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Abstract 

Additive Manufacturing became a major research topic and part of industrial 
production in the past years. Numerous techniques now allow to build 3D 
structures with a wide choice of materials. When it comes to processing of metals, 
a laser beam is often used as a heat source to melt either a wire or powder. The 
trajectory of spatters and powder particles can be affected by the laser beam 
radiation. Laser beam light is partly absorbed by the material, and is then 
converted to heat, which can cause melting and even vaporization. The 
vaporization of material induces a recoil pressure on the melt pool, which affects 
its geometry and dynamics. However, the effects of the recoil pressure on airborne 
objects such as drops and powder particles are still relatively unknown. Their 
different sizes and boundary conditions compared to a melt pool might affect their 
behaviour under high laser beam radiation.  

Therefore, this thesis aims at better understanding the effects of the recoil pressure 
on metal drops and powder particles, as well as their impacts on Additive 
Manufacturing processes, especially Directed Energy Deposition and Laser Metal 
Wire Deposition. In the three adjoined papers, high-speed imaging was used to 
observe (i) powder blown through a laser beam, (ii) drops falling in a laser beam, 
and (iii) drops detaching from a wire in a laser beam. The videos enabled to 
calculate the acceleration of powder particles and drops of different sizes, the 
density map of the powder stream, and the detachment direction of the drops. 
The experimental results were supplemented with theoretical calculations of 
thermodynamics, recoil pressure and surface tension.  

These studies allowed to conclude that the acceleration induced by the recoil 
pressure on a drop or a powder particle increases with decreased size. Moreover, 
the recoil pressure causes a slight deviation of the powder stream in Directed 
Energy Deposition that can induce a better powder focusing. The recoil pressure 
can also cause the disintegration of powder particles in the laser beam. Finally, it 
was shown that the recoil pressure can be used to detach drops on demand from 
a wire and accelerate them towards the substrate where they can be strategically 
deposited for building additively manufactured structures. 
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Organisation of the thesis 

The core of this composite thesis consists of three journal papers on related topics, 
preceded by a common introduction. The introduction draws the red thread 
between all the papers by introducing to the state of the art, explaining the 
motivation of the research and the methodical approach, as well as establishing 
general conclusions and future outlooks. 

The topics covered by Papers I, II, and III are presented in Table 1. The common 
theme of these three papers is the effect of the recoil pressure on spherical bodies 
such as metal drops and powder particles when they encounter a laser beam. High 
speed imaging (HSI) is used as the main observation and measurement tool. 

The cover page image represents a steel drop (about 3 mm diameter) detached 
from the wire and falling through the laser beam (represented in red) while it was 
captured with HSI.  Different vaporisation phenomena are visible and affect the 
drop trajectory via the recoil pressure induced. 

Table 1. Topics covered in the three papers in the thesis 

 Paper I Paper II Paper III 
Recoil pressure    
Surface tension    
Powder particles    
Drops    
High-speed imaging    
Theoretical modelling    
Steel    
Aluminium alloys    
Basic research    
Additive Manufacturing    

 
Paper I investigates the deviation of an aluminium powder stream due to recoil 
pressure when crossing the laser beam in Directed Energy Deposition. HSI is used 
to extract density maps of the powder stream with different particle sizes and 
different laser powers. Highly accelerated particles as well as particle 
disintegrations in the laser beam are observed and explained. 

Paper II focusses on the recoil pressure-induced acceleration of single steel and 
aluminium drops in a laser beam. The drop trajectories are recorded with HSI 
and their acceleration is derived. The experimental results are compared to 
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theoretical models and possible explanations for the difference between the two 
are discussed. 

Paper III presents the development of a new Additive Manufacturing technique 
where material is detached drop by drop from a metal wire onto a substrate with 
the help of a laser beam. HSI is used to record the drop generation, detachment, 
direction of fall and landing. Different behaviours are observed depending on the 
parameters chosen and optimized parameters are found, where the recoil pressure 
induced by the laser beam contributes to a controlled and repeatable drop 
detachment.
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Introduction 

1. Technological and scientific background 

This section introduces to the state of the art of the thesis, it contains both 
processing and physical aspects that are subsequently investigated in the papers. 

1.1.   Material transfer processes 

1.1.1.   Fundamentals of Additive Manufacturing 

While 3D printing has recently become a mainstream technique, it is usually 
called Additive Manufacturing (AM) when it comes to industrial processes. 
Numerous AM processes allow to process polymers, metals, ceramics and 
composites, either by melting, sintering or binding. Different AM techniques, 
combining different heat sources with different material supply techniques exist 
in order to process metals by melting, as shown in Table 2. 

Table 2. Different metal AM processes involving melting 

Material supply 
vs Energy source 

Powder bed Blown powder Wire feeding 

Laser beam L-PBF (Laser Powder 
Bed Fusion) 

DED (Directed 
Energy Deposition) 

LMWD (Laser Metal 
Wire Deposition) 

Electron beam E-PBF (Electron 
Beam Powder Bed 
Fusion) 

 
EBAM (Electron 
Beam Additive 
Manufacturing) 

Arc 
  

WAAM (Wire-Arc 
Additive 
Manufacturing) 

Plasma torch 
  

RPD (Rapid Plasma 
Deposition) 

Precision ~ 0.1 mm 1-5 mm 1-5 mm 

Deposition rate ~ 20 cm3/h ~ 200 cm3/h 100-1400 cm3/h 

Max. dimension 10-50 cm Several meters Several meters 

The AM techniques involving a powder bed offer a high precision with a low 
deposition rate and a relatively small available building volume, whereas the 
techniques using blown powder or wire feeding usually offer a high deposition 
rate for building larger components with a lower precision. The heat source also 
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has an influence on the precision, while arcs and plasma torches are commonly 
used for their simplicity and low cost, laser beams and electron beams are preferred 
for their accuracy [1,2]. Two AM processes are within the scope of this thesis: 
Directed Energy Deposition (DED) and Laser Metal Wire Deposition (LMWD), 
which both involve a laser beam to process respectively powder and a wire.  

1.1.2.   Directed Energy Deposition 

In DED, metal powder with a typical particle size distribution of 50 µm-150 µm 
is blown through a nozzle into a laser-generated melt pool, as shown in Figure 1a. 
In order to homogeneously distribute the powder in the melt pool, a specific 
system can be used with either several powder nozzles distributed around the laser 
beam (Figure 1b), or a single coaxial nozzle (Figure 1c). This technique can also 
be found under the name Laser Metal Deposition (LMD) or Direct Metal 
Deposition (DMD). 

 

Figure 1. a) Schematic of the DED process [3], b) 3-beam nozzle, c) coaxial nozzle [4] 

A substrate is placed at the powder focussing plane and the laser beam is used to 
both generate a melt pool on the substrate and to heat up the powder before it 
incorporates in the melt pool.  The volume of the melt pool is increased by the 
addition of powder and solidifies into a track. By moving the process head (laser 
optics with powder nozzle) it is possible to deposit a volume of material with the 
geometry wanted: an additively manufactured structure (Figure 2). Various metals 
can be processed by DED, such as steels [5], nickel super-alloys [6], copper [7] 
and aluminium alloys [8]. 

When the powder stream enters the laser beam, parts of the laser beam irradiate 
the powder and not the substrate underneath, which results in a power 
attenuation [9,10]. Depending on the parameters and the powder used, the total 
power attenuation is typically about 10%-20% of the total laser beam power, 
which corresponds to laser light that is either reflected or absorbed by the powder 
particles. The portion of the laser beam energy absorbed by the particles 
contributes to their temperature increase. The particles temperature can in some 
cases increase up to the solidus temperature of the material, but complete melting 
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of particles before they reach the melt pool is in general very unlikely for DED 
processes [11]. When landing, the thermal energy of the particles is transferred to 
the melt pool, which partially compensates for the laser power attenuation [9]. 

 

Figure 2. a) High-speed imaging of the DED process [12], b) building 3D structures with 
DED  [13] 

1.1.3.   Laser Metal Wire Deposition 

In LMWD, the raw material is a wire with usually a diameter of 0.8 mm-1.6 mm 
(even though it is possible to use thinner wires for higher precision) that is melted 
together with the substrate by a laser beam. This process can also be called Wire-
Laser Additive Manufacturing (WLAM). The most common setup used for 
LMWD is with external wire feeding from the front of the laser beam, which 
offers a certain simplicity but results in a direction dependency of the process 
(Figure 3a). A more optimised alternative is to use a coaxial wire feeding system 
where the wire is fed vertically in the centre of an annular laser beam that focusses 
at the intersection between the wire and the substrate (Figure 3b). Another 
possibility is to feed the wire vertically with a laser beam acting only on the wire, 
at a certain height above the substrate (Figure 3c). 

Numerous materials can be processed by LMWD such as steels, nickel super-
alloys [17], titanium alloys [18] and aluminium alloys [16]. However, some 
limitations with the existing LMWD processes are that (i) a continuous contact is 
needed between the wire and the track, which limits the process flexibility, and 
(ii) a significant part of the laser beam energy is used to melt the substrate, which 
might result in a lower energy efficiency (Figure 3a). 
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Figure 3. LMWD process with a) front wire feeding [14], b) coaxial wire feeding [15], 
c) vertical wire feeding [16] 

1.1.4.   Drop-on-Demand 

Drop-on-Demand (DoD) is a material deposition technique originated from ink-
jet printing where the ink jet breaks up into small droplets of about 10 µm-20 µm 
that fall towards specific positions to print the text or shapes wanted [19]. The 
droplet mass is controlled by mechanical vibrations and the droplet direction can 
be controlled by charging each droplet individually before they are deflected by 
an electrical field (Figure 4a). 

A similar approach can be used for Additive Manufacturing of metals with DoD, 
which is called Metal Droplet Deposition Manufacture (MDDM). The metal is 
kept liquid in a heating furnace and a vibration rod is used to control the droplet 
size (which is typically about 300 µm diameter) [20], as shown in Figure 4b. In 
order to build structures, either the substrate can be moved or the droplets can be 
charged and deviated in an electrical field [21]. 

MDDM offers manufacturing abilities that are more difficult to achieve with other 
AM techniques, such as building vertically and accurately controlling the heat 
input in the material built. However, only low melting temperature metals such 
as aluminium alloys and Sn-Pb alloys can be processed [20]. 
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Figure 4. Drop on Demand methods used for a) ink-jet printing [19], b) Additive 
Manufacturing (MDDM) [20] 

When it comes to building large components of high melting temperature metals 
such as steels, nickel and titanium alloys with AM, one of the most common 
technique employed is Wire-Arc Additive Manufacturing (WAAM). This 
technique inherited of many improvements from arc welding in order to reduce 
the heat input into the material, which induces a Heat Affected Zone and can 
cause cracking and structural distortion. Two of these major improvements are 
the pulse arc mode and the Cold Metal Transfer (CMT) mode, which are both a 
form of DoD where the material is deposited one drop at the time from the wire 
[22,23]. 

1.1.5.   Laser Droplet Generation 

A similar DoD technique for depositing material from a metal wire with a laser 
beam is possible, which was first called Laser Droplet Formation Process (LDFP) 
[24] and is now commonly named Laser Droplet Generation (LDG) [25,26]. A 
metal wire is fed through a laser beam where it melts and forms a pending drop. 
The drop detachment is usually provoked by a high power laser pulse (Figure 5a), 
but it can also be induced by shearing off the drop against a nozzle when retracting 
the wire (Figure 5b) [27]. Different setups can include: a vertical wire with a 
horizontal laser beam [24,27], a vertical laser beam with an inclined wire [25], or 
an annular laser beam coaxial to the wire [26]. 

LDG is a novel field of research where the drop detachment and wetting over 
different surfaces is still under study [26–28]. One application identified so far for 
LDG is joining of metal plates, wires and foils using nickel, silver and Ag-Cu alloy 
droplets, as shown in Figure 6 [25]. 
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Figure 5. LDG with drop detachment caused by a) a laser pulse [24], b) wire retraction 
[27] 

 

 

Figure 6. LDG weld of zinc-coated steel sheets with nickel droplets: a) top view, b) 
bottom view, c) cross-section [25] 
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1.2.  Thermodynamics of laser material processing 

1.2.1.   Principles of heat transfer 

In a typical laser process, the heat transfer can be modelled as in Figure 7. All 
materials have different physical properties, which induce different 
thermodynamic responses. This thesis focusses on steels and aluminium alloys, 
where their main physical properties are presented in Table 3.  

When the laser beam starts irradiating a solid surface, depending on the material 
absorptivity for the laser wavelength used (Table 3), a certain portion of the laser 
beam intensity is reflected while the other part is absorbed, inducing heat. The 
heat absorbed contributes to increasing the material temperature and is partially 
counteracted by heat losses [29].  

