Laser
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vapor jet and stability of the depression zone; this makes deep, unstable depression zones 

more prominent in the production of metallic jet type spatters.   

 

 

Figure 2. Metallic jet spatter. Dynamic X-ray images demonstrating front metallic jet 

spatter formation (a-c) and rear metallic jet formation (d-g). (a,d) Protrusion formation at 

the edge of the depression zone region. (b,e) Lengthening and necking of the protrusion. 

(c,f) Breaking of the neck to form liquid droplet (spatter). The rapid increase of the depth 

or the width of the depression zone was observed during the spatter formation process, 

which indicates the rapid depression zone expansion causes the spatter formation. The 

depression zone and top of the melt pool boundaries are marked in blue and yellow 

dashed lines, respectively. Figure a-c material is Ti6Al4V, laser power is 260 W, scan 

speed is 0.2 m/s. Figure d-f material is AlSi10Mg, laser power is 416 W, scan speed is 

0.5 m/s. 

 

200 um

(d)

Scanning direction: 

s 200 um

(e)

200 um

(f)

200 um

(g)

100 um

(a)

100 um

Melt PoolMelt Pool

Depression zone

Depression zone

Scanning direction: 

100 um

Necking

Melt Pool

Depression zone

(b) (c)



  

 

11 

3.1.3. Powder Agglomeration Spatter.  Powders and spatters were observed to 

aggloeate and coalesce to form spatters many times larger than the original feedstock 

powder. This type of spatter is referred to as powder agglomeration spatter. Two main 

kinds of powder agglomeration spatter are commonly observed in the experiment: liquid-

solid powder agglomeration and liquid-liquid powder agglomeration.  Liquid-solid 

powder agglomeration spatter is seen as feedstock powders being melted near the melt 

pool region but not being captured and absorbed by it. Two forces contribute to the 

agglomeration ejection: the vapor plume and near side vaporization driven ejection of 

agglomerate. The vapor plume initially ejects the liquid spatter and allows the 

agglomerate to escape the powder bed. The laser beam also vaporizes the rear side of the 

ejecting spatter which pushes the liquid ball away from the laser beam[34]. The liquid 

ball then travels along the powder bed region (Figure. 3, a) and captures the un-melted 

feedstock powders (Figure. 3, b-c) along its path to grow, very similar to the growth of a 

snowball. The spatter is then ejected due to vaporization of the powder and vaporization 

of the depression zone, pushing the liquid ball away from the laser heating region to form 

a big spatter.  

Liquid-liquid powder agglomeration spatter is the coalescence of two liquid 

spatter particles by colliding. Figs. 3(d-f) shows one example. Two independent liquid 

spatters are ejected away from the melt pool (Figure. 3d). During ejection, the two 

powders collide (Figure. 3e) causing the liquid spatters to consolidate into a single, larger 

spatter (Figure. 3f).  
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Figure 3. Powder agglomeration spatter. (a-c), Dynamic X-ray images demonstrating 

liquid-solid powder agglomeration spatter. Liquid droplets and solid feedstock powder 

prior to absorption are indicated by yellow and white dashed lines, respectively. (a) A 

liquid droplet (indicated by yellow dashed circle) is pushed or ejected away from the 

laser heating region towards the powder in front of the laser (the powder that will be 

absorbed by the liquid droplet is indicated by white dashed circle). (b) The liquid droplet 

and powder indicated in (a) merged to form a larger liquid ball (indicated by yellow 

dashed circle in b). The newly merged liquid ball was pushed towards another powder in 

the powder bed (indicated by the white dashed circle). (c) Absorption of multiple 

feedstock powders causing liquid droplet grows to multiple times larger than the size of 

the feedstock powder. (d-f), Dynamic X-ray images demonstrating liquid-liquid powder 

agglomeration spatter. (d) Initially melted powder droplets were ejected with different 

moving directions. (e) Then the two liquid droplets collide and merge during ejection. (f) 

Finally, the combined droplet ejects from the melt pool region. In (a-c), the material is 

Ti6Al4V, laser power is 312W, laser scan speed is 0.6 m/s. In (d-f), the material is 

AlSi10Mg, laser power is 416W, scan speed is 1.0 m/s. Melt pool boundaries are 

indicated by blue dashed lines. 

 

3.1.4. Entrainment Melting Spatter. Ambient gas flow can carry solid powder 

to the laser heating region, also known as powder entrainment. Once the entrained solid 

powders encounter the laser beam, the solid powders are melted (Figure. 4 a,b) and 

ejected  by the vapor jet (Figure. 4c). Sometimes, the melted entrained powders can 
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Scanning direction: 
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collide and coalesce (Figure. 4 a,b). This type of spatter is referred to as entrainment 

melting spatter.  

 

 

Figure 4. Entrainment melting spatter. Dynamic X-ray images demonstrating entrainment 

melting spatter. (a) A solid and liquid spatter get entrained towards the laser heating 

region. (b) The two spatters melt and coalesce in the laser heating region forming a single 

liquid droplet. (c) The liquid droplet was re-ejected away from the laser. Testing was 

conducted using a laser with a beam diameter of 100 um and laser power of 416W. The 

laser scans the AlSi10Mg powder bed at a rate of 0.4 m/s. The dashed yellow circles 

indicate the tracked spatters. The yellow arrow marks the location of the laser beam. The 

red arrow marks the moving direction of the spatter. The blue dashed lines indicate the 

melt pool boundary. 

 

3.1.5. Defect Induced Spatter.  X-ray imaging demonstrates that when the laser 

interacts with severe defects within the part such as large pores or cracks, a sudden 

eruption of liquid spatter can occur. During melting, laser interaction with these large 

pores exhibits sudden instability and results in unique spatter. This type of spatter is 

termed defect induced spatter. Figure 5 demonstrates an example of defect induced 

spatter recorded using x-ray imaging. During laser scanning, the melt pool comes into 

contact with a large pre-existing pore (Figure. 5a). The large pore interacts violently with 

the melt pool to cause the formation of liquid spatter (Figure. 5c). The rapid expansion of 

the trapped gas in the pore and/or the rapid change of the absorbed laser energy by 

multiple reflections in the pore are possible mechanisms for defect induced spatter.  

(a) (b) (c)

200 um 200 um 200 um

Scanning direction: 
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Figure 5. Defect induced spatter. Dynamic X-ray images demonstrating an example of 

defect induced spatter. Laser scans from left to right across the substrate. (a) The 

depression zone travels along the substrate towards a large pre-existing pore. (b) The 

interaction between melt pool/depression zone with the localized defect cause a sudden 

eruption out of the melt pool. (c) The ejection of a large liquid spatter occurs as the melt 

pool attempts to reform to steady state after eruption (a-c) show an AlSi10Mg substrate 

scanning at 416W laser power and 1.0m/s scan speed. The pre-existing pore and 

depression zones are outlined in red and blue respectively. The large defect interacting 

with the melt pool is marked and labeled. The sudden melt pool instability and resulting 

spatter are highlighted in yellow for all images. The laser beam size is 100 um. 

3.2. SCHEMATIC OF SPATTER FORMATION MECHANISMS 

To better visualize and understand spatter in the LPBF process, a schematic was 

constructed to summarize the spatter types and their formation mechanisms, as shown in 

Figure. 6. The formation dynamics of solid spatter, metallic jet spatter, powder 

agglomeration spatter, entrainment melting spatter and defect induced spatter are pointed 

out by A, B, C (C1 and C2), D and E, respectively. 
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Figure 6. Schematic showing the formation mechanisms of all spatter types. A. Solid 

spatter. B. Metallic jet spatter. C. Powder agglomeration splatter (C1, liquid-solid 

agglomeration spatter, C2, liquid-liquid agglomeration spatter). D. Entrainment melting 

powder spatter. E. Defect induced spatter.  

 

3.3. QUANTIFICATION OF SPATTER FEATURES 

The size, speed and direction of the spatters are different due to their different 

formation mechanisms. Quantification was done by frame-by-frame manual powder 

tracking of individual spatter to maintain accuracy and ensure minimal error. Solid 

spatter will always remain constant in size due to no melting during ejection. Defect 

induced spatter is difficult to be quantified statistically due to the low number and 

randomness of pre-existing pores within tested substrates. As a result, these two types of 
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spatters were not included in the quantification study of their spatter features. All 

quantitative testing was conducted with aluminum for the consistency of comparison.  

3.3.1. Spatter Speed and Size. The speed of the particles was quantified 

individually by recording the change in position of the object’s geometric center over 

intervals of time. The standard deviation is taken from the variation of the average speeds 

generated by the particles observed and quantified. The spatter’s speed is driven by their 

formation and ejection mechanisms, but the material properties and processing 

parameters being tested can also influence the speed of the ejected spatter.  Average 

speeds of three types of spatter were determined and compared (Figure. 7a). The metallic 

jet was determined to be the fastest of the four phenomena, with an average speed of 2.17 

m/s. Entrainment melting spatter moves faster than powder agglomeration spatter due to 

the large size difference or an initial velocity prior to melting. The powder agglomeration 

spatter followed behind the entrainment melting spatter with an average speed of 0.66 

m/s. The standard deviation of the metallic jet is 1.30 m/s. The large variation in speed is 

caused by multiple spatters being ejected from the same protrusion; the initial ejected 

spatter has greater speed than the subsequent spatter.  

The size of the four types of spatter are quantified (Figure. 7b). As expected, the 

solid spatter has the same size as the feedstock powder. The powder agglomeration 

spatter has the largest size with an average diameter of 114 μm, which is over 4 times 

larger than the feedstock powder. The entrainment melting spatter has a size of 57 μm in 

diameter, which is about 3 times larger than the feedstock powder. The metallic jet 

spatter’s size is with an average size of 31 μm, which is close to the size of the feedstock 

powder. 
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Figure 7. Quantification of the speed and size of spatter. (a) Spatter speed. (b) Spatter 

size. The material is AlSi10Mg. The error bar indicates standard deviation. Spatter 

phenomena are determined and collected from multiple videos under varying scanning 

speeds and laser powers.  

 

3.3.2. Spatter Direction. Quantifying the moving directions of the different types 

of spatter were conducted. The results showed a general trend that the moving direction 

of the metallic jet spatter makes the smallest angle with the laser beam (normal to 

direction of the substrate) and the moving direction of the powder agglomeration spatter 

makes the largest angle with the laser beam. However, the spatter’s moving direction 

varies in a very large range and strongly depends on processing parameters.  

The dependence of the spatter direction on processing parameters originates from 

the effect of processing parameters on vapor jet direction, as shown in Figure. 8. 

Changing the laser power at a constant laser scan speed (Figure.8 a-c) or changing the 

scan speed at a constant laser power (Figure. 8 d-f) can significantly change the 

depression-zone geometry. The depression zone changes from a deep keyhole shape 

(with a depth over half width ratio larger than one) at high laser power and low scan 
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speed to a wide-open shape (with a depth over half width ratio less than one) at low laser 

power and high scan speed. Consequently, the vapor jet direction changes from nearly 

parallel to the depression zone front wall to nearly normal to the depression front wall. 

Since vapor jet is the major driven factor for spatter formation and moving, the spatter 

direction changes accordingly.  

Due to the strong dependence of spatter direction on processing parameter, it is 

very hard to make a quantitative comparison among different types of spatters. However, 

the correlation among the spatter direction, depression-zone shape and laser processing 

parameter has important implications for developing in-situ monitoring tools based on 

spatter characteristics. 

 

 

Figure 8. Effects of processing parameters on direction of spatter. (a-c) X-ray images 

demonstrating the effects of laser power on spatter direction and depression zone 

geometry. (d-f) X-ray images showing the effects of scan speed on spatter direction and 

depression zone geometry. Melt pool and spatter are outlined by blue and yellow dashed 

lines, respectively. Red arrows indicate the hypothesized vapor jet direction. The material 

is AlSi10Mg. 
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3.4. EFFECTS OF PROCESSING PARAMETER ON SPATTER FORMATION 

AND MITIGATION  

During quantification, isolating the effects of different processing parameters 

delivered some dramatic changes to different spatter phenomena. Changes to different 

dynamics within the melt pool and surrounding region lead to mitigation or elimination 

of different spatter types. Testing was conducted to determine the regions where laser 

power, scan speed, and ambient pressure induce mitigation or elimination of the observed 

spatter types.  

3.4.1. Effect of Laser Power and Scan Speed on Spatter Formation and 

Mitigation. Laser power and scan speed play important role in spatter formation. The 

effects of laser power and scan speed on the formation of different types of spatters are 

summarized in Figure. 9.  

Solid spatter was witnessed during all laser power and scan speed conditions 

tested (Figure 9a). Solid spatter is produced through vaporized metal ejecting unmelted 

powder away from the substrate.  Our testing was conducted only when melting could 

occur, so elimination of solid spatter was not possible. Solid spatter mitigation was 

witnessed slightly by reducing the laser power or increasing the scan speed to reduce the 

overall energy density. The decrease in energy density reduces the strength of the vapor 

jet preventing more solid spatter from being ejected.  

Metallic jet spatter was observed within a specific laser power and scan speed 

range (Figure 9b). Elimination was seen by reducing the laser power or by increasing the 

scan speed above certain thresholds. Reduction in laser power (below 364 W) or increase 

in laser scan speed (greater than 1 m/s) decreases the input energy density. This decrease 

causes the vapor jet and melt flow strength to be insufficient to produce metallic jet 
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spatter. Decreasing the scan speed (below 0.3 m/s) was also observed to eliminate the 

production of metallic jet spatter for AlSi10Mg. At the reduced scan speed, the resulting 

depression zone becomes a deep keyhole. When the keyhole is very deep, the highest 

intensity of the melt flow is at the bottom of the melt pool. The high intensity melt flow 

weakens as it travels up the depression zone walls. The resulting momentum of the liquid 

on the keyhole rim is then not high enough to form long protrusion that can be sheared 

off from the melt pool. 

