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Abstract 

Laser metal deposition (LMD) is a blown powder process used for the additive manufacturing of large com-

ponents or the generation of functional geometries on semi-finished parts. In LMD laser intensity and pow-

der mass flow distribution within the process zone must be precisely matched for a welding bead of prede-

fined shape and a consistent layer quality. Therefore, the present work analyses the powder stream of a single 

injector that is commonly used for discrete coaxial nozzles in LMD. Several powder size classes are investi-

gated in a range of 45 μm and 106 μm. The influence of carrier gas flow rate and powder mass flow rate 

variations on powder stream characteristics like particle velocity and propagation were determined up to a 

distance of 10 mm from the nozzle by high-speed imaging at a frequency of 30 kHz with a high spatial reso-

lution. It was found that particle velocity depends mainly on carrier gas flow rate and particle size. Addition-

ally, the measurement shows that the divergence increases for higher distances and higher particle sizes. 
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1 Introduction 

Additive manufacturing is a production technology with increasing importance for metallic component pro-

duction. Not only prototypes can be additively built, also the number of additively built end products in-

creases steadily. Laser metal deposition (LMD) utilizes blown powder, making it a freeform process. This 

brings advantages for the achievable size of components, compared to other laser additive processes. The 

achievable geometric resolution and build rate are highly dependent on the powder supply to the process 

zone. Due to the extensive developments in the past decades, numerous different system technologies for 

powder feeding and powder nozzles have been established on the market. In general, the powder feed sys-

tems are differentiated into lateral and coaxial systems.  

The importance of the powder stream characteristics in LMD is already addressed in many studies. Prasad et 

al. showed that a powder stream that is well-focused to the melt pool does not only lead to a better catchment 

efficiency but can also lead to better geometrical tolerances [1]. A lower velocity of the particles, as well as 

lower particle size and higher bonding temperature are beneficial for a better catchment efficiency [2]. An 

increase in carrier gas flow rate leads to a higher divergence of the powder stream, as well as to a decrease of 

powder concentration [3]. Additionally, a high carrier gas flow rate can lead to an increased spatter genera-

tion during the deposition process [4]. Balu et al. showed that the density, shape, and diameter of powder 

particles play a key role for stable powder flows [5]. Smurov et al. investigated the influence of particle size 

on the divergence for annular gap nozzles. Their model shows a strong increase in divergence with a particle 

size increase from 20 µm to 80 µm [6]. 

Previous work took a detailed look at the influence of wall roughness on the simulation of particle propaga-

tion behavior [7], as well as at the powder propagation behavior on a macroscopic scale [8]. This paper pre-

sents a high-speed and high-resolution imaging technique to gain a detailed insight into powder stream be-
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havior, with the ability to automatically trace thousands of particles and measure their velocity and diver-

gence. Different particle fractions were examined to obtain a deeper understanding of the influence of parti-

cle size on the powder stream behavior. 

2 Experimental 

2.1 Material 

Stainless steel 316L powder material was used with a powder size of 45 µm to 106 µm according to the 

manufacturer. The sieve analysis from the manufacturer can be found in Tab. 1. The powder was sieved be-

fore experiments using the following mesh sizes: 45 µm, 53 µm, 63 µm, 71 µm, 80 µm, 90 µm, 100 µm and 

106 µm, resulting in nine different size fractions. Of the seven used fractions, a SEM picture was taken to 

evaluate fraction specific morphologies (see Fig. 1). 

Tab. 1:  Sieve analysis from powder manufacturer. 

< 38 µm (%) 38 µm – 45 

µm (%) 

45 µm – 53 

µm (%) 

53 µm – 63 

µm (%) 

63 µm – 90 

µm (%) 

90 µm – 106 

µm (%) 

106 µm – 125 

µm (%) 

> 125 µm (%) 

0.0 1.7 15.5 16.5 49.3 16.9 0.1 0.0 

 

 
Fig. 1:  SEM images of each sieved powder fraction. 

2.2 Setup and Analysis Method 

A powder feeder from Oerlikon Metco (type TWIN-150) was used. The powder was fed using Argon as 

carrier gas with variable gas flows. A single jet powder nozzle was used for these studies, which was verti-

cally directed. The nozzle consists of a ceramic inner tube with a copper outer shielding. The opening has a 

diameter of 1.7 mm. The powder mass flow rate was varied between 1 g/min and 6 g/min with a constant 

carrier gas flow rate of 2.5 l/min. The carrier gas flow rate was varied between 1 l/min and 5 l/min with a 

constant powder mass flow rate of 3 g/min. A high-speed camera (Vision Phantom Research VEO410L) was 

used to observe the particle flow in combination with an illumination laser (Cavitar Cavilux HF). The illumi-

nation laser was directed at a white sheet of paper behind the powder flow to achieve a high contrast between 

powder particles and background, see Fig. 2. 