 

Figure 7. Model of heat transfer in laser material processing 

The heat flux absorbed due to laser irradiation can be expressed as follows: 

𝛷𝛷𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐴𝐴𝐼𝐼𝑎𝑎𝑏𝑏𝑎𝑎𝑏𝑏,                                                                                           (1) 

where A is the absorptivity (Table 3) and Ibeam is the laser beam intensity. Parts of 
this heat input is transferred via heat conduction in the surrounding material 
𝛷𝛷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, heat convection in the surrounding gas 𝛷𝛷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and heat radiation 𝛷𝛷𝑟𝑟𝑎𝑎𝑐𝑐. 
These heat losses can be defined as the following heat fluxes: 

𝛷𝛷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑘𝑘∇T,                                                                                            (2) 

𝛷𝛷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ℎ(𝑇𝑇 − 𝑇𝑇0),                                                                                   (3) 

𝛷𝛷𝑟𝑟𝑎𝑎𝑐𝑐 = 𝜀𝜀𝜀𝜀�𝑇𝑇4 − 𝑇𝑇04�,                                                                               (4) 
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where k is the thermal conductivity (Table 3), h is the convection heat transfer 
coefficient, ε is the emission coefficient (Table 3), σ is the Stephen-Boltzmann 
constant, T is the material temperature and T0 is the ambient temperature. Each 
of these heat fluxes apply to different interfaces depending on the system 
considered, and the value of these heat fluxes can vary at different locations of the 
interface. For example, the heat flux absorbed is applied to the area irradiated by 
the laser beam Sabs and its value depends on Ibeam (Eq. (1)), which can vary in space 
(e.g. Gaussian beam). The conduction heat flux is applied to the interface between 
the system chosen and other condensed material Scond (for example between the 
melt pool and the substrate if the melt pool is the system studied). This heat flux 
depends on the temperature gradient (Eq. (2)), which can change in space 
depending on the material geometry. The radiation heat flux is applied to the 
interface between the system and ambient gas (or vacuum) Srad, its value depends 
on the material temperature (Eq. (4)), which is most likely not uniform. Finally, 
the convection heat flux is applied to any interface between the system and a fluid 
Sconv (e.g. between the melt pool and the gas or between two parts of the melt 
pool depending on the system considered), and also depends on the temperature 
(Eq. (3)). Over a certain time Δt, the difference of heat ΔQ in the system can be 
calculated to: 

𝛥𝛥𝛥𝛥
𝛥𝛥𝑡𝑡

= ∬ 𝛷𝛷𝑎𝑎𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎
𝑑𝑑𝑑𝑑 −∬ 𝛷𝛷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑑𝑑𝑑𝑑 −∬ 𝛷𝛷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑑𝑑𝑑𝑑 −∬ 𝛷𝛷𝑟𝑟𝑎𝑎𝑐𝑐𝑆𝑆𝑟𝑟𝑎𝑎𝑐𝑐

𝑑𝑑𝑑𝑑,  (5) 

The difference of heat in the system induces a change of temperature as follows: 

𝛥𝛥𝛥𝛥 = 𝑚𝑚𝑐𝑐𝑝𝑝𝛥𝛥𝑇𝑇,                                                                                            (6) 

where m is the mass of the system and cp is the specific heat capacity of the material 
(Table 3). 

In summary, when the heat input due to laser beam irradiation is higher than the 
heat losses, the material temperature increase and when the heat input is lower 
than the heat losses, the material temperature decreases. However, Eq. (6) is true 
only when the material stays in the same phase. When the material temperature 
reaches the melting temperature or the vaporisation temperature, latent heats of 
fusion and latent heats of vaporisation must be considered in order for the material 
to change from one phase to another (Table 3).  
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Table 3. Typical values for thermodynamics properties of Al-Si alloy and stainless steel 

 

Certain values given in Table 3 are given for a specific temperature because these 
values change depending on the temperature, with sometimes a discontinuity at 
melting temperature. In general, the material density decreases with increased 
temperature [34,35], the specific heat capacity increases [30,31] and the thermal 
conductivity also increases [36]. These changes of thermodynamics properties 
with temperature make the elaboration of thermodynamics models and 
simulations challenging.  

When comparing Al-Si alloys to stainless steels, it can be noticed that Al-Si alloys 
have a considerably lower absorptivity, which means that more laser power is 
needed in order to induce the same heat absorbed by the material. The emission 
coefficient of Al-Si alloys is about 15% of the emission coefficient of stainless steel, 

Physical quantity Al-Si alloy Ref. Stainless steel Ref. 

Absorptivity (A) at 

1070 nm 
0.05  0.4  

Melting temperature (Tm) 933 K  1 783 K  

Boiling temperature (Tb) at 

105 Pa 
2 792 K  3 134 K  

Latent heat of fusion (HM) 397 kJ/kg [30] 260 kJ/kg [31] 

Latent heat of vaporisation 

(HV) 
10 500 kJ/kg  6 090 kJ/kg  

Mass-specific gas constant 

(Rspe) 
308 J/kg K  149 J/kg K  

Specific heat capacity (cp) at 

20ºC 
661 J/kg K [30] 470 J/kg K [31] 

Atomic mass (ma) 4.48 × 10-26 kg  9.27 × 10-26 kg  

Density (ρ) at 20ºC 2 700 kg/m3  8 050 kg/m3  

Thermal conductivity (k) at 

20ºC 
170 W/m K  14.4 W/m K  

Emission coefficient (ε) 0.09  0.6  

Surface tension (γ) at Tm 0.85 N/m [32] 1.8 N/m [33] 
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thus, at the same temperature, Al-Si alloys loose less heat due to thermal radiation. 
However, the thermal conductivity of Al-Si alloys is about 12 times higher than 
the thermal conductivity of stainless steel, which means that more heat is lost via 
heat conduction, if heat conduction happens. In the case of airborne drops and 
powder particles, no heat conduction happens from the drop or particle and its 
surrounding. The melting temperature of Al-Si alloys is lower than the melting 
temperature of stainless steel but the latent heat of fusion is also higher, these have 
contrary effects on the ability to melt the material. Moreover, even though the 
vaporisation temperature of Al-Si alloys is slightly lower than the one of stainless 
steel, their latent heat of vaporisation is 72% higher, thus vaporisation is harder to 
achieve. 

1.2.2.   Vaporisation 

Vaporisation can be modelled at a macro-scale where the boiling temperature has 
to be reached and the latent heat of vaporisation be overcome for a liquid to 
vaporise (Section 1.2.1), or it can be modelled at a micro-scale considering the 
behaviour of individual molecules and atoms, which will be called particles in this 
section. In a liquid, the particles are free to move in any direction, they all have a 
certain kinetic energy, which increases with the temperature. When a particle 
close to the surface has a high enough kinetic energy, it can escape from the liquid 
into the vapour, this is called vaporisation. Vaporisation can occur below the 
boiling point of the liquid, it is then called evaporation, or at the boiling point 
where it is called boiling. 

The evaporation of particles from the liquid induces a vapour pressure above the 
liquid surface. The vapour pressure increases with increased temperature 
according to the following equation [37]: 

𝑝𝑝𝑐𝑐𝑎𝑎𝑝𝑝 = 1
2
𝑝𝑝0 𝑒𝑒𝑒𝑒𝑝𝑝 �− 𝐻𝐻𝑉𝑉

𝑅𝑅𝑎𝑎𝑠𝑠𝑠𝑠 𝑇𝑇𝑎𝑎
�  𝑒𝑒𝑒𝑒𝑝𝑝 �− 𝐻𝐻𝑉𝑉

𝑅𝑅𝑎𝑎𝑠𝑠𝑠𝑠 𝑇𝑇
�,                                                    (7) 

where p0 is the ambient pressure, Hv is the latent heat of vaporisation, Rspe is the 
mass-specific gas constant, Tb is the boiling temperature at p0 and T is the 
temperature (Table 3). When the temperature is high enough for the vapour 
pressure to overcome the ambient pressure, the boiling point is reached and 
intense vaporisation occurs in the whole liquid. 

However, all the particles vaporising or condensing at the surface have different 
velocities in different directions, according to a Maxwell-Boltzmann distribution. 
In order to simplify the problem, it is often assumed that the particles travel in 
one direction, perpendicular to the surface, where positive velocities represents 
particles vaporising and negative velocities represents particles condensing. When 
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the surface is at equilibrium at a steady temperature, there are as many particles 
vaporising than condensing, but when the surface is at non-equilibrium (in the 
case of boiling), it can be assumed that only vaporisation happens, with no 
condensation (Figure 8) [37]. 

 

Figure 8. Maxwell-Boltzmann particle velocity distribution in x direction at equilibrium 
and non-equilibrium [37] 

According to these previous assumptions, the particle density can be calculated as 
half of the saturation particle density and the average vapour velocity can be 
calculated as half of the mean velocity as follows [37]: 

𝑛𝑛𝑉𝑉 = 1
2

 
𝑏𝑏𝑥𝑥𝑝𝑝�− 𝐻𝐻𝑉𝑉

𝑅𝑅𝑎𝑎𝑠𝑠𝑠𝑠 𝑇𝑇𝑎𝑎
�𝑏𝑏𝑥𝑥𝑝𝑝�− 𝐻𝐻𝑉𝑉

𝑅𝑅𝑎𝑎𝑠𝑠𝑠𝑠 𝑇𝑇� 

𝑏𝑏𝑎𝑎 𝑅𝑅𝑎𝑎𝑠𝑠𝑠𝑠 𝑇𝑇
 ,                                                                      (8) 

𝑣𝑣𝑉𝑉 = 1
2
�8
𝜋𝜋

 𝑅𝑅𝑎𝑎𝑝𝑝𝑏𝑏 𝑇𝑇,                                                                                            (9) 

where ma is the atomic mass (Table 3). 

Figure 9 shows the particle density and the vapour velocity of iron and aluminium 
depending on the temperature. The vapour velocity is several hundreds of meters 
per seconds, but cannot exceed the local speed of sound [38,39]. It can be noticed 
that an increase of surface temperature induces a steeper increase of vapour density 
than the increase of vapour velocity. Overall, aluminium shows both a higher 
vapour velocity and a higher vapour density than iron for the same temperature. 
It is mostly due to its low atomic mass and its high latent heat of vaporisation 
(Table 3). But as discussed in the previous section, such high temperatures above 
the boiling point are also harder to achieve with aluminium. 
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Figure 9. Evolution of the vapour velocity and vapour density of iron and aluminium as a 
function of the surface temperature, based on Eq. (8) and (9) 

1.2.3.   Vapour plume 

After vapour is ejected from the liquid, it expands in the ambient gas into a plume 
(Figure 10). The characteristics of the plume depend on the ambient pressure and 
the vaporisation conditions.  

 

Figure 10. Sequence of video frames showing the development of an ethanol vapour plume 
induced by a laser pulse [40] 

When vaporisation starts, the high velocity vapour in the plume compresses 
against the gas in front of it, which creates a shock wave that can be separated in 
two parts: the internal shock wave inside the vapour plume and the external shock 
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wave in the ambient gas in front of the plume. These shock waves affect the 
velocity, density and pressure of both the vapour and the ambient gas, as shown 
in Figure 11. With continuous laser irradiation, the plume and the ambient gas 
reach an equilibrium state after a certain time, and the shock wave dissipates. 

 

Figure 11. Evolution of the density, velocity and pressure in the plume and in the gas 
induced by a laser pulse, as a function of the radius r from the surface, where the subscripts 
have the following significations: p – plume, g – gas, i – inner border of the internal shock 
wave, c – contact between the plume and the gas, e – outer border of the external shock 
wave [41] 

The vapour itself is transparent and cannot be seen, but some of the vapour 
condensates in nanoparticles that are transported with the vapour and can be 
visible if their density is high enough. These condensed nanoparticles with a 
diameter of about 1 nm-100 nm (Figure 12) are able to reflect and absorb light, 
which makes the plume visible with imaging techniques [42].  

Moreover, the nanoparticles present in the plume cause laser beam absorption and 
reflection, which induces a laser power attenuation at the processing area [42]. It 
is nearly impossible to measure how much power is lost in the longitudinal 
direction of the plume (the direction of the laser beam), but measurements in the 
lateral direction showed a maximum power attenuation of about 5% [43].  
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Figure 12. Cluster of condensed nanoparticles collected in a Nb:YAG laser beam induced 
plume [42] 

1.3.   Surface physics 

1.3.1.   Surface tension 

The surface tension determines the geometry of any liquid surface, which is due 
to the asymmetric cohesive forces at the liquid-gas interface. The cohesive forces 
define any force that attracts two molecules or atoms, such as hydrogen bounds, 
electrical attraction or Van der Waals forces. Figure 13 shows a simple model of 
the surface tension, where the lack of cohesive forces outside the liquid pulls the 
surface in a curved shape and forms a drop. However, the situation is more 
complex and the exact reasons behind the cohesive forces of metals and the 
resulting surface tension are not yet completely understood [44–46]. 
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Figure 13. Simplified illustration of the cohesive forces causing the surface tension of a 
water droplet [47] 

In LDG, the surface tension has a major role in drop detachment, where it pulls 
the drop towards the wire, and it needs to be overcome by the drop weight or 
any other force in order to achieve detachment. One similar technique that is 
used to measure the surface tension is the pendant drop method (also called the 
drop weight method), which involves a drop detachment comparable to LDG. 
This technique consists of injecting the liquid vertically down through a tube to 
form a drop, until the drop detaches (Figure 14). The detachment occurs due to 
a rupture of the force balance between the drop weight pulling the drop down 
and the surface tensional force holding the drop. By measuring the drop diameter 
(2r) after detachment, it is possible to calculate its weight and by extension the 
surface tensional force and the value of the surface tension γ [48]. 

