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Tämä diplomityö kartoittaa DMLS-prosessin eri vaiheita ja niistä syntyviä kylmiä ja 

kuumia roiskeita. Tämä diplomityö tehtiin osana Electro Optical System Oy:n projektia, 

jossa tarkoituksena oli kehittää uusi työkalu R&D-osastolle (tutkimus & kehitys). 

Roiskeiden syntyä tutkittiin tätä työtä varten kehitetyllä konenäköpohjaisella 

roiskeanalyysijärjestelmällä. Mittauslaitteisto valmistettiin, koska markkinoilla ei ollut 

vastaavaa saatavilla. Mittauslaitteisto koostuu konenäkökamerasta, nestelinssistä, 

kiinnitysjärjestelmästä ja analyysiohjelmistosta. Metallin lisäävän valmistuksen 

monitoroinnissa kiinnostus on siirtynyt lähemmäs prosessin reaaliaikaista tarkkailua. 

Tarkkailun avulla voidaan saavuttaa kustannustehokkaammin parempilaatuisia kappaleita 

ja tehostaa laadunvalvontaa prosessin aikana.  

 

Työ koostuu kirjallisuuskatsauksesta ja kokeellisesta osasta. Kirjallisuusosassa esitellään 

yleisimmät käytössä olevat monitorointijärjestelmät metallin lisäävässä valmistuksessa 

sekä roiskeiden syntyteoriaa. Kirjallisuushavaintojen perusteella päätettiin tutkia 

lämmöntuonnin, lasertehon ja skannausnopeuden vaikutusta melt poolin käyttäytymiseen 

ja roiskeiden syntyyn. Kokeellisessa osassa tutkittiin eri prosessiparametrien vaikutusta 

roiskeiden määrään ja nopeuteen ja melt poolin muotoon EOS:n M 290-koneella. Saadut 

tulokset vastasivat kirjallisuudessa esitettyjä teorioita. Kehitetyllä mittauslaitteistolla 

saatiin teorioita tukevat mittaustulokset.   
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This thesis examines the different phases of the DMLS process and the hot and cold 

spatters that are formed in the process. This thesis was made as a part of Electro Optical 

System Oy's project to develop a new tool for the R&D department. The melt pool 

generated spatters were studied by a machine vision based spatter analysis system 

developed especially for this thesis. The measuring system was manufactured because 

there were no commercially available measuring systems. The measuring system consists 

of a machine vision camera, a liquid lens, and attachment system and analysis software. 

In monitoring of additive manufacturing the interest has shifted closer to the online 

monitoring of the process. It is possible to achieve better part quality more cost-efficiently 

and optimize the quality control during the process. 

 

The thesis consists of a literature review and an experimental part. The literature section 

outlines the most commonly used monitoring systems for additive manufacturing and 

theories about spattering. Based on literature findings, it was decided to investigate the 

effect of heat input, laser power and scanning speed on melt pool behavior and spatter 

formation. In the experimental part, the effect of different process parameters on the 

number and velocity of spatters and the melt pool was studied using the EOS M 290-

machine. The results obtained corresponded to the theories in the literature. The obtained 

measurement results by the developed measuring equipment also corresponded to the 

theories in the literature. 
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1 INTRODUCTION 

 

 

The layer-by-layer manufacturing technology was found in early 1970s, which was the 

precursor of the laser cladding process. In the late 1970s molding process forming three 

dimensional parts layer-by-layer was patented, which was concept of Selective Laser 

Sintering (SLS) systems.  Additive manufacturing (AM) became available in the late 1980s 

and Direct Metal Laser Sintering (DMLS) machines in mid 1990s. This is when the era of 

rapid prototyping had begun. Ever since that day the evolution of powder bed fusion (PBF) 

based technologies have been fast. AM technologies are considered as the third industrial 

revolution, because it has revolutionized traditional manufacturing process. (Gu, 2015, pp. 

1-25.) 

 

AM has made it possible to manufacture complex shapes and integrated parts which cannot 

be manufactured with traditional manufacturing methods. It is possible to build parts with 

multi-components from 3D CAD model layer-by-layer without the need for assembly.  The 

strength-weight ratio of the part can be optimized with Design for Additive Manufacturing 

(DFAM) and topography optimization. (Atzeni & Salmi, 2015, pp. 500-506.) 

 

Laser additive manufacturing process is usually carried out without any monitoring or 

control. Monitoring and controlling in the manufacturing process are still seldom used in 

the industry, because monitoring systems for AM has not been on the markets for long. 

Most of the defects in DMLS are caused by unstable process and spatters formed by this 

instability landing on top of the build layer. The main goal in AM process monitoring is to 

observe the quality of the process, and in the future to develop real-time closed-loop 

feedback control. Based on a high quality monitoring system, it is possible to build a 

closed loop system that manages the process parameters in real time to ensure better part 

quality. Process monitoring has raised the quality of the build part and more attention has 

been paid to the importance of monitoring in recent years in AM, because markets have 

shown that there is a commercial need for monitoring systems. When aim is to reduce the 

amount of the spatters, improve the process reproducibility and save costs, process 

monitoring and controlling are essential, because with monitoring systems it is possible to 

develop more efficient and faster processes without sacrificing part quality. (Bi et al. 2013, 
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Pavlov et al. 2010, Spears et al. 2016.) The thesis topic came from an idea to improve 

quality of parts and the best way to build high quality parts is to know more about the melt 

pool behavior and spatter generation. 

 

Different monitoring systems are a hot topic at the moment and EOS wants to develop new 

monitoring tool to complete and combine their monitoring product family. The focus of 

this monitoring system is to monitor the building process inside the build chamber. When 

comparing to the other EOS monitoring systems this machine vision camera based spatter 

analysis system is different because it gathers information of the process stability and of 

the forming spatters, condensate and smoke. This monitoring system also offers 

information for process optimization to minimize these forementioned spatters, condensate 

and smoke. The motivation to create this monitoring system is to get a tool for R&D 

(research and development) department. The quality-price ratio of machine vision cameras 

and computer calculation power is getting more reasonable, and this makes it even more 

fascinating solution, eventually for closed loop control. Interest for closed-loop systems in 

machine vision inspection is rapidly increasing in the technical and engineering sector. 

(Beyerer et al. 2016.) Aim of this Master`s Thesis is to characterize and understand the 

basic phenomena of spattering by utilizing machine vision camera based spatter analysis 

system. This thesis was done in the research and development department of Electro 

Optical System Oy. 

 

The focus of this thesis is on the development of the spatter analysis system. There are no 

commercially available machine vision based monitoring systems for the DMLS process 

and that is why EOS decided to build it for R&D-tool to help process. The prototype has 

been designed and manufactured within this Master's Thesis for EOS M 290 machine. 

Spatter analysis software is custom made for EOS based on given specs of the desired 

monitoring parameters. 

 

This thesis will primarily benefit research and development department of EOS by offering 

new tools to detect and understand spatters effect on the part quality. This thesis also helps 

to identify spatter formation by comparing images to process parameters and to bring new 

perspective and ideas into process development. 
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2 BACKGROUND 

 

 

The first DLMS system EOSINT M 160 was presented for public in 1994. EOS launched 

EOSINT M 250 DMLS system for AM in 1995 and EOSINT M 250 Xtended was 

launched with 20 µm layer thickness processes in 2001. Earlier machines used carbon 

dioxide (CO2) laser and the first commercially available DMLS system EOSINT M 270 

with fiber laser launched in 2004.  Fiber laser was a game changer for DMLS process 

quality because the fiber lasers have much better beam quality than earlier used CO2 lasers. 

Metal materials absorb with fiber laser produced wavelengths (~ 1064 nm) better than CO2 

laser wavelengths (~ 9000-10000 nm). EOSIN M 280 with optional 200 W or 400 W filer 

laser was introduced in 2010. EOS launched in 2011 Laser Power Monitoring (LPM) 

which monitored laser power stability during the build process and Comfort Powder 

Module (CPM) which offers safe powder handling in the closed process chamber for 

further quality assurance. EOS M 400 with one kW fiber laser was presented in 2013. EOS 

M 290 machine with 400 W fiber laser was launched in 2014. Real time EOSTATE 

MeltPool monitoring and analysis system, which monitor complex melting process by 

measuring light emissions of the melt pool for M 290 machines, was introduced in 2015. 

The largest and fastest DMLS systems EOS M 400-4 with four 400 W fiber lasers was 

presented in 2016. Real time monitoring system EOSTATE Exposure OT for additive 

manufacturing, which uses optical tomography to reduce costs of non-destructive 

examinations, was presented in 2017. (EOS, 2018a.) 

 

Monitoring in additive manufacturing has its importance because the stability of the 

process was influenced by several parameters, such as laser power, scan speed, hatch 

distance and layer thickness, at the same time. The goal of the process monitoring was to 

enable quality assurance during the build process by improving the understanding of melt 

pool behaviour and spattering phenomena occurring during DMLS process. Melt pool 

stability has a large impact on the quality of build parts because melt pool determines 

whether the process was in keyhole, transition keyhole or conduction mode. In the keyhole 

mode the melt pool is from three to five layers deep, whereas in the conduction mode the 

melt pool is wider and shallower. These different process modes are shown in figure 1. 
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Figure 1. Schematic with microscopic image of the different process modes depending of 

the heat input. Red colored area in the schematic presents cavity keyhole, inner red line 

presents melt pool and outer red line heat affected zone. (LASERSTODAY, 2018a). 

 

The process modes have different phenomena causing the spattering. For example in the 

conduction mode prevalent spattering phenomena is entrainment driven spattering and in 

the keyhole mode prevalent phenomena is recoil pressure driven spattering. Regardless of 

process mode, most of the large hot spatters are generated from a melt pool by Marangoni 

effect and recoil pressure. The Marangoni effect influences to the melt pool fluid flow and 

recoil pressure is prevalent phenomena for large melt pool origin hot spatters. The reason 

why monitoring systems have been built for AM was for quality control by monitoring 

several parameters to find correlations between them and part quality. 

 

There are a few commercially available monitoring systems for additive manufacturing. 

According to (Purtonen et al. 2014), the object of monitoring is the improvement of 

reproducibility, assurance of reliability and quality of the process within a single 

manufacturing cycle and between several cycles. 

 

2.1 Objectives 

The objective of the literature review is to provide a comprehensive overview to state-of-

art studies in machine vision camera based monitoring systems. The aim is also to provide 

information of melt pool behavior, spattering phenomena and spatter origin. Objectives of 

the experimental part of this thesis are to identify the required properties of the machine 

vision camera based spatter analysis system, define the origin of spatters and introduce 
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spatter types. The aim is also to introduce which machine modifications are required. 

Significant consideration is given to the analysis system assembly and testing, as the main 

target of the experimental part of this thesis is to build and test the measurement system 

that meets the requirements for monitoring additive manufacturing. 

 

This study seeks answers to the following research questions: 

1. How spatters are defined? 

2. How do spatters form? 

3. How it is possible to image spatters with machine vision camera? 

4. How spatters can be measured with this imaging system? 

5. How the measurement system was built to be suitable for monitoring spatters and 

melt pool with EOS requirements? 