 

 

Figure 9. Charts showing spatter formation under various processing conditions. (a) Solid 

spatter. (b) Metallic jet spatter. (c) Powder agglomeration spatter. (d) Entrainment 

melting spatter. The material is AlSi10Mg. Black dots indicate the parameters tested. The 

shaded areas indicate the area that a specific type of spatter was observed. All outlines are 

generated by observations of spatter from our testing at specified processing conditions 

and are not verified as thresholds or absolute edges where the specific spatter types are 

capable to form.  
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Liquid-liquid powder agglomeration spatter was witnessed during all laser power 

and scan speed conditions tested (Figure 9c). The inability to prevent liquid-liquid 

powder agglomeration is due to the incorporation of feedstock powders interacting with 

laser heating. Like solid powder, the melted powder is ejected by the vapor jet. The only 

occurrences where liquid-liquid powder agglomeration was not present is in the absence 

of noticeable melting needed for LPBF.   

Liquid-solid powder agglomeration spatter elimination, however, was possible by 

changes in laser power and scan speed (Figure 9c). Liquid-solid agglomeration spatter is 

generated by direct laser heating, but are pushed along the solid powder bed by the 

escaping vaporized material. Above 0.9 m/s, the laser was capable of overtaking the 

speed of the agglomerating spatter and capture it within the melt pool preventing ejection. 

Below 0.3 m/s, the generated vapor jet was too strong relative to the ambient gas flow 

causing liquid spatter to not be pushed into the unmelted feedstock but, rather, eject as 

liquid-liquid powder agglomeration spatter instead. Liquid-solid powder agglomeration 

spatter can be many times larger than many of the other types of spatter, so the ability to 

eliminate this from the process is vital for overall spatter reduction in LPBF process.  

Entrainment melting spatter only occurred within a small region of the laser 

processing conditions during testing (Figure 9d). The occurrence of entrainment melting 

spatter is strongly related to force generated by the ambient gas flow and vapor jet. 

Testing above 416W laser power generated a vapor jet that was too powerful for 

entrained solid spatter to overcome the outward force and interact with the laser heating 

region. This phenomenon was also present when operating below 0.4m/s. The vaporized 

material buildup at lower speeds was too strong for entrained solid powders to reach laser 
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heating before being ejected. Testing done at speeds higher than 1.0m/s caused entrained 

powders to not interact within laser heating region long enough or be able to catch up to 

the laser scanning to induce melting.  

3.4.2. Effects of Environment Pressure on Spatter Formation and Mitigation. 

Environment pressure has a great influence on spatter formation, as shown in Figure 11. 

Two spatter types were primarily affected by the reduction in the environmental pressure: 

solid spatter and entrainment melting spatter. Solid spatter occurred at every LPBF 

testing when manipulating laser power, scan speed, or environmental pressure. The solid 

spatter was, however, substantially affected by environmental pressure. When the 

pressure was reduced from 760 torr (Figure 10a-c) to 0.087 torr (Figure 10d-f), the 

resulting solid spatter was substantially increased. Under vacuum, there is no ambient 

pressure to counteract the vaporization pressure produced during melting causing an 

increase in solid spatter in all direction [20]. Higher pressures mitigate the outward force 

generated by the vaporized material as well as channeling its direction due to ambient gas 

flow being present. Entrainment melting spatter generation requires the presence of 

ambient gas flow as its primary mechanism for solid spatter entrainment. The reduction 

from 760 torr to 0.087 torr decreased the ambient gas flow where spatter entrainment was 

not possible. The inability for solid spatter to be entrained causes the elimination of 

entrainment melting spatter when operating in near vacuum conditions.  

Liquid-solid powder agglomeration spatter also requires the assistance of ambient 

gas flow to keep the agglomerating spatter from immediately being ejected. Without 

strong ambient gas flow, powder directly melted from the laser immediately escape due 

to the vaporization pressure. Reducing the environmental pressure from 1 atm to 0.087 
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torr eliminated the production of liquid-solid powder agglomeration spatter. 

Unfortunately, liquid-liquid powder agglomeration spatter was unable to be eliminated by 

the reduction of environmental pressure. 

The alteration in the environmental pressure was also unable to eliminate the 

production of defect induced spatter or metallic jet spatter. A reduction in the 

environmental pressure reduces the melting point of metals, but even under near vacuum 

conditions, the presence of metallic jet spatter was still witnessed. Defect induced spatter 

is generated specifically from the incorporation of defects and no visible evidence was 

found to show mitigation or elimination of defect induced spatter due to changes in 

environmental pressure.  

 

 

Figure 10. Effect of atmosphere pressure on spatter behavior. (a-c), Dynamic x ray 

images showing spattering behavior under 760 Torr (1 atm). (d-f) Dynamic x ray images 

showing spattering behavior under 0.087 Torr (0.00132 atm). The laser power is 416 W, 

beam size is 100 µm, scan speed is 1.0 m/s. The yellow arrow indicates the current 

location of the laser beam. The blue dashed lines indicate the melt pool boundaries. 

Quantity and direction of solid and liquid spatter can be easily identified from regions 

marked with blue arrows. 
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3.4.3. Effects of Material Feedstock on Spatter Formation and Mitigation. 

Both aluminum and titanium spatter dynamics were observed during LPBF. The 

underlying formation and propagation phenomena are consistent between the two 

materials. However, the differences in the melting/boiling point of the material altered the 

processing parameters that initiated the formation of different spatter. This indicates that 

the spatter formation map is dependent on the material being processed. 

4. CONCLUSION 

    This work has distinguished five types of spatter produced in the LPBF 

process. The formation mechanism and features of each type spatter are identified and 

quantitatively analyzed. The major conclusions are listed below: 

1. Five types of spatter are observed and identified in the LPBF process: solid 

spatter, metallic jet spatter, agglomeration spatter, entrainment melting spatter, and defect 

induced spatter. 

2. The five types of spatter’s formation mechanisms were analyzed and described. 

Solid spatter is formed due to the intense vapor jet ejecting un-melted feedstock powders 

out of the powder bed. Metallic jet spatter is the detachment of liquid droplet from the 

melt pool resulting from the intensive vaporization induced high recoil pressure and shear 

force. Powder agglomeration spatter is formed through coalescing of multiple 

powders/spatters. Entrainment melting spatter is the melting and ejection of the entrained 

powders. Defect induced spatter is induced by large defects within the previously built 

layers. 
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3. The speed, size, and direction of metallic jet spatter, agglomeration spatter, and 

entrainment melting spatter were quantified. Metallic jet spatter exhibits the highest 

speed, powder agglomeration spatter has the largest size. The direction of the spatter 

highly depends on the depression zone geometry, which provides a potential way to 

determine the shape of the depression zone from spatter direction. 

4. Types of spatters formed in LPBF process and their features depend on 

processing parameters (laser power, scan speed, and environmental pressure). A spatter 

formation map is constructed. 
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ABSTRACT 

Selective laser melting (SLM) additive manufacturing (AM) exhibits 

uncertainties, where variations in build quality is present despite utilizing similar build 

processing parameters. In this work, we identify the sources of uncertainty in SLM by in-

situ characterization of SLM dynamics induced by small variations in additive 

manufacturing processing parameters needed for Ti6Al4V. We show that variations in 

the laser beam size, power, scan speed, and powder bed thickness results in significant 

variations in the depression zone, melt pool, and spatter behavior. Small (<5%) variations 

from the optimized laser processing parameters resulted in significant, linear variations in 

the depression zone, melt pool, and spatter behavior. On average, a small deviation of 

mailto:lianyi.chen@wisc.edu
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only ~5% from the optimized laser processing parameter resulted in a ~10% or greater 

change in the depression zone and melt pool geometries. Small (<50𝜇𝑚) variations in the 

powder bed thickness processing parameters resulted in substantial changes in the 

depression zone dynamics (>30%). The laser beam size was found to have significant 

impact on the spatter dynamics during laser melting, affecting the overall volume (>40%) 

of spatter generated. This work experimentally identifies what small scale changes in the 

most significant processing parameters do to the SLM dynamics during AM processing. 

The variation in the SLM dynamics identified in this work is vital for understanding the 

sensitivity of the SLM process due to minute changes in AM processing parameters. 

Keywords: Selective laser melting, laser powder bed fusion, additive 

manufacturing, Spatter, Melt pool dynamics, quality uncertainty. 

 

1. INTRODUCTION 

Selective laser melting (SLM, also called laser powder bed fusion) is a type of 

additive manufacturing (AM) that utilizes a high-power density laser to selectively fuse 

together metallic powders to form three-dimensional objects [1–3]. Complex-shaped 

metal parts for rapid production with high levels of flexibility and customization 

compared to conventional manufacturing is revolutionizing the metal manufacturing 

industry for aerospace, biomedical, and defense applications [2]. Presently, SLM still 

faces several challenges: (1) parts printed by the same machine and using the same 

optimized parameters are not always identical, (2) properties of the printed parts can be 

difficult to predict, (3) optimal parameters to print a part still rely on trial-and-error 
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parameter development, and (4) defect sensitive properties (e.g., fatigue life) of SLM 

parts often result in lower properties than parts fabricated from wrought product forms. 

An understanding of the fundamental mechanisms of SLM AM and identifying the 

causes for part quality uncertainty is important for addressing and overcoming the 

challenges in SLM AM.  

During the SLM process, the interaction between the laser and the powder in the 

region of the highest intensity results in the formation of a cavity due to material 

vaporization. This vaporization region is known as the depression zone. Immediately 

surrounding the depression zone where there is still sufficient energy to melt the metallic 

powders, the powders fuse together to form a localized liquid region known as the melt 

pool. The newly formed melt pool rapidly cools and leaves behind a new build layer. 

Once the new build layer has solidified, a new layer of powder is added to the top surface 

and the processes is repeated until a three-dimensional part is formed in a layer-by-layer 

fashion. During laser vaporization and melting, molten material known as spatter can be 

ejected from the depression zone and melt pool regions [1].  

Four of the most significant processing parameters [4,5] that can be manipulated 

to control the SLM process include: (1) the laser beam size, (2) the laser power, (3) the 

laser scan speed, and (4) powder bed thickness. Each one of these parameters will 

influence the resulting shape and size of the depression zone, the melt pool, and the 

spatter behavior. Previous publications show that the processing parameters are a critical 

factor that contribute to the resulting microstructural features and mechanical properties 

since they influence the thermal history and cooling rates for Ti6Al4V and other AM 

materials [1,2,6–14]. Additional works highlight the importance of the powder bed 
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thickness on the resulting properties of the manufactured part[15–18]. These works make 

use of energy density equations to describe the effects of laser processing parameters on 

the dynamics of the AM process [9–12]. Other works use simulations which utilize 

thermal and fluid flow models to describe heat flow during the AM process [2,9,10].  

Previous works highlight the importance and impact of SLM process uncertainty 

on the finalized parts properties. Work by Criales et al. and Ma et al. both utilized finite 

element modeling to analytically demonstrate the processing parameter sensitivity. 

Analysis demonstrated changes to the underlying physics of SLM systems under 

processing parameter change; these changes demonstrated the effect laser power and 

laser scan speed uncertainty generating significant variations to the peak temperature, 

melt pool geometry, and uncertainty quantification of AM parts[19,20]. Experimental 

work conducted by Roehling et al. demonstrated the impact of beam size and shape 

manipulation on resulting microstructure. Their work demonstrated the tailoring of the 

beam size and beam ellipticity to effectively manipulate change in the microstructure of 

AM parts. Increases in beam size were demonstrated to increase continuity and 

smoothness of finalized tracks, while beam ellipticity demonstrated strong manipulation 

to the AM part’s microstructure[21]. Determining the effect of powder layer thickness on 

AM have been conducted thoroughly to discern the variations produced on part quality. 

Work by Han et al. utilized discrete element simulation to analytically demonstrate the 

change in deposition consistency when varying layer thickness and experimentally 

validated the resulting microstructural and tensile conditions. Findings demonstrated the 

creation of voids and defects within powder layers attributing to decreases in tensile 

strength and porosity inclusions of fully built parts[22]. Additional work by Nguyen et al. 



  

 

34 

conducted additional experimental testing, demonstrating the effects of powder layer 

thickness on resulting mechanical properties. Their work demonstrated increases in 

finalized part strength, modulus, hardness, and elongation properties generated by larger 

grain size systems in reduced powder bed systems with nano-sized precipitates[17]. 

Additionally, extensive work has been performed by Kusuma et al., Suzuki et al., and 

Khorasani et al. to identify the effect of AM laser and scan speed processing conditions 

on finalized part properties[23–25].  

Previous works have extensively depicted the importance of AM processing 

conditions on finalized part properties. Specifically, published research has noted the 

sudden changes in part properties when altering the laser and powder processing 

conditions. Previous works, however, have not conducted extensive work to 

experimentally determine the correlation between the SLM melt pool and spatter 

dynamics that effectively drive the changes to the solidification rate, undercooling, grain 

refinement, and porosity generation which reduce the finalized part properties and 

consistency. Previous works have also not identified the significance of small changes in 

processing conditions on the impact they have on the in-situ SLM dynamics. The work 

and understanding of these principles are vital for the proper process control to stabilize 

the SLM uncertainty driving part limitations and lack of repeatability in commercial AM 

use.  

Utilizing in-situ high-speed high-energy high-resolution synchrotron x-ray 

imaging allows for the dynamics of the SLM during the laser melting process to be 

observed and analyzed [30–32]. Dimensional characteristics for the depression zone and 

melt pool can be extracted from x-ray images which correspond to the real-time behavior 
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of the material under SLM AM conditions. The real-time spatter behavior characteristics 

is also revealed for the SLM process. The real-time analysis of the uncertainty/variation 

during the SLM process is made possible through in-situ x-ray characterization.  

In this work, we report the sources of uncertainty in SLM due to variations from 

the optimized AM processing parameters for Ti6Al4V through in-situ characterization. 