 

 

Figure 14. Illustration of the drop weight method to measure the surface tension [48] 
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The surface tension of aluminium is more than twice lower than the surface 
tension of stainless steel at their respective melting temperatures (Table 3). 
However, the value of the surface tension usually decreases with increased 
temperature and can also be affected by the surrounding gas [32,33] and oxidation 
[49]. 

Another effect of the surface tension on small droplets is the increase of inner 
pressure, which is called the Laplace pressure. The pressure inside a droplet can 
be expressed as follows [50]: 

𝑝𝑝 = 𝑝𝑝0 + 2𝛾𝛾
𝑟𝑟

.                                                                                           (10) 

It depends on the ambient pressure p0, the surface tension γ and the droplet radius 
r, which implies that this pressure can be considerably high in small droplets or 
molten powder particles. 

1.3.2.   Recoil pressure 

In the 1960’s, it was discovered that under high power laser pulses, a certain 
momentum is transferred to the material, inducing a recoil pressure [51–53]. This 
phenomenon was explained to be due to the vaporisation of material. There is a 
conservation of momentum between the vapour and the material from where it 
is originated, inducing a recoil momentum in the material, that can be expressed 
as a recoil pressure [53,54]. Based on this definition, the recoil pressure can be 
written as [55]: 

𝑝𝑝𝑟𝑟𝑏𝑏𝑐𝑐 = 𝑚𝑚𝑎𝑎  𝑛𝑛𝑉𝑉 𝑣𝑣𝑉𝑉2,                                                                                     (11) 

where ma is the atomic mass of the material (Table 3), and nv and vv are respectively 
the vapour density and the vapour velocity, that can be calculated from Eq. (8) 
and (9). Figure 15 shows the recoil pressure of iron and aluminium as a function 
of the temperature. Aluminium has in theory a higher recoil pressure than iron at 
a given temperature, which is mostly due to its lower vaporisation temperature 
(Table 3). Nevertheless, due to its other absorption and thermodynamics 
properties mentioned earlier (section 1.2.2), these high temperatures can be 
harder to reach with aluminium, and thus it can require more energy to generate 
a recoil pressure.  

This model of the recoil pressure incorporates all the assumptions mentioned in 
section 1.2.2, and it could not be verified with experimental data yet. Knowledge 
about the recoil pressure is crucial to accurately model laser material processing 
processes with numerical simulations. However, measuring the recoil pressure 
presents many challenges since it occurs on a surface that is often liquid. Most of 
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the attempts to measure the recoil pressure used a very short and high-peak-power 
laser pulse in order to vaporise material while limiting the melting. One possibility 
is to irradiate (with a laser pulse) a specific material sample attached to a pendulum 
and derived the recoil pressure from the induced oscillation of the pendulum 
(Figure 16a) [56]. By repeating experiments with different peak laser pulse 
powers, it is possible to obtain an empirical model of the recoil pressure for the 
specific material and conditions investigated (Figure 16b).  

 

Figure 16. a) Angular oscillation of a pendulum due to the recoil pressure induced by a laser 
pulse, b) empirical model of the recoil momentum derived from experiments [56] 

Figure 15. Recoil pressure of Iron and Aluminium based on Eq. 11 
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The recoil pressure can show different effects on the material. When a high-
intensity laser beam is applied to a bulk metal, the recoil pressure pushes the melt 
into a keyhole [55,57,58]. A laser pulse irradiating an airborne droplet can deform 
it and deviate it from its trajectory (Figure 17a) [59,60], and if the pulse energy is 
high enough, the droplet can disintegrate in a cluster of debris (Figure 17b) [61]. 

 

Figure 17. a) Deformation and propulsion of a 50 µm In-Sn droplet by a laser pulse [59], 
b) disintegration of a 50-60 µm droplet by a laser pulse [61] 

When it comes to powder particles blown through a continuous power laser beam 
in DED, a simulation based on a theoretical calculation of the recoil pressure 
exhibits a high deviation of the powder stream under laser irradiation (Figure 18) 
[62]. 

 

Figure 18. DED powder stream a) with no recoil pressure, b) with recoil pressure induced 
by a 5 kW laser beam [62] 
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The recoil pressure is also of interest for space applications where it can be used 
as a propulsion technique for spacecraft, it is called Laser Ablation Propulsion 
(LAP) [63]. By vaporising a specific ablative material with a laser beam it is possible 
eject a jet of vapour and create a thrust (Figure 19) with a potentially high specific 
impulse [64]. 

 

Figure 19. Example of a Laser Ablation Propulsion thruster [64] 

1.3.3.   Radiation pressure 

Another pressure induced on the material by laser beam irradiation is the radiation 
pressure, which is due to the ‘impact’ of photons on a surface. The radiation 
pressure was first discovered in the very early 20th century [65,66] and was 
explained later on with the photonic theory. It can be divided in two cases 
depending on if the photons are absorbed or reflected, or can be expressed in a 
simplified way as follows [67]: 

𝑝𝑝𝑟𝑟𝑎𝑎𝑐𝑐 = 𝐼𝐼𝑎𝑎𝑠𝑠𝑎𝑎𝑏𝑏
𝑐𝑐

 cos𝛼𝛼  [𝐴𝐴 + 2(1− 𝐴𝐴) cos𝛼𝛼],                                                 (12) 

where c is the celerity of light, α is the incidence angle of the laser beam on the 
surface and A is the absorptivity of the material (Table 3). Reflected photons 
generate a higher radiation pressure than absorbed photon, thus reflective 
materials such as aluminium offer a slightly higher radiation pressure (Figure 20). 
The radiation pressure is a very low pressure which is several orders of magnitude 
lower than the recoil pressure (Figure 15), thus, it is usually neglected when 
vaporisation occurs. However, the radiation pressure can have a significant effect 
on small targets and can be used as optical tweezers to move cells, molecules or 
micron-size particles [68,69]. 
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Figure 20. Radiation pressure of a 1070 nm wavelength laser beam on iron and aluminium 
surfaces 
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2. Motivation 

The scientific aim of this thesis is to expand the knowledge on the recoil pressure 
induced by a continuous laser beam, its order of magnitude and its effects on drops 
and powder particles. While the effects of the recoil pressure on a static bulk 
material are well-known, metal drops and powder particles present distinctive 
conditions such as (i) their spherical geometry, (ii) their freedom of movement. 
In such geometrical conditions, the whole surface of the drop or particle is in 
contact with ambient gas, which can induce different vaporisation phenomena 
(Papers I and II). Moreover, a resulting effect of the recoil pressure on drops and 
powder particles can be a change of trajectory such as an acceleration (Papers I 
and II) or a deviation of direction (Papers I and III). Hypothetically, it could be 
possible to indirectly measure the recoil pressure induced by a continuous laser 
beam by measuring the acceleration of airborne targets flying through it 
(Paper II). 

The industrial relevance of this work lies in the knowledge on the effects of the 
recoil pressure on existing laser processes - especially within Additive 
Manufacturing - and its possible applications for new processes (see also Preface 
and Papers I, II, III acknowledgements for the related projects). In some AM 
processes such as DED, powder particles interact with a laser beam. The effects 
of the recoil pressure on these particles are still relatively unknown and difficult 
to observe (Paper I). At a bigger scale, knowledge on the recoil pressure applied 
to metal drops can contribute to LDG where drops are generated and detached 
in a laser beam (Papers II and III). A better understanding of these mechanisms is 
likely to lead to more applications of LDG, especially for AM (Paper III). 
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3. Methodology 

This thesis is an investigation of the behaviour of spherical metal bodies with 
different sizes and materials in a continuous power laser beam. The vaporisation 
and trajectory of powder particles of tens of microns diameter (Paper I) and drops 
of several millimetres diameter (Papers II and III) were observed in order to detect 
some of the effects induced by the recoil pressure. 

 

Figure 21. Size scale of the spherical bodies studied in each paper with the terminology 
used in this thesis 

The experiments involved different set-ups where metal drops and powder 
particles were traveling in a high power laser beam generated by an Ytterbium 
fibre laser of a wavelength of 1070 nm. The main observation technique 
employed in this thesis is high-speed imaging (HSI) combined with both an 
illumination laser to illuminate the process area and a band-pass filter on the 
camera to block the laser irradiation and most of the process light.  

In the case of powder, analysing each particle’s trajectory is challenging due to 
the high number of particles, their small size and their high speed. Instead, their 
trajectory was deducted from the density map of the powder stream, where the 
video frames were converted to binary and the value of each pixel was 
incremented frame by frame (Paper I). 

The trajectory of 1 mm-3 mm diameter drops is easier to observe and analyse. A 
specific code was used to detect the drop contour in each frame, calculate its 
centroid and derive its trajectory over time, which allowed to measure the drop 
acceleration (Paper II) and the drop detachment direction (Paper III). In addition, 
HSI allowed to observe the vaporisation occurring on the powder particles and 
the drop surface (Papers I and II). 

These techniques were employed with steel and aluminium alloys in order to 
investigate the vaporisation and recoil pressure on materials with different 
thermodynamics properties. The following publications involved the 
investigation of an AlSi10Mg powder stream (Paper I) and of 316L and AlSi5 
drops (Papers II and III), as shown in Figure 21.  
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4. Summary of the papers 

Paper I: The effects of laser irradiation on an aluminium 
powder stream in Directed Energy Deposition 

 

Abstract: 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. 

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 effect induces an increased 
peak of powder density on the processing plane.  
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• It was observed that some particles can disintegrate above the processing 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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Paper II: Acceleration of metal drops in a laser beam 

 

Abstract: Different processes require the detachment of metal drops from a solid 
material using a laser beam as the heat source, for instance Laser Drop Generation 
or Cyclam. These techniques imply that the drops enter the laser beam, which 
might affect their trajectory. Also, many laser processes such as laser welding or 
Additive Manufacturing generate spatters that can be accelerated by the laser beam 
during flight and create defects on the material. This fundamental study aims at 
investigating the effects of a continuous power laser beam on the acceleration of 
intentionally detached drops and unintentionally detached spatters. Two materials 
were studied: 316L steel and AlSi5 aluminium alloy. High Speed Imaging was 
used to measure the position of the drops and calculate their acceleration in order 
to compare it to theoretical models. Accelerations up to 11.2 g could be measured. 
The contributions of the vapor pressure, the recoil pressure and the radiation 
pressure were investigated. The recoil pressure was found to be the main driving 
effect but other phenomena counteract this acceleration and reduces it by an order 
of magnitude of one to two. In addition, two different vaporization regimes were 
observed, resulting respectively in a vapor plume and in a vapor halo around the 
drop. 

Conclusions: In the present study, two drop detachment techniques were 
conducted in order to analyze the trajectories of drops illuminated by an intense 
laser beam. The Laser Drop Generation technique, previously described in the 
literature, is a simple way to detach drops in a laser beam, but part of the power 
is absorbed by the wire. The foil technique, introduced by this research, allows 
more flexible laser parameters to be investigated, and a larger proportion of the 
laser power can be transmitted to the drop. 
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According to the results of this present study concerning a metal drop irradiated 
by a laser beam while falling in an ambient pressure gas, the following conclusions 
can be drawn: 

• Two vaporization regimes have been identified: a high vaporization regime 
occurring on the ablation area that is above boiling temperature; and a low 
vaporization regime potentially occurring on the rest of the drop’s surface 
that is below boiling temperature. 
 

• The high vaporization regime is responsible for forming the plume that is the 
origin of most of the recoil pressure propelling the drop. 
 

• The low vaporization regime is responsible for forming the vapor halo around 
the drop. 
 

• The force induced by the radiation pressure is at least two to three orders of 
magnitude lower than the recoil force; it is thus negligible when recoil 
pressure is present. 
 

• The one to two orders of magnitude lower accelerations measured compared 
to the theoretical recoil pressure are most likely due to a combination of the 
following factors: the laser light absorption in the plume, the low vapor 
pressure generated in the plume due to the wake effect, consequent internal 
movements in the drop instead of overall movement of the drop. 
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Paper III: Additive Manufacturing by laser-assisted drop 
deposition from a metal wire 

 

Abstract: The subject of Additive Manufacturing includes numerous techniques, 
some of which have reached very high levels of development and are now used 
industrially. Other techniques such as Micro Droplet Deposition Manufacture are 
under development and present different manufacturing possibilities, but are 
employed only for low melting temperature metals. In this paper, the possibility 
of using a laser-based drop deposition technique for stainless-steel wire is 
investigated. This technique is expected to be a more flexible alternative to Laser 
Metal Wire Deposition. Laser Droplet Generation experiments were carried out 
in an attempt to accurately detach steel drops towards a desired position. High 
speed imaging was used to observe drop generation and measure the direction of 
detachment of the drops. Two drop detachment techniques were investigated and 
the physical phenomena leading to the drop detachment are explained, wherein 
the drop weight, the surface tension and the recoil pressure play a major role. 
Optimised parameters for accurate single drop detachment were identified and 
then used to build multi-drop tracks. Tracks with an even geometry were 
produced, where the microstructure was influenced by the numerous drop 
depositions. The tracks showed a considerably higher hardness than the base wire, 
exhibiting a relatively homogeneous macro-hardness with a localised softening 
effect at the interfaces between drops. 