6. What limitations spatter analysis systems have? 

7. How measured data can be used in research and development department? 

 

2.2 Scope 

The used literature consists mostly of pre-reviewed scientific articles, selected books and 

company web pages. Literature reliability is increased by cross referencing. Used material 

is from the databases of the library of Lappeenranta University of Technology, databases 

and general network resources. The experimental part of this study consists of 

measurement system design, manufacturing, assembling and tests to attempt to recognize 

spatter formation phenomena. The main goal is to build proper R&D tool for the use of 

EOS R&D engineers and gather more information of spatter formation phenomena.  
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This thesis will concentrate on DMLS process, which EOS has named its laser-based 

powder bed manufacturing process. This thesis will focus to CMOS (complementary metal 

oxide semiconductor) cameras in field of different machine vision cameras, because those 

cameras have the best image quality at the moment, and the data volume can be post 

processed for numerical and statistical form. This thesis will also focus to active 

illumination laser technology (custom made Oseir HiWatch Compact) in field of different 

illumination technologies, because laser illumination is proven to be the best illumination 

option for particle imaging. Prototype assembly is limited to EOS M 290 machines because 

it has EOSTATE MeltPool monitoring system and EOSTATE Exposure OT monitoring 

system.  
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3 MOST USED MONITORING SYSTEMS IN METAL ADDITIVE 

MANUFACTURING 

 

 

The objects of monitoring are; 1) to improve reproducibility by observing the machine 

functions, for example oxygen level, shield gas pressure, laser power and layer thickness. 

2) Assurance of reliability by monitoring process parameters, for example laser power and 

scanning speed. 3) Quality of the process within one or several manufacturing cycles by 

monitoring melt pool stability. 4) Experimenting, for example how the spatters form when 

using different parameters. 5) Gathering information systemically to teach self-learning 

algorithms to detect defects.  6) Understanding the process and the phenomena behind it, 

by comparing measurement data to the theories. (Purtonen et al. 2014.) 

 

3.1 Photodiode-based process monitoring 

Electro Optical System has developed in collaboration with Plasmo a photodiode based 

melt pool monitoring system with four channels at sampling rates up to 300 kHz. 

Monitoring system measures the brightness of the process emissions giving fast feedback 

about the quality of the process. Heuristic model is created to gather input and output 

parameters to collect enough data. Based to this data the system can be parametrized to 

fulfill the quality needs. Monitoring system corresponds to part properties by enabling the 

fully automated detection of process phenomena. The system layout of EOSTATE 

Meltpool is presented is figure 2. 
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Figure 2. EOSTATE Meltpool uses two photodiodes. OnAxis diode measures the process 

emissions of the laser beam and powder at the interaction zone. Overview of process 

emissions of the complete building platform is given by OffAxis. (LASERSTODAY, 

2018b). 

 

3.2 Camera-based process monitoring  

Electro Optical System has developed in collaboration with MTU Aero Engines a camera-

based EOSTATE Exposure OT (OT) monitoring system. The system consists of high 

resolution (2560 x 2160 pixels) CMOS based camera and NIR wavelengths optics with 

long depth of field. Entire building platform is imaged and the spatial resolution is 130 µm 

/pixel. Images correlate to the temperature and size of the interaction zone. All of the 

images from each layer are integrated to one image, which correlates the emitted heat. OT 

is a self-learning monitoring system and analysis is based on three analysis algorithms; 

Threshold-, Deviation Blob- and Simple Blob-Indication Detection. Integrated image taken 

with EOSTATE Exposure OT is presented is figure 3. 
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Figure 3. Integrated image taken with EOSTATE Exposure OT showing how OT can 

detect different exposure strategies heat input. (3Dprint, 2018). 

 

The definition of high-speed camera is more than 1000 frames per second at megapixel 

resolution. Generally high-speed cameras are based on high-end CMOS and CCD censors. 

Because of the limited band width and amount of data, the data is recorded in to local 

memory. High-speed cameras need high powered illumination for high-quality images 

because of the short exposure time. When the resolution of images is reduced, the 

framerate is increasing. For example, with Phantom VEO 710 full resolution (1280 x 800) 

the framerate is 7400 and reduced resolution (256 x 256) the framerate is 75 000. When 

using high-speed cameras, the resolution has a high influence to the frame rate. High speed 

cameras produce large amount of data and therefor it is not possible to monitor entire build 

process or analyze it. (Batchelor. 2012, pp. 358-397 & ResearchGate, 2018.)  

 

Machine vision cameras use CCD or CMOS image sensors. The subcategories of these two 

sensors are color and monochrome. CMOS sensor sizes of machine vision cameras are 

between 1:1.2″ - 41.0 mm. (photographylife, 2018.) Typical sensor sizes of machine vision 

cameras are presented in figure 4. High resolution fast frame rate cameras use CMOS 

image sensors because they are ten times faster than CCD sensors. Machine vision cameras 

have a special high dynamic range, for both bright and dark conditions. Machine vision 

cameras have high frame rates even with full resolution, for example, with 20 megapixels 

up to 30 frames per second (fps) and 5 megapixels up to 250 fps. (jai, 2018). Unlike high-
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speed cameras, machine vision cameras are connected to a computer with a cable (Camera-

Link, Gig-E or USB3) for real-time high-speed communication. (emva, 2018). The camera 

is transferring images to the computer hard drive, and this makes it possible to image long-

term without interrupting the imaging or without changing the memory cards. (Batchelor. 

2012, pp. 358-397). 

 

 

Figure 4. Machine vision camera sensor sizes. (Vision Doctor, 2018). 

 

Another example of recent development in monitoring of additive manufacturing is that 

CMOS and CCD cameras are not suitable when moving from VIS-NIR wavelength to 

infrared (IR) wavelength, because CMOS and CCD cameras are not able to detect these 

wavelengths. Therefore, infrared cameras are needed. Infrared cameras are divided in to 

two main categories, which are cooled and uncooled detectors. Uncooled detectors can be 

separated further in to two different subcategories, which are microbolometers and 

ferroelectric detectors. When high spatial resolution and high sensitivity are wanted, a 

vanadium oxide (VOx) microbolometer offers better features than the ferroelectric 

detector. There are only a few high quality commercially available optics for infrared 

cameras because fused silica lenses have a low transmittance of infrared radiation and 

therefore high priced germanium lenses must be used. (Batchelor. 2012, pp. 399-405 & 

Gade et al. 2014). Resent articles about camera based monitoring researches are gathered 

into table 1. 
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Table 1. PBF-process monitoring with camera systems. Camera type: Digital single-lens 

reflex camera (DSLR), High speed camera (HS). Sensor Type: Complementary metal oxide 

semiconductor camera (CMOS), Thermographic camera (Thermal). Material: aluminum 

alloy (Al), steel alloy (Fe), nickel alloy (Ni), stainless steel (SS), titanium alloy (Ti). 

Process: Direct Metal Laser Sintering (DMLS), Laser Powder Bed Fusion (LPBF), 

Powder Bed Fusion (PBF), Selective Laser Melting (SLM). 

Camera 

Camera 

type 

Sensor 

type Illumination Material Process Target Term Reference 

FASTCAM 

Mini 

UX100 HS CMOS Laser SS PBF Schlieren Particle 

Bidare et al. 

2017 

FASTCAM 

SA2 

Photron HS CMOS - SS SLM Melt pool Spatter 

Gunenthiram et 

al. 2018 

- - - - SS LPBF Melt pool Spatter 

Heeling & 

Wegener, 2016 

- - - - SS LPBF Melt flow Spatter 

Khairallah et al. 

2016 

- - - - Ni SLM Gas flow Spatter 

Ladewig et al. 

2016 

AOS SPRI-

F2 HS CMOS - SS SLM 

Spatter 

beahvior Spatter Liu et al. 2015 

Olympus I-

speed 3 HS CMOS - Fe LPBF Monitoring Spatter 

Repossini et al. 

2017 

- - - - Ti SLM Melt flow spatter Qiu et al. 2015 

Fastcam 

1024 PCI HS CMOS LED Al SLM 

Spatter 

formation Spatter 

Taheri Andani 

et al. 2017 
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3.3 Acoustic-based process monitoring 

General Electric (GE) published in May 2017 an acoustic monitoring system for additive 

manufacturing. GE developed in-situ monitoring system using acoustic waves to improve 

work flow and simplify the qualification of printed parts. Monitoring is based on using 

acoustic sensors, which measures acoustic signals during the build process. The system 

compares measured acoustic profile to the profile of the already qualified part to ensure 

that the build part is defect free. The main goal of GE is to eliminate post build quality 

control processes by developing high quality real-time monitoring systems for additive 

manufacturing. Schematic of acoustic monitoring system is presented in figure 5. 

 

 

Figure 5. Schematic of the acoustic monitoring system designed by General Electric. 

Acoustic sensors (68) are located below the building platform to ensure high quality 

acoustic measured data from the building process. (3Dprinting industry, 2018). 
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4 SPATTERING THEORIES AND PHENOMENA 

 

 

The spattering in laser manufacturing processes is a common phenomenon as capillary 

flow ejects the molten metal droplets out of melt pool, as can be seen in figure 6 (d-g). The 

capillary flow is molten material flow from bottom of the melt pool towards the surface. 

When the laser beam is in contact with the material, a melt pool is formed in figure 6 (a). 

Some of the material is melted and vaporized into plasma and the formed melt pool helps 

the material to absorb the laser. Spatters are formed because the molten material is 

compressed by blow off impulse pressure to cause liquid material to leave the melt pool. 

Capillary flow and melt pool front ejected spattering is shown in figure 6. (Ly et al. 2017.) 

 

 

Figure 6. Melt pool ejected spatter forming (Ly et al. 2017).  

 

Wang et al. (2017) presented three different types of spatters. First of the spatter types (I 

type spatter in figure 7) is metallic jet up towards the laser beam. Shield gas vortex rapidly 

heated by laser beam is creating this entrainment driven spattering (I type spatter). The 

second type (II type spatter in figure 7) is droplet spatter from the melt pool in to the 

opposite direction from scanning direction. This II type spatter is created by recoil pressure 

and Marangoni effect. Third type (III type spatter in figure 7) of spatter is powder spatter 

forming in the front edge of the melt pool. This III type of spatter is created by recoil 
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pressure and snow blow effect. (Wang et al. 2017.) Different spatter types and scanning 

electron microscope images of powder particle morphology in different type of spatters are 

shown in figure 7. 

 

 

Figure 7. Three different spatter types in powder bed fusion processes with scanning 

electron microscope (SEM) morphology figures. (Wang et al. 2017). 

 

It can be seen from figure 7(a) that spatter shape is similar to the powder, which indicates 

that the spatter did not hit to the laser beam. From spatter type II morphology figure 7(b) it 

can be seen that molten ejection from the melt pool forms droplet spatters. The shape of 

the spatter is close to the original powder particle. From spatter type III morphology figure 

7(c) it can be seen that laser has partially melted the powder particle before ejection and 

the shape is different than the original powder shape. Spatter particle size is approximately 

five times larger than initial powder because these particles form of multiple molten 

powder particles. (Wang et al. 2017.) More precise figure of particle morphology and size 

can be seen in appendix I (Morphology). 

 

Liu et al. (2015) have classified two types of spatters: droplet and powder based. Both 

spatter types are generated by recoil pressure and metallic vapor, as it can be seen in figure 

8 a) and 8 b). Metallic jet is created by high recoil pressure removing material from melt 

pool. Metallic vapor crushes metallic jet into droplets during laser irradiation field forming 

droplet spatter. Powder based spatters are non-melted powder around the melt pool which 

is sucked in by metallic vapor. The spatter types are presented in figure 8. 
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Figure 8. Spatter formation mechanism during PBF process. a) Schematic of the droplet 

and powder spatters. b) Image taken from side of the melt pool showing spatters.   (Liu et 

al. 2015). 