We reveal the sensitivity of the SLM process to the processing parameters and identify 

the leading cause of uncertainty by quantifying the percent change in the SLM dynamics 

(depression zone dynamics, melt pool dynamics, and spatter dynamics) due to the four 

processing parameters: (1) laser beam size, (2) laser power, (3) laser scan speed, and (4) 

powder bed thickness. The understanding of the significance of small changes in 

processing parameters on SLM dynamics are determined and discussed. The uncertainty 

in this work is studied by making small changes with respect to the optimized processing 

parameter needed for Ti6Al4V under SLM AM conditions.  

 

2.  MATERIALS AND METHOD 

2.1. MATERIAL 

Ti6Al4V titanium alloy was used in this study because (1) it has good x-ray 

transparency, (2) it is the most commonly used titanium alloy, makes up approximately 

half of the share of titanium products used today [33], and (3) it is of particular interest to 

the aerospace, biomedical, and defense industry since it is suitable for a wide range of 

applications due to its characteristic high-strength and low-density material property [5]. 

The Ti6Al4V powders for testing was purchased from Pyrogenesis Canada Inc. 
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(Montreal, Québec, Canada). The Ti6Al4V metal substrate was purchased from 

McMaster (Elmhurst, IL, U.S.A). The powder is shown in Figure 1 under SEM to 

observe the shape and distribution of the two powder sizes.  

 

 
Figure 1. SEM imaging of two sizes of pyrogenesis powders with particle size 

distribution. SEM images (a-b) depicting the two powder sizes: 15-25 and 38-45um 

powder size. Corresponding particle size distribution (c-d) found using SEM image 

processing.  

 

The Ti6Al4V grade 5 powder for both systems 15-25𝜇𝑚 and 38-45𝜇𝑚 have 

chemical systems containing titanium, aluminum, vanadium, and trace element 

compositions. The Oxygen and Nitrogen amounts vary between the two systems due to 

measured internal analysis using ONH-2000 by inert gas fusion. The specific chemical 

compositions for both powder sizes are tabulated in the Table 1 below.  
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Table 1. Chemical composition of Ti6Al4V. 

Chemical Composition Composition (%wt.) 

Element 15-25𝜇𝑚 38-45𝜇𝑚 

Titanium Balance 

Aluminum 5.5 

Vanadium 3.5-4.5 

Carbon <0.08 

Oxygen 0.16 0.12 

Nitrogen 0.02 0.01 

Hydrogen <0.015 

Iron <0.40 

Other total, max 0.40 

 

 

Pyrogenesis plasma atomized powder is utilized for all processing parameter 

testing. Testing of laser processing parameters are all conducted using 15-25um powder 

size. Testing of powder bed thickness is conducted at 15-25um and 38-45um powder size 

for all conditions. 

2.2.  IN-SITU HIGH-SPEED SYNCHROTRON X-RAY IMAGING EXPERIMENT 

Figure. 2 illustrates the schematic of the synchrotron imaging system. A high-flux 

synchrotron x-ray with a first harmonic energy of 24 keV and an energy bandwidth of 

5~7% was utilized to reveal the dynamics of the SLM AM process (Beam Line 32-ID-B, 

Advanced Photon Source, Argonne National Laboratory). The transmitted x-ray signal is 
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captured by a scintillator (LuAG:Ce, 100 µm thickness), where the signal is converted 

into visible light and recorded by a high-speed camera (Photron FastCam SA-Z) [31]. A 

frame rate of 50 kHz and a camera exposure time of 1 µs was used to capture the laser 

printing process. The field of view for the x-ray was 768-pixel x 512-pixel with a 

resolution of ~2 µm per pixel. The laser scan length was 2.5 mm. The typical sample 

assembly which is composed of a miniature Ti6Al4V metal substrate with a thickness of 

0.40 mm, a height of 2.95 mm, and a powder bed layer thickness of 100 µm is 

sandwiched between two pieces of glass carbon, which is transparent to the incident x-ray 

beam. For more details about the in-situ x-ray imaging experiment, refer to previous 

publications [31,34–36]. Data image processing was done using ImageJ to adjust the 

brightness and contrast of the images to enhance the visibility of the melt pool and 

depression zone boundaries [37].  

 

 
Figure 2. Schematic of the in-situ high-speed synchrotron x-ray imaging and sample 

assembly setup. Schematic of the in-situ x-ray imaging set-up. The x-ray passes through 

the sample at a perpendicular angle relative to the sample metal substrate, ending at the x-

ray detection system. A visible light camera is used to ensure proper laser-sample 

alignment. Two glassy carbon walls are used to hold the metal substrate and the powder 

bed while ensuring x-ray transparency along the x-ray beam path. More details regarding 

in-situ high-speed synchrotron x-ray imaging available within work done by Qilin et al 

[38]. 
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2.3. CHARACTERIZATION AND QUANTIFICATION OF THE SOURCES OF 

UNCERTAINTY IN SELECTIVE LASER MELTING 

 

Figure. 3 (a) shows a schematic highlighting the major features of a substrate 

during laser scanning and their locations. Figure. 3 (b) highlights the various dynamics of 

the SLM process which are of interest: (1) 2D projection of the depression zone 

geometry, (2) 2D projection of the melt pool geometry, and (3) spatter behavior. The 

laser scanning direction shown in Figure. 4 (b) is the same for Figure. 3 (b-g). Figure. 3 

(c) is the 2D projected image of the melt pool boundary, revealing the geometry of the 

melt pool depth and length. Figure. 3 (d) is an optical image of the top surface of the 

metal substrate after laser scanning which is used to measure the width of the melt pool 

after excess powder has been removed. Figure. 3 (e) shows the 2D projection of the 

depression zone geometry, revealing the depression zone depth and width. Figure. 3 (f) 

shows the spatter dynamics. Figure. 3 (g) depicts the solidified build track after laser 

scanning. The spatter diameter and volume are measured assuming a spherical spatter 

geometry. The spatter ejection speed and angle are measured relative to the horizontal 

location of the top surface of the metal substrate and the laser scanning direction.  

Tracking of SLM dynamics is conducted by manual image processing and image 

analysis. Identification and tracking of systems such as spatter, depression zone, and melt 

pool dynamics are difficult to automate due to changes in the intensity during x-ray 

scanning. For manual analysis, all measurements are accurate to 1 pixel within the frame. 

All pixel displacements are equal to ~2𝜇𝑚 giving a total dimensional accuracy down to 

two microns. This gives a very high accuracy of the depression zone, melt pool, and 

spatter dynamics. Depression zone dynamics are analyzed at every other frame when the 

entire region is visible within the depression zone. The width is determined to be the 
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region at the top of the substrate where the edges of the depression zone are vaporized 

due to laser heating. The depth of the depression zone is defined as the distance from the 

top of the substrate to the lowest point in the depression zone (deepest vaporized region 

within the substrate). For melt pool analysis, three conditions are analyzed and measured: 

the length, depth, and width are determined at every other frame (~40𝜇𝑠). The length of 

the melt pool is taken as the farthest liquid region ahead of the depression, to the tail or 

farthest region where liquid is present (edge of tail). The depth is defined as the vertical 

distance from the lowest melted region within the substrate to the top of melted region 

within the powder bed. The location within the powder bed can be manually detected due 

to the visible, quantifiable change in intensity from the x-ray image. The width of the 

melt pool is the only ex-situ analysis conducted within this work. The width of the melt 

pool is the vertical distance between the edges of the laser affected zone of the single line 

laser scanning after solidification.  

Analysis of the spatter dynamics require constant frame by frame tracking to 

determine the spatter dynamics. Analysis of spatter dynamics are solely done for liquid 

spatter ejection due to the significance of liquid spatter on finalized part properties 

highlighted in work by Ali et al. [26]. Four main spatter dynamics are tracked: spatter 

ejection angle, spatter speed, spatter diameter, and spatter volume. The spatter ejection 

angle is defined as the angle of the spatter ejection immediately after leaving the powder 

bed region relative to the laser location. The laser location is defined for each spatter at 

the exact moment the spatter fully leaves the powder bed region and is kept constant for 

each unique spatter. The angle reference is coincident to the substrate region in the 

direction of the laser scanning. 
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Figure 3. Dynamics of SLM. (a) Schematic outlining dynamics during laser scanning. (b) 

Experimental laser scanning marking elements of the SLM dynamics during laser 

scanning. (c) Typical melt pool length and depth dimensions. (d) Typical optical image of 

the melt pool width measured after laser melting and removal of excess powder. (e) 

Typical depression zone depth and width dimensions. (f) Typical spatter behavior 

indicating the spatter diameter, d, and spatter ejection angle, θ. The spatter volume, V, is 

calculated assuming a spherical spatter geometry. The spatter speed, v, is calculated by 

determining the distance the spatter travels over a known time.  

The spatter speed is the change in relative location of the spatter within the 

viewing window between frame changes. For this work, a 2D spatter velocity is tracked 

and determined due to the inability to track displacement along the x-ray penetration 

direction. The location of the spatter is known and tracked and the change in time 

between image capture is known, so the speed of liquid spatter can be determined for 

each spatter as  

𝑉𝑠𝑝𝑎𝑡𝑡𝑒𝑟 =
√(𝑌2−𝑌1)2+(𝑋2−𝑋1)2

𝑡2−𝑡1
      (1) 

where the second location Y coordinate 𝑌2 and X coordinate 𝑋2 are compared to the Y 𝑌1 

and X 𝑋1 using the displacement equation in a cartesian coordinates system. The change 

in time is conducted using the difference between the time of frame capture 𝑡 for each 

coordinate. Spatter diameter is  
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𝑑 =
𝑑𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙+𝑑ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙

2
                       (2) 

where the average of the vertical diameter 𝑑𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 and horizontal diameter 𝑑ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 is 

used to determine an accurate spatter diameter. The spatter diameter is determined after 

spatter has left the powder bed region. The volume of the spatter is determined by the 

summation of all liquid spatter for each processing condition during testing. Simply, the 

spatter volume is  

𝑣𝑠𝑝𝑎𝑡𝑡𝑒𝑟 = ∑ ((
𝜋

6
)𝑑𝑛

3)𝑛
𝑖=1      (3) 

where the summation of all 𝑛 number of spatters using the diameter 𝑑. For testing a 

spherical geometry is assumed to calculate the volume of spatter produced. The ability to 

capture the spatter, melt pool, and depression zone dynamics are made capable by high-

speed, high-resolution x-ray imaging for precise tracking for all processing parameters. 

Table 2 summarizes the processing parameters used in this work. The optimized 

processing parameters needed for Ti6Al4V under SLM conditions are indicated by the 

0% change. Table 1 also details the variations in the processing parameters from the 

optimized parameters that were studied, along with the percent change in the parameters 

relative to the optimized parameter (0% change). In this work, we measure and quantify 

the dynamics of Ti6Al4V under SLM conditions. The characteristic dimensions and 

quantities of the SLM dynamics are measured for each of the processing parameter 

conditions. The average value and standard deviation of the characteristic dimensions and 

quantities are shown in Figures four through seven, while the percent change relative to 

the average measurements made at the optimized processing parameters for Ti6Al4V 

under SLM AM conditions are summarized in the Table below. 
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Table 2. Experimental processing parameters for SLM Ti6Al4V. 

Variation in laser beam size 

Beam size, 
D (um) 

Focal 

plane, d 

(mm) 

Power, P 
(W) 

Scan speed, 
V (m/s) 

Thickness, t (mm) 

Scan 

length, 

l (mm) 

Powder 

layer 
Thickness, t 

(um) 

Beam size percent 
change (%) 

80 -2 

364 0.9 0.4 3 100 

-11 

85 -2.25 -6 

88 -2.4 -2 

90 -2.5 0 

92 -2.6 2 

95 -2.75 6 

100 -3 11   

Variation in laser power 

Beam size, 
D (um) 

Focal 

plane, d 

(mm) 

Power, P 
(W) 

Scan speed, 
V (m/s) 

Thickness, t (mm) 

Scan 

length, 

l (mm) 

Powder 

layer 
Thickness, t 

(um) 

Power percent 
change (%) 

90 -2.5 

345.8 

0.9 0.4 3 100 

-5 

356.72 -2 

364 0 

371.28 2 

382.2 5 

Variation in laser scan speed 

Beam size, 

D (um) 

Focal 

plane, d 
(mm) 

Power, P 

(W) 

Scan speed, 

V (m/s) 
Thickness, t (mm) 

Scan 

length, 
l (mm) 

Powder 
layer 

Thickness, t 

(um) 

Scan speed percent 

change (%) 

90 -2.5 364 

0.855 

0.4 3 100 

-5 

0.882 -2 

0.9 0 

0.918 2 

0.945 5 

Variation in Powder bed thickness  

Beam size, 

D (um) 

Focal 
plane, d 

(mm) 

Power, P 

(W) 

Scan speed, 

V (m/s) 

Powder size 

(um) 

Powder layer 
Thickness, t 

(um) 

Scan 
length, l 

(mm) 

Powder bed average 
change (um) 

90 -2.5 

 

1.0 

15-25 

15-25 

38-45 
38-45 

     50 

    100 

     50 
    100 

     3 

         50 

260 
    0 

   -50 
          0  

2.4. SELECTION OF UNCERTAINTY PROCESSING CONDITIONS 

The four processing conditions were specifically selected within this work to 

determine their effects on the SLM dynamics. The laser power, scan speed, powder bed 

thickness, and beam size are among the most manipulated processing conditions in 

commercial AM to manipulate finalized part quality. Additionally, these four processing 

parameters can have intrinsic uncertainty during AM manufacturing due to inherent 
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product drift, part design, part size, or inherent preparation and deposition uncertainty. 

Fig. 4 depicts the 4 processing parameters and demonstrates the justification for 

determining the effects on the SLM dynamics. 

 

 

Figure 4. Process uncertainty causes. (a) demonstrates the changes in laser scan speed 

due to intrinsic drift and laser scan strategy. (b) schematically depicts intrinsic laser 

power drift apparent in commercial AM laser systems. (c) Gives a visual representation 

of natural beam size fluctuation inherent in large build systems due to increased focal 

distance on build edge locations. (d) visually represents powder thickness fluctuations 

due to inconsistent powder flowability and spreading resulting in non-uniform feedstock 

deposition. 