Conclusions: In this research, where the detachment and attachment of drops 
by the Laser Droplet Generation technique was investigated for its application in 
Additive Manufacturing, the following conclusions could be drawn: 

• The laser power and wire feeding speed determine the melting conditions of 
the wire and the recoil pressure acting on the melt, which results in different 
drop generation modes depending on the parameters chosen. The most stable 
drop generation mode is the pulling mode, where the laser beam entirely 
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melts the wire in front of the drop and the recoil pressure does not act on the 
drop, and thus does not disturb its generation. 
 

• The drop detachment during continuous wire feeding most likely occurs 
because of the necking of the melt when the drop weight overcomes the 
surface tension force. Due to fluctuations in drop generation, the temporal 
accuracy of detachment has a certain instability. 
 

• During incremental wire feeding, by prematurely stopping the wire, the drop 
moves through the laser beam where it is exposed to an additional recoil 
pressure that contributes to its detachment, enabling a higher control of 
timing and drop size at detachment compared to the continuous feeding 
mode.  
 

• An increased laser power in incremental wire feeding results in an increased 
accuracy of the drop detachment direction, but also an increased probability 
of detaching more than one drop per feeding increment. These double drop 
detachments at high laser power are most likely due to a combination of the 
decreased surface tension with increased temperature, and the recoil pressure 
on the drop. There is a narrow range of laser power that (i) generates a drop 
without incomplete melting and (ii) avoids double drop detachments in one 
feeding increment. 
 

• The presence of a melt pool on the substrate where the drops land was shown 
to be favourable for the drops to attach at the desired position. With the 
parameters investigated, the drops attached only when landing in a melt pool. 
Moreover, the surface tension induces the drops which land to one side of 
the track to align with the substrate melt pool, which improves the process 
accuracy and stability. 
 

• The tracks produced with the optimised parameters showed no apparent 
imperfections, a relatively even morphology and a significantly increased 
hardness compared to both the base wire and the substrate, although a 
localised softening occurs at the interface between two drops.
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5. General conclusions of the thesis 

The laser-induced recoil pressure plays a major role in many laser beam processes, 
but its magnitude as well as some of its effects are still relatively unknown, mostly 
because of the difficulty of measurement and observation. The recoil pressure can 
be modelled by theoretical models, which might include some uncertainties 
regarding the assumptions made. While some simulation studies investigated the 
role of the recoil pressure on different processes based on these theoretical models, 
the present thesis focussed on experimental observations and led to the following 
conclusions: 

• The research results indicated that either the recoil pressure is considerably 
lower than what it is predicted by the theory, or other phenomena counteract 
the effects of the recoil pressure (Papers I and II). A major difference was 
observed between the measurements on airborne drops and the theory 
(Paper II), and the effects of the recoil pressure on powder trajectory were 
found to be extremely minor compared to simulation studies based on 
theoretical models (Paper I). 
 

• The acceleration induced by the recoil pressure on a drop or a powder particle 
increases with its decreased size (Papers I and II). The recoil force depends on 
the drop/particle surface exposed to laser irradiation, while the drop/particle 
mass depends on its volume. Thus a smaller drop or particle has a larger surface 
to volume ratio, which results in an increased acceleration. 
 

• In DED, the recoil pressure is most likely responsible for the disintegration 
of outlier powder particles in the laser beam, where their abnormal trajectory 
induces intense and complete vaporisation (Paper II). In a more moderate 
case, it is possible to induce vaporisation over the whole surface of a few-
millimetre-size drop, which induces a vapour halo (Papers II and III). 
 

• The recoil pressure can be used to detach drops on demand from a wire and 
accelerate them towards the substrate where it can be strategically deposited 
for building structures as an alternative to LMWD (Paper II and III). 
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6. Future outlook 

Based on the findings of this thesis, some already existing and future research 
topics appear essential for both scientific and industrial interests: 

• Carry out theoretical work towards a general and comprehensive model of 
the recoil pressure, which will lead to realistic and accurate numerical 
simulations of the many laser beam processes. 
 

• Perform simulation work on the gradient of temperature in a metal drop or 
powder particle under laser irradiation, in order to confirm or disconfirm the 
theories presented in Papers I and II. 
 

• Investigate the origin of the vapour halo to find out why the vapour stops at 
a certain distance from the drop surface, under what conditions it appears, 
and if it can protect the drop from oxidation by creating a metal vapour 
atmosphere around it. 
 

• Improve the drop deposition alternative to LMWD presented in Paper III 
and compare it with the regular LMWD process. A further investigation of 
other materials is also of interest to widen the use of this technique. 
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Abstract 

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. 

Keywords: Direct Metal Deposition, recoil pressure, powder disintegration, 
power attenuation, powder deviation 

 

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 
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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% to 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 
processing plane, the power loss was found to be locally up to 60% to 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 
subsequently 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 heating of steel, nickel alloy and 
cobalt-chromium alloy particles during the DED and laser cladding processes. It 
has been noticed that the particle’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 
conditions, 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 particles is dependent on the material 
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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 generation 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 particles 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 particles which were accelerated and highly 
deviated from their original trajectory, no significant difference of speed was 
observed experimentally [39].  

In the design of a coaxial nozzle, the calculations of powder trajectory 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 
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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 techniques 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.  
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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 focusing mirror 250 mm 
Laser defocus at working distance -40 mm 
Beam divergence angle θ 112 mrad 

 

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.  

 

Fig. 1 Set-up of the DED process with imaging equipment 
A Photron Fastcam Mini UX100 high-speed imaging (HSI) camera was used with 
a Nikon AF Micro-Nikkor ED 200mm 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 
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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 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.  

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) 
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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 

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 

𝑃𝑃𝑐𝑐𝑐𝑐𝑏𝑏𝑝𝑝.,𝑖𝑖,𝑗𝑗 = ∑ 𝑃𝑃𝑖𝑖,𝑗𝑗,𝑘𝑘
𝑁𝑁𝑓𝑓𝑟𝑟𝑎𝑎𝑏𝑏𝑠𝑠𝑎𝑎
𝑘𝑘=1 ,                                                                         (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 

Fig. 4 Procedure to create powder density maps from a powder stream of a coaxial 
nozzle 
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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 visualisation 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 particle size and fluctuations in the powder feeder. The 
normalisation was calculated according to the equation 

𝑑𝑑𝑐𝑐𝑐𝑐𝑟𝑟𝑏𝑏.,𝑖𝑖,𝑗𝑗 = 𝑃𝑃𝑐𝑐𝑐𝑐𝑏𝑏𝑠𝑠.,𝑖𝑖,𝑗𝑗

𝑁𝑁𝑠𝑠𝑎𝑎𝑟𝑟𝑝𝑝. 𝑁𝑁𝑓𝑓𝑟𝑟𝑎𝑎𝑏𝑏𝑠𝑠 𝑎𝑎𝑠𝑠𝑖𝑖𝑝𝑝2
 × 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 normalised. 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 illumination 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. 
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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: 

𝑑𝑑𝛥𝛥 = 4
3
𝜋𝜋𝑟𝑟𝑝𝑝3𝜌𝜌𝑝𝑝𝑐𝑐𝑝𝑝𝑑𝑑𝑇𝑇,                                                                                  (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: 

𝑑𝑑𝛥𝛥 = 𝑑𝑑𝛥𝛥𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑑𝑑𝛥𝛥𝑟𝑟𝑎𝑎𝑐𝑐 − 𝑑𝑑𝛥𝛥𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,                                                                      (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: 

𝑑𝑑𝛥𝛥𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 4𝜋𝜋𝑟𝑟𝑝𝑝2ℎ(𝑇𝑇 − 𝑇𝑇0) 𝑐𝑐𝑎𝑎
𝑐𝑐𝑠𝑠

,                                                                       (5) 
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𝑑𝑑𝛥𝛥𝑟𝑟𝑎𝑎𝑐𝑐 = 4𝜋𝜋𝑟𝑟𝑝𝑝2𝜀𝜀𝜀𝜀�𝑇𝑇4 − 𝑇𝑇04�
𝑐𝑐𝑎𝑎
𝑐𝑐𝑠𝑠

,                                                                (6) 

𝑑𝑑𝛥𝛥𝑎𝑎𝑎𝑎𝑎𝑎 = 𝜋𝜋𝑟𝑟𝑝𝑝2𝐴𝐴𝐼𝐼(𝑟𝑟, 𝑧𝑧) 𝑐𝑐𝑎𝑎
𝑐𝑐𝑠𝑠

,                                                                                 (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 coefficient, σ is the Stephen-Boltzmann 
constant and A is the absorption coefficient. 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: 

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 function of time for different but constant heating 
rates, data from [26] 
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𝐼𝐼(𝑟𝑟, 𝑧𝑧) = 2𝑃𝑃
𝜋𝜋𝑤𝑤(𝑧𝑧)2

𝑒𝑒𝑒𝑒𝑝𝑝 �− 𝑟𝑟2

𝑤𝑤(𝑧𝑧)2
�,                                                                      (8) 

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

𝑤𝑤(𝑧𝑧) = 𝑤𝑤0 �
1+𝑧𝑧2

𝑧𝑧𝑅𝑅2
�,                                                                                         (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 calculated incrementally 
by calculating each of the previously presented variables as a function of s and 
combining Eq. (4)-(9) until calculating Eq. (3) (Fig. 5.a), 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].  

Table 3 Physical values used for the temperature calculations 

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. 5.b). These 
measurements showed a discontinuity of density at the melting temperature 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, 

Physical quantity Value Reference 

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] 
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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:  

𝑟𝑟(𝑡𝑡) = � 3 𝑏𝑏
4 𝜋𝜋 𝜌𝜌(𝑡𝑡)

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: 

�̈�𝑟(𝑡𝑡) = 𝑟𝑟0 �𝜌𝜌03

3
 �4
3

 �̇�𝜌(𝑡𝑡)2 𝜌𝜌(𝑡𝑡)−
7
3 − �̈�𝜌(𝑡𝑡) 𝜌𝜌(𝑡𝑡)−

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: 

∆𝑝𝑝 = 2 𝛾𝛾
𝑟𝑟(𝑡𝑡)

,                                                                                                     (12) 

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

�̈�𝑟(𝑡𝑡) 𝑐𝑐𝑏𝑏
𝑐𝑐𝑆𝑆

> ∆𝑝𝑝,                                                                                                    (13) 

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

Fig. 6 Sketch of calculation method illustrated on an infinitesimal element defined by a 
steradian 
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4
3

 �̇�𝜌(𝑡𝑡)2 𝜌𝜌(𝑡𝑡)−
8
3 − �̈�𝜌(𝑡𝑡) 𝜌𝜌(𝑡𝑡)−

5
3 > 18 𝛾𝛾

𝑟𝑟03 𝜌𝜌0
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. 5.b), which 
means that �̇�𝜌(𝑡𝑡) is linearly dependant on the heating rate and �̈�𝜌(𝑡𝑡) = 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 �̇�𝜌(𝑡𝑡). ρ(t) can be assumed constant 
and the thermal expansion depends only on �̇�𝜌(𝑡𝑡), 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 disintegration event, 
one part of the laser beam energy is lost and does not reach the melt pool. This 
energy can be calculated to: 

𝐸𝐸𝑐𝑐𝑖𝑖𝑎𝑎 = 4
3

 𝜋𝜋 𝑟𝑟03𝜌𝜌0 �𝑐𝑐𝑝𝑝(𝑇𝑇𝑐𝑐 − 𝑇𝑇0) + 𝐻𝐻𝑏𝑏 + 𝐻𝐻𝑐𝑐�,                                                         (15) 

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

𝑃𝑃𝑐𝑐𝑖𝑖𝑎𝑎 = 𝐸𝐸𝑐𝑐𝑖𝑖𝑎𝑎
∆𝑡𝑡𝑐𝑐𝑖𝑖𝑎𝑎

,                                                                                                      (16) 

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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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. 9.a). For a similar powder batch, the peak of powder 
density increases when the laser power increases (Fig. 9.b, 9.c and 9.d). This 
difference 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 
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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 

Fig. 8 Powder density maps obtained from high-speed imaging normalized to the total 
amount of visible particles per video 



62 Paper I: Effects of laser irradiation on Al powder in DED Da Silva 

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

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 

Fig. 12 Powder density profiles of the 40-63 µm batch with 6 kW laser power 10mm 
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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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 (Fig. 8 and 11.b) 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.  

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 % 

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 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 represented 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 arrows). 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 -5.5º to +10.4º (relative to the 
vertical axis), its average acceleration over the 500 µs of measurement was about 
23 000 m/s2, which corresponds to 2 300 G.  
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Another interesting observation in the HSI videos is the presence of particles that 
disintegrate inside the laser beam. Fig. 14 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. 14.b and 14.c) or is split into smaller droplets (Fig. 14.d). The 

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 
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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 millimetres above the 
processing plane and above the zone where the other particles start glowing 
(Fig. 11.c and 14.a). The observation of particles disintegrating was only possible 
in the videos recorded without illumination 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 µs to 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 

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 powder batch 
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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 increased with increased laser power and with 
increased particle size.  

