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A B S T R A C T   

Additive Manufacturing with aluminium alloys is a subject of increasing industrial interest. Directed Energy 
Deposition using high power lasers and a powder feed is a useful option but the interactions between the powder 
stream and the laser beam are not completely understood. It is well known that the powder particles heat up in 
the laser beam and some theoretical models predict that they can reach their vaporisation temperature and have 
their flight path altered by the associated recoil pressure. In order to learn more about these phenomena, powder 
streams were observed with a high-speed camera at different laser powers (up to 6 kW) and with three batches of 
powder (AlSi10Mg) of different particle sizes. The results showed an increase of powder focussing with increased 
laser power. In addition, some particles were found to disintegrate in the laser beam. It is demonstrated that 
particle disintegration is most likely to be caused by the momentum induced by the recoil pressure.   

1. Introduction 

Additive Manufacturing (AM) of aluminium is a very competitive 
way to produce advanced lightweight structures. The most commonly 
used aluminium alloys in AM are the silicon bearing 4000 series 
(especially AlSi10Mg) that were first tailored for casting because of their 
high flowability. When it comes to processing aluminium the two main 
AM techniques employed are Laser Powder Bed Fusion (LPBF) for high 
precision [1–3] and Wire-Arc Additive Manufacturing (WAAM) for high 
deposition rates [4–7]. However, another alternative is the use of Direct 
Energy Deposition (DED) [8–10]. Very few DED applications exist for 
aluminium alloys, mostly due to their high reflectivity and high thermal 
conductivity [11]. Even though the process window is smaller than for 
other materials, processing of aluminium with DED has proved to be 
possible, giving high density parts and suitable material properties 
[8–10]. 

In the DED process, the powder is usually blown coaxially to a laser 
beam, which means that the powder path starts outside the laser beam 
and converges on its centre. The laser beam energy is used to both heat 
up the powder and melt the substrate plate positioned at the powder 
focus. The powder incorporates into the melt pool that then gains in 
height, generating a track [11]. There is a complex interaction between 
the laser beam and the incoming powder stream where part of the laser 
power is absorbed by the powder particles and is not directly 

transmitted to the melt pool. This power attenuation depends on the 
nozzle used, the powder mass flow rate and the powder particle size. The 
overall power attenuation on the processing plane has been measured 
and calculated by different studies and was found to be approximatively 
10–20% [12,13]. However, the power attenuation is not homogeneously 
distributed. Depending on the geometry of the powder stream and of the 
laser beam, the power attenuation can vary depending on the distance 
from the central axis [14]. The power attenuation also depends on the 
plane on which it is measured. At a greater distance below the pro-
cessing plane, the power loss was found to be locally up to 60–75% on 
the central axis [14,15]. In general, smaller particles or a higher powder 
feeding rate result in an increase of laser power attenuation [12,14]. The 
laser power attenuated is either reflected or absorbed by the powder 
particles depending on the powder material absorption coefficient. Most 
of the light energy absorbed by the particles is transformed into thermal 
energy causing the particles to heat up, while some of it is lost through 
radiation and convection. One part of the laser beam energy lost in 
power attenuation is therefore transferred to the powder that subse-
quently encounters the melt pool. Thus, the power attenuation is 
partially counteracted by the subsequent addition of the particle’s 
thermal energy to the melt pool [15]. 

The temperature of a powder particle in the laser beam depends on 
the material properties, the particle size and the particle path through 
different laser beam intensities. Different studies have investigated the 
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heating of steel, nickel alloy and cobalt-chromium alloy particles during 
the DED and laser cladding processes. It has been noticed that the par-
ticle’s temperature increases with: decreased particle size, decreased 
speed and increased laser beam intensity [13,14,16–20]. While melting 
was not achieved with these materials under regular DED process con-
ditions, it is most likely achieved in Extreme-High-Speed Laser Cladding 
(EHLA) where smaller steel particles are blown at lower speed in a more 
focussed laser beam compared to what is used in DED or regular laser 
cladding [21,22]. As noted earlier, the conditions for melting the par-
ticles is dependent on the material properties of the powder, and what is 
observed with steel will be different to what happens with aluminium. 

Aluminium has on one hand a lower melting temperature, but on the 
other hand a lower absorption coefficient for infrared laser radiation. 
Also, aluminium has a higher specific heat and a higher latent heat of 
fusion compared to steels. It will therefore behave differently, and in- 
flight particles might reach the liquid state in DED. Aluminium is 
known to have a high thermal contraction during solidification, which 
leads to high shrinkage and solidification cracks [23,24]. The reverse 
phenomenon occurs when the material heats up. This means that the 
particle size will increase when the powder crosses the laser beam 
[25–27]. As an example, the volume of an aluminium particle increases 
by 11.44% from room temperature to its liquid state [26]. 

Another consequence of the temperature increase could be the gen-
eration of recoil pressure. This pressure acts upon all liquids as they give 
off vapour and increases strongly as liquids boil [28,29]. The current 
model of the recoil pressure defines it as the conservation of momentum 
between the vapour and the liquid surface [30,31]. Recoil pressure is, 
for instance, responsible for the creation of the keyhole in laser welding 
and other laser processes. It can have a significant effect on the powder 
particles trajectory if their temperature reaches the melting temperature 
[32]. However, the theoretical models of the recoil pressure show 
important discrepancies with experimental results, and empirical 
models are usually preferred to accurately represent the recoil pressure 
for specific applications [28,33,34]. In addition, independently from the 
particles temperature, radiation pressure has an effect on any material 
submitted to light, especially to intense laser irradiation [35]. It is a 
weak pressure that is usually neglected in most processes but it has 
proven to be strong enough to transport glass, nickel and alumina par-
ticles with a size of approximately 10 µm [36]. The radiation pressure 
increases with the reflectivity of the material, thus its effect on 
aluminium particles will be discussed in the present study. 