 

Small powder based spatters (spatter A in figure 8) affect the final properties of build parts, 

for example by decreasing the density and mechanical properties. Larger droplet based 

spatters (spatter B in figure 8) affect to the powder recoating forming unwanted 

heterogeneous layer thickness. Powder layer thickness is near the size of the particle A and 

it can be melted by the laser beam. The size of particle B is larger than layer thickness, 

therefore it has influence on the next layer thickness near particle. Because of larger size 

than layer thickness, the laser cannot melt in the same way as the rest of the layer. Spatters 

influence on the layer thickness is shown in figure 9. (Liu et al. 2015.) 
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Figure 9. Large Spatter causing heterogeneous layer thickness to the powder bed during 

PBF process. (a) Schematic of the spatters on the next layer. (b) Un-melted droplet based 

spatter after scanned layer. (c) Large spatter causing heterogeneous layer thickness on 

several layers.  (d) Spatter B forming defect inside the build layers. (Liu et al. 2015). 

 

The PBF process is very sensitive to the oxygen and conditions of the atmosphere in the 

building chamber. Oxidized spatters on top of the powder bed will be re-melted and that 

causes pores to the part. It is proven by microstructure analysis and tensile strength tests 

that spattering degrades the quality of build part. Healing effect from the next layer reduces 

the spatter impact on the part quality by importing heat to the defect. (Ladewig et al. 2016.)  

Figure 10 presents how large spatters cause heterogeneous powder layer thickness causing 

uneven melting which in turn causes pores. 
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Figure 10. The oxidized spatters decrease the quality of the build layer. (a) Schematic of 

the large spatter causing pore formation, (b) pore formation in laser scanning and (c) the 

finished layer.  (Wang et al. 2017). 

 

Spattering is caused by many reasons, such as rapid melting and cooling, heat transfer and 

melt pool instability, which can be seen from figure 11. Dark blue color particles in figure 

11(a) presents powder before the laser beam is focused to the powder bed. In figure 11 (b-

d) laser beam heat powder bed surface rapidly Lavery et al. (2014) investigated the effect 

of the laser power on the porosity of the final part using Latice-Bolzmann simulation of a 

316L powder melted by a 200 W laser. Because of rapid melting and cooling of the melt 

track and melt pool stability, it is difficult to define the root cause of spattering accurately. 

(Liu et al. 2015, Simonelli et al. 2015 & Wang et al. 2017.) 
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Figure 11. 3D Lattice-Bolzmann simulation of PBF process. (Lavery et al. 2014). 

 

4.1 Recoil pressure driven spattering 

Studies of melt pool ejections and the underlying mechanisms are limited in PBF 

processes. These mechanisms are widely investigated in laser welding processes. PBF and 

welding processes differ significantly from each another, for example, the laser spot size is 

near 1 mm in laser welding and approximately 80 µm in PBF. Therefore PBF results 

cannot be compared to the laser welding results. Melt pool flow is also different in powder 

bed processes, because powder particles have different thermal conductivity than for 

example solid plates in laser welding. Laser beam creates strong metal evaporation around 

itself and rapidly heating metal vapor vortex generates recoil pressure gradients causing 

melt ejection from melt pool. Ly et al. (2017) have studied spatter formation with powder 

layer and solid plate situation in figure 12 using particle image velocimetry (PIV). 
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Figure 12. a) Recoil pressure driven spattering from powder bed and b) from platform. c) 

Recoil pressure driven material jet simulation from powder bed. d) Grey arrow showing 

expected direction of the vapor plume in simulation model from platform. (Ly et al. 2017). 

 

Recoil momentum (which can be seen in figure 12(d) as grey arrow) and melt pool flow 

motion (which can be seen in figure 13(g-j) as orange droplet) buildup of liquid molten 

material ahead of the laser beam causes forward plowing liquid ejections. Ejections are 

large (25-100 µm) when compared to the powder layer thickness (40 µm). When the laser 

energy per unit volume decreases, the laser scan speed increases and melt pool becomes 

shallower. The high temperature region spreads out to the melt pool front (which can be 

seen in figure 13(d) as red) and therefore the vapor plume form backwards of the scanning 

direction (which can be seen in figure 12(a-b)). When the laser energy is insufficient to 

melt the melt pool front and create an efficient recoil pressure, the amount of spatters are 

expected to reduce, because recoil pressure phenome creating spatters is decreased. If the 

kinetic energy is greater than the surface tension of the molten material, melt pool can eject 

spatters in the opposite direction of the scanning direction. (Ly et al. 2017.) Melt pool 

ejected droplet spatters are presented in figure 13. 
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Figure 13. Comparison between experiment (a-f) and simulation (g-n) of spatter 

formation. (Ly et al. 2017). 

 

Experimental test series (a-c) made of titanium, used parameters was power = 300 W and 

scanning speed 1.5 m/s. Test series (d-f) made of stainless steel, used parameters was 

power 200 W and scanning speed 2.0 m/s. Simulation (g-j) shows droplet ejection and (k-

n) present sub-threshold ejection. Melt pool dynamics and forwarded flow motion create 

protuberance (which can be seen in figure 13a). Melt pool created elongated neck thins out 

and droplet spatter is ejected (which can be seen in figure 13b-c) (Ly et al. 2017). 

 

4.2 Entrainment driven spattering 

There are at least three different types of entrainment driven spatters: (1) subsumed 

particles which are pulled into the melt pool, (2) cold particles that are pulled towards to 

the vapor jet but miss the laser beam or (3) powder particles which travel towards the 

vapor jet, hits to the laser beam and become hot molten spatters. Different types of 

entrainment driven spatters and the gas flow wakefield is presented in figure 14. The laser 

beam creates vapor flux from the melt pool which causes inward gas flow (which can be 

seen in figure 14a). This vapor flow, similar to the physics of the submerged jet, pulls 
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particles along the vapor flow (which can be seen in figure 14b). Vapor jet forming takes 

some time because moving laser beam is creating gas flow around the jet 

 

 

Figure 14. a) Schematic of the three different types of entrainment driven spatters created 

by vapor jet. b) Moving laser beam and vapor jet created wakefield. (Ly et al. 2017). 

 

Type 1 powder particles are located near the melt pool, type 2 powder particles originate 

more than two times melt pool width away and type 3 powder particles are originated 

under two times melt pool width away. The moving laser beam creates a non-uniform jet 

stream wakefield that extends to three to four times laser beam diameters away (which can 

be seen in figure 14b). (Ly et al. 2017).  

 

According to Ly et al. (2017), vapor vortex created by laser beam raise up dark cold 

particles from powder bed (marked in blue color in figure 15a) and incandescent hot 

particles (circled red in figure 15a). Vapor vortex has lifted particles to motion (which can 

be seen in figure 15b as blue and red arrows). Entrainment driven spattering process starts 

to repeat itself (which can be seen in figure 15d). (Ly et al. 2017.) Melt pool formation and 

spatter ejections are shown in figure 15.  
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Figure 15. Melt pool formation progression from 80 µs to 174 µs. Used laser power was 

300 W and scanning speed 1500 mm/s. (Ly et al. 2017). 

 

When cold powder particles are accelerated by the vapor vortex, particle velocity rises 

from 1 m/s to 4 m/s (which can be seen in figure 15b). When cold particles pass through 

the laser path, they are rapidly heated and start to emit light by themselves. Particle 

velocity rises up to 6-15 m/s when passing through laser beam path (which can be seen in 

figure 15e). Based on Ly et al. (2017), 60 % of spatters are hot ejections, 25 % are cold 

ejections and 15 % from recoil pressure induced ejections. Entrainment driven spattering 

and simulations is presented in figure 16. 
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Figure 16. a) Entrainment driven spattering from powder bed and b) from platform. c) 

Laser beam created material jet simulation from powder bed. d) Grey arrow showing 

expected direction of the vapor plume in simulation model from platform. (Ly et al. 2017). 

 

4.3 Denudation 

Denudation and the part quality have correlation, because denudation process defines the 

amount of overlay powder in the scan track. Denudation zone (DZ) width measured from 

powder bed when laser power was varied is shown in figure 17. The laser power ranging 

from 10 to 350 W, argon gas pressure was 0.2 Torr and used layer thickness was 60 µm. 

When the laser power is increasing, melt track width and DZ increases. (Matthews et al. 

2016.) Re-solidified melt can be seen lighter contrast from figure 17. 
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Figure 17. Denudation zone width dependence to the laser power. (Matthews et al. 2016). 

 

Matthews et al. (2016) measured melt track width by using three different scanning speeds 

and denudation zone width by using two different argon gas pressures and three different 

scanning speeds. Results are presented in figure 17. Denudation zone width increased 

almost two times when gas pressure changed from 760 Torr to 0.2 Torr, while melt track 

width remain constant. When laser power is increasing DZ increases as well in low gas 

pressure (0.2 Torr). Laser scanning speed increases DZ width more in 760 Torr pressure 

than in 0.2 Torr pressure. Open symbols represent 0.2 Torr pressure and solid symbols 760 

Torr pressure in figure 18. Scanning speed 0.5 m/s is marked as square, 1.5 m/s as circle 

and 2 m/s as triangle in figure 18. 
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Figure 18. Denudation zone widths as a function of the laser power, scanning speed and 

shield gas pressure. (Matthews et al. 2016). 

 

Matthews et al. (2016) studied DZ width as a function of argon gas pressure as shown in 

figure 18. In gas pressure variation for single track tests the parameter for the laser power 

was 225 W and for scanning speed 1.4 m/s. As it can be seen in figure 18, DZ width at 220 

Torr pressure is near 500 µm and lots of overlay particles over the melt track. Denudation 

zone increases from 500 µm to 800 µm when gas pressure decreases from 220 to 10 Torr. 

Also the number of overlay particles in melt track decreases with gas pressure, which can 

be seen in figure 19. Forces creating denudation zone are at relative minimum at 2.2 Torr 

pressure, this can be seen in figure 19 as the smallest DZ width and the particle size 

distribution. Small powder particles can be displaced with smaller force than large 

particles. 
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Figure 19. Denudation zone widths as a pressure decreased from 220 to 0.5 Torr. 

(Matthews et al. 2016). 

 

4.4 Marangoni 

Marangoni effect is a strong flow inside the melt pool. It can be seen as a surface tension 

pulling surface fluid towards the cold spot, producing a small melt pool. The purpose of 

the thermal Marangoni flow is to transfer heat inside melt pool flow to maintain minimum 

surface tension. High laser energy density input to the powder bed produces turbulence to 

the melt pool, which causes intense Marangoni convection. Intense Marangoni convections 

cause instability to the melt pool which creates pores during PBF process. Simulation of 

Marangoni convection using different scanning speed is presented in figure 20. 
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Figure 20. Simulation of Marangoni convection in the melt pool. (Pei et al. 2017). 

 

High scanning speed causes Plateau-Rayleigh instability to the melt pool which increases 

surface tension and Marangoni convection in the melt pool. The velocity of Marangoni 

convection inside melt pool is near 4500 mm/s towards the laser beam (which can be seen 

in figure 20a as orange in the middle of melt pool top surface). Using scanning speed 600 

mm/s, melt pool peak surface temperature is near 2900 K and Marangoni convection 

velocity is approximately 5250 mm/s (which can be seen in figure 20b). When the melt 

pool is stable, temperature field is circle-shaped and therefore melt track is uniform. 