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 shows the power losses calculated from Eq. (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 increases 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. 9.a 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 

Fig. 15 Laser power loss due to one disintegration of powder particle, averaged according 
to the average particle size of a batch and the average time of disintegration 
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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 Fig. 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 
illumination) 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 particles 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 temperature, 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. 5.a. 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 calculation of 
heating rates of 105 to 106 K/s showed in Fig. 5.a (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 
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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. 16.a). 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 (Fig. 8 10), where the upper particles are deviated towards the central 
position and the lower particles see their trajectory less deviated (Fig. 16.b). 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 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 accelerated 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]. 

Fig. 16 Trajectories of the particles: a) with no laser beam, b) with the laser beam 
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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 (Fig. 11.c and 14.a) 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. 5.a). 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 40-63µm, 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. 14.a), 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 (Fig. 11.c and 14.a), 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 temperatures. 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 
disintegrates, 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 disintegration 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 contradictory, because smaller particles 
achieve higher temperatures and higher heating rates (Fig. 5.a). This phenomenon 
can be due to two effects. The first one is the higher dispersion of coarser particles 
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(as observed in Fig. 9.a), 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 disintegration 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 attenuation 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.  

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

• It was observed that some particles can disintegrate above the processing 
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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Abstract 

Different processes require the detachment of metal drops from a solid material 
using a laser beam as the heat source, for instance Laser Drop Generation or 
Cyclam. These techniques imply that the drops enter the laser beam, which might 
affect their trajectory. Also, many laser processes such as laser welding or Additive 
Manufacturing generate spatters that can be accelerated by the laser beam during 
flight and create defects on the material. This fundamental study aims at 
investigating the effects of a continuous power laser beam on the acceleration of 
intentionally detached drops and unintentionally detached spatters. Two materials 
were studied: 316L steel and AlSi5 aluminium alloy. High Speed Imaging was 
used to measure the position of the drops and calculate their acceleration in order 
to compare it to theoretical models. Accelerations up to 11.2 g could be measured. 
The contributions of the vapor pressure, the recoil pressure and the radiation 
pressure were investigated. The recoil pressure was found to be the main driving 
effect but other phenomena counteract this acceleration and reduces it by an order 
of magnitude of one to two. In addition, two different vaporization regimes were 
observed, resulting respectively in a vapor plume and in a vapor halo around the 
drop. 

Keywords: Laser Ablation Propulsion, Laser Drop Generation, recoil pressure, 
ablation pressure, spatters’ trajectory 

 

1. Introduction 

Laser Drop Generation (LDG) is a technique which involves generating liquid 
drops from a metal wire or rod using a laser. It can also be called Drop on Demand 
in the case of a periodic process. When melting the end of a wire with a laser 
beam, the surface tension forces the molten material into a spherical drop. The 
drop’s volume can be controlled by the process strategy to produce the desired 
molten volume and detach it by gravity or external forces. LDG has been used in 
several studies for different applications. Brüning and Vollertsen (2015) developed 
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this technique without drop detachment in order to form a specific shape at the 
end of an austenitic steel rod [1]. Govekar et al. (2009) showed that it is possible 
to detach silver and nickel droplets from a wire for adding material into the melt 
pool during laser welding. The heat-affected zone was found to be narrower than 
when directly using a wire as a filler. A high-power laser beam pulse was used to 
detach the drops after their generation [2]. This detachment technique was studied 
in depth by Kuznetsov et al. (2014), where an infrared camera was used to observe 
the velocity and the formation of the drops. Different detachment regimes and 
oscillation modes were identified in the hanging droplets, depending on the laser 
pulse frequency, namely: vertical mass spring like mode, 2-0 Rayleigh normal like 
mode, and 3-0 Rayleigh normal like mode [3]. In addition, LDG has been used 
for basic studies in order to investigate liquid-solid material interactions. The 
wetting behavior of droplets impacting a substrate was investigated by Gatzen et 
al. (2014). AlSi12 droplets impinged upon steel substrates with different zinc 
coatings, and a pyrometer was used to measure the drops’ temperatures during 
their fall. It was shown that the coating thickness affected the heat transfer during 
the wetting, and that the zinc coating was removed and accumulated at the weld 
toe of the drops [4]. These studies were carried out on the detachment of metal 
drops from a wire with a lateral laser beam, and on their attachment on a substrate. 
However, no explanation of the physical phenomena between the laser irradiation 
and the drop dynamics is available.  

Therefore, it is essential to work towards a better understanding of the underlying 
effects involved in the drop detachment as well as in the drop trajectory when it 
is affected by the laser beam. This phenomenon is also likely to happen in laser-
arc hybrid welding when drops detach in the direction of the laser beam. 
Moreover, Kaplan and Samarjy (2017) demonstrated that it is possible to create 
an additive manufactured track from a stream of droplets detaching from a cut 
front of a waste sheet [5]. In this scenario, remote cutting was used to push the 
melt down the cut front with the laser beam before it breaks up into droplets, as 
it was demonstrated by Samarjy and Kaplan (2017). Depending on the laser 
beam’s position and angle, it can act directly on the droplets [6]. Thus, it is 
essential to understand how the laser beam interacts with the flight of the material. 

In order to get a better understanding of the mechanisms, basic physical effects 
need to be considered. Ablation is a phenomenon that happens in many laser 
processes and could explain this knowledge gap. When the material temperature 
is high enough, vapor is ejected from the melt pool and induces a momentum on 
the material, as it was first shown experimentally by Neuman (1964) and Gregg 
and Thomas (1966) with laser pulses [7,8]. Anisimov (1968) gave an initial 
formulation of this recoil momentum for continuous laser power [9]. This effect 
was later proven to be responsible for the creation of the keyhole by Andrews 
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and Atthey (1976) [10]. Kroos et al. (1993) showed that the formation of the 
keyhole is due to the conservation of momentum between the vapor and the 
melt, which generates an recoil pressure [11]. Likewise, Semak et al. (1994) 
developed a complete model explaining how the vaporization influences the melt 
dynamics inside a keyhole [12]. Thereafter, Matsunawa and Semak (1997) 
integrated this recoil pressure in a simulation to prove that the velocity of the melt 
flowing from the front part of the keyhole to the melt pool can exceed 1 m/s 
[13]. This concept was also applied by Kovaleva and Kovalev (2012) for powder 
particles encountering the laser beam in laser cladding and Directed Energy 
Deposition. Two evaporation modes were presented depending on the laser beam 
intensity, and simulations showed a considerable impact on the powder particles’ 
trajectory, which revealed the significant influence of the recoil pressure [14]. 

Furthermore, in space research one application of the recoil pressure is Laser-
Ablation Propulsion (LAP) for spacecraft propulsion. Bunkin and Prokhorov 
(1976) were two of the pioneers who theorized how a laser jet engine could work 
[15]. Phipps et al. (2010) proposed a review of LAP and presented many 
techniques that gave different results, with advantages of either a momentum-
coupling coefficient (that is the force generated by one Watt of power) or engine 
efficiency [16]. Phipps et al. (2002) created a mini laser ablation thruster consisting 
of a laser hitting an ablating strip. The vapor jet ejected on the other side could, 
depending on the operating mode, produce either a thrust of 500 µN per Watt 
of laser power, or an efficiency three times higher than for chemical rocket 
engines [17].  

However, the thrust produced was very small and therefore extremely difficult to 
measure. That is why Sinko et al. (2006) decided to study the ablation of liquids 
by using a pulsed CO2 laser on a small container of liquid. An ICCD camera was 
used to observe the vapor plume and piezoelectric force sensors were employed 
to measure the force induced on the liquid container. For water, the measured 
velocity of the plume front was up to 838 m/s and the maximum force induced 
on the container about 8 N [18]. Lakatosh et al. (2017) investigated the 
momentum transferred to a pendulum due to a laser pulse impacting a tin plate 
and concluded on an empirical model to express the recoil momentum as a 
function of the laser pulse peak intensity [19]. On a topic highly related to the 
present paper, Klein (2017) studied the effect of laser pulses on millimeter-size 
water droplets [20]. Klein et al. (2015) observed the deformation and propulsion 
of droplets submitted to a laser pulse of 6.6 mJ to 24 mJ and correlated it to recoil 
momentum created [21]. Likewise, Kurilovich et al. (2016) studied the 
deformation and propulsion of 50 µm diameter In-Sn droplets by a nanosecond 
laser pulse [22]. Hudgins et al. (2016) showed that high-energy laser pulsed acting 
on smaller droplets of a diameter smaller than 100 µm can lead to their 
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disintegration in a cloud of debris that is propelled at a radial speed proportional 
to the laser irradiance, which is also explained by the recoil momentum [23]. 

Furthermore, the pressure of the vapor evaporated from the melt pool might also 
have an effect on the melt. Both the vapor pressure and the recoil pressure are 
determined by phenomena occurring in the Knudsen layer. This layer of a 
thickness of few molecular mean free path above a liquid or solid surface can be 
considered as a gas dynamic discontinuity where Navier-Stokes equations do not 
apply. As first described by Anisimov (1968), certain jump conditions apply to the 
mass, momentum and energy in the Knudsen layer [9]. Knight (1979) developed 
a more extensive model of the Knudsen layer for describing the vaporization of 
aluminium at different Mach numbers [24]. More recently, Gusarov and Smurov 
(2002) proposed to compare different models of the Knudsen layer for 
evaporation and condensation with results from numerical analysis. The ratio of 
ambient temperature to surface temperature dictates which model better 
approximates the conditions in the Knudsen layer, where each model incorporates 
a degree of uncertainty due to the choice of assumptions, boundary conditions, 
etc. [25]. The Knudsen layer is a very peculiar region and it is usually specified 
that the regular thermodynamic and fluid mechanics equations apply only outside 
this layer. 

Moreover, an additional pressure contribution to consider is the radiation 
pressure. This pressure is the result of the transfer of momentum from the photons 
to a material when the photons are either absorbed or reflected on the surface. 
Nichols and Hull (1901) were among the first to discover this effect and Jones 
and Richards (1954) to explain it with the photonic model [26,27]. The radiation 
pressure is generally very weak and is neglected in most of the laser processes.  

Kovaleva and Kovalev (2012) showed by simulations that the recoil pressure 
generated by a laser beam on a powder particle can considerably affect its 
trajectory [14]. Sergachev et al. (2014) showed with statistical measurements that 
some of the powder particles can be accelerated up to 100 m/s in the laser beam 
[28]. Unfortunately the small size of these particles does not allow the observation 
of their individual behavior.  

The aim of the present study is to investigate with both calculations and 
experiments the behavior of a single metallic drop falling through a continuous 
laser beam. Measuring the recoil pressure or the radiation pressure with direct 
methods is not possible in this particular case, but measuring the effects of these 
pressures on the drop’s acceleration is. Moreover, while observing few millimeters 
diameter drops under laser irradiation, more phenomena are visible than on a 
powder particle, and this knowledge could subsequently be transferred to powder 
applications.  
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While previous studies succeeded to measure the effects of the recoil momentum 
and to express it as an empirical model [19,21–23], the present work aims at 
comparing experimental data with physical models. In particular, this research will 
focus on the interactions between the vaporization of the drop and its dynamics. 
Such work was not carried out before and could help to explain the reaction of 
the material to laser beam irradiation.  

2. Modelling approach 

It is important to understand the basic phenomena that can occur during the 
interaction of a material with a CW laser beam. This section includes theoretical 
models developed from calculations and evidence found in the literature in order 
to explain the contributions to the drop acceleration. The recoil pressure prec 
presented above will be considered, as well as the vapor pressure pvap and the 
radiation pressure prad (Fig. 1). All the equations describing vapor properties apply 
outside the Knudsen layer, therefore, the vapor pressure and the recoil pressure 
presented below are applied to the system ‘drop + Knudsen layer’. 

2.1. Vapor pressure 

When matter vaporizes under laser beam irradiation, the pressure of the released 
vapor can, to a certain extent, induce forces on the melt pool and influence its 
dynamics. Wester (2011) proposed a simplified model in a stationary 1 
dimensional case considering no heat conduction inside the material. The vapor 
pressure pvap was found to be 

Fig. 1 Representation of the hypothetical pressures acting on the drop’s surface submitted 
to laser irradiation 
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where T is the surface temperature, Rspe the mass-specific gas constant, HV the 
latent heat of vaporization and pSV,max the maximum saturation vapor pressure, 
which is 
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where p0 is the ambient pressure that equals 1013 hPa, and Tb the boiling 
temperature. Based on the same assumptions the temperature T in Equation 1 can 
be calculated from the absorbed laser intensity Iabs: 
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where I0(T) can be calculated as 
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where Hm is the latent heat of fusion and cp the specific heat capacity of the 
material. 

To conclude, the vapor pressure depends on the surface temperature. The 
expression for the temperature depending on the absorbed laser intensity is 
complex and needs to be solved with numerical methods. Moreover, these 
calculations do not take into account the heat loss due to heat conduction, 
convection and radiation (which is specific to the geometry of the material), as 
well as the expansion of the vapor in the ambient gas and the absorption of laser 
power in the vapor [29]. 