The effect of laser irradiation on powder stream in DED and laser 
cladding has been studied, mostly theoretically, based on the recoil 
pressure [37,38]. In this work Kovaleva et al. found that, although the 
parameters they chose for the simulations should have resulted in par-
ticles which were accelerated and highly deviated from their original 
trajectory, no significant difference of speed was observed experimen-
tally [39]. 

In the design of a coaxial nozzle, the calculations of powder trajec-
tory only take into account the effects of the gas flow but not the effects 
of the laser irradiation [40–42]. Significant theoretical work has been 
performed towards a better understanding of the recoil pressure and its 
effect on powder particles, which was only partly experimentally proven 
or validated. 

In addition to the deviation of the powder particles trajectory, some 
particular effects might happen to the particles if they melted. When a 
bulk solid material is initially irradiated by a laser beam the newly 
created thin layer of liquid can splash. This is explained by the high 
momentum transmitted by the recoil pressure to a very small volume of 
liquid [43]. This phenomenon is common at the beginning of laser spot 
welds and in laser percussion drilling [44,45]. The same phenomenon 
can also lead to the disintegration of powder particles, since the volume 
of liquid (if melting is achieved) is very small. This phenomenon was 
observed with water droplets submitted to an intense laser pulse [33,34, 
46]. In the case of aluminium, the thermal expansion could also 
contribute to the disintegration of a liquid particle. Both these 

possibilities will be investigated and discussed in the present study. 
Imaging the powder with a camera is a suitable way both to observe 

how powder particles are affected by the laser irradiation, and to obtain 
a 2-D representation of the powder stream after overlaying a high 
number of frames [47,48]. High-speed imaging (HSI) of the powder 
stream is a suitable technique if the recording frequency is high enough 
to distinguish the particles. This usually requires a frame rate above 10, 
000 fps. In order to see the particles clearly an illumination laser is used 
to illuminate the process [49,50]. The present study used these tech-
niques in order to show the effects of laser irradiation on AlSi10Mg 
powder during DED. 

2. Methodology 

2.1. Experimental method 

The powder stream characteristics from a DED coaxial nozzle were 
investigated. No substrate plate was used in order to investigate the 
powder stream above and below the powder focus, as shown in Fig. 1. 
The powder was blown through a COAX14-V5 Nozzle (provided by 
Fraunhofer IWS) where the powder is transported in the argon carrier 
gas and focussed at a working distance of 13 mm. A 15 kW Ytterbium 
fibre laser was used to produce a laser beam that was focussed 40 mm 
above the nozzle working distance. The experimental parameters 
relating to the powder stream and the laser beam are listed in Table 1.  
Fig. 2 displays measurements of the laser beam profile and the laser spot 
intensity at the powder focus, where the laser spot was 4.4 mm in 
diameter and the intensity profile was Gaussian-like. 

The AlSi10Mg powder used was gas atomised and provided by IMR 
metal powder technologies GmbH. It had a particle size distribution 
from 21 µm to 127 µm with a median size of 54.1 µm, as displayed in  
Fig. 3. In order to investigate the influence of the particles size, the 
powder was sieved into three batches: <40 µm, 40–63 µm and 
63–75 µm. For each batch, different DED experiments were carried out 
with laser powers of: 0 kW, 2 kW, 4 kW and 6 kW. The powder was fed 
with a powder feeder with a feed rate of 4 g/min. 

A Photron Fastcam Mini UX100 high-speed imaging (HSI) camera 
was used with a Nikon AF Micro-Nikkor ED 200 mm s/4D IF lens. It was 
placed orthogonally to the nozzle axis to record the powder stream both 
above and under the powder focus (Fig. 1). The camera sensor consisted 
of 1280 × 480 10 µm size pixels. Two illumination lasers were used to 
illuminate the entire powder stream with a continuous power of 45 W 
and a wavelength of 810 nm. A narrow band-pass filter (of the same 
wavelength) was used to block the laser scattered light and most of the 
process light, so that the reflections from the illumination lasers were 
visible on the HSI camera. The camera recorded at 10,000 fps with 
different shutter times and apertures depending on whether the video 
was recorded with or without illumination laser. As can be seen in  

Fig. 1. Set-up of the DED process with imaging equipment.  
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Table 2, this difference of settings resulted in a very minor change of 
depth of field, which was about 2 mm and is represented in Fig. 1. It is 
important to notice that at the powder focus the entire powder stream 
was within the depth of field and was visible on the video, whereas the 
powder stream more distant from the powder focus was not entirely 
visible. In these areas, only a cross-section of the powder stream was 
visible. All 12 experiments (three powder batches combined with four 
laser powers) were recorded with illumination. Five experiments were 
repeated and recorded without illumination to observe the particles 
glowing while heating up: three experiments at 6 kW laser power with 
each powder batch plus two experiments with the 40–63 µm powder 
batch at 2 kW and 4 kW laser power. 