 

 Laser power and scan speed fluctuations generate inherent fluctuations within a 

single AM system despite pre-set operating conditions due to intrinsic parameter drift as 

seen in Figure 4 (a-b). These inherent drifts are depicted in work by Moges et al. and 

highlighted in research by Lopez et al. The characterization of inherent variation is 

demonstrated through a full factorial design of experiments assuming normal 

distributions on nominal values of laser power and laser scan speed. These findings give 

statistically driven system parameter fluctuation that naturally occur in commercial AM 

processing [27,28]. Scan speed variation, however, is commonly extrinsically influenced 

Motion stage

Change in 
direction

Laser start

Laser stop

Change in 
laser power

a.) b.)

c.) d.)
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primarily by the system scan strategy. Introducing scan strategies with laser start, stop, 

and directional changes during the active laser scanning generate regions with sudden 

variations in operating laser scan speeds due to acceleration changes in the scanning 

mirror. Work by Jia et al. demonstrates unique scan strategies that implement directional 

changes during laser scanning, causing sudden acceleration or deceleration at start and 

stop locations. Primarily, this problem has been solved by increased understanding and g-

code manipulation to maintain consistent scan speed velocities but are still apparent in 

some scanning strategies[29]. Laser beam size fluctuation is common in large scale 

powder bed manufacturing due to rigid build platforms. The resulting laser at regions far 

from the laser origin impact the powder surface at a greater distance, increasing the 

distance of the laser focal point location relative to the heating region. Work by ayoola et 

al. demonstrate this phenomenon of beam size manipulation in conduction welding when 

operating near build platform edges[30]. Powder bed thickness fluctuation is largely 

driven by the inconsistent flowability conditions of commercial powder leading to 

reductions in build height and bed density [31]. Work by Jacob et al. demonstrated a 

measurement procedure to capture the powder bed density and discovered a ~20% 

fluctuation in the powder bed density along the spreading area. Work by Dowling et al. 

expands on powder bed fluctuations involving powder size, size distribution, and density; 

results highlight the uncertainty in AM processing and effects on final part 

properties[32]. These natural and extrinsic variations in the laser power, scan speed, 

powder bed thickness, and beam size demonstrate the importance of identifying, 

understanding, and mitigating the uncertainty in SLM. 
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3. RESULTS AND DISCUSSION 

3.1. LASER BEAM SIZE  

Figure. 5 shows the change in SLM dynamics induced by altering the laser beam 

size during SLM of Ti6Al4V. Figure. 5 (a-b) shows the changes in the depression zone 

depth and width due to the change in the laser beam size. Figure. 5 (c-e) depicts the 

change in melt pool length, depth, and width due to the change in laser beam size. Figure. 

5 (f-i) demonstrates the changes in the spatter dynamics due to change in beam size. 

Noticeable trends are highlighted and marked in red. Testing is all conducted with 15-

25µm size plasma atomized powder.  

 

 
Figure 5. Variation in the SLM dynamics due to variation in the laser beam size for 

Ti6Al4V. (a-b) shows the changes in the depression zone depth and width due to 

variation in the laser beam size. (c-e) shows the variation of the melt pool depth, length, 

and width due to variations in laser beam size. (f-i) shows the variation in the spatter 

average direction, speed, diameter, and total volume due to change in the laser beam size. 

All testing is conducted using 15-25µm, plasma atomized Ti6Al4V powder. 
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The results in Figure. 5 (a) indicate that an increase in the laser beam size will 

result in a decrease in the depression zone depth. A liner trend between the laser beam 

size and the depression zone depth with a slope of -2.17 was observed. No distinct trend 

for the change in the depression zone width based on variations in the laser beam size 

was defined from Figure. 5 (b). Within the range of laser beam sizes that were studied, 

the standard deviation of the depression zone width at each of the seven beam sizes 

increases significantly once increased at and above 95µm. The standard deviation 

remains uniform for depression zone depth across the various laser beam sizes. The 

standard deviation indicates the stability of the depression zone geometry at each laser 

beam size. A large standard deviation means that there is an instability in the depression 

zone geometry, resulting in fluctuations during laser scanning. Conversely, a small 

standard deviation indicates stability in the depression zone. The increasing laser beam 

size greater than 92µm generated substantial fluctuation to multiple SLM dynamics 

marking an instability being present in the depression zone. Previous work by Suzuki et 

al. demonstrated the effect of alteration of deposited energy density on respective 

material properties. Their study related the energy intensity of the system to be effected 

by the inverse laser beam size to the square root of the third power, demonstrating the 

analytical significance in beam size on system intensity[24]. Beam size results 

experimentally demonstrated this work, showing a decrease in the laser beam size can 

lead to a larger penetration depth of the laser without decreasing the depression zone 

fluctuation during laser scanning.  

Figure. 5 (c-e) shows that an increase in the laser beam size will result in a 

decreasing trend in the melt pool dynamics. A linear trend between the laser beam size 
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and the melt pool dynamics with a slope of -2.334 and -2.077 was observed for the melt 

pool depth and width respectively. An increase in the laser beam size increases the 

heating region of the laser, reducing the maximum localized energy deposition. This 

decrease in the energy deposition results in changes in the melt pool geometry and is 

reflected in the data. An increase in the laser beam size leads to a decrease in the melt 

pool depth and width. A trend in the melt pool length due to a change in the laser beam 

size was not observed. However, the standard deviation of the melt pool length at the 

larger beam sizes (95 µm and 100 µm) is significantly larger than the standard deviations 

at the smaller laser beam sizes (<95 µm). As the beam size increases and the localized 

intensity decreases, there is not sufficient energy to maintain a consistent melt pool shape 

and results in a fragmentation or fluctuation of the melt pool length. 

The results in Figure. 5 (f-i) depict the effects of varying beam size on the overall 

spatter dynamics. Within the range of testing, the spatter average diameter, max diameter, 

and direction was not significantly or noticeably influenced by the change in the laser 

beam size. The increase in beam size, however, led to an increase in the total amount of 

spatter volume. The change in the laser beam size caused increases or reduction of the 

spatter production by 47 and 70% respectively. Work by Liu et al. correlated the effects 

of the beam size, power, and scan speed effect on the spatter generation. Specifically, the 

reduction in the beam size dependent energy density led to a reduction of noticeable 

spatter in high-speed optical imaging [33]. Spatter changes, due to small changes in 

processing variations, appears to be significantly driven by the laser beam size 

fluctuations. An increased beam size increases the heat affected zone of the laser with a 

reduced laser intensity. The increased region reduces the amount of total energy 
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absorptivity within the central powder location, reducing the powder-to-powder 

cohesivity without reducing the laser output. The decreased laser intensity in the 

expanded region generated an increased zone for the production of liquid spatter to 

formulate and escape without proper substrate fusion.  

 

Table 3. Percent change in SLM dynamics induced by variations in laser beam size 

during laser scanning. 

  Beam size: depression zone dynamics  

Beam size, D (um) Beam size percent change Depth percent change (%) Width percent change (%) 

80 
85 

88 

90 
92 

95 

100 

-11 
-6 

-2 

0 
2 

6 

11 

20.98 

7.73 
2.15 

4.86 
3.22 

0.08 

0 
4.58 

5.51 

15.71 

0 

-0.43 

-11.66 

-26.43 

  Beam size: melt pool dynamics   

Beam size, D 

(um) 

Beam size percent 

change 

Depth percent change 

(%) 

Length percent change 

(%) 
Width percent change (%) 

80 

85 
88 

90 

92 
95 

100 

-11 

-6 
-2 

0 

2 
6 

11 

17.04 4.05 

6.07 
5.20 

0 

11.85 
-7.51 

-21.97 

32.93 

11.4 20.31 

0.49 14.62 

0 

-5.05 

-12.92 

0 

19.3 

0.003 

-19.33 -6.26 

  Beam size: spatter dynamics    

Beam size, D 
(um) 

Beam size 
percent change 

Ejection angle 
percent change (%) 

Ejection speed 
percent change (%) 

Spatter diameter 

percent change 

(%) 

Spatter volume 

percent change (%) 

80 
85 

88 

90 
92 

95 

100 

-11 
-6 

-2 

0 
2 

6 

11 

-4.81 -17.34 
12.81 

-2.01 

0 
-8.79 

-25.13 

-29.9 

-10.57 -70.37 

-4.32 -0.82 -21.93 

-1.71 3.76 -4.95 

0 

4.94 

-5.32 

0 

-8.88 

-2.67 

0 

-19.68 

0.93 

-4.24 2.12 47.33 

 

 

The small variations in the laser beam size led to significant influence on the 

overall SLM dynamics. Laser beam size increases reduced the overall laser intensity. 

This reduction causes significant changes, greater than the induced fluctuation, 
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throughout laser scanning. Specifically, the depression zone depth, melt pool depth, melt 

pool width, and spatter volume had identifiable, linear trends produced by varying the 

laser beam size greater than the small variations to the processing parameter. The 

effective change of the SLM dynamics due to changes in the laser beam size are depicted 

in Table 3. 

3.2. LASER POWER 

Figure. 6 shows the change in SLM dynamics induced by altering the laser power 

during SLM of Ti6Al4V. Figure. 6 (a-b) shows the changes in the depression zone depth 

and width due to the change in the laser power. Figure. 6 (c-e) depicts the change in melt 

pool length, depth, and width due to the change in laser power. Figure. 6 (f-i) 

demonstrates the changes in the spatter dynamics due to change in laser power. Testing is 

all conducted with 15-25µm plasma atomized powder. 

For both the depression zone depth and width in Figure. 6 (a-b), an overall 

increasing trend was observed due to an increase in the laser power. A linear trend 

between the laser power and the depression zone dynamics with a slope of 0.6451
𝜇𝑚

𝑊
 and 

0.4620
𝜇𝑚

𝑊
 was observed for the depression zone depth and width, respectively. Similar 

results obtained by Yin et al. were discovered while utilizing in-situ optical imaging 

techniques at a much wider testing range. Testing at 750W to 1550 W significantly 

altered the depression zone depth, width, and profile[34]. This work expands on the work 

of Yin et al. demonstrating at minute increase to the laser power still leads to a significant 

heat input into the powder and substrate materials, creating a larger depression cavity 
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region. For both the depression zone depth and width, the standard deviation width at 

each laser power increment were similar. 

 
Figure 6. Variation in the SLM dynamics due to variation in the laser power for Ti6Al4V. 

(a-b) shows the changes in the depression zone depth and width due to variation in the 

laser power. (c-e) shows the variation of the melt pool depth, length, and width due to 

variations in laser power. (f-i) shows the variation in the spatter average direction, speed, 

diameter, and total volume due to change in the laser power. All testing is conducted 

using 15-25µm, plasma atomized Ti6Al4V powder. 

 

Figure. 6 (c-e) show that an increase in the laser power leads to an increase in the 

melt pool geometry. A linear trend with a slope of 0.4857
𝜇𝑚

𝑊
, 4.103

𝜇𝑚

𝑊
, and 0.2828

𝜇𝑚

𝑊
 

were observed for the melt pool depth, length, and width respectively. These trends are 

guided by increased absorptivity of the laser and efficiency with increasing laser power. 

Work by Lane et al. demonstrated the transient laser energy absorption and its 
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significance to laser power. Testing demonstrated that an increase in laser output 

increased the coupling efficiency, manipulating the depression zone geometry and 

causing an increase in overall absorption for both bare plate and powder models[35]. 

Testing conducted with significantly smaller variation in the laser power experimentally 

demonstrate the in-situ manipulation of laser power on melt pool dynamics. As the laser 

power increases, the system absorptivity increases alongside the total energy into the 

material, expanding the volume of melted material. A higher laser power allows for the 

formation of melt pools that are deeper, wider, and longer during the SLM process.  

Figure. 6 (f-i) depict the spatter dynamics due to variations in the laser power 

during laser scanning. The spatter average diameter, direction, speed, and volume were 

determined. Within the range of testing, no significant trends were depicted on the spatter 

dynamics due to the small alterations in the laser power. For the laser power, the speed 

and diameter of the spatter had the greatest fluctuations for all testing conditions.  

Changes in laser power had significant changes on the overall SLM dynamics. 

The increase in the laser power has a direct effect to the laser intensity impacting the 

powder bed system, causing significant changes of the geometry to occur. Specifically, 

the depression zone and melt pool dynamics had changes statistically higher than the 

variation in the laser power. The exact percent changes in the SLM dynamics are 

categorized and given in Table 4. 
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Table 2. Percent change in SLM dynamics induced by variations  in the laser power during 

scanning. 

  Laser Power: depression zone dynamics  

Laser power, P (W) Power percent change (%) Depth percent change (%) Width percent change (%) 

345.8 
356.72 

364 

371.28 
382.2 

-5 
-2 

0 

2 
5 

`-12.07 -0.34 
3.28 

0 

12.80 
11.05 

-0.65 

0 

5.82 

11.96 

  Laser power: melt pool dynamics   

Laser power, P 

(W) 

Power percent change 

(%) 

Depth percent change 

(%) 

Length percent change 

(%) 
Width percent change (%) 

345.8 

356.72 

364 
371.28 

382.2 

-5 

-2 

0 
2 

5 

-9.66 -5.98 

-1.04 

0 
2.43 

11.11 

-11.10 

-3.08 -4.52 

0 0 

-4.08 1.05 

4.27 3.43 

  Laser power: spatter dynamics    

Laser power, P 

(W) 

Power percent 

change (%) 

Ejection angle 

percent change (%) 

Ejection speed 

percent change (%) 

Spatter diameter 
percent change 

(%) 

Spatter volume 
percent change (%) 

345.8 
356.72 

364 

371.28 
382.2 

-5 
-2 

0 

2 
5 

-15.68 
-9.22 
-0.18 

0 

-2.93 
14.64 

-15.68 -22.17 

-16.44 -16.44 -37.55 

0 0 0 

-8.36 -8.36 -20.86 

-12.9 -12.9 -18.93 

3.3. LASER SCAN SPEED 

Figure. 6 shows the change in SLM dynamics induced by altering the laser scan 

speed during SLM of Ti6Al4V. Figure. 6 (a-b) shows the changes in the depression zone 

depth and width due to the change in the laser power. Figure. 7 (c-e) depicts the change 

in melt pool length, depth, and width due to the change in laser scan speed. Figure. 7 (f-i) 

demonstrates changes in the spatter dynamics due to the change in laser scan speed. 