2.2.   Recoil pressure 

In addition to the vapor pressure, there is a conservation of momentum between 
a vaporized atom and the object it vaporizes from. This can be written as 

𝑚𝑚𝑎𝑎  𝑣𝑣𝑎𝑎 = 𝑚𝑚 𝑣𝑣,                                                                                                              (5) 

with ma the mass of the atom evaporating, va its velocity, m the mass of the object 
and v its induced velocity. In order to go to a macroscopic scale and consider a 
flux of atoms instead of a single atom, equation (5) has to be derived over time as 

𝑐𝑐𝑏𝑏
𝑐𝑐𝑡𝑡

 𝑣𝑣𝑉𝑉 = 𝑚𝑚 𝑐𝑐𝑐𝑐
𝑐𝑐𝑡𝑡

= 𝐹𝐹𝑟𝑟𝑏𝑏𝑐𝑐 .                                                                                           (6) 
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In this case, the atomic mass ma becomes the vapor mass flow rate dm/dt and the 
vapor velocity vV is constant over time. It can be assumed that the mass lost during 
vaporization is negligible compared to the mass of the object. Thus, the mass of 
the object is considered to be constant. By deriving Equation 5 into Equation 6, 
the second term becomes the object’s mass multiplied by its acceleration, which 
is de facto the force Frec induced by the ablation. This force represents the overall 
recoil force applied to a vaporizing surface, assuming that the vaporization is 
homogeneous and the surface is flat. In order to achieve more precise calculations, 
this force has to be tailored to all surface conditions and laser beam intensities. 
This is why it could be more relevant to report the recoil force onto an 
infinitesimal surface and consider the force density, which is equivalent to a 
pressure. In this work, the recoil force density will be called recoil pressure and, 
according to Matsunawa and Semak (1997), it is expressed as 

𝑃𝑃𝑟𝑟𝑏𝑏𝑐𝑐 = lim
𝑆𝑆→0

�𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎
𝑆𝑆
� =  𝑗𝑗𝑏𝑏 𝑣𝑣𝑉𝑉,                                                                                  (7) 

where S is the vaporizing surface and jm the mass flux of vapor [9]. Equation 8 
shows an estimation of the vapor velocity vV given by Wester (2011) as half the 
mean molecular velocity in the Maxwell-Boltzmann distribution [29]. 
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2
�8
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 𝑅𝑅𝑎𝑎𝑝𝑝𝑏𝑏 𝑇𝑇                                                                                                       (8) 

It has to be noted that the vapor velocity in laser ablation is usually of the same 
order of magnitude as the local speed of sound, but cannot reach supersonic 
speeds, this is the Chapman-Jouguet condition [30,31].  

Using the vector definition, a mass flux equals a mass density multiplied by its 
velocity field. Therefore, in the present case, jm can be defined as  

𝑗𝑗𝑏𝑏 = 𝑚𝑚𝑎𝑎  𝑛𝑛𝑉𝑉 𝑣𝑣𝑉𝑉,                                                                                                          (9) 

where ma is the atomic mass of the vapor and nV the vapor density, which is 
defined by Wester (2011) [29] by 
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Thus, the recoil pressure can be expressed as 

𝑝𝑝𝑟𝑟𝑏𝑏𝑐𝑐 = 𝑚𝑚𝑎𝑎  𝑛𝑛𝑉𝑉 𝑣𝑣𝑉𝑉2.                                                                                                  (11)    

The same equation was developed by Kroos et al. (1993) after investigating the 
energy and pressure balance in the keyhole [11]. 
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      In conclusion, the recoil pressure depends on the atomic mass of the material 
which is vaporizing, and the density and velocity of the vapor. These two last 
terms depend on the surface temperature and can be calculated based on the same 
assumptions used for the vapor pressure. 

2.3.   Radiation pressure 

The radiation pressure, also called the pure-photon pressure, is the pressure 
exerted by photons when interacting with a material. Even though it is not a 
major pressure contribution once vaporization occurs, it can have a considerable 
effect on small objects like powder particles or spatters. Therefore, it will also be 
taken into account in this research. Assuming that the surface exposed to the laser 
beam is flat, the radiation pressure Prad can, according to Jones and Richards 
(1954), be characterized as 

𝑝𝑝𝑟𝑟𝑎𝑎𝑐𝑐 = 𝐼𝐼𝑎𝑎𝑠𝑠𝑎𝑎𝑏𝑏
𝑐𝑐

 cos𝛼𝛼  [𝐴𝐴 + 2(1− 𝐴𝐴) cos𝛼𝛼],                                                     (12) 

where Ibeam  is the laser beam intensity, c the speed of light, α the incident angle 

of the beam on the surface, and A the absorptivity of the material [27]. 

3. Experimental Methodology 

The present study shows five cases of droplets accelerated in a laser beam, with 
different droplet detachment techniques, different droplet sizes, different materials 
and different laser powers absorbed. The extra force induced by the laser beam 
on the droplets will be calculated based on the measurement of the droplets 
acceleration and will be compared to the potentially acting forces presented in 
Section 2. In the following procedure, it will first be assumed that all the 
momentum transmitted to the drop is contributing only to the overall drop 
movement and that the drag force can be calculated assuming that the drop is a 
solid sphere falling in a static gas. The validity of these assumptions will be 
considered in the discussion section.  

3.1.   Experimental set up 

The experimental work involved the investigation of forces on drops falling in a 
laser beam in order to identify each force contribution to the resulting 
acceleration. Since these forces can be very small and the drop is in motion, it is 
impossible to measure them directly with a force sensor. However, if the drop is 
light enough, the effects of this force can be visible through its acceleration. 
Therefore, the accelerations of the drops were measured in high-speed videos. 



Da Silva  Paper II: Acceleration of metal drops in a laser beam 89 

For these experiments, two experimental setups were used. The first one, shown 
in Fig. 2a, is a variation of LDG where drops are generated from a horizontal wire 
feeding through a laser beam at a speed of 5000 mm/min. The drops were 
detached on demand by stopping the wire after a certain distance, from 10 mm 
to 20 mm while the laser was still emitting. The fall of the drop was recorded 
with a High-Speed Imaging (HSI) camera placed horizontally (Fig. 2) and 
calculations of the acceleration were made from these videos. In order to avoid 
high back-reflections into the laser, the optics were inclined 8º (Fig. 2a). The laser 
used was a 15 kW Yb-fiber laser operating at 2 kW. The optical system consisted 
of a collimator lens with a focal distance of 150 mm and a focusing lens with a 
focal distance of 250 mm. The diameter of the optic fiber was 0.4 mm, thus the 
theoretical beam diameter at the focal plane was 0.67 mm. The focus was 
positioned on the wire’s surface. The wire diameter was 1.2 mm and for this 
technique, the material used was stainless steel 316L. An argon shielding gas was 
provided during the whole process from a 20 mm diameter tube with a gas flow 
rate of 24 l/min. The HSI camera was used with a band-pass filter that passes only 
the wavelength of 810 nm. The HSI camera was synchronized with a pulsed 
illumination laser with a pulse power of 500 W and a wavelength of 810 nm that 
was used to illuminate the process. The camera only recorded the light of the 
illumination wavelength. Thus, the whole process was visible on the videos where 
each frame represents, in shades of grey, the intensity received by the camera for 
the wavelength 810 nm. The videos were recorded at 4000 fps with an exposure 
time of 20 µs. The camera was set such that the focal plane of its optics coincided 
with the laser beam’s central line. The videos had a resolution of 1280 × 1024 
pixels where the pixel size was 18.2 µm and the temporal resolution of each frame 
was 250 µs. With this process, the drops generated with a feeding distance of 

Fig. 2 Experimental setup of drop detachment and propulsion a) from a wire and b) 
from a plastic foil 
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10 mm and 15 mm fell inside the laser beam. Therefore, they were analyzed in 
order to investigate their accelerations. These drops were called W-St-1 and 
W-St-2, generated with 10 mm and 15 mm feeding distances respectively. The 
parameters used for detaching these drops are present in Table 1. 

Table 1 List of parameters for each drop 

*Calculated based on the fraction of the laser beam irradiating the drop (Fig. 4) and the 
absorptivity of the material (Table 2) 
 
For the second setup, solidified drops generated by LDG were placed on a plastic 
foil and propelled by a vertical laser beam, as shown on Fig. 2.b. When the laser 
emission started, the heat conduction through the solidified drop enabled the 
plastic foil to melt before the drop. Hence, the solidified drop fell through the 
hole generated in the foil and started to melt and to vaporize while falling inside 
the laser beam. Mirror optics were used instead of lenses. The collimator had a 
focal length of 150 mm and the focusing mirror a focal length of 250 mm. The 
spot diameter at the focus was 0.67 mm, which is the same as for the first setup. 
The gas tube was placed above, pointing downwards, and the shielding gas was 
started before the process. It was stopped when the emission started, to avoid any 
turbulence when the drop falls. The advantage of this second technique is that 
the optics could be positioned vertically without any risk of high back reflection. 
Moreover, contrary to the LDG technique, there was no part of the laser power 
that was absorbed by other objects, like the wire. The main loss of power occurs 
due to absorption in the plume, which according to Zou et al. (2016) does not 
exceed 5% in a lateral cross-section of the plume [32]. It will therefore be 
neglected in this study. With this technique, two materials were investigated, 
namely stainless steel 316L and aluminium AlSi5. The focal plane position was 
also varied in order to identify its impact on the drops’ acceleration. With this 
second set up, two drops successfully fell inside the laser beam. The first one, 

 
W-St-1 W-St-2 F-St F-Al Spatter 

Set up wire wire foil foil foil 

Material 316L 316L 316L AlSi5 316L 

Laser power used [W] 2 000 2 000 2 000 10 000 5 000 

Focal position [mm] 0 0 0 +50 +9 

Drop diameter [mm] 2.88 3.44 3.20 3.60 0.98 

Laser power absorbed    
by the drop [W]* 

400 400 800 425 213 
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called F-St, was detached with the same parameters used for W-St-1 and W-St-2. 
The second one, called F-Al, was an AlSi5 drop falling in a 50 mm defocused 
laser beam with a power of 10 kW. In addition, during one experiment where 
the drop travelled outside of the laser beam, a particle of spatter detached from 
the drop and then encountered the laser beam. This spatter was significantly 
accelerated and thus it is included as one of the five cases studied in this research. 
Table 1 shows the material and the laser parameters applied for each drop.  

3.2.   Processing of images 

Using the high-speed video frames, calculations were made in order to determine 
the speed and acceleration of the drops. Due to vapor effects (Fig. 3) forming a 
plume or a halo around the drop, a recognition algorithm of the drop outline 
needed to be developed. In order to recognize the drops on the frames without 
the halo or the plume, a semiautomatic method was used. The drop contour was 
drawn with the aid of the drawassisted function in Matlab® that detects edges. 
This contour was then filled in white, and the grey scale image was changed to a 
black and white image, where every pixel that is not completely white is turned 
to black. Fig. 3 shows the result of this image post-treatment for two frames of 
the same video. After that, the regionprops function was used in Matlab® with 
the argument centroid in order to detect all the circles on the frame, visible in red 
in Fig. 3. The biggest circle was defined as the drop and its coordinates were used 

Fig. 3 Sketch of the drop recognition procedure in high-speed images and evaluation of 
drop positions and ablation area 
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for the calculations. The maximal error in the calculation of the drop position due 
to the spatial resolution of the camera is 18.2 µm in both x and z directions and 
other minor errors could be introduced due to the edge detection method and 
the assumption that the drop is perfectly spherical.  

In addition, the ablation area on the drop was calculated from measurements on 
the HSI images. It was defined as the base of the elongated plume, formed by a 
faster vaporization that results in a higher recoil pressure.  

3.3.   Calculation of drop acceleration 

3.3.1. The measured acceleration 

The accelerations of the drops were calculated from their positions measured on 
the HSI videos. The horizontal displacement was neglected in this study because 
the measurement in x direction showed very low variations, within the 
measurement uncertainty. As a result, for each video the drop’s vertical position 
z was measured depending on the time t, which gave a displacement curve. This 
curve was approximated by a second degree (quadratic) polynomial that was 
derived once to obtain the speed of the drop and a second time to obtain its 
acceleration. Approximations with polynomials of higher degrees showed 
incoherent results because of a strong dependency on small measurement errors. 
With displacement curves estimated to be second degree polynomials, the lowest 
value of the coefficient R2 was 0.99897. Thereafter, the speed curves were 
assumed to be first degree polynomials (linear) and the acceleration curves zero 
degree polynomials (constant). Thus, the values obtained for the accelerations 
represent the average of the drop’s acceleration within the time range of the 
calculations. This time range was chosen differently for each video. When the 
drop detaches from the wire for instance, the laser beam hits both the wire and 
the drop at the same time and some spatter can be ejected from the wire to the 
drop. The time range chosen for the calculations was therefore the longest one 
without any spatter particles interacting with the drop. This time range allowed 
the identification of the drop’s position on 15 to 58 frames depending on the 
video. 

3.3.2. The theoretical acceleration 

The accelerations of the drops calculated from the HSI videos were then 
compared to the theoretical acceleration that these drops should have had if the 
laser beam irradiation did not have any effects. Thus, only gravity and gas friction 
were taken into account for this reference model. The weight of the drop W is 
expressed in Equation 13 and the drag D exerted on the drop by Equation 14. 