All high-speed videos were recorded at 30 kHz with an image size of 384 px × 376 px. One pixel width is 

equivalent to 26.27 µm. Each parameter set was recorded in at least 13,000 frames, this equals 433.3 ms. A 

LabView based program was used to analyze the obtained videos. From the first 5,000 frames a background 

model was created by calculating a mean frame. For each frame the background model was used to calculate 

the absolute difference. This image was then binarized and used for particle detection. Particles from each 

frame were then searched in the next frame. If they could be detected the distance between the particles in 

the frames was measured. Thus, particles were traced through multiple frames, making it possible to gain a 

mean velocity per particle and counting unique particles. See Fig. 2 for an exemplary analysis of one frame. 
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Fig. 2:  Sketch of the experimental setup for high-speed imaging and exemplary analysis of one frame. 

3 Results and Discussion 

Fig. 3 shows the counted particles for the varied powder mass flow rate for each of the sieved particle frac-

tions. The background coloration shows the theoretical number of particles for each fraction, calculated for 

ideal spheres, over a conveying time of 433.3 ms. The counted particles from the high-speed videos are in 

good accordance with the calculated amounts, except for the particle classes 45 µm – 53 µm and 100 µm – 

106 µm.  

An explanation as to why the biggest fraction differs to calculated values can be found in the shape of the 

particles. Fig. 1 shows that the particles in the faction from 100 µm to 106 µm show defects in respect to 

their shape being more elongated than in the other fractions. During sieving these elongated particles fit 

through meshes with their smaller side. This makes for bigger particles in this fraction and thus fewer parti-

cles. Smaller particles, on the other hand, appear lighter in the recordings. Due to this it could happen that 

not enough contrast is given to the background to safely track one particle through multiple consecutive 

frames. 

 
Fig. 3:  Particles tracked in recordings for different powder mass flow rates. 

Tracked particles for different carrier gas flow rates can be seen in Fig. 4. Overall, the particle fractions show 

an almost constant number of particles for different carrier gas flow rates. Exceptions are the values for the 

smallest amount of carrier gas (1 l/min) and for smaller particle fractions with higher carrier gas flow rates.  
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All particle fractions show a reduced number of particles with only 1 l/min carrier gas flow rate, this could 

be due to insufficient carrier gas flow. For the particle fractions -106 µm +90 µm this carrier gas flow rate 

was not able to transport the particles. A reduced amount of smaller tracked particles (-63 µm +45 mm) for 

higher carrier gas flow rates can be traced back to the analysis method where particles need be tracked 

through multiple consecutive frames to be taken into account.  

 
Fig. 4:  Particles tracked in recordings for different carrier gas flow rates. 

Calculated particle velocities for variated powder mass flow rates and variated carrier gas flow rates are 

shown in Fig. 5. The particle velocity remains nearly linear with in an increase of powder mass flow rate. 

Smaller particles (-63 mm +53 µm) show a higher velocity than larger particles (-106 µm +100 µm). An 

increase in carrier gas flow rate leads to an increase in particle velocity for all particle fractions as well as for 

the as received powder (-106 µm +45 µm).  

Since the amount of particles within the powder stream is very low [3] an increase in powder mass flow rate 

does not lead to collisions of particles which would slow them down, leading to constant particle velocities 

with increasing powder mass flow rates. With a constant tube diameter for the carrier gas an increase in flow 

rates leads to higher gas velocities and thus to higher particle velocities. Light particles will be more acceler-

ated by the gas flow. For both, variated powder mass flow rate and carrier gas flow rate the velocities for the 

as received powder is close the particle fraction -80 µm +71 µm. A possible reason for the is the high amount 

(49.3%) of particles in the as received powder in the range of 63 µm – 90 µm. 

The divergence angle (half angle with respect to center line) of the powder after the nozzle exit can be seen 

in Fig. 6. An increase in powder mass flow rate leads to a decrease of divergence for all particle fractions. 

Smaller particles lead to a smaller divergence. For an increase in carrier gas flow rate the divergence increas-

es, again the divergence is smaller for smaller particles.  
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Fig. 5:  Particle velocity for variated powder mass flow rate and variated carrier gas flow rates for selected particle fractions. 

 
Fig. 6:  Divergence angles (half angles with respect to center line) for variated powder mass flow rate and variated carrier gas flow rates for selected 

particle fractions. 

4 Conclusion 

High-speed and high-resolution imaging of the powder stream gives a detailed understanding of the influ-

ence parameters have on the powder stream. This is crucial to further improve laser metal deposition in re-

gard to geometrical accuracy as well as improving the material utilization, making the process more econom-

ical. It is not only possible to measure the particles velocities and powder divergence but also to count single 

particles and tracking them through multiple frames. 

Smaller particle fractions lead to an overall smaller divergence and higher particle velocities for all parame-

ter variations. 
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