Testing is all conducted with 15-25µm plasma atomized powder. 

Figure. 7 (a-b) shows that an overall decreasing trend was observed for the 

depression zone depth and width due to an increase in the laser scan speed. For the depth 

and width dimensions, a linear trend between the laser scan speed and the depression 
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zone dynamics with a slope of -186.1
𝜇𝑚∗𝑠

𝑚
 and -87.32

𝜇𝑚∗𝑠

𝑚
  was observed respectively. An 

increase in the laser scan speed reduces the total laser intensity as discussed by Boswell 

et al. being inputted into the powder and substrate materials[36]. This phenomenon is 

demonstrated in a previous work by Cunningham et al. over a wide range of processing 

speeds for bare plate testing. Cunningham et al. utilized high speed x-ray imaging to 

capture the location and penetration depth of the laser; variations in scan velocities from 

0.4 to 1.2 m/s demonstrated significant changes to the size, shape, and specification 

(conduction to keyhole transformation) of the depression zone [37]. The standard 

deviation of the depression zone depth and width at each of the laser scan speed 

increments were similar, meaning that the fluctuation from the average depression zone 

depth and width value at each laser scan speed were not statistically affected by the 

change in laser scan speed. 

 

 
Figure 7. Variation in the SLM dynamics due to variation in the laser scan speed for 

Ti6Al4V. (a-b) shows the changes in the depression zone depth and width due to 

variation in the laser scan speed. (c-e) shows the variation of the melt pool depth, length, 

and width due to variations in laser scan speed. (f-i) shows the variation in the spatter 

average direction, speed, diameter, and total volume due to change in the laser scan 

speed. All testing is conducted using 15-25µm, plasma atomized Ti6Al4V powder. 
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Figure. 7 (c-e) shows that an increase in the laser scan speed leads to a decrease in 

the melt pool geometry. A decreasing trend with a slope of -118.1
𝜇𝑚∗𝑠

𝑚
, -2121

𝜇𝑚∗𝑠

𝑚
, and -

285
𝜇𝑚∗𝑠

𝑚
  was observed for the melt pool depth, length, and width respectively. Testing 

revealed no statistical trend in the melt pool dynamics fluctuations with changes in laser 

scan speed within the testing range. Work by Dilip et al. demonstrated the effective 

change in scan speed to the resulting melt pool geometry utilizing optical micrographs. 

Scanning speeds ranging from 500 to 1200 mm/s revealed significant decreases in the 

melt pool depth and width; High scan speeds at lower powers were also demonstrated to 

generate scanning systems too weak for proper melt pool formation, leading to balling on 

the substrate surface [6]. Experimental testing with changes at or under 6% were 

demonstrated within the results to maintain the systems dynamics by significantly 

affecting the melt pool geometry. As the laser scan speed increases, the laser interaction 

time decreases and leads to a decrease in the energy deposition. This decrease in the 

energy deposition means that there is less material being melted or fused together, 

resulting in a smaller melt pool.  

Figure. 7 (f-i) depicts the effect of the spatter dynamics due to the changes in the 

laser scan speed. The spatter’s direction, speed, average diameter, and volume were 

observed and determined for the entire range of the laser scan speed. The spatter 

dynamics did not have any significant change directly influenced and observed by the 

laser scan speed within the range of testing.  

The laser scan speed had similar effects on the SLM dynamics as the laser power. 

An increase in laser scan speed noticeably decreased the depression zone and melt pool 

geometries during laser scanning. The alteration in scan speed produced linear trends on 
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changes to the SLM dynamics. More specifically, the variation in the SLM dynamics 

produced changes greater (>2x) than that of the experimental changes in the laser scan 

speed. The specific effects of changing the laser scan speed within the range of testing 

and the percent change in the SLM dynamics are categorized within Table 5. 

 

Table 3. Percent change in SLM dynamics induced by variations in the laser scan speed. 

  Laser scan speed: depression zone dynamics  

Laser scan speed, V (m/s) Scan speed percent change (%) Depth percent change (%) Width percent change (%) 

0.855 

0.882 
0.9 

0.918 

0.945 

-5 

-2 
0 

2 

5 

2.1 3.53 

1.67 
0 

-0.43 

-1.73 

0.22 

0 

-7.1 

-15.32 

  Laser scan speed: melt pool dynamics   

Laser scan 
speed, V (m/s) 

Scan speed percent 
change (%) 

Depth percent change 
(%) 

Length percent change 
(%) 

Width percent change (%) 

0.855 

0.882 
0.9 

0.918 

0.945 

-5 

-2 
0 

2 

5 

9.86 12.43 

7.36 
0 

-5.77 

-3.1 

-15.58 

5.26 13.64 

0 0 

-3.64 -1.29 

-1.15 -15.91 

  Laser scan speed: spatter dynamics    

Laser scan 

speed, V (m/s) 

Scan speed 

percent change 
(%) 

Ejection angle 

percent change (%) 

Ejection speed 

percent change (%) 

Spatter diameter 

percent change 
(%) 

Spatter volume 

percent change (%) 

0.855 

0.882 

0.9 
0.918 

0.945 

-5 

-2 

0 
2 

5 

-0.66 26.86 

23.46 

0 
31.1 

35.56 

-0.77 31 

0.1 3.62 73 

0 0 0 

1.62 -0.74 -22 

0.3 -8.83 66 

 

3.4. POWDER BED THICKNESS 

Figure. 8 shows the change in SLM dynamics induced by altering the powder bed 

thickness during SLM of Ti6Al4V. Figure. 8 (a-b) shows the changes in the depression 

zone depth and width due to the change in the powder bed thickness. Figure. 8 (c-f) 

demonstrates changes in the spatter dynamics due to the change in laser scan speed. 
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Specifically, the changes in the direction, average diameter, max diameter, and volume of 

spatter. Testing is conducted with 15-25µm and 38-45µm plasma atomized powders. 

Figure. 8 (a-b) depicts the depression zone dynamics change due to the alteration 

in the powder bed thickness. Both saw large increases in both the depression zone depth 

and width due to a reduction in the powder bed thickness. 15-25𝜇m powder experienced 

an increase of 55.6% and 33.18% for the depression zone depth and width respectively 

due to the 50𝜇m reduction; 38-45𝜇m powder saw an increase in the 33.18% and 54.59% 

for the depth and width respectively. The standard deviation in the depression depth and 

width was not significantly affected by the powder bed thickness fluctuation. Work by 

Savalani et al. conducted extensive work demonstrating the sensitivity of powder bed 

thickness variation of magnesium powders at <40 𝜇𝑚 build heights. Savalani et al. 

demonstrated the effects of layer thickness on post process conditions, decreasing the 

oxidation while increasing the surface roughness due to an increase in thickness[38]. 

Results in Figure 8 experimentally demonstrate the SLM dynamic changes during the 

laser melting process. The results demonstrate that the reduction of powder under the 

same laser processing conditions leads to a decrease in the overall powder being melted 

and fused to the substrate. This change, however, does not statistically vary greater than 

the manipulated processing conditions. 

Figure. 8 (c-f) demonstrates the effect of the spatter dynamics due to changes in 

the powder bed thickness. The spatters geometry was statistically unaffected by the 

change in the powder bed thickness. The decrease in the powder bed thickness, however, 

increased the average spatter direction angle for both powder sizes changing the ejection 
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Figure 8. Variation in the SLM dynamics due to variation in the powder bed thickness for 

Ti6Al4V. (a-b) shows the changes in the depression zone depth and width due to 

variation in the powder bed thickness. (c-f) shows the variation in the spatter average 

direction, max diameter, diameter, and total volume due to change in the powder bed 

thickness. Testing is conducted using 15-25µm and 38-45µm, plasma atomized Ti6Al4V 

powder. 

 

angle of liquid spatter produced at lower powder bed sizes. The fluctuation or variation in 

the spatter dynamics did not have any significant impact to the spatter volume production 

when the powder bed thickness was altered. The powder size, however, demonstrated an 

increase by up to four times the total volume due to changing the powder size from 15-

25𝜇𝑚 to 38-45𝜇𝑚. Work by Zhang et al. highlights the significance in powder size on 

inter-particle laser reflectivity. Increases in laser heating generated by additional surfaces 

for laser contact with smaller powder sizes[39]. This phenomenon increases the 

cohesivity by laser melting of surrounding particles within the substrate, reducing spatter 

ejection with small powder size. 

Altering the powder bed thickness had a substantial change on the overall SLM 

dynamics. Primarily, the change in the powder bed thickness altered the depression zone 

depth and length. The decrease in the powder bed thickness decreases the affected 

powder during laser scanning. The decreased powder volume expanded the energy 
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inputted into the substrate, increasing the depth and length of the vaporized region of the 

depression zone. The specific changes to the SLM dynamics induced by the powder bed 

thickness are categorized on Table 6. 

 

Table 4. Percent change in SLM dynamics induced by variations in the powder bed 

thickness. 

  Powder bed thickness: depression zone dynamics  

Powder bed size and thickness 
(µm/ µm) 

Scan speed percent change (%) Depth percent change (%) Width percent change (%) 

  15-25 / 100 

15-25 / 50 

  38-45 / 100 
38-45 / 50 

0 

50 

0 
50 

0 

55.61 

0 
39.32 

0 

33.18 

0 
54.59 

  Powder bed thickness: spatter dynamics    

Powder bed size 

and thickness 
(µm/ µm) 

Scan speed 

percent change 
(%) 

Ejection angle 

percent change (%) 

Ejection speed 

percent change (%) 

Spatter diameter 

percent change 
(%) 

Spatter volume 

percent change (%) 

  15-25 / 100 

15-25 / 50 
  38-45 / 100 

38-45 / 50 

0 

50 
0 

50 

0 0 

-5.21 
0 

33.06 

0 0 

32.49 -2.75 -34.08 

0 0   0 

11.44 22.06 7.88 

3.5. SENSITIVITY ANALYSIS OF PROCESSING CONDITIONS 

    Testing of process sensitivity is vital in SLM due to the current repeatability 

limitations compared to conventional methods. Work by Yadav et al. and Dowling et al. 

outline the critical importance and necessity for limiting the variables of uncertainty and 

repeatability respectively to tackle the challenges of AM and bring it towards legacy 

manufacturing techniques [40,41]. Works by Kusuma et al., Nguyen et al., and Hanzl et 

al. discuss in detail the effects of significant processing parameter variation on finalized 

part properties[17,23,42]. This work induced small parameter variations to critical 

processing conditions, revealing the sensitivity of the in-situ SLM dynamics on systems 

where intrinsic process variation is present, demonstrating the limitation of current 
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practices attempting to obtain near perfect part-to-part repeatability. Testing of small 

variations demonstrated unique processing condition sensitivity. Powder bed thickness 

variation sensitivity was found to be close to reasonably expected, roughly affecting the 

SLM dynamics by the same amount as the percent variation in processing. The other 3 

processing parameters: laser power, scan speed, and beam size behaved unexpectedly, 

producing changes to the system outside the expectations of energy density or current 

methods. Laser beam size changes no greater than 11% had effective changes up to two 

times greater in the depression zone and melt pool dynamics. Demonstrating systems 

with large build platforms being susceptible to changes in solidification rates at regions 

located far from the laser location, changing the localized microstructure, and expected 

properties of the finalized part. The laser beam size also had a substantial impact on the 

spatter volume, demonstrating the importance of the spatter control on the impact of the 

laser beam size and shape compared to power or scan speed. The laser power 

demonstrates, similarly, that changes of only 5% off the control parameter tested caused 

changes over twice the parameter fluctuation for all the depression zone and melt pool 

dynamics. Current systems operating in ideal conditions seeing part reproducibility issues 

may be apparent due to intrinsic laser power drift within their system causing significant 

changes to the underlying SLM dynamics. The effects of the laser scan speed, however, 

was determined to be the most significantly influential parameter for part manufacturing. 

Scan speed variations of 5% generated up to three times greater depression zone and melt 

pool fluctuations. This demonstrates the importance of controlling all extrinsic conditions 

in scan strategy to reduce the overall scan speed fluctuations. This also shows the 

significance of a controllable, highly influential processing condition that laser scan 
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speed plays in part control and why many works highlighted by Jia et al. utilize scan 

strategies to control the finalized part properties. Understanding the significance and 

impact of parameter fluctuations allows the implementations and advancement of control 

techniques necessary for AM part reliability. Even though these are the most manipulated 

processing conditions, identifying all sensitive processing conditions and techniques to 

mitigate or eliminate them are vital for obtaining process control and reproducibility in 

additively manufactured products. 

4. CONCLUSIONS 

In this work, the sources of uncertainty in the SLM process, for Ti6Al4V, due to 

variations in the processing conditions (laser power, scan speed, beam size, and powder 

bed thickness) were observed, analyzed, and characterized. The effects on the depression 

zone, melt pool, and spatter dynamics were quantified with in-situ x-ray imaging. The 

effects of small changes in processing conditions, that can occur involuntarily in 

commercial processing, are discovered, and characterized based on the most detrimental 

effect processing parameters on in-situ process control of SLM dynamics. The major 

conclusions are marked below. 

• The testing of small changes in influential AM processing conditions are justified and 

discussed on their effects to the SLM dynamics utilizing in-situ x-ray imaging. 

Testing of changes for laser beam size, laser power, laser scan speed, and powder bed 

thickness being changed by small amounts that can occur during commercial part to 

part fabrication are demonstrated to experimentally quantified. 
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• Small changes in laser beam size (<12%) from optimized processing conditions 

produce significant changes (~2X) on the SLM depression zone and melt pool 

dynamics. Laser beam size also strongly influences the production of liquid spatter, 

causing changes up to 70% in the total spatter volume production, signifying the most 

influential processing parameter for spatter control commercial AM. 