Increasing scanning speed to 1000 mm/s, surface peak temperature decreases to 2500 K 

and the velocity of Marangoni convection decrease to 4 mm/s (which can be seen in figure 

20c). When the scanning speed is increased, the melt pool temperature field is decreased. 

Using scanning speed of 1600 mm/s, surface peak temperature decreases to 1950 K and 

velocity of Marangoni convection is 2500 mm/s (which can be seen in figure 20d). Small 

temperature field of the melt pool and low temperature melt pool causes unstable melt pool 

flow. Unstable melt pool flow increases surface tension and therefore more Marangoni 

convection, which increases porosity. (Pei et al. 2017.) 

 

4.5 Snow-plow 

So-called snow-plow spatters are very large droplet spatters ejected forward from melt 

pool. In snow-plow the laser beam builds up liquid material forward to the front of the melt 

pool. When liquid flow meets the wall of depression in front of melt pool, hot ejection 

spills large spatter over onto the powder bed ahead of the laser beam. Snow-plow ejections 
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are a way of nature to minimize surface energy by using surface tension. The melt track 

achieves a lower surface energy after ejection, because the melt pool shape gains a steady 

state. (Khairallah, et al. 2016.) Melt pool flow as a function of time is presented in figure 

21. 

 

 

Figure 21. Simulation from melt pool flow progress as a function of time. (Khairallah et 

al. 2016). 
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5 THE EFFECT OF PROCESS PARAMETERS ON SPATTERING 

 

 

Most of parameters used in PBF are strongly interdependent and are mutually interacting, 

for example laser power, scanning speed and laser spot diameter are affecting to the 

volume energy density (VED). Melt pool stability and laser beam, which creates vapor 

vortex, have the most influence to the spattering phenomena.  

 

Process parameters can be sorted into four categories: laser parameters (laser power and 

spot size), scan parameters (scan speed, -spacing and –pattern), material parameters 

(particle shape, -size, -distribution, powder bed density, layer thickness and material 

properties) and process gas parameters (used gas, gas pressure and gas flow). (Gibson et al. 

2010, pp.7.) 

 

5.1 Laser parameters 

DMLS process is based on complete melting of powder. High quality, high power and 

small spot size are required qualities of the laser beam, because with small high quality 

beam it is possible to achieve more precise tolerances to the build parts. Based on these 

qualities, most commonly used laser type in PBF process is water cooled 1064 nm 

ytterbium-fiber laser and because metallic materials have high absorption for 1064 nm 

wavelength. Spot diameter defines the area which is rapidly heated and melted. 

(Gunenthiram et al. 2018.) Laser beam profile analysis from ytterbium-fiber laser is shown 

in figure 22.  
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Figure 22. a) False color image of laser beam diameter from focus point. b) Isometric 3D 

image is measured from +-9 different levels from focus point at 1mm steps. c) An 3D 

model of laser beam shape in focus point. (Ophir, 2018). 

 

Typically, focused spot diameter in DMLS machines is 80 µm (which can be seen in figure 

22a). When laser spot diameter increases, also the melt pool size increases, because heat 

input is now distributed over a larger area and therefore the amount of heat input per area 

decrease. Laser power along scanning speed, beam diameter and hatch distance determine 

the heat input which defines the amount of melted and vaporized powder. Increasing laser 

power will increase the velocity of the melt pool flow and therefore vapor vortex size. Melt 

pool flow has correlations with Marangoni convection which causes recoil pressure driven 

spattering and vapor vortex causes entrainment driven spattering. (Gunenthiram et al. 

2018.) 
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5.2 Scanning parameters 

Scanning pattern in DMLS processes is implemented with sequentially scanned stripes 

which rotate with pre-defined strategy. The stripes are primarily used with metal parts to 

minimize residual stress. In commonly used scanning strategy for metallic materials the 

laser beam turns on and off in every stripe, and in the start and end point laser beam creates 

a different type of spattering because it takes time to form a keyhole. Scanning speed and 

laser power is used to calculate VED. When the scanning speed increases the melt pool 

length extends and the melt pool becomes unstable. When high scanning speed is used, 

VED decreases and melt pool becomes shallower which can lead to balling effect. Balling 

effect is a result of low heat input and is shown in figure 23. Vapor vortex moves faster 

when high scanning speed is used on the surface of the powder bed which increases 

entrainment spattering and denudation. The laser beam heats the shield gas flow rapidly 

creating vapor jet, which causes entrainment spatters. When the vapor jet forms it creates a 

low pressure zone near the melt pool and depending on the pressure, denudation zone size 

varies. (Gibson et al. 2010, pp.123 & Gunenthiram et al. 2018.)  

 

 

Figure 23. 3D simulation of balling effect. Used laser power is 200 W and scanning speed 

is 2300 mm/s. (Lee & Zhang, 2015). 

 

5.3 Powder material 

Powder bed density consists of particle size, shape and distribution of the powder particles. 

Absorption and powder bed thermal conductivity depends on powder bed density. Particles 

have different shape based on how they are manufactured. For example, water atomized 

particles (which can be seen in figure 24a) are randomly formed and gas atomized particles 

(which can be seen in figure 24b) are evenly round-shaped as shown in figure 24.  
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Figure 24. a) Micro structural image of a water atomized 316L stainless steel powder and 

b) gas atomized 316L stainless steel powder, both imaged with SEM. (Koseski et al. 2005). 

 

Smaller powder particles have larger surface area and it absorbs laser power more 

efficiently, which helps laser to melt more material with the same power than larger 

particle size. Melted track is smoother with smaller particles than larger ones because of 

their smaller volume than larger particles and they are completely melted. Simulation of 

the influence of different particle size to the melt track is shown in figure 25.  

 

 
Figure 25. a) Simulated track with small particle size. b) Simulated track with larger 

particle size. The used parameters are laser power = 200 W and scanning speed = 1100 

mm/s. (Lee & Zhang, 2015).  
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According to (Lee & Zhang, (2015) when the powder bed is dense it is possible to build 

parts with better surface quality. Melt pool fluid flow and heat conduction is different 

when using different packing density powders. This changes the melt pool fluid flow, 

which changes the spattering because the process changes between keyhole and conduction 

mode. Higher packing density reduces down direction fluid convection, which decreases 

balling defects and voids. Powder density effect to the melt track is presented in figure 26. 

The quality of the part depends on the chemical composition of the powder material. For 

example, high oxygen level in powder increases the number of spatters and pores.  

 

 

Figure 26. a) 3D simulation of powder density (38 %) effect to the melt track and b) with 

powder density of 45 %. (Lee & Zhang, 2015). 

 

5.4 Process gas parameters 

Purpose of the inert gas flow is to protect melt pool from oxidation and remove the 

condensate and by-products which are produced by the melting process. Removing the 

condensate is important because it will absorb the laser beam energy, which reduces the 

intensity of the spot. Beam can also scatter when the condensate cloud is in the path of the 

laser. This increases the size of the laser beam, which creates larger melt pool. Ideal gas 

flow type is laminar flow, which is identical in the entire building platform. According to 

Ferrar et al (2011), gas flow is not identical in every location on the platform, because of 

the machine flow nozzle and used gas flow speed. That changes significantly the part 

porosity and strength properties. Laser beam created welding plume and condensate is 

presented in figure 27. Building chamber is filled with inert gas (argon or nitrogen) 

depending on process material. 
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Figure 27. Schematic of powder bed fusion process by-products. (Ladewig at al. 2016). 

 

Based on research of Matthews et al. (2016), inert gas pressure controls the vapor flux 

created by the melt pool. In lower gas pressures (under 50 Torr) the vapor jet expands into 

a wide plume (which can be seen in figure 28b). In high gas pressures (over 100 Torr) 

vapor jet is narrower than with the low gas pressures (which can be seen in figure 28a). 

Depending on gas pressure in the building chamber, particle distribution changes in the 

Bernoulli effect-driven denudation zone. (Ferrar et al. 2011 & Matthews et al. 2016.) 

 

 

Figure 28. Schematic of the metal vapor jet shape depending on surrounding argon gas 

pressure. (Matthews et al. 2016). 
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6 EXPERIMENTAL PART 

 

 

The experimental part of this thesis was conducted to define, design and manufacture a 

suitable spatter analysis system for DMLS process. This system is custom made as this 

kind of analysis systems is not commercially available at the moment. The aim of this 

experimental part is to test the designed spatter analysis system by measuring spattering 

from different locations on the platform, parameters and materials. Experimental part 

consist of choosing suitable hardware (camera, optics, illumination and protecting 

enclosure), design and manufacture of custom made set-up (zero-point mounting system 

and linear rail), analysis software development in collaboration with Oseir Ltd (Osirec 

spatter analysis software), experimental set-up (installation of hardware and manufactured 

mounting system inside of the M 290) and experimental procedure (image and analysis 

procedure). 

 

The hardware was created specifically for the machine vision camera based spatter analysis 

system. Suitable measuring system for spatter analysis did not exist. That is why it was 

designed specifically for this thesis. The design process of the hardware followed Design 

for Manufacture and Assembly procedure (DFMA), which means cost effective 

manufacturing and ease assembly. 

 

6.1 Materials 

Two different metal powder materials were used in this thesis: 316L (iron-based stainless 

steel) and MP1 (cobalt-chrome-molybdenum-based steel alloy). 316L is generally 

considered as very splashy process whereas process of MP1 is considered as clean process. 

Both materials are commonly used in AM and this is why their spattering behavior was 

monitored. 

 

EOS StainlessSteel 316L is an iron-based alloy for parts that are required high ductility and 

corrosion resistance. 316L is commonly used in watch and jewelry, orthopedics and 

aerospace mounting parts. Material meets the requirements of the ASTM F138. (EOS, 

2018b) More specific information about EOS, for example build volume, density, surface 

roughness and mechanical properties of build part can be found from appendix II (Material 
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data sheet EOS StainlessSteel 316L). Watch case made from EOS 316L is shown in figure 

29. 

 

 
Figure 29. Example part made from EOS 316L. (EOS, 2018d).  

 

EOS CobaltCrome MP1 is a cobalt-chrome-molybdenum-based super alloy for parts that 

are required high strength, temperature and corrosion resistance. MP1 is commonly used in 

biomedical and high-temperature engineering applications. Material meets the 

requirements of the ISO 5832-4 and ASTM F75. (EOS, 2018b) Fuel injector made from 

EOS MP1 is shown in figure 30. More specific information about EOS MP1, for example 

build volume, density, surface roughness and mechanical properties of build part can be 

found from appendix III (Material data sheet EOS CobaltCrome MP1). 
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Figure 30. Example par made from EOS MP1. (EOS, 2018c).  

 

6.2 EOS M 290 Direct Metal Laser Sintering system 

The machine used in experiments was EOS M 290 introduced in (Figure 31). M 290 is a 

high-quality industrial laser sintering machine. Direct metal laser sintering system has a 

400 watt ytterbium-fiber laser and the system has a building volume of 250 x 250 x 325 

mm. Process laser wavelength is 1060-1100 nm and focus diameter 100 µm. M 290 has an 

extensive material range in metallic material. EOS monitoring suite is available for EOS M 

290 including EOSTATE MeltPool, EOSTATE Exposure OT, EOSTATE System and 

EOSTATE PowderBed monitoring systems. More specific information about M 290 can 

be found from appendix IV (EOS M 290 data sheet). 