Da Silva  Paper II: Acceleration of metal drops in a laser beam 93 

𝑊𝑊 = 𝑚𝑚.𝑔𝑔                                                                                                                   (13) 

𝐷𝐷 = 1
2

 𝐶𝐶𝑐𝑐 𝜌𝜌𝐴𝐴𝑟𝑟 𝑆𝑆 𝑣𝑣2                                                                                            (14) 

Where m is the mass of the drop, g the gravitational force equivalent (9.81 m/s2), 

Cd the drag coefficient, ρAr the density of argon (1.78 kg/m3), S the projection of 

the drop’s surface exposed to the flow and v the drop’s speed. Different models 
with different accuracy exist to calculate the drag coefficient of a sphere depending 
on the Reynolds number Re, as shown by Yang et al. (2015). In the present study, 
the Reynolds numbers calculated were between 67 and 244. The model chosen 
to calculated the drag coefficient is the one proposed by Cheng (2009), which is 
one of the most accurate and simple to use for Reynolds numbers up to 2×105 
[33,34], it is describe by the equation: 

𝐶𝐶𝑐𝑐 = 24
𝑅𝑅𝑠𝑠

(1 + 0.27 𝑅𝑅𝑏𝑏)0.43 + 0.47�1− 𝑒𝑒𝑒𝑒𝑝𝑝�−0.04 𝑅𝑅𝑏𝑏0.38��                              (15) 

The theoretical acceleration of the drops considering only gravity and gas friction 
was calculated analytically as: 

𝑎𝑎𝑡𝑡ℎ𝑏𝑏𝑐𝑐𝑟𝑟𝑒𝑒 = 𝑔𝑔 − 𝐷𝐷
𝑏𝑏

                                                                                                      (16) 

3.3.3 The extra force acting on the drop 

The acceleration calculated from the HSI videos was then compared with the 
theoretical acceleration calculated in Equation 16. This deviation from the 
theoretical acceleration represents the effects of the extra force applied to the drop 
that can be due to the recoil pressure, the vapor pressure and/or the radiation 
pressure. From this extra acceleration aextra and knowledge of the drop mass m the 
extra acceleration force Fextra was calculated according to Equation 17. 

𝐹𝐹𝑏𝑏𝑥𝑥𝑡𝑡𝑟𝑟𝑎𝑎 = 𝑚𝑚 𝑎𝑎𝑏𝑏𝑥𝑥𝑡𝑡𝑟𝑟𝑎𝑎                                                                                                    (17) 

The mass of the drop was calculated from the HSI videos where for each frame 
the program recognized the drop as the biggest circle and then measured its 
coordinates and its radius (Fig. 3). The drop’s mass m was thus estimated by 

multiplying its density ρ by its calculated volume from the average of radii 

�̅�𝑟 measured for each frame over the time range of measurements. 

𝑚𝑚 = 4
3

 𝜋𝜋  �̅�𝑟 3 𝜌𝜌                                                                                                         (18) 

All the values relating to the materials that were used to calculate Equations 1 to 
18 are presented in Table 2 [35–38]. 
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Table 2 Physical values used for the calculations 

4. Results 

4.1.   Video analysis 

For the LDG set up showed in Fig. 2.a, when the wire was fed through the beam, 
the tip melted and generated a drop that grew with the length of wire that was 
melted. When the wire stopped feeding after a certain distance, the drop detached 
under the combined effects of its own weight and the extra force induced by the 
laser irradiation. Then, for the two cases studied W-St-1 and W-St-2, the drops 
fell inside the laser beam. Fig. 4.a and Figure 4.b show a sequence of frames 
obtained by the HSI camera while the drop detached from the wire. When the 
drop detaches from the wire, approximately half of the laser beam irradiates the 
drop and the other half irradiates the tip of the wire. The laser power absorbed 
by the drop was estimated based on these observations, as shown in Table 1. In 
the videos, the vapor is visible and forms a plume starting from the ablation area 
on the drop. It was observed that vaporization also occurs all around the drop and 
forms a vapor halo around it. On the contrary, the drop F-St (Fig. 4.c) that had a 
similar diameter as the drops W-St-1 and W-St-2 and was submitted to the same 
power of 2 kW did not completely melt and the vaporization was less visible. 
Moreover, it was rapidly pushed out of the laser beam, seeing that the laser spot 
is located on the front part of the drop and that the whole drop appears blurrier 
on the video, due to its motion out of the camera’s focus. In a more defocused 
beam, like for the drop F-Al, this effect is less likely to happen. In this case, the  

Physical quantity Value for AlSi5 Ref. Value for 316L Ref. 

Absorptivity (A) 0.05  0.4  

Latent heat of fusion (HM) 397 kJ/kg [35] 260  kJ/kg [37] 

Latent heat of 
vaporization (HV) 

10 500 kJ/kg  6 090 kJ/kg  

Boiling temperature (Tb) 3 134 K  2 792 K  

Mass-specific gas constant 
(Rspe) 

308 J/kg K  149 J/kg K  

Specific heat capacity (cp) 
at liquidus 

1 180 J/kg K [35] 790  J/kg K [37] 

Atomic mass (ma) 4.48 × 10-26 kg  9.27 × 10-26 kg  

Density (ρ) at liquidus 2 391 kg/m3 [36] 6 979 kg/m3 [38] 
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Fig. 4 High-speed imaging 
sequences of a) drop W-St-1, 
b) drop W-St-2, c) drop F-St, 
d) drop F-Al and e) spatter, 
including projections of the laser 
beam; where drops a) and b) 
were detached from a wire and 
drops c), d) and e) were 
released from a foil 
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laser beam was wider than the drop and the plume was generated from the whole 
upper surface. However, the plume appears to be less dense than the ones visible 
with drops W-St-1 and W-St-2. It is also possible to see that despite the use of 
shielding gas, a layer of oxides was formed on the bottom part of the aluminium 
drop. Concerning the spatter, it appears very bright, and is accompanied by an 
intense vapor plume that encompass the whole spatter, which means that 
vaporization might occur all around its surface.  

4.2.   Measurements from videos 

Based on HSI videos the position of the drops was estimated by a polynomial of 
order 2 and derived twice in order to obtain the measured acceleration. The 
positions of the drops over time, measured on the HSI videos, are plotted in 
Figure 5. The starting time of the drops’ detachment from the wire was arbitrarily 
chosen as t = 15ms whereas the starting time of the drops released from the foil 
was chosen as t = 0ms. Based on these measurements, the displacement of the 
drops was approximated with second order polynomial functions as follows: 

𝑦𝑦(𝑡𝑡) = 7386.70 𝑡𝑡2 + 259.70 𝑡𝑡 + 4.02 for W-St-1,                                            (19) 

𝑦𝑦(𝑡𝑡) = 8344.86 𝑡𝑡2 + 8.73 𝑡𝑡 + 6.24 for W-St-2,                                           (20) 

𝑦𝑦(𝑡𝑡) = 6569.00 𝑡𝑡2 + 440.51 𝑡𝑡 + 2.12 for F-St,                                         (21) 

Fig. 5 Position of the drops over time, measured with HSI videos 
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𝑦𝑦(𝑡𝑡) = 5103.56 𝑡𝑡2 + 441.72 𝑡𝑡 + 2.08 for F-Al,                                         (22) 

𝑦𝑦(𝑡𝑡) = 55010.57 𝑡𝑡2 + 564.02 𝑡𝑡 + 10.93 for the Spatter.                               (23) 

The theoretical speed that the drop should have had if only gravity and gas friction 
were acting on it was calculated by integrating Equation 16. For each drop, the 
evolution of the measured speed compared to the theoretical speed is shown in 
Fig. 6. The difference of inclination between the measured speed curves (solid 
lines) and the theoretical speed curves (dashed lines) indicates an additional 
acceleration induced by the laser irradiation. This difference of speed is obvious 
for most of the drops, especially the spatter that doubled its speed within 5 ms. 
However, for the drop F-Al the measured speeds do not exceed the theoretical 
speeds by more than 1.46%.  

Based on the extra accelerations and the mass of the drops, the extra forces were 
calculated according to Equation 17 and are displayed on Fig. 7. Hence, the extra 
force can be compared to the drop’s weight, which was calculated from 
Equations 13 and 18. The measured acceleration can be compared to the 
theoretical acceleration calculated in Equation 16, which is very close to 1 g 
because the drag force is negligible at these low speeds. For the drops W-St-1, 
W-St-2 and F-St, the extra forces are respectively 50.6%, 70.3% and 33.9% of the 
drop’s weight. For the aluminium drop F-Al, the extra force is 4.10% of the drop’s 
weight. At the contrary, for the spatter, the vertical acceleration is about 11.2 g, 
and the extra force acting on it is 10.2 times higher than its weight.  

In order to compare these results to the theoretical recoil pressure, the extra forces 
measured were divided by the ablation areas measured on the HSI videos. The 
extra pressures obtained for each drop are plotted on Fig. 8. The surface 
temperature of the ablation area was assumed to be equal or higher than the 
boiling temperature of the material. The recoil pressures were calculated from 

Fig. 6 Measured vertical speeds after polynomial approximation (straight lines) compared 
to theoretical vertical speeds with only gravity and air friction (dashed lines) 
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Equation 11 and the radiation pressures from Equation 12. It is noticeable that 
the four 316L drops, including the spatter, were submitted to an extra pressure 
lower than the theoretical recoil pressures by one to two orders of magnitude. 
For the aluminium drop F-Al, the extra pressure is four orders of magnitude lower 
than the theoretical recoil pressure at boiling temperature, and about two orders 
of magnitude lower than the radiation pressure. 

5. Discussion 

The present section aims at interpreting the results in order to give possible 
explanations for the phenomena observed. The vaporisation of the drop’s surface 
is discussed as a starting point, leading to different forces that have different 
contributions on the drop’s acceleration. 

5.1.   Vaporization of the drop 

Based on the HSI video sequences shown in Fig. 4.a and Figure 4.b, it is possible 
to distinguish two different vaporization regimes. The first one occurs on a small 
area about the size of the laser spot on the drop, which is called the ablation area 
in Fig. 3. In this high vaporization regime, the high speed and mass flux of vapor 

Fig. 7 Acceleration, weight and extra force calculated for each drop 
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are most likely responsible for the plume. The second regime occurs outside of 
the ablation area, all around the drop. It is a low vaporization regime, where the 
speed and mass flux of vapor are probably lower, and is responsible for the vapor 
halo around the drop. The transition between these two regimes on the drop is 
noticeably distinct, which indicates a sudden change of conditions on the drop 
surface. An explanation could be that the surface temperature exceeds the boiling 
temperature on the ablation area and not on the rest of the drop’s surface. Thus, 
the difference between boiling and evaporation can explain the discontinuity 
between the halo and the plume that represent the two vaporization regimes on 
drops W-St-1 and W-St-2. Kovaleva and Kovalev (2012) described two similar 
vaporization modes suspected to occur on powder particles inside a laser beam 
depending on the beam’s intensity [14]. In the present study, different conditions 
were investigated where the drops are larger and the laser beam smaller, which 
results in different observations. The distinction between the two evaporation 
modes presented by Kovaleva and Kovalev (2012) is that the two vaporization 

Fig. 8 Theoretical pressure contributions from calculations (lines) and experimentally 
derived (dots), where the recoil pressures were calculated based on Eq. 11 and the radiation 
pressures based on Eq. 12 
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regimes explained in the actual study occur above the melting temperature, and 
both can happen simultaneously on two different parts of the same drop. 
Moreover, the vapor halo is thicker on drop W-St-1 than on drop W-St-2 with 
the same laser power of 2 kW. That is possibly due to a difference of diameter 
between the two drops. Indeed, W-St-1 is 2.88 mm diameter and W-St-2 is 
3.44 mm diameter and has a volume 70.4% higher than W-St-1. Therefore, the 
same heat input from the laser beam on a larger drop results in a lower surface 
temperature outside the ablation area; hence a lower evaporation effect, resulting 
in a thinner vapor halo. It is also worth noting that the halo seems to be 
homogeneous all around the drop, which would mean that the surface 
temperature is relatively uniform on this area. Also, if the drop size is considerably 
smaller, as in the case of the spatter that has a diameter of 0.98 mm, the whole 
surface could reach the boiling temperature. This could be the reason why no 
distinguishable vapor halo is visible around the spatter, since high levels of 
vaporization might occur on its whole surface. Because the laser light absorbing 
area of a drop increases as a function of r2 and its mass increases as a function of 
r3, it can be assumed that for a constant power, a decreased drop diameter involves 
a higher surface temperature and increased vaporization; leading to a thicker halo, 
until the boiling temperature is reached all around the drop.  