• Laser power fluctuations of 5% or less generated changes greater than twice the 

change in the parameter. Specifically, the laser power fluctuation directly affects all 

depression zone and melt pool dynamics, changing the melting region, solidification 

rate, and process stability with small changes in the laser power intensity. 

• Laser scan speed generated the most substantial impact on the depression zone and 

melt pool dynamics. Scan speed fluctuations at or below 5% caused up to 15% 

changes in the depression zone and melt pool dynamics. The control of the laser scan 

speed during AM processing is vital to limit the most influential processing condition 

in the production of AM part property uncertainty. 

• Laser powder bed thickness fluctuations demonstrated a roughly equivalent effect to 

fluctuations to the SLM dynamics. The powder bed thickness primarily controls the 

layer-by-layer deposition height and did not statistically have an unexpected change 

to the system dynamics. The increase in powder size, however, showed a sudden 

increase in the liquid spatter volume production due to reductions in the interparticle 

reflections of nearby powders, reducing the overall particle to particle adhesion 

within the powder bed. The change in powder size can increase the spatter volume up 

to four times the original powder spatter production. 
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ABSTRACT 

 Powder based additive manufacturing (AM) contains tremendous uncertainty in 

commercial applications during powder spreading and overall powder bed quality, 

leading to problems in repeatability and overall quality of the AM developed products. 

This work focuses on identifying the uncertainty due to particle size distribution (PSD) 

on the resulting Ti6Al4V powder’s flowability. Specifically, one of the main sources of 

uncertainty is due to the Powder size ratio creating highly dense, low flowability powder 

beds at unique powder ratios. Identifying the uncertainty allows powder size distribution 

manipulation in real applications to alter the properties or prevent failure of powder 

spreading in AM. The work showed that the PSDs effect on flowability is not linear, 

mailto:lianyi.chen@wisc.edu
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rather the PSDs near local high packing densities cause significant reductions in overall 

flowability. The location of dense packing regions were found using D.B. Miracle’s 

dense packing formula to determine high density powder bed locations depending on the 

size of a two powder system. The flowability is tested using a Mercury Scientific 

revolution powder analyzer to quantify the changes in the powder during hundreds of 

avalanches on each powder size distribution. The PSDs effects on the part properties are 

identified through the identification of changes in the Selective laser melting (SLM) 

dynamics using in-situ high speed x-ray imaging to observe the internal dynamics during 

the melting process. The testing concluded that operating at or near the dense packing 

ratios for the powder bed system led to sudden increase in the avalanche angle and break 

energy of the powder bed, reducing the flowability of the system compared to all other 

PSDs. The conclusion further demonstrated the effect of dense packing on the final part 

fabrication process, most notably causing a sudden increase in the build height of systems 

using the dense packing PSDs. This work looks deeper into the cause of PSD’s effects on 

the flowability, and AM dynamics of parts compared with previous works. The work 

determines one of the causes of uncertainty induced by PSDs during additive 

manufacturing by determining and experimentally demonstrating the effect of two 

powder dense packing systems inducing sudden changes on the overall flowability of the 

powder and resulting SLM dynamics. The variation in powder flowability and SLM 

dynamics due to changes in PSD determined in this work are vital for understanding the 

uncertainty of powder spreading in commercial AM and improving the quality of 

additively manufactured parts. 
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1. INTRODUCTION 

Powder based additive manufacturing uses a powder feedstock (bed or deposition) 

to deposit material for laser melting during part fabrication[1–5]. Unfortunately, the 

resulting part quality using this method are not as reliable or repeatable as commonplace 

conventional methods. A main issue for non-uniformity of part quality is due to powder 

size distribution (PSD). Uncertainty in PSD in commercial manufacturing leads to 

reduction in quality and repeatability for powder spreading and deposition[3,6,7]. 

Previous works have investigated the effects of varying powder size distribution on the 

resulting material properties[1,7–11]. Variations in PSD has been found to have effects 

on the resulting physical, surface, and mechanical properties[6,7,12–17]. Testing has also 

been found that changes from a homogenous powder to non-homogeneous powders 

results in an overall reduction in the powder’s flowability[18,19].  

Previous works have identified the importance of PSD on the powder flowability 

and resulting material properties. Liu et al. has conducted work highlighting the effects of 

isolating two PSDs: a narrow, near homogenous, PSD and a wider, heterogeneous, PSD 

with near identical average powder size[20]. The work concluded changes to PSD 

effecting powder bed flowability, part density, hardness, and surface finishes with similar 

average powder sizes. Work by Meier et al. utilized discrete element method (DEM) to 

study the frictional, rolling, and cohesive forces of powder layers and their effect on 
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adhesion and uniformity of various powders and distribtutions in additively manufactured 

parts[21]. Work by Ma et al. tested a wide range of PSD of alumina powders to 

investigate the finalized sintering characteristics[22]. This work discovered increases in 

densification rates and grain growth through broadening of the PSD during laser 

sintering. However, their work could not accurately define optimum PSD outside of 

narrow, near homogenous, distribution due to the greater control and reliability of 

microstructure control of powder compacts. A recent work by Bai et al. identifies the 

effects of PSD on binder jetting additive manufacturing using a bimodal powder mixture 

at 73-27/ 27-73 weight ratios to obtain high density powder beds[23]. Their work 

identified numerous benefits to bimodal powder mixing in AM binder jet printing of 

copper in terms of the sintering density and flowability. These works determined 

numerous effects of operating at expanded PSDs and what effects that have on physical 

properties, flowability, and capabilities of powder mixing. These works, however, have 

not identified the causes of reduced capabilities and uncertainties of varying PSDs in 

commercial SLM manufacturing or given in-situ analysis of their effects on Ti6Al4V 

SLM dynamics. 

A system to generate efficient atomic packing of a two powder/particle system is 

proposed by D.B. Miracle et al.[11,20]. The method used a unique PSD with a system of 

any two particles at precise ratios to promote atomic dense packing of powder systems. 

One of the powders acts as a central particle with the most efficient three-dimensional 

packing of satellite particles (second powder) in contact with the single central particle. 

This technique generates an efficient packing system to get the greatest bulk density 

when there is mixing of two powder sizes.  
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Previous works have identified various advantages and disadvantages to operating 

powder-based systems with varying PSDs. This includes the effects on flowability, 

surface properties, mechanical properties, and repeatability. Previous works, however, 

have not determined the causes of sudden changes in flowability during commercial SLM 

AM processing that led to failures during part manufacturing. The works have also not 

identified the uncertainties causing physical property variation between part-to-part 

manufacturing which limit the commercial use of varying PSDs in commercial settings. 

Current works have not linked a cause to this uncertainty for Ti6Al4V powders that lead 

to layer-by-layer deposition uncertainty. The works have also not experimentally 

observed the effective changes in the SLM dynamics of systems with varying PSDs, 

specifically, on powders with densely packed powder systems.   

This work incorporates D.B. Miracle’s research to determine the effect that the 

dense packing and varying PSDs of a two powder mixture have on the resulting 

flowability and SLM dynamics of Ti6Al4V. The work investigates flowability 

characteristics of two powder sizes mixed at various PSDs and, more specifically, at D.B. 

Miracle’s dense packing ratios to see if non-homogenous powders flow differently from a 

single mixture of powders. The resulting PSDs are tested utilizing high speed x-ray 

imaging to experimentally determine the effects that varying the PSD have on the SLM 

dynamics of Ti6Al4V. These findings identify if sudden failures in commercial AM 

processing result in localized regions of dense powder clustering during the AM powder 

spreading process and determine the effect that dense powder clustering have on SLM 

dynamics. The goal of this work is to determine the sources of the uncertainty between 
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commercially employed powders that lead to the reductions in part quality and 

capabilities in a wider range of commercial applications.  

2. MATERIALS AND METHODS 

2.1. POWDER AND PARTICLE SIZE DISTRIBUTION 

Powder size distribution testing was conducted using two plasma atomized 

powders from Pyrogenesis. The size specifications were ~15-25𝜇𝑚 (small) and ~38-45𝜇𝑚 

(large) according to manufacturer specifications. Scanning electron microscope (SEM) 

imaging was conducted to ensure the powder size lied within 𝐷50 specifications. Testing 

looked at hundreds of individual powders within multiple SEM images to determine an 

accurate histogram of the particle size variation provided in Figure 1. 

The two powder sizes are mixed to create four additional particle size 

distributions. Mixing was conducted by a Turbula mixer to ensure proper mixing. The 

four additional powders were set based on weight percentages of small powder within the 

larger powder at 10, 30, 70, and 90 percent. The newly mixed powders were observed 

under SEM imaging and an analysis of hundreds of individual powders were conducted 

to generate an accurate histogram of the particle size variation shown in Figure 2. The 

resulting distributions are acceptable to see the effects of flowability within 

experimentally used powders in AM. 
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Figure 1. SEM images and histogram of particle size pyrogenesis powder was used for 

testing with two powder designated size ranges: 15-25𝜇𝑚 (a-b) and 35-48𝜇𝑚 (c-d) from 

the manufacturer specifications. (a, c) show a single image captured using SEM of 

powder feedstock material. SEM images of powder were used to determine the size 

distribution shown in the histograms (b, d). 

 

The 6 PSDs were tested using SEM imaging to produce accurate models of their 

particle size distribution. Work conducted by Spierings et al. and numerous powder-

based research utilize mathematical representative models such as grain size distributions 

to give an accurate model for the PSDs[25,26]. The powders grain size distributions were 

calculated for the 6 PSDs utilizing 𝐷10, 𝐷30, 𝐷50, 𝐷70, and 𝐷90 distributions to give an 

accurate representative model. The resulting grain size distribution are provided in Table 

1. 
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Figure 2. SEM images and histogram of particle size distributions 4 powder size 

distributions were created by mixing different weight percentages of 15-25𝜇𝑚 and 38-

45𝜇𝑚 powders: 10% wt. 15-25𝜇𝑚 (a), 30 wt. % 15-25𝜇𝑚 (b), 70 wt. % 15-25𝜇𝑚 (c), 

and 90 wt. % 15-25𝜇𝑚 (d). All size distributions are optically depicted through SEM 

images and histograms were generated to display size distributions. 

 

Table 1. PSDs Powder grain size distributions. 

 Ti6Al4V 15-25𝜇𝑚 powder mixed into powder bed 

Powder 

grain size 

distribution 

0% 

 15-

25𝜇𝑚 

10% 

 15-

25𝜇𝑚 

30% 

 15-

25𝜇𝑚 

70% 

 15-

25𝜇𝑚 

90% 

 15-

25𝜇𝑚 

100% 

 15-

25𝜇𝑚 

𝐷10 22.36 14.77 11.71 11.94 10.92 7.38 

𝐷30 31.53 22.59 16 15.94 14 10.31 

𝐷50 37.55 30.32 20.32 19.94 16.51 12.98 

𝐷70 41.44 38.5 24.71 23.81 19.5 16.92 

𝐷90 44.85 43.85 30.74 27.94 25 22.1 

 

2.2. EFFICIENT PARTICLE PACKING 

The particle size distributions at 10 and 90 percent of small powder mixed with 

large powder were created to generate the highest packing density with the powder sizes. 
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The ratio is explained by D.B. Miracles work on atomic packing density[11,20] to 

generate the highest density of satellite particles clustered around a central particle as 

seen in Figure 3. 

  

Figure 3. 3D representation of atomic packing method D.B Miracle’s model of dense 

sphere packing for 15-25um(a) and 38-45um(b) particle distributions. Two theoretical 

dense packing models can be produced: (c) 15-25um powders packed around a central 

38-45um powder, (d) 38-45um powder packed around a central 15-25um powder. The 

first packing model has the greatest packing efficiency and can produce the densest 

packing method for the two powder sizes. 

 

To determine the packing density, the two powder size variances were averaged for 

calculation of the mixing. The final weight percentages were rounded to the nearest 10% 

due to the powder variance. The powder ratio was determined depending on the ratio 𝑅 of 

the central powder 𝑟𝑖 to the satellite powders 𝑟𝑗. Three equations are utilized in the 

determination of satellite powders surrounding a central powder due to ratio R. The 

90% 15-25 µm 10 % 38-45 µm 10% 15-25 µm 90 % 38-45 µm 

15-25um Powder 35-48um Powder(a.) (b.)

(c.) (d.)
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resulting 𝑁𝑇 is the full and partial 𝑟𝑗 powders that can be theoretically placed around the 

central 𝑟𝑖 powder. The equation can be simplified to determine the integer amount 𝑁 of 

satellite powders 𝑟𝑗 capable of being placed around the central powder 𝑟𝑖. The resulting 

relationship is converted to weight percentages to determine the small and large powder 

ratios. Additional information regarding the methodology to the dense packing system can 

be found within the works of Miracle et al. [27,28]. 

𝑁𝑇     =  

{
 
 
 

 
 
        

 𝜋

((6arccos
1
2[sin(
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3
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1
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  (1) 

2.3. FLOWABILITY TESTING 

Analysis was completed using powder revolution to determine the flowability 

factors. Testing was conducted on A Mercury Scientific Revolution Powder analyzer. 

Flowability factors such as break energy and avalanche angle were determined. All tests 

were done with single batch of each commercial grade powder for multiple iterations and 

averaged to give accurate flowability properties. The powder analyzer uses visible light 

camera to capture the powder dynamics during rotation as shown in Figure 4. 

Flowability required the creation of ~250g of each PSD for accurate testing. The 

various PSDs were mixed with a Turbula mixture for uniform powder systems. Once 

mixed the PSDs are placed within the cylindrical testing drum inside the Mercury powder 

analyzer. Vibrations are conducted to identify changes in the effective density recorded at 
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one to two second intervals. The density change is done by capturing volume changes of 

a powders known mass using the system’s visible light camera. Once vibrations have 

completed, the cylindrical testing drum rotates. The system captures the angle of the 

powder surface (relative to the center to tip of the slope) forming along the rotating wall. 