 

 

Figure 31. EOS M 290 Direct Metal Laser Sintering system. (Pddnet, 2018). 
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7 CHOICE OF THE SUITABLE HARDWARE FOR CAMERA SYSTEM 

 

 

7.1 Machine vision camera 

High quality image analysis software needs at least 2 megapixel resolution images to work 

properly, the reason for high resolution is that a detected single particle should illuminate 

at least 5 pixels for high quality spatter detection and size measurement. The hardware 

assembly should be as small as possible, because of the limited space inside of the M 290 

building chamber. Space limitation of the machine is shown in figure 32. 

 

 

Figure 32. Image of the measurement system inside the building chamber. 

 

The physical size of camera needs to be less than 40 x 40 x 50 mm. High frame rate is also 

needed to detect fast moving small particles. These requirements made the choosing of the 

camera difficult. Frame rate is not necessarily describing all properties of the camera, 

especially when the machine vision camera is considered because machine vision cameras 

have much better resolution when compared to high speed cameras. The machine vision 

cameras are suitable for online measurements, unlike high speed cameras because they do 

not need memory card buffer for images. Difference between high speed camera and 

machine vision camera is shown in table 2.  
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Table 2. Comparison table of high speed and machine vision cameras. 

Camera type High speed Machine vision 

Sensor CMOS CMOS 

Resolution 1280 x 1024 2464 x 2056 

Frame rate 1800 74 

Pixel size [µm] 5.6 3.45 

Color depth 12-bit 12-bit 

Data transfer RAM USB3.0 

Size [H x W x D] 73 x 73 x 82.5 29 x 29 x 41.5 

Record time 4.2 s 10 h 

 

First experimental set-up was based on Flir Grashopper3 GS3-U3-23S6M-C CMOS 

machine vision camera build-in with Sony IMX174 2.3 megapixel monochrome sensor 

shown in figure 33. Sensor resolution is 1920 x 1200 and pixel size 5.86 µm. More specific 

information about the camera, for example about the frame rate and quantum efficiency 

can be found from appendix V (GS3-U3-23S6M-C data sheet). 

 

 

Figure 33. Flir GS3-U3-23S6M-C machine vision camera. (Ptgrey, 2018). 

 

JAI-GO was selected for system development phase because of the small physical size (29 

x 29 x 41.5 mm), high resolution (2464 x 2056), small pixel size (3.45 µm), 12-bit output 

and relative high frame rate (8-bit / 74 fps). Further tests based on JAI-GO 5100M CMOS 

machine vision camera shown in figure 34. More specific information about the camera for 

example quantum efficiency can be found from appendix VI (JAI-GO-5100 data sheet). 
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Figure 34. JAI-GO-5100-USB machine vision camera. (Opli, 2018). 

 

7.2 Optics for machine vision camera 

Glass-material optical lenses are not optimal for the purpose: they are not perfectly 

homogenous or coatings are not formed perfectly on lens, optical wave front can chance 

and it has huge effect on image quality. (TelescopeOptics, 2018). The selected lens for the 

first test set-up was Schneider Xenoplan 1.9/35-0901 shown in figure 35, because it meets 

the optical quality requirements that are determined by the used camera and the work 

distance is suitable for the measurement system installation. The spectral range of the lens 

is from 400-1000 nm making it suitable for used active illumination which operating 

wavelength is 802 nm. Lockable focus and iris setting mechanism make it reliable in use, 

because focus cannot be changed by itself when machine is active in use. More specific 

information about lens can be found from appendix VII (Schneider Xenoplan 1.9/35-0901 

data sheet).  

 

 

Figure 35. Schneider Xenoplan 1.9/35-0901 3 Mega-Pixel lens. (Bockoptronics, 2018). 
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When the first test was executed, it was noticed that the focus needs to be able to be 

changed while the machine is running. This is impossible with mechanical focus lens 

without stopping the process, because the measurement system was placed inside of the 

building chamber and the atmosphere conditions would have been lost. Due to this 

Varioptic Caspian C-39N0-250 liquid lens was chosen for the second test series, because it 

has electrically controllable focus and focus change is possible without opening building 

chamber. 

 

The desired properties of the optics were high quality, variable iris, electronically 

controllable focus and a small physical size. Small physical size was needed because the 

protecting enclosure has a physical size limitation for the camera. It was impossible to 

adjust the focus without opening protecting enclosure and building chamber. That was one 

reason why the lens with electronically controllable focus was chosen. The second reason 

why the lens with electronically controllable focus was wanted was that every user had a 

different view of focus. The idea was to minimize measurement errors from different focus 

planes, make it more user friendly and efficient when measuring different levels. Suitable 

optics for the prototype was found from the company Varioptic. Caspian C-39N0-250 

shown in figure 36 was selected to fulfill desired properties. More specific information 

about the selected lens can be found from appendix VIII (Varioptic Caspian C-39N0-250 

data sheet). 

 

Figure 36. Caspian C-39N0-250 liquid lens. (BrilliantOptics, 2018). 
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7.3 Protecting enclosure for the machine vision camera 

When the camera system is installed inside the machine, it needs protective housing 

against metal powder dust. Dust accumulates on the lens and connectors without proper 

enclosure enabling the risk of short-circuiting. The protecting enclosure is manufactured 

and machined from aluminum because light weight was wanted. The protective housing is 

specially designed for JAI-GO series machine vision cameras and is shown in figure 37.  

 

 

Figure 37. autoVimation Colibri IP66 (Nema4) Industrial Camera Enclosure. 

(autoVimation, 2018). 

 

When installing the camera system inside the building chamber, the volume of used space 

is critical. The camera enclosure cannot be installed in the path of the laser beam. The 

desired properties of the protective housing are small physical size, IP66-protection, anti-

reflective coating on lens and high quality, protective housing lens has influence to the 

image quality. Gas nozzle and the possibility of 90° deflection mirror installation added 

extra requirements for the protective enclosure. The autoVimation Colibri IP66 (Nema4) 

Industrial Camera Enclosure shown in figure 37 was the best option for this measurement 

system due to its smallest physical size and the best qualities of all the protective 

enclosures commercially available. More specific information about Colibri can be found 

from appendix IX (Colibri IP66 (Nema4) Industrial Camera Enclosure data sheet). 
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7.4 Illumination laser 

Airborne particles, which do not emit light of their own, need to be illuminated before 

camera system can see them. Suitable illumination source for this application is laser, 

because with laser illumination it is possible to achieve high-intensity illumination and 

precise timing for adjustable pulses.   

 

The desired properties of the illumination are pulsed laser source, freely adjustable pulse 

sequence and number, small physical size and enough pulse energy (0.5 mJ-2.5 mJ), 

because small high speed particles need several light pulses on single image before speed 

is possible to calculate and illumination need to have high enough intensity so that the 

camera can detect the illuminated particles. Requirement for small physical size comes 

from the hardware installation location in M 290 machine. Suitable laser was found from 

Oseir Ltd. HiWatch Compact laser shown in figure 38 was selected for test and prototype. 

More specific information about HiWatch can be found from appendix X (HiWatch data 

sheet). 

 

 

Figure 38. Oseir HiWactch illumination laser. (Oseir, 2018). 

 

7.5 Custom-made mounting set-up 

The custom-made set-up consists of zero-point mounting system, linear rail, enclosure 

fitting and protective housing for the camera and the lens. The set-up was designed and 

built because there was no commercially available set-up for camera based measurement 

system.  All of the parts are presented more specifically in figure 39. Some of the parts, for 

instance camera enclosure and linear rail were stock products.  
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Figure 39. Custom made mounting system.  

 

Custom made zero-point mounting system was designed for machine vision based spatter 

analysis system hardware because there are no commercially available suitable mounting 

systems for EOS 290 machine. Mounting possibilities are limited inside EOS M 290 

machine because of the process laser T-Theta lens and the path of the process laser beam.  

Fasteners were to keep as small as possible to ensure maximum camera movement without 

compromises on quality. Zero-point mounting system was designed for modified Colibri 

Compact series camera housing made by autoVimation. Zero point fasteners were chosen 

to minimize user-specific differences in hardware installation between different M 290 

machines. 3D image of zero-point mounting system is shown in figure 40. 

 

 

Figure 40. Specially designed zero-point mounting system of spatter analysis system for 

EOS M 290 machine.  
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Linear rail was purchased for enabling linear movement of the camera inside of the 

building chamber. Desired qualities of the linear rail were compact in design, 

manufactured of non-ferromagnetic material, high reliability and sealing against the 

powder dust. SKF LM miniature rail system was the best option on the markets, but had 

16-week delivery time from purchase and this is why a similar product was needed to 

replace this. Therefore, Drylin T rail was purchased for this measurement system, it is 

shown in figure 41. 

 

 

Figure 41. DryLin T linear rail system. 

 

Mounting system for the camera enclosure was designed by using the measurements of the 

linear rail. This enclosure fitting was designed and manufactured in EOS Finland Oy. The 

fitting was printed from aluminum alloy to ensure light weight and durability without 

compromising functionality. It was printed because the part has several features that are 

impossible to manufacture with conventional machine. The enclosure fitting is shown in 

figure 42. 

 

Figure 42. Printed aluminum alloy enclosure fitting. 
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8 ANALYSIS SOFTWARE DEVELOPMENT 

 

 

There was no suitable analysis software available for this purpose, so it had to be 

developed specially for this spatter analysis system. Software called Osirecs by company 

Oseir was chosen after it was made sure that the analysis software fulfils Electro Optical 

System’s specific requirements for the spatter analysis system. The Osirec software 

analyses captured images and Osirec calculates the melt pool dimensions, amount, speed 

and direction of the number of hot and cold particles in the front and back sectors. The 

measurements data acquired and the information received are used to monitor the process, 

and for better understanding of the spattering phenomena. The calculations in the Osirec 

software are based on National Instruments LabVIEW image processing library 

algorithms. The calculated data is exported to computer hard drive in html-format which 

includes histogram images. The data can be post-analyzed in excel or in Minitab for deeper 

statistical analysis. Analysis software user interface is shown in figure 43. 

 

 

Figure 43. Osirec analysis software user interface. 
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9 EXPERIMENTAL SET-UP 

 

 

The assembly of the measurement system constitutes of zero-point mounting system, linear 

rail system, enclosure fitting and camera enclosure. The zero-point mounting system 

consists of two parts: the one part (part a in figure 44) is attached to the roof of the building 

chamber permanently, and the other part (part b in figure 44) is attached in the middle of 

the linear rail. Enclosure fitting is attached to the sled of the linear rail and the camera 

enclosure can be attached to it. This system enables measurement system removal from the 

building chamber without changing the field of view in the platform. Measurement system 

assembly is shown in figure 44. 

 

 

Figure 44. Measurement system assembly. 
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10 EXPERIMENTAL PROCEDURE 

 

 

The experimental part consists of image and analysis procedures. The camera hardware 

set-up, illumination laser installation and software analysis set-up needed to be conducted 

before imaging. The camera hardware set-up consists of the camera and lens installation to 

the linear rail mount, focusing the camera to the currently imaged level and choosing the 

optimal location for the camera from front, middle or back sector. Active illumination laser 

is adjusted to the same level as the focus of the camera.  

 

The lens is focused to the right level by using a special made depth of field target. The 

same target is used to calibrate the illumination laser to the same level. When the camera 

and the illumination laser are in the right position, test target can be removed from the 

building chamber. After this the machine can be prepared for the printing process. Set-up 

of the imaging is shown in figure 45. 

 

 

Figure 45. Schematic of the camera installation and illumination laser level calibration 

inside of EOS M 290.  
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10.1 Image procedure 

Image procedure consists of 200 images taken from single layer, and from ten different 

layers (total 2000 images). The images are saved to the computer hard drive before the 

analysis procedure. The user can choose if the images are analyzed or turned into a video 

with Osirec. If the analysis part is chosen, the software calculates statistics for spatters. 