2.2. Image processing procedure 

Based on each HSI video, a map of powder density (which refers to 
the number of powder particles per unit of volume) throughout the 
camera field of view was drawn according to the procedure executed in 
Matlab® and illustrated in Fig. 4. The first step was to transform each 
frame from a greyscale (representing the light intensity captured by the 
camera for the wavelength 810 nm) to a binary black and white image 
with a threshold of 0.1. Simulations with different thresholds showed 
that a lower threshold induced too much noise in the binary image, 
while a higher threshold decreased the detectability of small particles. 
After the binary transformation, the particles appeared as white (value 
1) and the background as black (value 0). The second step was to merge 
1000 binary frames into one compilation image in a way that the value 
of each pixel of the compilation image equalled the sum of the original 
pixel values on each of the 1000 frames, as defined by: 

Pcomp.,i,j =
∑Nframes

k=1
Pi,j,k, (1)  

where Pcomp.,i,j is the pixel value of the pixel in x-position i and z-position 
j in the image, Pi,j,k is the pixel value of the pixel in position (i, j) on the 
binary frame number k, and Nframes is the number of frames used for a 
density map (1000). The distance that a particle travels from one frame 
to another is considerably larger than the particle size. This means that 
the particles do not overlap from one frame to another, thus that no 
particle can be counted more than once per pixel. In this way the 
compilation image represents in greyscale the number of particles that 
went through each pixel throughout 1000 frames, with a range of 
possible values going from 0 to 255. In order to improve the visual-
isation of the powder density, a final step consisted of transforming the 
greyscale compilation image into a colour image where each pixel was 
given a different colour depending on its value. 

It is relevant to note that these density maps represent a projection of 
a volumetric density within the volume observable by the camera 
(which corresponds to the field of view by the depth of field) on a surface 
(orthogonal to the camera optical axis). The powder density values 
(from 0 to 255) were then normalised to the average number of visible 
particles per frame for each video, which varies depending on the par-
ticle size and fluctuations in the powder feeder. The normalisation was 
calculated according to the equation: 

Table 1 
List of experimental parameters.  

Parameter Value 

Nozzle working distance 13 mm 
Carrier gas flow 15 L/min 
Shielding gas flow 18 L/min 
Laser feeding fibre diameter 0.4 mm 
Focal distance of the collimating mirror 150 mm 
Focal distance of the focussing mirror 250 mm 
Laser defocus at working distance -40 mm 
Beam divergence angle θ 112 mrad  

Fig. 2. Measurements of (a) section of the laser beam profile on both sides of 
the powder focus, (b) the laser spot on the processing plane. 

Fig. 3. Particle size distribution of each batch of powder (data from IMR metal 
powder technologies GmbH). 

Table 2 
HSI camera settings.  

Setting with illumination lasers Value 

Recording frequency 10,000 fps 
Shutter time 5 µs 
Aperture 32 
Depth of field -0.988 to +1.013 mm  

Setting without illumination lasers Value 

Recording frequency 10,000 fps 
Shutter time 40 µs 
Aperture 4 
Depth of field -0.999 to +1.002 mm  

Fig. 4. Procedure to create powder density maps from a powder stream of a 
coaxial nozzle. 
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dnorm., i,j =
Pcomp.,i,j

Npart.Nframesspix
2 × 100, (2)  

where dnorm.,i,j is the normalised powder density as a percentage of the 
visible powder stream per unit area, Npart. is the average number of 
visible particles per frame and spix is the size of a pixel (0.0249 mm). 
Similar powder density maps were obtained from videos recorded 
without the illumination laser, where the pixel values were not nor-
malised. Preliminary test experiments with the same camera settings 
(shutter time of 5 µs and aperture of 32) with laser beam irradiation and 
without illumination did not allow to see any particle. It means that the 
laser beam light reflected on the particles and the thermal radiance of 
the particles are not enough for the particles to be seen by the camera 
with such settings. Thus, it can be assumed that, for the experiments 
carried out with illumination, only the illumination light can reveal the 
particles and that no effect due to the laser beam irradiation can alter the 
results. In order to observe the glowing particles in the experiments 
without illumination, the camera settings were adjusted to be more light 
sensitive (Table 2). One of the limitations of the particle detection 
technique is that some particles of the <40 µm batch are smaller than 
the pixel size on the images (24.9 µm), the smallest particles being about 
20 µm diameter. Thus, it is possible that due to a lesser amount of illu-
mination light reflected, the smallest particles are more difficult to 
detect. This would affect mostly the smallest batch (<40 µm) that would 
appear on the videos as if some of the smallest particles were sieved out 
below a certain size. However, due to the normalisation (Eq. 2), the 
powder density results are comparable from one experiment to another. 

In order to compare different powder density maps, horizontal ‘cross- 
sections’ of these maps were performed, resulting in a powder density 
curve along a chosen axis. To reduce the dependency on local variations 
of pixel value, the values plotted in the graphs were the average values 
of nine vertical pixels: the one on the chosen axis, the four pixels above 
and four pixels below. 

2.3. Particle tracking 

The trajectory of particles over a certain time was investigated in a 
compilation image of n frames recorded without the illumination laser. 
One particle is represented by a succession of n dashes, where the length 
of a dash corresponds to the distance travelled by the particle during the 
exposure time (40 µs), and the distance from the starting points of two 
consecutive dashes corresponds to the delay between two frames 
(100 µs). As a consequence, the length of the dashes and their spacing 
are representative of the particle speed, and for a single particle, the 
cumulative brightness along one dash is representative of the particle 
temperature. Since all videos were recorded at 10,000 fps, the temporal 
resolution of the measurements on the compilation images is 100 µs. 