After hundreds of avalanches, the system calculates the average on the flowability 

characteristics of the powder system.  

 

 
Figure 4. Schematic of powder revolution. A Mercury Scientific Revolution powder 

analyzer is used for the analysis of flowability properties of powder with varying particle 

size distributions throughout testing. The free powder surface (a) is tracked under 

hundreds of revolutions to accurately capture and quantify flowability characteristics. 

The analyzer uses a light source and visible light camera to capture events during powder 

dynamics (b). Captured images are used to determine avalanche angle and break energy 

of the powder dynamics. 

 

Testing was conducted to determine two flowability characteristics: Avalanche 

angle and the break energy. Work conducted by Nalluri et al. demonstrates the effects of 

the avalanche angle and break energy on the resulting flowability of powder bed systems. 

Nalluri’s work demonstrated the relationship of powder flowability with a commercially 

available flow testing instrument and demonstrated the correlation of avalanche angle and 

break energy effects on the flowability of powder bed systems[29]. Additional work by 

Hancock et al. demonstrates robust procedure and methodology for avalanche testing 

Camera

Powder revolution

Light source

Free 
powder 
surface

(a.) (b.)
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instrumentation[30]. The avalanche angle is the average angle of the powder the moment 

before an avalanche occurs. Specifically, the avalanche angle is the moment the powder 

buildup along the cylindrical wall during revolution gives out, causing the powder to 

avalanche. The break energy is the maximum energy of the powder prior to the avalanche 

minus the energy of the powder prior to beginning of powder rotation. The break energy 

is defined as the difference of the total powder energy before and after an avalanche 

occurs. The total powder energy is determined as the location of the pixel relative to the 

bottom of the sample. The potential energy 𝑈𝑝𝑖𝑥𝑒𝑙 of a pixel is defined as 

𝑈𝑝𝑖𝑥𝑒𝑙(𝑚𝑗) = 𝑀𝑝𝑖𝑥𝑒𝑙(𝑘𝑔) ∗ 𝐻𝑝𝑖𝑥𝑒𝑙(𝑚) ∗ 𝐺 (
𝑚

𝑠2
) ∗          (2) 

where the height 𝐻𝑝𝑖𝑥𝑒𝑙 of each pixel is multiplied by the gravitational constant and mass 

of the individual pixel. The mass of a pixel 𝑀𝑝𝑖𝑥𝑒𝑙 from visible light camera is defined as 

     𝑀𝑝𝑖𝑥𝑒𝑙 = (
𝑀𝑡𝑜𝑡𝑎𝑙

𝑉𝑡𝑜𝑡𝑎𝑙
) ∗ 𝑉𝑝𝑖𝑥𝑒𝑙                     (3) 

where 𝑉𝑡𝑜𝑡𝑎𝑙 and 𝑉𝑝𝑖𝑥𝑒𝑙 are the volumes of the total powder system and individual pixel 

respectively. The cumulative total of the powder and its location within the cylinder 

defines the total potential energy of the powder system. 

Testing the systems apparent and vibrational density were conducted to determine 

the static density of the various PSDs. Apparent density is determined within Mercury 

Scientific powder revolution analyzer utilizing equation (3) to determine the Mass and 

volume of the powder bed system. The packed density was determined using a built-in 

system within the powder revolution analyzer. Testing conducted powder vibration 

constantly and recording the change in the powder bed volume. After roughly 7.45 

minutes of cyclical vibration the final post vibration density was determined. The 
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Hausner ratio was determined for all 6 PSDs using the apparent and post-vibration 

densities. The Hausner ratio is defined as the ratio between the tapped density to the 

apparent density of the powder. The determined static flowability properties are provided 

within Table 2 below. 

 

Table 2. PSDs static density calculations. 

 Density and Hausner ratio 
Powder Size 

distribution 

(%15-

25𝜇𝑚) 

Apparent density, 

𝜌𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 

(g/cc) 

Density after 

vibration, 

𝜌𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 

(g/cc) 

Hausner ratio, 
𝜌𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡

𝜌𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛
 

  2.45 2.66 1.09 

10 2.49 2.74 1.10 

   2.43 2.65 1.09 

   2.33 2.61 1.12 

   2.33 2.66 1.14 

100 2.5 2.66 1.06 

 

Density testing demonstrated the highest apparent density was 2.5g/cc at 100% 

15-25𝜇𝑚 powder. The greatest post vibration density occurred at 10% 15-25𝜇𝑚 powder 

with a density of 2.74g/cc. The second greatest post density vibration were tied between 

the 0%, 90%, and 100% powder size distributions at 2.66g/cc. The greatest Hausner ratio 

is 1.14 at 90% 15-25𝜇𝑚 powder. Generally, powders having poor flowability are defined 

at increased Hausner ratios. 10% and 90% 15-25𝜇𝑚 powder is conducted at dense 

packing ratios according to work by Miracle et al. and have the greatest effects on the 

post vibration density and Hausner ratios respectively. Testing of dynamic flow through 

powder revolution testing is conducted to determine the effects of localized dense 

packing dynamic powder flow capabilities. 
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2.4. IN-SITU SELECTIVE LASER MELTING DYNAMICS 

The change in the powder size distribution leads to a non-homogenous powder 

bed system during additive manufacturing. Selective laser melting (SLM) is conducted 

under high speed in-situ x-ray imaging to determine the effects caused by changes in 

PSD. Testing is conducted with a high-flux synchrotron x-ray with a first harmonic 

energy of 24 keV and an energy bandwidth of 5~7% (Beam Line 32-ID-B, Advanced 

Photon Source, Argonne National Laboratory). A scintillator (LuAG:Ce, 100 µm 

thickness) is used to capture the x-ray signal where the signal is converted into visible 

light and recorded by a high-speed camera (Photron FastCam SA-Z) [21]. A frame rate of 

50 kHz and a camera exposure time of 1 µs was used to capture the laser printing 

process. The field of view for the x-ray was 768 pixel x 512 pixel with a resolution of ~2 

µm per pixel. The laser scan length was 2.5 mm. The typical sample assembly which is 

composed of a miniature Ti6Al4V metal substrate with a thickness of 0.40 mm, a height 

of 2.95 mm, and a powder bed layer thickness of 100 µm is sandwiched between two 

pieces of glass carbon, which is transparent to the incident x-ray beam. 

The effect of PSD was focused on 4 main SLM dynamics: depression zone, melt 

pool, spatter, and build track. Figure. 5 (a) shows an experimental high speed x-ray 

imaging highlighting the SLM dynamics. Figure. 5 (b) highlights the shape and 

fluctuations in the scan track after laser scanning and solidification. Figure. 5 (c) 

demonstrates a 2D projected image of the depression zone location and geometry. Figure. 

5 (d) outlines the 2D projected spatter dynamics produced during SLM: spatter size, 

velocity, volume, and direction. Depression zone, melt pool, and spatter dynamics are 2D 

projections determined with in-situ high speed imaging of selective laser melting of 
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Ti6Al4V. Scan track geometry is determined using pre and post x-ray imaging of SLM. 

Spatter diameter and volume are measured assuming a spherical geometry relative to the 

2D projection.  

 

 
Figure 5. SLM dynamics (a, b, c, d) X-ray images of selective laser melting. (a) 

experimental dynamic schematic marking measured SLM dynamics: depression zone, 

spatter, and scan track. (b) post-scan X-ray imaging marking the location and geometry 

of melted scan track. (c) experimental imaging demonstrating depression zone geometry. 

(d) x-ray imaging marking the spatter diameter 𝑑, direction 𝜃𝑠𝑝𝑎𝑡𝑡𝑒𝑟 , velocity 𝑉𝑠𝑝𝑎𝑡𝑡𝑒𝑟and 

volume 𝑣𝑠𝑝𝑎𝑡𝑡𝑒𝑟 during SLM.  

 

The SLM dynamics are captured using high speed x-ray imaging. A test sample is 

placed in an argon vacuum chamber to prevent oxidation during laser scanning. Testing is 

conducted for all PSDs at 1 atm. During laser scanning, a single line of powder is melted 

in the x-ray viewing window. At 50kHz frame rate, the dynamics during the melting 

process are captured over hundreds of images during laser scanning. For analysis, the 

geometry of the depression zone depth and width are visually recorded along the 
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scanning process. The resulting geometry is averaged, and overall fluctuations are 

recorded. Scan track profile is found the moment after solidification of the melt pool 

occurs during scanning. The height of the scan track along the viewing window is 

visually recorded and averaged. The spatter is determined by watching for the ejection of 

liquid spatter from the powder bed region. Once liquid spatter has escaped the powder 

region, the dynamics are analyzed. The angle of spatter is positioned relative to the laser 

location (front wall of depression zone) and measured relative to the substrate and 

ejection angle as the spatter escapes from the powder bed until it is not visible within the 

viewing window. The velocity of spatter is found assuming a 2D projection by taking the 

central displacement in the x-y coordinates over a known change in time. The diameter of 

the liquid spatter is determined once the spatter leaves the powder bed region. The 

spatters diameter, 𝑑 is found by averaging the x-axis and y-axis diameter of the powder 

assuming a near spherical geometry. The volume is found for all spatter produced by 

assuming spherical geometry of all spatter diameters. The total summation of all liquid 

spatter volume is collected within the viewing window for each test. Equations for the 

measuring the SLM dynamics are defined in the nomenclature section for additional 

clarity. Testing is conducted multiple times for each PSD and the resulting average 

effects on the SLM dynamics are recorded.  
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3. RESULTS AND DISCUSSION 

3.1. AVALANCHE ANGLE AND BREAK ENERGY 

Testing was conducted using 6 different powder size distributions as ratios of 

small powder (15-25𝜇𝑚) to large powder (38-45𝜇𝑚): 0, 10, 30, 70, 90, 100 percent by 

weight. Testing was conducted to determine the effect that powder size distribution plays 

on the powder flowability. Previous studies claim that non-uniform particle distributions 

typically lead to overall reductions in powder flowability [18,19]. This work will look to 

specifically test to see if there is a trend in the size distribution and change in powder 

flowability conditions. Two major flowability conditions tested is the effect of powder 

size distributions on avalanche angle and break energy. The avalanche angle is the 

recorded angle at the instant of avalanche. The break energy is defined as the difference 

between the maximum energy of the sample powder before the avalanche begins and the 

starting energy of the powder sample before rotation begins. The flowability properties 

for both conditions are conducted for all PSDs. 

The avalanche angle is the angle produced during rotation within the mercury 

scientific cylinder right before the static powder buildup along the wall collapses. The 

increased angle of the static powder buildup has a negative effect on the flowability of 

powder during powder feeding in commercial systems. Changing the powder distribution 

from homogeneous to non-homogeneous distribution leads to an increase in the 

avalanche angle (Figure 6. a.). This is caused by an increase of finer particles being 

introduced within larger powder systems, decreasing the overall flowability of the system 

by inducing increased interstitial contact and inter-particle friction within the powder bed 
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as described and demonstrated by work from Brika et al [32]. Work from Liu et al. also 

highlighted reductions in flowability characteristics such as the Hausner ratio increase 

due to increased PSD from a near homogenous to a non-homogeneous powder system 

[20]. From testing, the lowest avalanche angle occurred at the homogenous systems with 

0 and 100% 15-25𝜇𝑚 powder. A unique trend was present when testing at the dense 

packing mixtures. At 10 and 90% 15-25𝜇𝑚 powder, a large increase in the avalanche 

angle was present compared to higher and lower PSDs surrounding them. Within the 

powder bed system, the PSDs generate local regions where dense powder packing causes 

increased amounts of inter-particle contact [32], increasing the inter-frictional forces at 

the location within the powder bed. The increase in frictional forces resists the transition 

from potential to kinetic avalanche during powder rotation. the particle size distributions 

near their powder’s high atomic packing densities generates an increase to the inter-

frictional forces, decreasing the flowability of the powder bed system.  

The break energy of the six PSD showed an upward trend as the amount of %15-

25𝜇𝑚 powder increased. At the powder’s high atomic packing distributions (10 and 

90%), a large jump in the break energy was observed. The highest break energy occurred 

at 37mJ/kg at 90% PSD; the lowest break energy occurred at 20.6mJ/kg at 0%. The most 

noticeable effect is the sudden jump from 0 to 10% 15-25𝜇𝑚 powder distribution causing 

a change of 16mJ/kg on the resulting break energy during testing. The cause of increased 

break energy is caused by the increased inter-frictional similar to the resulting avalanche 

angle.   
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Figure 6. Avalanche angle and break energy of different particle size distributions. 

Avalanche angle and break energy were calculated for all particle size distributions. The 

size distributions are marked along the x-axis depending on the weight percentage of 15-

25𝜇𝑚 powder for surface fractal and avalanche angle. Avalanche angle is measured by 

degree from the horizontal to peak tip during the occurrence of powder avalanche. Break 

energy is determined from the difference in the potential energy at the moment of 

avalanche to the potential energy prior to rotation. 

 

Table 3. PSD’s effects on avalanche angle and break energy. 

Powder flowability properties  

Powder size 

distribution (% 

15-25 µm) 

Avalanche Angle (°degrees) 
Break energy 

(mJ/kg) 

0 34.7 20.9 

10 45.6 36.9 

30 41.3 27 

70 39 29.6 

90 42.8 36.8 

100 38.5 31.3 

 

 

Table 3 highlights the 2 flowability features, avalanche angle and break energy, 

tested within this work. The testing demonstrated the changes in flowability properties 

due to the change in the powder size distribution. As the powder changed from a 

commercial grade homogenous state to a non-homogenous (no powder mixing vs. 
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powder mixing), changes in the avalanche angle and energy were clearly observed. 

Testing near the efficient atomic packing region for the two commercial powder sizes led 

to significant changes in the powder’s overall flowability. 