Results can be used to make quantitative analysis by Excel or Minitab. These statistical 

analysis and videos give better understanding between spattering theories and phenomena. 

The imaging and analysis procedure are shown in figure 46. 

 

 

Figure 46. Schematic of image and analysis process with Osirec. 

 

 

 

 

 

 



58 

 

10.2 Parameters used in the test series I and II 

Based on literature, it was noticed that laser power (LP) and scanning speed (SS) 

significantly changes the melt pool shape and stability and therefore the formation of 

spatters. Laser power was varied from standard process, from -35 % to -15 %, and from 

+15 % to +35 %, with 10 % steps. Scanning speed was varied from standard process from -

50 % to -30 % and from +30 % to +50 %, with 10 % steps. Gas flow was kept constant in 

all of the tests to maintain the same atmosphere conditions in the chamber. The used 

parameters for test series I is presented in table 3 and 4 and parameters for test series II in 

table 5. 

 

Table 3. Used parameters for 316 L in test series I 

Parameter Laser power 

[%] 

Scanning speed 

[%] 

Heat input 

[%] 

Gas flow  

[%] 

STD 100 100 100 100 

LP +30 % 130 100 130 100 

LP -30 % 70 100 70 100 

LP +40 % 140 100 140 100 

LP -40 % 60 100 60 100 

SS +30 % 100 130 77 100 

SS -30 % 100 70 143 100 

 

Different test cases (LP and SS) are shown on the left side of the test matrices, table 3. 

These test cases were chosen to maximize the variation in heat input by changing laser 

power. Abbreviations used in table 3; standard parameters (STD) for 316 L, laser power 

(LP plus/minus) from standard parameter, scanning speed (SS plus/minus) from standard 

parameter. Heat input is calculated with equation 1. 

  

                                                  EOS VED = 
𝑃

𝑉𝑠∗𝐿𝑡∗𝐻𝑑
                                                           (1) 

 

In equation 1 EOS VED = Volume Energy density (J/mm
3
), P = laser power (W), Vs = 

scanning speed (mm/s), Lt = layer thickness (mm), Hd = hatch distance (mm). 
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Table 4. Used parameters for MP1 in test series I 

Parameter Laser power 

[%] 

Scanning speed 

[%] 

Heat input 

[%] 

Gas flow  

[%] 

STD 100 100 100 100 

LP +15 % 115 100 115 100 

LP -15 % 85 100 85 100 

LP +25 % 125 100 125 100 

LP -25 % 75 100 75 100 

SS +30 % 100 130 80 100 

SS -30 % 100 70 148 100 

 

Different test cases (LP and SS) are shown on the left side of the test matrices, table 4. 

These test cases were chosen to maximize the variation in heat input by changing laser 

power. Abbreviations used in table 4; standard parameters (STD) for 316 L, laser power 

(LP plus/minus) from standard parameter, scanning speed (SS plus/minus) from standard 

parameter. Heat input is calculated with equation 1. 

 

Table 5. Used parameters for 316L in test series II 

Parameter Laser power 

[%] 

Scanning speed 

[%] 

Heat input 

[%] 

Gas flow  

[%] 

STD 100 100 100 100 

LP +15 % 115 100 115 100 

LP -15 % 85 100 85 100 

LP +25 % 125 100 125 100 

LP -25 % 75 100 75 100 

LP +35 % 135 100 135 100 

LP -35 % 35 100 65 100 

SS +30 % 100 130 77 100 

SS -30 % 100 70 143 100 

SS +40 % 100 140 71 100 

SS -40 % 100 60 167 100 

SS +50 % 100 150 67 100 

SS -50 % 100 50 200 100 
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Different test cases (LP and SS) are shown on the left side of the test matrices, table 5. 

These test cases were chosen to maximize the variation in heat input by changing laser 

power. Abbreviations used in table 5; standard parameters (STD) for 316 L, laser power 

(LP plus/minus) from standard parameter, scanning speed (SS plus/minus) from standard 

parameter. Heat input is calculated with equation 1. 

 

10.3 Analysis procedure 

When the images were saved to the computer hard drive, the analysis tab was opened from 

Osirec front page in playback mode. After this a pop up page for the selection of the 

images for the analysis opened as shown in appendix XI (1) and the images were chosen 

for the analysis. The software started to calculate the melt pool related data (melt pool 

direction, melt pool length mm, melt pool width mm and melt pool width divided by length 

ratio (L/W)), when the melt pool tab was opened in playback mode, as shown in appendix 

XI (2). The software calculated hot spatter relative intensity, hot spatter speed (m/s) and 

hot spatter direction compared to melt pool direction in the next tab as shown in appendix 

XI (3). The software calculated cold spatter speed (m/s) and direction compared to gas 

flow direction in the third tab, as shown in appendix XI (4). In the fourth tab the software 

calculated image statistics for hot and cold spatters, as shown in appendix XI (5). The 

software collected user information about the imaged and analyzed job. The data was 

exported to a selected file folder on the computer hard drive in the fifth tab as seen in 

appendix XI (6).  
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11 RESULTS AND DISCUSSIONS 

 

 

The reliability of the measurement system was tested with images taken from different 

numbers of layers to be assured that the measurements can be repeatable and the results are 

comparable to each other. Based on investigations mean per image value, standard 

deviation (STD) and variation (VAR) value are large with five measurement repeats, 

which make the measurement results unreliable. Mean per image STD and VAR value are 

in the limits of acceptance with 10 and 20 repeats. Therefore, the number for repetition in 

the measurements was chosen to be 10.  STD and VAR values for different number of 

repeats are shown in figure 47.  

 

 

Figure 47. Amount of imaged layers’ impact to the standard deviation and variation. 
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11.1 Test series I 

Test series I was carried out with Flir machine vision camera using Schneider optics. The 

camera was focused 15 mm above the powder bed. The illumination laser sheet was 

calibrated to the same level. The purpose of test series I was to test different laser power 

values and scanning speeds effect to the spatter mean per image and spatter mean speed 

value. The test was carried out by using two different materials (EOS 316 L and MP1) and 

used machine was EOS M 290. Test series I consists of seven different test cases which 

can be found from table 4. The test position was on left down corner of the building 

platform, viewed from the door of the building chamber. 

 

11.1.1 Mean per image 

The mean per image number corresponds to how many observations there are on average 

in each image. Heat input correlation to the mean per image was tested with both materials, 

316 L and MP1, in test series I. Heat input was calculated using equation 1. Mean per 

image number of hot- and cold spatters was analyzed for 316 L and MP1 and compared to 

the heat input, laser power and scanning speed. Results are presented in figure 48, 49 and 

50. 

 

 

Figure 48. Mean per image value for 316 L and MP1 using different heat input. 
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The mean per image number of hot and cold spatters decreases as the heat input decreases 

with both of the materials (which can be seen in figure 48). This can be explained by the 

increasing recoil pressure driven spattering (spatter type I) when the heat input increases. 

The camera spatter analysis system captures images above the building platform and 

therefore the spatters flying straight towards the camera cannot be detected. When the heat 

input increases, the vapor vortex around the laser beam increases, and vortex turns the 

flight direction of cold entrainment driven spatters and therefore the amount of cold spatter 

detections has variation. It was noticed that 316 L has more hot spatters and less cold 

spatters than MP1. Therefore, it can be concluded that there are differences between metal 

powder material types. 

 

 

Figure 49. Mean per image values for 316 L and MP1 using different laser power. 

 

The mean per image number of hot spatters decreases as the laser power increases with 

both materials (which can be seen in figure 49). It can be concluded that the laser power 

correlates to the number of detected hot spatters when using 316L with R
2
 value 0.92. The 

number of detected hot spatters decreases as the laser power increases, because the forces 

causing recoil pressure driven spatters increases. Recoil pressure driven spatters fly 

upwards and our current measurement system cannot detect the spatters flying in direction 
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straight up. It cannot be concluded that laser power correlates to the number of hot spatters 

when using MP1. According to statistics R
2
 value is 0.51. 

 

The number of cold spatters increases as the laser power increases with both materials 

(which can be seen in figure 49). It can be concluded that the laser power correlates to the 

amount of detected cold spatters when using 316L, because R
2
 value is 0.72. Mean per 

image number for the cold spatters of 316 L increase as the laser power increases, because 

the vapor vortex causing entrainment driven spatters increase. According to statistics laser 

power does not correlate to the number of cold spatters when using MP1 R
2
 value is 0.33. 

 

 

Figure 50. Mean per image value for 316 L and MP1 using different scanning speed. 

 

The number of hot spatters increases as the scanning speed increases with both materials 

(which can be seen in figure 50). It can be concluded that the scanning speed correlates to 

the amount of detected hot spatters when using 316L and MP1, with R
2
 value 1.00 for 

316L and 0.99 for MP1. The number of detected hot spatters increase as the scanning 

speed increases, because when using high scanning speed, the melt pool becomes longer 

and narrower, which increases recoil pressure and Marangoni driven spattering (spatter 

type II). Recoil pressure driven spatters fly upwards and our current measurement system 

cannot detect the spatters flying straight towards the camera. 
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The mean per image number of cold spatters increases as the scanning speed increases with 

both materials (which can be seen in figure 50). It can be concluded that laser power 

correlates to the amount of detected cold spatters when using 316L and MP1, with R
2
 value 

0.96 for 316 L and 0.92 for MP1. Mean per image number of cold spatters increase as the 

laser power increases, because the vapor vortex causing entrainment driven spatters 

increase. 

 

11.1.2 Mean speed 

Mean speed value corresponds to how fast the hot- and cold spatters fly in the process. The 

correlation of heat input, laser power and scanning speed to the spatter mean speed was 

tested with both materials in test series I. Heat input was calculated by using equation 1. 

Mean speed of hot- and cold spatters was analyzed for 316 L and MP1 and compared to 

the heat input, laser power and scanning speed. Results are presented in figure 51, 52 and 

53. 

 

 

Figure 51. Mean speed of 316 L and MP1 hot and cold spatters when using different heat 

input. 
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The mean speed of hot spatters increases as the heat input increases with both materials 

(which can be seen in figure 51). This can be explained by the increasing forces that cause 

Marangoni effect and recoil pressure (spatter type II). The mean speed of cold spatters 

remains almost constant as the heat input increases with both materials (which can be seen 

in figure 51). This suggest that mean speed of cold spatters does not correlate to the heat 

input. 

 

 

Figure 52. Mean speed of 316 L and MP1 hot and cold spatters when using different laser 

power. 

 

The mean speed of hot spatters increases as the laser power increases with MP1 (which can 

be seen in figure 52). It can be concluded that laser power correlates to the hot spatters 

mean speed when using MP1 with R
2
 value 0.93. Mean speed for MP1 hot spatters 

increase as the laser power increases, because forces causing Marangoni effect and recoil 

pressure (spatter type II) increase. It cannot be concluded that laser power correlates to the 

mean speed of hot spatters when using 316 L. According to statistics R
2
 value is 0.47. 

 

The mean speed of cold spatters is increasing with MP1 as the laser power is increasing 

(which can be seen in figure 52). It can be concluded that the laser power correlates to the 

mean speed of detected cold spatters when using MP1 with R
2
 value 0.74. The mean speed 



67 

 

for the cold spatters of MP1 increases as the laser power increases, because vapor vortex 

causing entrainment driven spatters increase. It cannot be concluded that increasing the 

laser power correlates to the mean speed of cold spatters when using 316 L. According to 

statistics R
2
 value is 0.69. 