3. Modelling approach 

3.1. Calculation of temperatures 

Following the aim of understanding better the phenomena seen by 
high-speed imaging, theoretical thermodynamic calculations were used 
to calculate the particles temperature as they travel through the laser 
beam [16]. Based on the assumption that a particle has a homogeneous 
temperature, its variation of temperature was calculated back to its 
variation of internal energy as follows: 

dQ =
4
3

πrp
3ρpcpdT, (3)  

where Q denotes the internal energy of the particle, rp its radius, ρp its 
density, cp its specific heat and T its temperature. The particle internal 
energy can be expressed as a function of its energy inputs and outputs as: 

dQ = dQabs − dQrad − dQconv, (4)  

where dQabs, dQrad and dQconv are respectively the variations of absorbed 
energy, energy lost in radiation and energy lost in convection, which are 
expressed by the following equations: 

dQconv = 4πrp
2h(T − T0)

ds
vp
, (5)  

dQrad = 4πrp
2εσ

(
T4 − T0

4) ds
vp
, (6)  

dQabs = πrp
2AI(r, z)

ds
vp
, (7)  

where h is the convection heat transfer coefficient, T is the particle 
temperature, T0 is the ambient temperature, s is the position of the 
particle on its path, vp is the particle velocity, ε is the emission coeffi-
cient, σ is the Stephen-Boltzmann constant and A is the absorption co-
efficient. I(r, z) is the laser beam intensity at a position r from the central 
axis and a distance z from the focal plane, for a vertical and axially 
symmetrical beam, it is defined as: 

I(r, z) =
2P

πw(z)2 exp
(

−
r2

w(z)2

)

, (8)  

where P is the laser power and w(z) is the laser beam diameter, which is: 

w(z) = w0

(
1 + z2

zR
2

)

, (9)  

where w0 is the focal radius (in this case 0.33 mm) and zR is the Rayleigh 
length (which was measured as 6.0 mm). The temperature was calcu-
lated incrementally by calculating each of the previously presented 
variables as a function of s and combining Eqs. (4)–(9) until calculating 
Eq. (3) (Fig. 5a), where the latent heat of fusion was taken into account. 
All the physical values used in this section were considered constant and 
are listed in Table 3 [16,51]. 

3.2. Disintegration model 

Four possible explanations for the disintegration of a powder particle 
have been identified: a collision between two particles of which at least 
one is liquid, the high kinetic energy transmitted to the liquid by the 
recoil pressure, the shear induced by the carrier gas on the surface of a 
liquid particle, and the thermal expansion of the liquid particle that 
could overcome its surface tension. While the three first possibilities will 
be discussed in Section 5.2, a model of particle disintegration due to 
thermal expansion was developed and tested. Based on experimental 
results from [26], the thermal expansion of an average size particle 
(54.1 µm) was calculated with different heating rates (Fig. 5b). These 
measurements showed a discontinuity of density at the melting tem-
perature due to the change from solid to liquid, while in the liquid state 
the density decreases linearly. When increasing the heating rate the 
density decreases faster. The variation of density of the particle implies a 
variation of radius, as shown in Fig. 6, where an infinitesimal element dV 
is defined by a steradian dθ. The mass of this element is noted dm and its 
outer surface dS = r2dθ. At any time t, the particle radius can be 
expressed as a function of the density as: 

r(t) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3 m

4 πρ(t)
3

√

, (10)  

where r(t) is the radius of the particle, m its mass and ρ(t) its density. 
Deriving Eq. (10) twice gives the radial acceleration of the particle 
surface due to density change: 
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r̈(t) =
r0

̅̅̅̅̅ρ0
3
√

3

⎛

⎝4
3
ρ̇(t)2ρ(t)−

7
3 − ρ̈(t)ρ(t)−

4
3

⎞

⎠, (11)  

where the mass m is replaced by an expression depending on r0 the 
original particle radius, and ρ0 the original density of the powder 
particle. 

While the radial acceleration pushes the particle to expand, the 
surface tension acts in the other direction to keep the liquid particle in a 
spherical shape with a minimum radius. The pressure exerted on the 
particle surface by the surface tension is defined as follows by the Young- 
Laplace equation: 

∆p =
2 γ
r(t)

, (12)  

where Δp is known as the Laplace pressure and γ is the surface tension of 
aluminium, which is approximately 0.85 Pa/m [52–54]. The conditions 
for the radial expansion to overcome the Laplace pressure can be written 
as: 

r̈(t)
dm
dS

> ∆p, (13)  

which, based on Eqs. (11) and (12) can be detailed as: 

4
3
ρ̇(t)2ρ(t)−

8
3 − ρ̈(t)ρ(t)−

5
3 >

18 γ
r0

3ρ0
5
3

(14) 

Even though the function ρ(t) is defined experimentally [25–27], it is 
possible to resolve it in a certain interval. The first assumption is that the 
disintegration of a powder particle occurs in the liquid phase, where ρ(t) 
is linear (Fig. 5b), which means that ρ̇(t) is linearly dependant on the 
heating rate and ρ̈(t) = 0. Thus, Eq. (14) is simplified to only its first 
term, where the variations of ρ(t) have a negligible effect compared to 
the variations of ρ̇(t). ρ(t) can be assumed constant and the thermal 
expansion depends only on ρ̇(t), which directly depends on the heating 
rate. Eq. (13) can be visualised as two curves representing the thermal 
expansion (which depends on the cooling rate) and the surface tension 
(which is assumed to be constant), as shown in Fig. 7. The heating rate 
necessary for the thermal expansion to overcome the surface tension in 
liquid state is about 109 K/s. 