3.2. EFFECT OF PSD ON FLOWABILITY 

Flowability testing revealed unique phenomena for plasma atomized powder at 

varying PSDs. An increase in PSD (non-homogeneous) resulted in a larger avalanche 

angle and break energy due to reduced flowability. Testing, however, showed that the 

decreased flowability did not have a linear or quadratic relationship between the two 

homogeneous powders. The system showed sharp peaks near the atomic packing 

densities of the two powders.. Work by Abdullah et al. focused on the manipulation of 

powder bulk densities on overall flowability. The work demonstrated the effect of adding 

fines (i.e., small powder inclusions) into powder bed systems to determine the effect on 

flowability. His work discovered that these inclusions fill void cavities during powder 

flow and adhere to large particles preventing percolation and increasing cohesivity and 

internal friction within the system[33]. Our work demonstrates peaks due to the increased 

bulk density of the powder by creating a PSD with efficient clustering of satellite 

powders around a single, central powder generated within the mixture. The efficient 

clustering is apparent in dynamic flowability by increasing the surface area of clustered 

powders in contact with each other. Simulation work by Vo et al. conducted extensive 

work into the role of inter-particle friction’s effects on granular flow. This work utilized 

three-dimensional particle dynamics simulation to highlight the impact of the inter-

frictional forces on the resulting frictional coefficient’s effect on granular powder 
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flow[34]. Additional work by Nan et al. utilizes Discrete element method to identify the 

causes and effects of powder jamming during powder spreading. Simulations required 

determination of physical contact forces between contacting particles and walls and to 

determine and simulate powder spreading systems of granular powder and jamming 

during flow[35]. Increased bulk density in localized regions of dense packing at the 

specified PSDs causes increased interstitial contact, increasing the total internal friction 

between the powders during rotations. The internal friction requires more energy on the 

powder mixture in order to break the static position of the powder, resulting in decreased 

flowability demonstrate during testing.  

The atomic packing densities by mixing the two Pyrogenesis powders (15-25𝜇𝑚 

and 35-48𝜇𝑚) occur near 90 and 10 percent 15-25𝜇m powder. The highest packing 

density near the homogenous mixture (100 or 0%) demonstrates the uncertainty faced in 

commercial powder additive manufacturing. New powder for part-to-part fabrication with 

small amounts (10% for this instance) of non-uniform powder can lead to sudden, sharp 

drops in the powder’s overall flowability. These sudden drops in additive manufacturing 

can lead to quality reduction during powder spreading/deposition or cause jamming 

during spreading/deposition causing powder loss and increased cycle time due to 

machine maintenance/clearing. Determining the powder’s PSD to ensure that it is not 

near atomic packing density before powder spreading is essential for reducing the 

possibility of quality loss due to sudden decrease in flowability between powder batches. 

To mitigate or eliminate flowability uncertainty, reducing the powder size distribution to 

closest to homogenous as possible is preferred[20]. Since obtaining homogeneous 

powder is difficult in commercial industry, reducing the distribution curve by eliminating 
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the outlier powders will decrease the chance of the powder having an atomic packing 

distribution. The adjustment in the powder’s PSD will greatly reduce the uncertainty 

during the additive manufacturing process and can lead to increased quality and 

efficiency of the system.  

3.3. EFFECT OF PSD ON SLM DYNAMICS 

Testing is conducted at the 6 unique PSDs to determine the effects on the SLM 

dynamics. Testing is conducted at a beam size of 90𝜇𝑚 with standard laser gaussian 

distribution. The focal plane is placed at 2.5mm below the powder bed location. Laser 

scanning was conducted with a laser power and scan speed of 364W and 0.9m/s 

respectively. Powder bed thickness is maintained at ~100𝜇𝑚. Testing observed the effect 

that the change in PSD has on the depression zone, spatter, and build track dynamics. 

 

 
Figure 7. SLM dynamics. Depression zone, build height, and spatter dynamics were 

determined for each PSD. (a-b) Variation of the depression zone depth and width due to 

change in PSD. (c) Variation in build height due to change in PSD. (d-g) Variation in the 

spatter angle, max diameter, avg. diameter, and volume due to change in PSD.  
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The results demonstrated in Figure 7. (a-b) depict the change in the depression 

zone depth and width due to varying the mixing of small (15-25𝜇𝑚) and large (38-

45 𝜇𝑚) powder. A downward slope of -0.2109 was determined due to the increase of 

large powder percentage into small powder. The trend is due to the change in powder 

size, as the large powder requires greater energy input to melt and fuse to the substrate 

during scanning. The cause for the increased energy is due to the reduction in laser 

absorption of the powder bed as the size of the powder increases. Work by Zhang et al. 

demonstrates a three-dimensional laser absorption model and highlights the effect of the 

powder size on the resulting energy absorption into the system. Their work demonstrated 

the increase in particle size decreased the presence of multi-reflection absorption of 

surrounding particles, creating inhomogeneous irradiance intensity and a corresponding 

decrease in the intensity inputted into the powder bed system[36]. Our work 

experimentally demonstrates the model, showing as the average particle size of the 

system increases with decreasing depression zone depth. The depression zone width was 

not significantly affected by the increase in the powder size distribution. The standard 

deviation in both the depression depth and width remained consistent during variation of 

the powder size distribution.  

Figure 7. (c) depicts the variation in the build height due to the fluctuation of the 

powder size distribution. A noticeable trend was found when operating at the two 

efficient powder packing density. The 90% small powder and 10% small powder had the 

highest average build height with increases of 19.49% and 10.56% to the 100% 15-25𝜇𝑚 

powder respectively. The other PSDs did not have any significant change to the build 
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track’s overall height. Build height fluctuation was the most stable at 90% small powder 

with an average deviation less than 5𝜇𝑚. 

The experiments displayed in Figure 7. (d-g) demonstrate the change in spatter 

dynamics with the manipulation of PSD. The increase in PSD caused an increase in the 

overall spatter produced during SLM scanning. A change of 10% PSD from 100% to 

90% 15-25𝜇𝑚 powder caused the greatest increase, increasing the spatter volume by 

almost 60%. The gradual increase from 15-25𝜇𝑚 to 38-45𝜇𝑚 led to an increase in the 

overall spatter volume produced by ~50% over the testing range. The change in PSDs did 

not lead to any statistically significiant effect on the fluctuations in the spatter dynamics. 

3.4. SLM IMPACT DUE TO CHANGE IN PSD 

The change in the PSD in the powder system gave significant changes to the 

overall SLM dynamics. The change in SLM dynamics will affect the physical properties 

of the finalized part, hindering the physical capabilities and repeatability of the part. Most 

notably, the change in PSD had a significant effect on the depression zone depth, spatter 

volume, and scan track build height. 

The increase in the PSD from 15-25𝜇𝑚 towards 38-45𝜇𝑚 showed a downward 

trend on the overall depression zone depth. This decreasing trend is driven by the 

increased localized energy that is required to melt larger powders for fusion to the 

substrate to occur due to decreased absorption. As the powder bed arrives closer to the 

38-45𝜇m powder bed system, the decrease in particle-to-particle reflections occur from 

the laser scanning. These decreased reflections decrease the overall absortivity of the 

laser, decreasing the total energy deposited by the laser[36]. The increased energy 



  

 

92 

deposited within the powder bed decreases the amount of energy deposited into the 

substrate; the reduced energy limits the total amount of metal vaporization developed by 

the laser, decreasing the depression depth generation during laser scanning. A similar 

increase in the spatter volume is witnessed with increasing powder size. The increased 

energy deposition into the larger powder, decreasing reflection and absortivity overall, 

causes powder melting or ejection to occur prior to fusion to the substrate. The reduced 

fusion causes a greater volume of powder to be ejected as spatter prior to capture by the 

melt pool or fusion to the substrate can occur. The two factors appeared primarily 

affected by the PSD but did not have a noticeable effect near the atomic packing density 

locations. 

The change in the scan track’s build height, however, demonstrated sharp changes 

due to operating laser scanning near the atomic packing PSDs. The two locations saw 

increases greater than 10 and 20% in the overall deposited scan track height when 

operating with the same initial powder bed thickness. The atomic packing locations drove 

an increase in the localized density of the powder bed, depositing a greater total volume 

of powder within a single layer on the build track. Work by Spierings et al. demonstrates 

the necessity of fine particle inclusion to fill voids within coarse grains. The works found 

the inclusions of these fine particles generate greater density to the powder bed system 

and result in improved scan surface quality and part density. Spiering’s work utilizes a 

dense atomic packing system to create high density locations within the powder bed by 

reducing the porosity within the powder bed system[26,37]. During laser scanning, the 

atomic packing locations  created greater density powder beds after dynamic spreading, 

causing an increase in the scan track height while decreasing the overall fluctuation in the 
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scan track profile. The increased height during scanning can greatly benefit the cycle time 

during production of finalized parts by reducing the number of laser scans required for 

part fabrication. The decreased fluctuations limit the production of layer by layer non 

uniformity and defect production during large scale part fabrication. The ability to 

operate successfully (without flowability driven failure) at the atomic packing density of 

a mixed powder system can greatly enable a more efficient and repeatable process for 

AM part manufacturing. 

4. CONCLUSION 

This work investigated the effects of PSD on the flowability and SLM dynamics 

of powders under commercial additive manufacturing conditions. More specifically, two 

Pyrogenesis powders were mixed at 6 unique PSDs and their flowability was measured; 

two of the PSDs were chosen near D.B. Miracle’s atomic packing density to determine if 

the dense powder packing of commercial powder would have a significant effect on the 

overall flowability of the powder. Dense packing powder bed systems were found to 

greatly increase the avalanche angle and break energy during revolution testing. These 

results signify a sudden decrease in localized powder bed flowability during spreading. 

The cause is due to an increase in contact forces generated by additional powder-to-

powder surface contact within the dense powder bed systems. In-situ x-ray imaging 

testing was conducted to experimentally demonstrate the effects of dense packing 

systems on the SLM dynamics. The major conclusions found are: 
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• Testing of 6 PSDs of commercial grade Ti6Al4V powder (15-25𝜇𝑚 / 38-45𝜇𝑚) 

were conducted. Two PSDs were generated using D.B. Miracle’s atomic packing 

density to determine powder systems with localized dense powder packing within 

the powder bed. 

• Flowability testing experimentally determined the flow properties of the 6 PSDs 

through dynamic testing of the avalanche angle and break energy. Testing 

demonstrated variation in avalanche angle and break energy by up to 10.9° and 

16mJ/kg respectively 

• Dense packing PSDs yielded sudden increases in both the avalanche angle and 

break energy compared to the surrounding PSDs by up to ~30% and ~70% 

increases respectively. Demonstrating the effect of dynamics testing on dense 

packing PSDs creating increases in the systems inter-particle friction forces, 

creating sudden decreases in the overall flowability of the system. 

• Powder flowability experimentally verified the decrease in the flowability of 

homogenous to inhomogeneous PSDs attributed to the lack of inclusion of fine 

particles within cavities of the dynamic powder bed system, decreasing inter-

frictional forces in the system. 

• Testing was conducted on the 6 PSDs utilizing in-situ high speed x-ray imaging to 

capture the SLM dynamics during laser scanning. Changes in PSDs depicted 

trends in the depression zone, scan track, and spatter dynamics identified during 

testing. 

• Experimental testing verified and demonstrated previous simulations affecting the 

relationship between powder size and reduced energy deposition. A decreasing 
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trend of -2.109 was identified with increasing PSD towards a larger average 

powder size. This work experimentally proved the decrease in inter-particle 

reflections resulting in decreased laser intensity through in-situ analysis by 

demonstrating the effective decrease in the depression zone geometry with 

increasing powder size. 

• In-situ analysis of the scan track profile demonstrated the benefit of dense packing 

systems in commercial application. Two powder systems tested at dense packing 

locations generated increases up to ~20% in the scan track height with reduced 

fluctuation in the scan track profile. 

• This work demonstrates the cause of uncertainty due to dense packing of powder 

systems in commercial AM. The risk and benefits of dense powder systems 

utilizing atomic powder packing PSDs are discovered through dynamic 

flowability and in-situ high speed x-ray imaging. Reductions in flowability are 

present due to increased inter-particle friction forces near regions of dense 

packing during flow, while increases in scan track profile and smoothness are 

found due to the increase in dynamic spreading powder density during laser 

scanning.     
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SECTION 

2. CONCLUSION 

 

Within this work, we report the (1) five unique types of spatter based on their 

characteristics and formation mechanisms due to high speed in-situ x-ray imaging, (2) 

effects of the ambient and processing conditions on the spatter dynamics, (3) the 

generation of spatter formation mapping for AlSi10Mg, (4) the effect of small changes in 

the laser (laser power, scan speed, and beam size) and powder processing parameters 

(powder size, bed thickness, size distribution) that contribute to uncertainty in the SLM 

additive manufacturing process, (5) and determining the source of uncertainty of powder 

flowability of Ti6Al4V due to the efficient atomic packing of powder with non-

homogenous particle size distributions. We show the formation mechanisms and 

underlying physics of the production of five unique types of spatter in AM LPBF. The 

resulting characteristics of the spatter dynamics are quantified due to their speed and size 

after ejection. The effects of variations to laser scan speed, laser power, and ambient 

pressure have on the overall spatter dynamics are determined and experimentally 

demonstrated. Mitigation strategies are shown with a spatter formation mapping for 

AlSi10Mg. We show that small changes in the laser (<5%) and powder (<20𝜇m) 

processing conditions produce significant changes in the depression zone, melt pool, 

build height, and spatter dynamics. Changes of 5% in laser processing conditions or 

changes of 20𝜇m in powder size led to a ~10% change in the depression zone and melt 

pool geometry. Processing powder near their atomic packing density by changing the 
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powder distribution by 10% led to increases up ~20% in the overall build height. The 

changes in the ~10% of the laser beam size and ~20𝜇m in the powder size led to large 

variations in the overall spatter geometry and total volume during laser melting. This 

work demonstrated the efficient atomic packing density for plasma atomized commercial 

grade powder and tested the avalanche angle, avalanche energy, break energy, and 

surface fractal. Powder flowability working near the efficient atomic packing mixtures 

(10 and 90%) led to significant increases in the avalanche angle, surface fractal, 

avalanche energy, and break energy.  
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