 

 

Figure 53. Mean speed of 316 L and MP1 hot and cold spatters when using different 

scanning speed. 

 

It cannot be concluded that the scanning speed correlates to the mean speed of hot spatters 

when using 316 L and MP1 (which can be seen in figure 53). According to statistics R
2
 

value is 0.33 for 316 L and 0.18 for MP1. This can be explained by different spatter types 

in the test cases.  For example, the test case SS -30 % has high heat input, which causes 

faster type I spatters and the spatters flying straight towards the camera cannot be detected 

by our current measurement system. Test case SS +30 % has low heat input which causes 

slow type II and III spatters when comparing to the type I spatters. 

 

The mean speed of cold spatters is increasing with 316 L as the scanning speed is 

increasing (which can be seen in figure 53).  It can be concluded that the scanning speed 

correlates to the mean speed of detected cold spatters when using 316 L with R
2
 value 

0.99. This can be explained by the snow-plow effect. It cannot be concluded that the 
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scanning speed correlates to the mean speed of cold spatters (which can be seen in figure 

53). According to statistics R
2
 value is 0. In 316 L the melt pool front becomes unstable 

when scanning speed is increased, and therefore it produces more type III spatters than 

MP1. 

 

Based on the results of test series I for 316L it can be concluded that increasing the laser 

power will decrease the number of hot spatters, increase the number of cold spatters and 

will not affect to the mean speed of hot- or cold spatters. The numbers of detected hot and 

cold spatters increase as the scanning speed increases, and velocity of the cold particles 

increase. On the basis of information it can be assumed that recoil pressure driven spatters 

(spatter type I), entrainment driven spatters and snow-plow effect spatters (spatter type III) 

are more common than Marangoni effect and recoil pressure driven spatters (spatter type 

II). 

 

Based on the results of test series I for MP1 it can be concluded that increasing the laser 

power does not affect to the number of hot or cold spatters. The velocities of detected hot 

and cold spatters increase when the laser power increases. The number of detected hot and 

cold spatters increases as the scanning speed increases. On the basis of information, it can 

be assumed that recoil pressure driven spatters (spatter type I) and Marangoni effect 

spatters (spatter type II) are prevalent when the laser power increases. When the scanning 

speed increases, Marangoni effect and recoil pressure driven spatters (spatter type II) and 

snow-plow effect spatters (spatter type III) are prevalent. 

 

11.2 Test series II 

Test series II was performed with Jai machine vision camera using Varioptic optics. The 

camera was focused 5 mm above the powder bed. The illumination laser sheet was 

calibrated to the same level. The purpose of the test series II was to test the effects of 

different laser powers and scanning speeds to the spatter mean per image number, spatter 

mean speed number and melt pool dimensions. The test was carried out using EOS 316 L 

material and the used machine was EOS M 290. Test series II consist of 13 different test 

cases which can be found from table 5.  Test position was on left center of the building 

platform when viewed from building chamber door. 
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11.2.1 Mean per image 

The mean per image number corresponds to how many observations there are on average 

in each image. The heat input correlation to the mean per image was tested with both 

materials in test series I. Heat input was calculated using equation 1. The mean per image 

of hot and cold spatters was analyzed for 316 L and compared to the heat input, laser 

power and scanning speed. Results are presented in figure 54, 55 and 56. 

 

  

Figure 54. Mean per image value for 316 L when using different heat input. 

 

It cannot be concluded that increasing the heat input correlates to the number of spatters 

when all test cases are analyzed (which can be seen in figure 54). When analyzing test 

cases SS +30, SS +40 and SS +50 increasing the heat input correlate to the number of hot 

spatters. Number of detected hot spatters increase as the heat input increases in test cases 

SS +30, SS +40 and SS +50, because when using high heat input, the melt pool becomes 

larger, which increases recoil pressure and Marangoni driven spattering (spatter type II). 

The process is moving from keyhole mode to the deep keyhole mode. Number of detected 

hot spatters decrease as the heat input increases in other test cases, because when the heat 

input is increasing the melt pool becomes more stable, which decreases recoil pressure and 
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Marangoni driven spattering (spatter type II). Process is moving from conduction mode to 

the keyhole mode. 

 

 

Figure 55. Mean per image value for 316 L when using different laser power. 

 

The mean per image number of hot spatters decreases as the laser power increases (which 

can be seen in figure 55). It can be concluded that the laser power correlates to the number 

of detected hot spatters when using 316L with R
2
 value 0.88. The number of detected hot 

spatters decreases as the laser power rises, because the forces causing recoil pressure 

driven spatters increases. Recoil pressure driven spatters fly upwards and our current 

measurement system cannot detect the spatters flying straight towards the camera. 

 

The number of cold spatters increases as the laser power increases (which can be seen in 

figure 55). It can be concluded that the laser power correlates to the number of detected 

cold spatters when using 316L, because R
2
 value is 0.98. Mean per image number for 316 

L cold spatters increases as the laser power increases, because the vapor vortex causing 

entrainment driven spatters increase. 
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Figure 56. Mean per image value for 316 L when using different scanning speed. 

 

It cannot be concluded that increasing the scanning speed correlates to the number of hot 

spatters when all test cases are analyzed (which can be seen in figure 56). According to 

statistics R
2
 value is 0.08. When analyzing test cases STD, SS +30, SS +40 and SS +50 

increasing the scanning speed correlate to the number of hot spatters. According to 

statistics R
2
 value is 0.95. Number of detected hot spatters increase as the scanning speed 

increases in test cases STD, SS +30, SS +40 and SS +50, because when using high 

scanning speed the melt pool becomes longer and narrower, which increases recoil 

pressure and Marangoni driven spattering (spatter type II). Process is moving from keyhole 

mode to the conduction mode. Number of detected hot spatters decrease as the scanning 

speed increases in test cases SS -50, SS -40 and SS -30, because when the scanning speed 

is increasing the melt pool becomes more stable, which decreases recoil pressure and 

Marangoni driven spattering (spatter type II). Process is moving from deep keyhole to the 

keyhole mode. 

 

The mean per image number of cold spatters increases as the scanning speed increases 

(which can be seen in figure 56). It can be concluded that scanning speed correlates to the 
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number of detected cold spatters, with R
2
 value 0.80. Mean per image number of cold 

spatters increase when the scanning speed increases, because the vapor vortex causing 

entrainment driven spatters increase. 

 

11.2.2 Mean speed 

Mean speed value corresponds to how fast hot- and cold particles fly in the process. The 

correlation of heat input, laser power and scanning speed to the spatter mean speed was 

tested with material 316 L in test series II. Heat input was calculated by using equation 1. 

Mean speed of hot and cold spatters was analyzed for 316 L and compared to the heat 

input, laser power and scanning speed. Results are presented in figure 57, 58 and 59. 

 

  

Figure 57. Mean speed of 316 L hot and cold spatters when using different heat input. 

 

It cannot be concluded that increasing the heat input does not correlate to the mean speed 

of spatters when all test cases are analyzed (which can be seen in figure 57). When 

analyzing test cases except SS -30 %, SS -40 % and SS -50 % mean speed of spatters, 

number of spatters and the number of detected spatters increase as the heat input increases 

because the process is moving from conduction mode to the keyhole mode and therefore 

produces more recoil pressure driven type II spatters. In test cases SS -30, SS -40 and SS -
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50 process is moving from keyhole mode to deep keyhole mode and therefore recoil 

pressure driven spatters (spatter type I) becomes prevalent. 

 

 

Figure 58. Mean speed of 316 L hot and cold spatters when using different laser power. 

 

The mean speed of hot spatters increases as the laser power increases (which can be seen in 

figure 58). It can be concluded that laser power correlates to the hot spatters mean speed 

when using 316 L with R
2
 value 0.96. Mean speed for hot spatters increase as the laser 

power increases, because forces causing Marangoni effect and recoil pressure (spatter type 

II) increase.  

 

The mean speed of cold spatters is increasing as the laser power is increasing (which can 

be seen in figure 58). It can be concluded that the laser power correlates to the mean speed 

of detected cold spatters when using 316 L with R
2
 value 0.93. The mean speed of the cold 

spatters increases as the laser power increases, because vapor vortex causing entrainment 

driven spatters increase.  
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Figure 59. Mean speed of 316 L hot and cold spatters when using different scanning 

speed. 

 

It cannot be concluded that the scanning speed correlates to the mean speed of hot spatters 

(which can be seen in figure 59). According to statistics R
2
 value is 0.32. This can be 

explained by different spatter types in the test cases.  For example, in the test cases SS -50 

%, SS -40 %, SS -30 % and STD, as the scanning speed increases the heat input decreases 

which reduces Marangoni effect. The number of Marangoni effect and the recoil pressure 

driven large spatters (spatter type II) decrease. The number of recoil pressure driven 

spatters (spatter type I) increases which causes increasing of the mean speed. In the test 

cases SS +30 %, SS +40 % and SS +50% heat input decreases as the scanning speed 

increases. Melt pool becomes longer and narrower which causes Marangoni effect and 

recoil pressure driven spattering (spatter type II). When using high scanning speeds, the 

melt pool becomes unstable and therefore, snow-plow effect spattering (spatter type III) 

increases. These larger and slower spatters (spatter types II and III) causes decreasing of 

the mean speed.  

 

It cannot be concluded that the scanning speed correlates to the mean speed of detected 

cold spatters when all test cases are analyzed with R
2
 value 0.07 (which can be seen in 

figure 59). When analyzing test cases SS +30 %, SS +40 % and SS +50 % mean speed of 
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cold spatters decrease as scanning speed increases because high scanning speeds causes 

slow snow-plow effect driven spatters (spatter type III). 

 

11.2.3 Melt pool dimensions 

Melt pool dimensions corresponds to how long and wide the melt pool is in the process. 

The correlation of heat input, laser power and scanning speed to the melt pool dimensions 

was tested 316 L in series II. Heat input was calculated by using equation 1. Melt pool 

length and width was analyzed for 316 L and compared to the heat input, laser power and 

scanning speed. Results are presented in figure 60, 61 and 62. 

 

 

Figure 60. Melt pool dimensions of 316 L when using different heat input. 

 

It can be concluded that the width of the melt pool correlates to the heat input with R
2
 

value 0.87 (which can be seen in figure 60). It cannot be concluded that the heat input 

correlates to melt pool length with R
2
 value 0.20. The width of the melt pool remains 

almost constant when the heat input increases. This can be explained by the surrounding 

un-melted powder working as an insulation. The length of the melt pool has large variation 

when increasing the heat input, because heat transfers to the melted track rather than the 

un-melted powder.  
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Figure 61. Melt pool dimensions of 316 L when using different laser power. 

 

The length and width of the melt pool increases as the laser power increases (which can be 

seen in figure 61). It can be concluded that the laser power correlates to melt pool length 

with R
2
 value 0.99, and width with R

2
 value 1.00. Increasing the laser power influences 

more to the melt pool length than width because the surrounding un-melted powder works 

as an insulator and heat transfers to the melted track rather than the un-melted powder.  
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Figure 62. Melt pool dimensions of 316 L when using different scanning speed. 