Assuming complete vaporisation of the particle during one disinte-
gration event, one part of the laser beam energy is lost and does not 
reach the melt pool. This energy can be calculated to: 

Fig. 5. (a) Laser beam intensity and particle temperatures on the particle paths 
for the average particle size (solid lines) and minimum and maximum particle 
sizes of each batch (dashed lines) with the maximum heating rate of the 
smallest and largest particles, (b) Thermal expansion of aluminium as a func-
tion of time for different but constant heating rates, data from [26]. 

Table 3 
Physical values used for the temperature calculations.  

Physical quantity Value References 

Specific heat capacity (cp) 850 J/kg K [51] 
Density (ρp) 2 700 kg/m3  

convection heat transfer coefficient (h) 300 W/m2 K [16] 
Ambient temperature (T0) 293 K  
Emission coefficient (ε) 0.09  
Absorptivity (A) 0.05  
Latent heat of fusion (HM) 397 kJ/kg [51]  

r

dS

dθ Infinitesimal element 
of volume dV

dρ < 0

dr > 0

dm

Powder particle

Fig. 6. Sketch of calculation method illustrated on an infinitesimal element 
defined by a steradian. 

Fig. 7. Representation of the thermal expansion (solid line) as a function of the 
heating rate, showing the conditions needed for disintegrating an average 
liquid particle, which is indicated by the Laplace pressure to overcome 
(dashed line). 
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Edis =
4
3

πr0
3ρ0

[
cp(Tv − T0)+Hm +Hv

]
, (15)  

where Hm is the latent heat of melting and Hv the latent heat of vapor-
isation. It is then possible to calculate the power lost to provide this 
energy: 

Pdis =
Edis

∆tdis
, (16)  

where Δtdis is the time required to disintegrate a particle, which was 
measured in the high-speed videos. 

4. Experimental results 

4.1. Powder density distribution 

The density of powder flow, as observed by the HSI camera, was 
established for each experiment according to the procedure detailed in 
Fig. 4 and normalised according to Eq. (2). The powder density maps 
obtained, depending on the powder batch and laser power, are displayed 
in Fig. 8. It is noticeable that for all of these maps, the observed powder 
density is considerably higher close to the powder focus. This is partially 
a real measurement because most of the powder stream focusses in a 
smaller area, but it is also amplified by the fact that the whole powder 
stream is within the camera depth of field only close to the powder focus. 
Further away from the powder focus, only a cross-section of the powder 
stream is visible (Fig. 1). It is possible to see that above the powder focus, 
the powder stream is mostly concentrated in a hollow cone as it is driven 
by the carrying gas. Whereas below the powder focus, the powder 
stream is more dispersed. Comparing one powder batch to another, the 
concentration of particles at the powder focus is higher for the smaller 
particles. When comparing different laser powers on a similar powder 
batch, some differences of powder density are visible. 

In order to better visualise the powder distribution close to the 
powder focus, ‘cross-sections’ were extracted on the processing plane 
(where the powder focusses) and were plotted as curves representing the 
powder density as a function of the distance from the central axis 
(Fig. 9). The graphs show a difference of powder focussing for each 
investigated powder batch and laser power. In general, the particle 
distribution in the processing plane presents a higher peak as the particle 
size decreases (Fig. 9a). For a similar powder batch, the peak of powder 
density increases when the laser power increases (Fig. 9b–d). This dif-
ference of powder focussing is quantified in Fig. 10, where the average 
of powder density values in the central range (calculated from 
− 0.25 mm to +0.25 mm) of each curve is plotted in the graph. Despite 
some minor variations in the measurements, for each of the three 
powder batches, the average peak powder density increases with 
increased laser power. From 0 kW to 6 kW the average peak powder 
density of the powder batches < 40 µm, 40–63 µm and 63–75 µm was 
increased by 27.8%, 21.2% and 52.8% respectively. 

Based on the videos recorded without illumination, powder density 
maps were computed in order to observe the spatial distribution of 
glowing particles. Fig. 11 shows these maps for the three powder batches 
<40 µm, 40–63 µm and 63–75 µm with 6 kW laser power. It possible to 
see that for each image, most of the particles start glowing below the 
processing plane. Another observation is that the overall number of 
glowing particles as well as the maximum pixel value for each image 
increases with decreased particle size (Fig. 11). The number of visible 
particles was measured during the experiments made both with and 
without illumination to calculate the portion of particles which were 
glowing. The percentage of glowing particles is plotted in Table 4 for the 
five experiments recorded both with and without illumination. The 
portion of particles glowing significantly increases with increased laser 
power as well as with decreased particle size. Moreover, the density of 
glowing particles is higher close to the central axis than on the sides 
(Fig. 11). Fig. 12 shows the difference of powder density on the plane 

located 10 mm below the processing plane (Figs. 8 and 11b) for the same 
experiment recorded with and without illumination. It can be noticed 
that, on this plane, the glowing particles recorded without illumination 
are more concentrated close to the central axis (0 position) than the total 
flow of particles recorded with illumination. 

4.2. Behaviour of single particles 

While the results presented in Section 4.1 were focussed on the 
general behaviour of the powder stream, the following results aim at 
understanding the trends in particle densities by investigating how 
single particles are affected by the laser irradiation. In a preliminary HSI 
video analysis of the powder stream without illumination, it was 

<4
0 

μm

No laser 2 kW 4 kW 6 kW

40
-6

3 
μm

63
-7

5 
μm

Normalised powder density (%/mm2) 1.140

5 mm

Processing 
plane

10 mm below 
proc. plane

Fig. 8. Powder density maps obtained from high-speed imaging normalized to 
the total amount of visible particles per video. 
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Fig. 9. Powder density profiles at the powder stream focus, (a) all investigated 
powder fractions without laser emission, and powder particle sizes of (b) 
<40 µm, (c) 40–63 µm, and (d) 63–75 µm at different laser powers. 

Fig. 10. Peak of powder distributions at focus averaged from − 0.25 mm to 
+0.25 mm from the central axis. 

181 28 12

Particles 
disintegrating
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trajectory

Fig. 11. Density maps of particles glowing based on high-speed imaging 
without illumination with a laser power of 6 kW and powder size distributions 
of (a) < 40 µm, (b) 40–63 µm and (c) 63–75 µm. 

Table 4 
Portion of particles glowing in HSI videos using different powder size batches at 
varied laser power.  

Powder batch 2 kW 4 kW 6 kW 

<40 µm – – 40.3% 
40–63 µm 0.0146% 0.386% 5.16% 
63–75 µm – – 2.30%  

Fig. 12. Powder density profiles of the 40–63 µm batch with 6 kW laser power 
10 mm below the processing plane based on videos recorded with and without 
illumination, where the tendency lines are averaged over 9 data points. 
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possible to observe only the particles hot enough to glow and be seen on 
the videos. It was noticed that there were differences in the heating and 
trajectory of individual particles. The majority of particles had a similar 
brightness and speed but few of them had a higher brightness and higher 
speed. Fig. 13 shows a compilation of ten overlaid original frames where 
the greyscale gradient depends on both the particles’ temperature and 
density. The trajectory of each particle over one millisecond is repre-
sented by a succession of ten dashes. On the image (Fig. 13), most of the 
particle dashes have a similar brightness and length except for one 
particle (whose initial and final speed vectors are indicated by blue ar-
rows). This particle starts glowing at a higher position than the others, 
becomes brighter than the others and accelerates as its trajectory is 
deviated. Its initial measurable speed (between the first two appearances 
of the particle) was 16.3 m/s and its final measurable speed was 26.5 m/ 
s after 500 µs, while the other particles kept a steady speed of 
13.3 ± 0.5 m/s. Taking into account that the trajectory angle of the 

particle changed from − 5.5◦ to +10.4◦ (relative to the vertical axis), its 
average acceleration over the 500 µs of measurement was about 
23,000 m/s2, which corresponds to 2300 g. 

Another interesting observation in the HSI videos is the presence of 
particles that disintegrate inside the laser beam. Fig. 13 shows a 
sequence of frames showing particle disintegration during experiments 
recorded without illumination for the different powder batches used. 
During disintegration, the particle is either mostly vaporised (Fig. 14b 
and c) or is split into smaller droplets (Fig. 14d). The disintegration 
events can also be identified in Fig. 11 by the presence of large areas 
(larger than the particles) of low pixel values (mostly 1) above the 
processing plane. The disintegration of particles only occurs a few mil-
limetres above the processing plane and above the zone where the other 
particles start glowing (Fig. 11c and 14a). The observation of particles 
disintegrating was only possible in the videos recorded without illumi-
nation and with highly light sensitive settings (Table 2). The particle 
disintegration events were tracked and counted on the videos. It was 
found that the events happened within 100–600 µs. Their average 
appearance frequency, depending on the particle size and the laser 
power, is shown in Table 5 for the five experiments recorded without 
illumination. Even though particle disintegration is a rare event within 
the total number of visible particles, it can happen up to 340 times per 
second during the process. The frequency of disintegration events 

Initial particle 
speed

Final particle
speed

Processing 

plane

Laser beam

1 mm

Accelerated 
particle

Fig. 13. Compilation image of 10 overlaid greyscale frames (recorded without 
illumination with the powder batch <40 µm and a laser power of 6 kW) 
showing an extremely deviated particle. 

t0 + 100 μs t0 + 200 μs t0 + 300 μs t0 + 400 μst0

5 mm

1 mm

1 mm

1 mm

a)

b)

c)

d)

Fig. 14. Examples of disintegration event of particles in consecutive HSI frames 
captured without illumination at 6 kW laser power (a) with <40 µm powder 
batch (visualised by white arrows), (b) magnified view of (a), (c) magnified 
view with 40–63 µm powder batch, (d) magnified view with 63–75 µm pow-
der batch. 
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increased with increased laser power and with increased particle size. 
Fig. 15 shows the power losses calculated from Eqs. (15) and (16) for 

each powder batch investigated, where the error bars show the deviation 
due to variations of disintegration times and variations of particle size 
within a same batch. The power lost in one disintegration event in-
creases with increased particle size. The maximum power loss calculated 
was 65.0 W for a 75 µm particle that disintegrates in 100 µs. These 
repeated power losses add to the general power attenuation and result in 
temporal variations of transmitted power to the process. 