 

The length of the melt pool increases as the scanning speed increases (which can be seen in 

figure 62). It can be concluded that the scanning speed correlates to melt pool length with 

R
2
 value 0.97. The width of the melt pool decreases as the scanning speed increases (which 

can be seen in figure 62). It can be concluded that the scanning speed correlates to melt 

pool width with R
2
 value 0.99.  Increasing the scanning speed increases the melt pool 

length and decreases the melt pool width, because heat input decreases as the scanning 

speed increases. When the scanning speed increases the melt pool does not have enough 

energy to expand in the widthwise direction. Therefore, melt pool width decreases.   

 

Based on the results of test series II for 316L it can be concluded that increasing the laser 

power will decrease the number of hot spatters, increase the number of cold spatters, 

affects to the mean speed of hot or cold spatters and increase the melt pool length and 

width. Increasing the scanning speed does not correlate to the mean per image number of 

hot spatters. Increasing the scanning speed affects to the mean per image number of the 

detected cold spatters. Increasing the scanning speed does not affect to the mean speed of 

hot and cold spatters. As the scanning speed increases, the melt pool length increases and 

width decreases. On the basis of information, it can be assumed that recoil pressure driven 
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spatters (spatter type I), entrainment driven spatters and snow-plow effect spatters (spatter 

type III) are more common than Marangoni effect and recoil pressure driven spatters 

(spatter type II). 

 

11.3 Discussions  

Based on test series I and II, it was concluded that there are two prevalent mechanisms 

causing the spattering, depending on the phase of the process. Entrainment driven 

spattering is prevalent in the beginning of the standard process (conduction mode) before 

the laser beam has created a keyhole. The recoil pressure driven spattering becomes 

prevalent when the keyhole is formed (keyhole mode). Usually during the same laser stripe 

both of these mechanisms affect to the spattering depending on the melt pool depth and 

stability. The entrainment driven spatters are small (10-20 µm) and fast (10-20 m/s) and in 

the recoil pressure the spatters are large (50-70 µm) and slow (1-3 m/s). The mid-zone is in 

between of these mechanisms. In the mid-zone the spatter size is between 15-35 µm and 

velocity between 1-10 m/s. Different spattering mechanisms are shown in figure 63. 

 

 

Figure 63. Different spattering mechanisms compared by ejection velocity and spatter 

size.  
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Higher productivity in AM is always desirable and therefore, faster scanning speed. Fast 

scanning speed causes instability to the melt pool, which causes elongation. Elongation can 

break from the melt pool creating balling defect. As the scanning speed increases the melt 

pool becomes shallower, length increases and width decreases, which increases Plateau-

Rayleigh instability. As the melt pool becomes unstable it produces more hot and cold 

spatters (spatter type II) than the stable melt pool. It is therefore important to study the 

behavior of the melt pool in addition to the spatters. As the laser power is decreasing, the 

length and width of the melt pool is decreasing causing shallower melt pool, which 

increases the melt pool instability. However, high laser power causes strong Marangoni 

flow in the melt pool, which increases the number of spatters (spatter type II). High laser 

power increases vapor vortex around the melt pool, which causes the laser beam to scatter 

if the gas flow does not disintegrate the formed plasma cloud. High laser power causes 

deep keyhole, which increases the surface roughness of the build part. 
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12 CONCLUSIONS 

 

 

Experimental set-up for spatter monitoring analysis system using machine vision camera 

and illumination laser was carried out in this thesis. This set-up and the measurement 

method provide the possibility to investigate the spatter phenomenon and melt pool 

behavior for better understanding of the process. 

 

This thesis focused on the spatter analysis system hardware design, manufacturing and 

development. Linear rail with zero mounting system was selected for the spatter analysis 

system, because it minimizes user-specific variation, ensures the best repeatability between 

the tests and makes it possible to image left side of the building platform. JAI-GO-5100-

USB was chosen as a camera, because it has the smallest physical size, high resolution 

sensor and stock-ready protection enclosure. Caspian C-39N0-250 liquid lens was chosen 

as optics because it was the only commercially available liquid lens for 2/3″ sensor size 

with variable iris. Oseir HiWatch was chosen as an illumination laser, because it was 

compatible with Osirec analysis software and it can illuminate also cold spatters.  

 

The installation of the hardware of the measurement system was carried out inside the 

building chamber, on the left side of the chamber. Both sides of the building chamber 

could be investigated, but because it is hard to create even gas flow over the whole 

building platform, the left side was chosen to be investigated in this thesis. The left side of 

the building platform is located further from the illumination laser than the right side which 

makes it also a better location to test the illumination laser performance in the spatter 

illumination. 

 

Testing of the measuring system was carried out by EOS. Measurement systems were 

tested in different temperatures (19 to 50 °C) and in different atmospheres (argon and 

nitrogen) within the building chamber of EOS M 290. The measurement system was found 

to work under different conditions and locations inside of the EOS M 290. The 

measurement procedure was also tested with different number of images and different 

number of layers to be imaged. Based on the results, an optimal number of 200 images 

from ten different layers per test case were selected as a measurement procedure, whereby 
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the effect of laser stripe angle can be minimized. The answers for the research questions set 

at the beginning of the thesis are as follows: 

 

1. How spatters are defined? 

In this thesis the spatters are defined as recoil pressure driven spatters (spatter type I, II and 

III) and entrainment driven spatters (type 1, type 2 and type 3). Recoil pressure and 

entrainment driven spattering produce hot and cold spatters. Hot spatters are recognized 

from their emitted light and cold spatter from the three-point series created by the 

illumination laser. 

 

2. How do spatters form? 

The spatters are ejected from melt pool and vapor vortex created by the process laser and 

powder bed interaction. Type I spatters are formed deep inside of the melt pool. Recoil 

pressure forms metallic jet upwards along the laser beam which ejects hot spatters. Type II 

hot droplet spatters are formed in the melt pool and are ejected in reverse scanning 

direction by Marangoni effect and recoil pressure. Type III powder spatters are formed in 

front of the melt pool which ejects hot spatters. Entrainment driven spatters are formed 

when the process laser beam creates rapidly moving vapor vortex around it. Type 1 

subsumed spatters are absorbed into the melt pool. Type 2 cold spatters rise up from 

powder bed because of the vapor vortex, but do not hit to the laser beam. Type 3 hot 

spatters are type 2 cold spatters which hit to the laser beam. 

 

3. How it is possible to image spatters with machine vision camera? 

The machine vision camera used in this spatter analysis system images in monochrome. 

The camera detects the wavelength that hot spatters produces, and therefore is able to 

image the hot spatters. Cold spatters are illuminated with the illumination laser making 

them visible for the camera. The process is imaged from above, which enables detecting 

the spatters in xy-plane. 

 

4. How spatters can be measured with this imaging system? 

The spatters are measured with the spatter analysis system that was designed specifically 

for this thesis. The system measures the size of the spatter by first calculating the true pixel 

size (dividing field of view by resolution) and then by calculating how many pixels the 
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spatter illuminates. The speed of spatters can be measured by calculating how many pixels 

the spatter has moved during the exposure time of the camera. 

 

5. How the measurement system was built to be suitable for 

monitoring spatters and melt pool with EOS requirements? 

The hardware was tested in test series I, and the information gathered from test series I was 

used as a base for the changes in the hardware for test series II. The measurement system 

was designed to work in the best possible way in the EOS M 290 and only the best 

available components were used. DFMA and final users were taken into account in the 

designing process. A zero-point mounting system was designed to minimize the variation 

caused by users. The measurement system was designed to be as simple as possible to 

move to different locations in the machine, and to be easily removed from the machine 

without using any tools. The focus does not change even if the measurement system is 

removed from the machine and placed back inside. 

 

6. What limitations spatter analysis systems have? 

The spatters that are flying straight towards the camera cannot be detected with this 

measurement system set-up because the camera is placed above the building platform. The 

true pixel size (field of view divided by resolution) limits the size analysis of the melt pool 

and spatters. The length and power of the illumination laser pulse limits the speed analysis 

of spatters. Because of the zero-point mounting system it is possible to image only in the 

left side of the building platform at the moment. 

 

7. How measured data can be used in research and development 

department? 

Measured data can be used to determine in which mode (conduction or keyhole) the 

process is currently at. This information helps the R&D department in material parameter 

development and fine-tuning the current processes. The data received from the melt pool 

dimensions assists parameter development by finding faster the optimal laser power -

scanning speed combination. The measured data can be used as a link between the process 

and hardware development departments.  
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13 FURTHER STUDIES 

 

 

Spatter analysis system for DMLS process was designed and implemented in this thesis. 

The next logical step in further development of this system would be to inspect the multi 

fiber illumination laser with diffusors. The idea is to illuminate the whole platform because 

changing the place of the illumination laser and leveling it takes lot of time and increase 

user based variation. Creating enough pulse energy with one fiber using engineered 

diffusor produces technical problems. If the whole platform is to be illuminated, the 

illumination curtain needs to be created from four different spots. Further research should 

be focused on using different wavelengths on illumination, for example currently used 802 

nm wavelength over exposes melt pool monitoring data and that is why it is important to 

find another suitable wavelength for illumination. Illumination laser with wavelength 405 

nm could be more suitable for this kind of measurement system because the cameras have 

better quantum efficiency on visible (VIS) wavelengths than near-infrared (NIR) 

wavelengths. There are no commercially available 405 nm laser that is suitable for this 

system and therefore, it was not used in this thesis. The laser should have been specially 

designed and manufactured which would not have been possible at this time. With higher 

quantum efficiency images have less background noise. 

 

Another important topic for further development area is the camera and liquid lenses. 

Camera should have a larger image sensor and because of that more pixels in the same 

field of view. When the number of pixels in the used field of view is increasing, the true 

pixel size is decreasing. The smaller true pixel size makes it possible to measure melt pool 

size and spatter size more precisely. At the moment there are no commercially available 

liquid lenses for larger image sensor than 1″. That is a technical limitation for the use of 

high resolution cameras. 

 

This thesis focused on imaging the left side of the building platform. The next step would 

be to image the rest of the building platform, because it was noticed that the location has 

influence to the quality of the part. Therefore, new and more functional mounting system 

should be designed. It was also noticed that different locations have different laminar 

shield gas flow depending on the location on the platform. For this reason, the Schlieren 
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imaging could be used for finding out the veritable gas flow on different locations. The 

Schlieren imaging is based on the density of transparent substance temperature differences 

or a different chemical composition. That causes changes in the substance refractive index. 

The Schlieren image shows the gas flow streams and turbulence. It was observed that the 

shield gas pressure and flow rate has effect on denudation zones and therefore, the 

influence of gas flow in the chamber to the spattering should be studied. Building chamber 

gas pressure has the more influence on denudation phenomenon compared to the laser 

power which can be seen as the surface roughness of the build part and it can be measured 

with confocal microscopy.  

 

This thesis studied only two steel based materials, chromium-nickel stainless steel 316L 

and cobalt chrome MP1. Therefore, all materials and processes developed by Electro 

Optical Systems should be investigated. According to the comparison of the results for 

316L and MP1 the spattering phenomena was material specific. 

 

The depth of melt pool should be measured from metallographic sample to find out if the 

process is in the conduction mode, transition mode or keyhole mode. It is important to find 

the correlations between the processing mode and the number of spatters. In the current 

hardware measurement set-up an error on the focus plane is induced due to the position of 

the camera, it is in a small angle in relation to the building platform. That causes an error 

on the focus plane. It is possible to decrease the focus plane error with a Sheimpflug 

adapter by decreasing the angle between the focus plane and the building platform. 

Sheimpflug adapter makes it possible to tilt lens, which decreases the focus plane error. In 

the future it would be also suitable to test other commercially available image-based 

particle velocimetry software and compare the software features to the software used in 

this thesis. 
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