5. Discussion 

5.1. Deviation of particles 

It was observed in Fig. 9a that the peak density of smaller particles 
(<40 µm) at the powder focus is 34.4% higher than for coarser particles 
(63–75 µm) with no laser irradiation. This is probably due to higher 
surface to volume ratio of the small particles that increases their stability 
in the carrying gas flow. The drag force pushing a particle depends on 
the particle surface while the particle weight depends on its volume [55, 
56]. 

In addition, Figs. 8–10 show a higher concentration of powder in the 
central part of the powder focus with increased laser power. This implies 
that particles were deviated from their original trajectory and that this 
deviation was due to the laser irradiation. According to this correlation 
between the peak powder density at focus and the laser power, other 
potential causes of the powder deviation (such as particle collisions) 
appears very unlikely. Two phenomena could explain this laser induced 
deviation: the radiation pressure and the recoil pressure. When 
comparing Figs. 8 and 11, it can be noticed that the particle distribution 
with illumination and without illumination is different. In Fig. 8 (with 
illumination) the particles above the powder focus were highly 
concentrated in a hollow conical shape following the carrier gas flow. 
Whereas below the powder focus, the particles were scattered in a 
slightly larger volume which generally retains its conical geometry. This 
means that the majority of particles followed their initial trajectory, 
while some of them were deviated. Looking at Fig. 11 (without illumi-
nation) the density of glowing particles that were heated up in the laser 
beam is higher in the middle, close to the central axis, and lower at the 

sides where the particles should have been if they would have followed a 
linear trajectory. This difference of density is very distinct in Fig. 12. 
Moreover, with illumination, all particles were visible independently of 
their temperature, while without illumination, only the glowing parti-
cles were visible. By comparing the particle densities in Fig. 12 it can be 
concluded that the non-glowing particles are less deviated than the 
glowing particles. Knowing that glowing is due to high particle tem-
perature, this suggests a correlation between a particle temperature and 
its trajectory deviation. Which indicates that this deviation was most 
likely caused by the recoil pressure (which depends on the temperature) 
and not by the radiation pressure (which does not depend on the 
temperature). 

However, in order for the recoil pressure to be activated, the particle 
temperature must be at least above the melting temperature and that 
does not correspond to the average particle temperatures calculated in 
Fig. 5a. An explanation could be that a single particle does not always 
have a uniform temperature and that it can probably melt or even 
vaporise only on its upper surface when first encountering the laser 
beam. Even though the particles are very small, when submitted to high 
and sudden laser irradiation, there might not be enough time for the heat 
conductivity to homogenise the temperature of a particle. The calcula-
tion of heating rates of 105–106 K/s showed in Fig. 5a (limited by the 
assumption of a homogeneous temperature) could support this theory. 

It was also noted that not all particles (40.3% maximum for the 
<40 µm batch with 6 kW laser power, Table 4) are heated and deviated, 
which means that numerous conditions determine the temperature and 
deviation of a particle. Fig. 16 shows a sketch of the area where the 
powder particles interact with the laser beam. The entire hollow conical 
powder stream has a certain thickness, where particles can travel at 
different heights, which also affects their trajectory through the laser 
beam. A particle travelling in the upper part of the powder stream has a 
longer path through the laser beam before reaching the powder focal 
plane, goes through higher beam intensities and is not in the shadow of 
other particles. The opposite effects apply to particles travelling in the 
lower part of the powder stream (Fig. 16a). Therefore, the particles 
travelling in the upper part of the powder stream receive more laser 
beam energy along their path and achieve higher temperatures that 
might result in a higher recoil pressure. The potential difference of recoil 
pressure from the upper particles to the lower particles can explain the 
increased peak powder density on the processing plane under laser 
irradiation (Figs. 8–10), where the upper particles are deviated towards 
the central position and the lower particles see their trajectory less 
deviated (Fig. 16b). It can be noticed that, due to the Gaussian-like 
powder density at the focus, a slight deviation of some of the particles 
can induce a considerable increase in peak powder density (from 
+21.2% to +52.8%, Fig. 10) without noticeably changing the width of 

Table 5 
Number of particles that disintegrate per second.  

Powder batch 2 kW 4 kW 6 kW 

<40 µm – –  50 
40–63 µm 8 30  110 
63–75 µm – –  340  

Fig. 15. Laser power loss due to one disintegration of powder particle, aver-
aged according to the average particle size of a batch and the average time of 
disintegration. 
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a) b)

Fig. 16. Trajectories of the particles: (a) with no laser beam, (b) with the 
laser beam. 
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the powder focus (Fig. 9). 
The higher a particle enters the laser beam the higher its heating rate 

is. The particle shown in Fig. 13 that was highly deviated and acceler-
ated was a particular case and only a few particles were observed with 
such highly deviated trajectories. It was most likely a particle that 
entered the laser beam above the regular powder stream, either due to 
instability in the gas flow or after collision with other particles. The 
results obtained experimentally in this study do not show such extreme 
and generalised particle deviations as the ones obtained from earlier 
simulation studies [37]. 

5.2. Disintegration of particles 

The particles that disintegrate are the ones that enter the laser beam 
high up, nearer the focus of the laser beam (Figs. 11c and 14a) and are 
submitted to the highest heating rates. However, the heating rate of 109 

K/s required for the disintegration of a particle due to thermal expansion 
in liquid state (Section 3.2) is about 1000 times higher than the 
maximum heating rate calculated for an entire particle following a 
regular trajectory (Fig. 5a). It is very unlikely that such a heating rate 
can be achieved, thus another phenomenon is probably responsible for 
the disintegration of particles. 

In Table 5, for the powder batch 40–63 µm, the number of particles 
disintegrating was multiplied by 3.75 from 2 kW to 4 kW laser power, 
and by 3.67 from 4 kW to 6 kW laser power. There is a strong correlation 
between the laser power and the number of particles that disintegrate. 
Thus, the particle disintegration is very unlikely caused by particles 
collision, which would be as frequent independently of the laser power. 
Moreover, the particle disintegrations happened exclusively higher than 
the powder focus, in regions with very few particles (Fig. 14a), thus with 
a consequently lower probability of particles collision. 

It is possible that the shear induced by the gas flow contributes to the 
disintegration of a liquid particle, where an increase of laser power 
would induce more particles to melt, thus more particles to disintegrate. 
However, the particles that disintegrated had already left the carrier gas 
flow (Figs. 11c and 14a), and were submitted to less gas-induced shear 
than the particles that stayed inside the carrier gas flow and did not 
disintegrate. 

A more probable explanation for the disintegration of particles could 
be, as described in prior literature [33,34,43–46], the effect of recoil 
pressure. The particles that disintegrated were submitted to a heating 
rate higher than the most deviated particles and achieved higher tem-
peratures. Thus, it is possible that the sudden, high recoil pressure 
induced at these temperatures can give enough momentum to the 
molten particle to make it disintegrate. When a liquid particle disinte-
grates, its surface area which is exposed to the laser light increases and 
this might cause increased heating and higher recoil pressures [34]. As 
shown in Fig. 14, there are different possible outcomes to a disintegra-
tion event; from the particle being split in several droplets to being 
completely vaporised. 

In Table 5, it was observed that, for a laser power of 6 kW, there is 2.2 
times more particle disintegrations with the 40–63 µm batch than with 
the <40 µm batch, and 3.1 times more particle disintegrations with the 
63–75 µm batch than with the 40–63 µm batch. This appears contra-
dictory, because smaller particles achieve higher temperatures and 
higher heating rates (Fig. 5a). This phenomenon can be due to two ef-
fects. The first one is the higher dispersion of coarser particles (as 
observed in Fig. 9a), where their higher instability in the carrier gas flow 
might lead them more frequently towards trajectories where the laser 
beam irradiation is sufficient to make them disintegrate. The second 
effect is the lower pressure induced by the surface tension on coarser 
particles (Eq. (12)), which makes them easier to disintegrate. The higher 
frequency of disintegration of coarser particles is most likely due to a 
combination of these two factors. 

The disintegration events were rare regarding the total number of 
particles involved, but their temporal frequency of occurrence was 

significant (up to 340 times per second, Table 5). This repeated disin-
tegration of particles induces a discontinuous power loss (Fig. 15), 
which occasionally reduces the absorbed energy in the melt pool where 
material is processed in DED. In addition to the constant power atten-
uation investigated in other studies [12–15], these disintegration events 
involve extra peaks of power attenuation (up to 65 W per disintegration 
event in the present study, Fig. 15) that are unpredictable. It might 
therefore affect the process by introducing defects such as fluctuations in 
the melt pool, insufficient melting etc. 

In summary, AlSi10Mg powder flowing under laser irradiation may 
give rise to a range of behaviours affecting particle trajectories (Fig. 17), 
Most of the powder stream is slightly deviated, presents a higher peak 
powder density on the processing plane and becomes more scattered 
beneath the processing plane. Some particles can follow an irregular 
trajectory that can be considerably affected by a high recoil pressure 
(recoil pressure driven particle in Fig. 17). Other particles might be 
submitted to a recoil pressure high enough to cause their disintegration 
(Disintegration of a particle in Fig. 17). The disintegration phenomenon 
is yet not completely understood and more research on this subject 
needs to be carried out in order to confirm the theory presented here. 

6. Conclusions 

The behaviour of single powder particles as well as powder particle 
densities in the powder stream from a DED nozzle were recorded by 
high-speed imaging. Observations, in combination with theoretical 
calculations, allow the following conclusions to be made:  

• When the powder stream encounters the laser beam, the particles 
travelling on the upper part of the flow are more likely to have their 
trajectory deviated by recoil pressure. This asymmetrical deviation 

Coaxial
nozzle

Shielding gas

Carrier gas

Powder stream

Laser beam

Recoil pressure 
driven particle

Disintegration of
a particle

Processing plane

Fig. 17. Particular effects occurring on single particles.  
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effect induces an increased peak of powder density on the processing 
plane. 

• It was observed that some particles can disintegrate above the pro-
cessing plane and be completely vaporised in the laser beam. It was 
demonstrated that the disintegration of particles cannot be caused 
only by their thermal expansion in the liquid state since the expected 
heating rates do not produce a high enough radial acceleration to 
overcome the surface tension. Particle disintegration most likely 
happens due to the high momentum transmitted to the liquid particle 
by the recoil pressure. The disintegration phenomenon is more 
common for larger particles, which could be a result of their lower 
Laplace pressure, and their higher instability in the gas flow that can 
lead them towards the laser beam earlier.  

• Particle disintegration results in a local and unpredictable loss of 
energy from the laser beam, which could have an effect on process 
stability. 
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