5.2.   Contributions to the drop acceleration 

The most essential point of these results is that even though the drops are clearly 
submitted to an extra force while falling in a laser beam, this force is in theory 
supposed to be higher by between two and four orders of magnitude. There are 
different explanations for this deviation. One part of it can be due to the 
absorption of laser light in the plume, which represents about 5% of power loss 
in a lateral cross-section [32]. However, the laser light absorption in the plume is 
most likely higher in the vertical direction when the laser beam has a longer path 
inside the plume. In addition, the vapor halo might also be responsible for some 
recoil pressure on the sides and bottom of the drop, thus counteracting the main 
recoil pressure on top of the drop (Fig 9). There is also a possibility that the 
equations used to calculate the ablation pressure overestimate it. A possible error 
might be introduced by the assumption that the vapor velocity is half of the mean 
molecular velocity (Eq. 8) and that the vapor density is half of the saturation 
density (Eq. 10). Another source of error could arise in the transition from the 
atomic model in Eq. 5 to the macroscopic model in Eq. 11, due to the assumption 
that all the atoms vaporize in the same direction, perpendicularly to the liquid 
surface. It is also possible that not all the recoil pressure contributes to accelerate 
the drop. Indeed, one explanation could be that the first assumption – that the 
drop is a non-deformable object and that all the momentum transmitted to the 
drop is contributing only to its overall movement – is not valid. There is always 
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conservation of momentum between the vapor and the liquid at the liquid-vapor 
interface, which initially results in a movement of liquid below the vaporizing 
surface. As shown by Semak (1995) and Semak and Matsunawa (1997), in melt 
pool-based laser processes, where the liquid is constrained by a solid substrate, 
part of this momentum can be contributing to internal movement in the liquid 
body [39,40]. Such internal movements are also likely to occur in the metal 
droplets studied, it could for example be deformation of the drop, spinning of the 
whole drop or forced convection inside the drop, as shown in Fig. 9. Such internal 
movements are very difficult to capture with high-speed imaging since only the 
surface of the drop is visible. It is possible that the acceleration of the drops 
measured by high-speed imaging is not the only effect caused by the recoil 
pressure, which would at least partially explain the low values of extra pressure 
measured. 

Another explanation might be that there is another force counteracting the recoil 
force on the drops. It can be due to the gas mechanics around the drop as shown 
in Fig. 9. When a spherical object moves in a fluid, drag is generated from two 
surfaces. The front one exposed to the airflow that generates a high pressure, and 
the back one where the low pressure wake takes place. As explained by Torobin 
and Gauvin, (1959), the difference between the high pressure in front of the 
sphere and the low pressure behind generates the drag force. The wake behind 
the sphere is due to a flow separation on the surface, it depends on the relative 
speed and the surface roughness [41]. In the case of this study, the speeds are 
rather low (from 0.24 m/s to 1.2 m/s) and the drag force calculated in 
Equation 14 gives comparably low values. The drag forces for the five drops 
investigated were calculated to be from 0.3 µN to 3.2 µN. Which is two to three 
orders of magnitude lower than the drop’s weight. In the case of a laser heated 
drop the situation is more complex because of the flux of vapor coming from the 
drop.  The speed of vapor in the plume is several hundred meters per second, 
thus the pressure acting on the upper surface of the drop might be significantly 
reduced. Equation 1 is probably not appropriate to calculate the vapor pressure in 
such dynamic circumstances where the vapor escapes the melt at high speed and 
expends into a plume. Arnold et al. (1999) have developed a model for the vapor 
dynamics during laser ablation. Even though this study focused on laser pulses, 
some of its conclusions can be applied to the present work with continuous laser 
power. The vapor pressure in the plume was shown to be lower than the ambient 
pressure by four orders of magnitude [42]. Hence, when vaporizing the upper 
side of the drop into a plume, it most probably recreates similar wake effects as if 
the drop was travelling considerably faster, due to the larger pressure difference 
between top and bottom of the drop, as shown in Fig. 9. The common 
aerodynamics model used to calculate the drag coefficient might not be applicable 
to this case where the pressure acting on the upper surface of the drop is 
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significantly lower than if no vaporization was taking place. This could explain 
the difference between the extra pressures measured and the recoil pressure in 
Fig. 8.  

Therefore, three main forces are likely to act on a drop that falls in a laser beam: 
The weight of the drop (that is considered constant during the laser irradiation), 
the recoil force that depends on the surface temperature, and the drag force that 
acts against the drop’s movement and also depends on the surface temperature. 
The weight and the drag are uniform forces acting on the whole drop, while the 
recoil pressure is applied only to a specific area and might involve both internal 
and overall movement of the drop. 

The surface temperature depends on the absorbed laser power, the drop’s volume 
and the drop’s material. For instance, the drop F-Al that had a diameter similar to 
the others probably did not reach boiling temperature. This is most likely because 
of the lower absorbed power and the higher heat conductivity of aluminium 
compared to steel. That can explain why its vapor plume appears less dense 
(Fig. 4.d) and no significant extra force is measured (Fig. 7). 

Fig. 9 Sketch of the phenomena occurring on a metal drop falling in a laser beam, where 
the orange arrows represent the low vaporisation regime and the red arrows represent the 
high vaporization regime 
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In this work the precision of the measurements frustrated any observation of the 
effects of the radiation pressure. On drop F-Al, the difference between the extra 
pressure measured and the radiation pressure (Fig. 8) is within the uncertainty of 
measurement. Moreover, the other pressures involved are considerably higher and 
overshadow such small values. 

In summary, when a laser beam irradiates the drop, the recoil force contributes to 
its acceleration, and the low pressure in the plume and the vapor halo probably 
counteract this acceleration. Moreover, the acceleration transmitted to the liquid 
material by the recoil pressure can be converted to both overall acceleration of 
the drop (which was measured) and internal movement inside the drop (which 
could not be measured). All the accelerations measured on steel drops (Fig. 7) 
were above 1g, which means that these drops were submitted to an extra 
acceleration while falling in the laser beam. However, the theoretical model used 
to express the recoil pressure might not be appropriate to calculate the 
acceleration of millimeter-sized metal drops, as the previously mentioned effects 
of unknown magnitudes may significantly decrease the amplitude of this 
acceleration. The present study was able to show a discrepancy between physical 
models and experimental results, which justifies the choice of specific empirical 
models rather than generalizable theoretical models of the recoil pressure in prior 
experimental studies [19,21–23]. 

6. Conclusions 

In the present study, two drop detachment techniques were conducted in order 
to analyze the trajectories of drops illuminated by an intense laser beam. The Laser 
Drop Generation technique, previously described in the literature, is a simple way 
to detach drops in a laser beam, but part of the power is absorbed by the wire. 
The foil technique, introduced by this research, allows more flexible laser 
parameters to be investigated, and a larger proportion of the laser power can be 
transmitted to the drop. 

According to the results of this present study concerning a metal drop irradiated 
by a laser beam while falling in an ambient pressure gas, the following conclusions 
can be drawn: 

• Two vaporization regimes have been identified: a high vaporization regime 
occurring on the ablation area that is above boiling temperature; and a low 
vaporization regime potentially occurring on the rest of the drop’s surface 
that is below boiling temperature. 
 

• The high vaporization regime is responsible for forming the plume that is the 
origin of most of the recoil pressure propelling the drop. 



104 Paper II: Acceleration of metal drops in a laser beam Da Silva 

 
• The low vaporization regime is responsible for forming the vapor halo around 

the drop. 
 

• The force induced by the radiation pressure is at least two to three orders of 
magnitude lower than the recoil force; it is thus negligible when recoil 
pressure is present. 
 

• The one to two orders of magnitude lower accelerations measured compared 
to the theoretical recoil pressure are most likely due to a combination of the 
following factors: the laser light absorption in the plume, the low vapor 
pressure generated in the plume due to the wake effect, consequent internal 
movements in the drop instead of overall movement of the drop. 
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Abstract 

The subject of Additive Manufacturing includes numerous techniques, some of 
which have reached very high levels of development and are now used 
industrially. Other techniques such as Micro Droplet Deposition Manufacture are 
under development and present different manufacturing possibilities, but are 
employed only for low melting temperature metals. In this paper, the possibility 
of using a laser-based drop deposition technique for stainless-steel wire is 
investigated. This technique is expected to be a more flexible alternative to Laser 
Metal Wire Deposition. Laser Droplet Generation experiments were carried out 
in an attempt to accurately detach steel drops towards a desired position. High 
speed imaging was used to observe drop generation and measure the direction of 
detachment of the drops. Two drop detachment techniques were investigated and 
the physical phenomena leading to the drop detachment are explained, wherein 
the drop weight, the surface tension and the recoil pressure play a major role. 
Optimised parameters for accurate single drop detachment were identified and 
then used to build multi-drop tracks. Tracks with an even geometry were 
produced, where the microstructure was influenced by the numerous drop 
depositions. The tracks showed a considerably higher hardness than the base wire, 
exhibiting a relatively homogeneous macro-hardness with a localised softening 
effect at the interfaces between drops. 

Keywords: Laser Metal Wire Deposition, Wire-Laser Additive Manufacturing, 
Laser Droplet Generation, Laser Droplet Formation Process, Drop-on-Demand 

 

1. Introduction 

Additive Manufacturing (AM) of metals has become a field of great interest for 
the manufacturing of high performance products. Several AM techniques exist, 
combining different heat sources with various material deposition strategies, each 
of them presenting different advantages and drawbacks that make them suitable 
for specific applications. Most of the existing AM techniques combine either a 
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laser beam, an electron beam or an arc as a heat source, with either powder or 
wire as the raw material.  

However, new AM techniques that could offer different manufacturing 
possibilities are under development. This is the case with Micro Droplet 
Deposition Manufacture (MDDM), which is a Drop-on-Demand technique. It 
consists of forcing a liquid metal through a nozzle in order to form a jet that breaks 
into drops which are subsequently deposited to build the required structure [1,2]. 
The molten metal is kept in a heated crucible under controlled pressure, and a 
vibrating rod is commonly used to provoke the drop detachment [3,4]. In order 
to improve the process flexibility, deflection electrodes can be added to direct the 
drop stream in the desired direction [5]. Drops with a diameter in the range of 
100 µm to 2.2 mm can be detached, and most studies mention a drop diameter 
of about 300 µm [2,6]. With MDDM, building vertically is as simple as building 
horizontally, thus this process is suitable for building thin vertical structures with 
the possibility of changing the building direction [2,7]. However, building a 
structure with acceptable drop-to-drop bonding is challenging. It has been shown 
that the arriving drop temperature and the surface temperature of the previous 
drop need to be sufficiently high to allow the particles to weld together [1,7]. 
Some defects such as cold lap pores and micro-voids can be reduced or avoided 
by tailoring parameters such as the drop temperature, the surface temperature of 
the previous drop and the distance between two drop depositions [8,9]. Another 
challenge is also to reduce the surface roughness, which is dictated by the shape 
of the solidified drops. Investigations towards reducing the surface roughness have 
been carried out, for example by using alternate drop deposition at high surface 
temperature [10]. Nevertheless, a persisting limitation with MDDM lies in its 
small range of appropriate materials. Only low melting temperature metals such 
as aluminium alloys and Sn-Pb alloys have been processed so far [2,7].  

Another Drop-on-Demand technique that allows the deposition of metal drops 
of higher melting temperature is Laser Droplet Generation (LDG). This technique 
consists of melting a metal wire with a laser beam in order to first form, and then 
detach, a drop of a diameter in the range of 1 mm to 5 mm. The drop detachment 
is commonly provoked by a laser pulse [11–13], but it has also been shown to be 
possible by shearing off the drop against a nozzle while retracting the wire [14]. 
LDG has been investigated as a joining method with Ag Cu and nickel drops. It 
has shown several advantages such as a better control of the heat input in the drop 
and the substrate, a narrower heat affected zone and a higher process flexibility 
[12]. However, some aspects of LDG, such as the detachment conditions of the 
drops, are still not completely understood. 

The goal of the present study is to investigate the possibility of using LDG for 
Additive Manufacturing, as an alternative to MDDM, for higher melting 
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temperature materials. This could also provide an alternative to Laser Metal Wire 
Deposition (LMWD) with a more flexible and controllable process. In LMWD, 
a metal wire is fed and melted by a laser beam together with the substrate in a 
continuous movement, which creates a track of added material. This process has 
been proved to work with a wide range of materials such as steels [15,16], 
aluminium alloys [17,18] and titanium alloys [19]. With a regular LMWD setup, 
the laser beam is close to vertical and the wire is preferably fed from the front, 
which is a limitation in terms of process flexibility [16]. Improvements have been 
achieved by using a laser beam coaxial to the wire, which has removed the 
direction dependence of the process [20,21]. A better energy efficiency of LMWD 
has been investigated by feeding the wire vertically, where the laser beam was 
used to melt only the wire that was deposited on the substrate with partial re-
melting of the previous layer [22]. In this present research, it is expected that using 
a LDG alternative for LMWD will also lead to lower energy requirements, since 
the laser beam will be used mostly to melt the wire and less heat losses will occur 
due to heat conduction to the substrate.  

 

Different physical phenomena can explain drop generation and detachment. With 
a relatively small amount of liquid, a spherical drop is generated due to surface 
tension. The surface tension is caused by the asymmetric cohesive forces at the 
liquid-gas interface, which tends to minimise the surface area and force the liquid 
into a spherical shape [23]. The surface tension of a vertically pendant drop can 
be calculated with the drop weight method, based on the force balance at 
detachment where the drop weight equals the surface tensional force [24]. At any 
cross-section of an axially symmetric liquid, the surface tensional force can be 
calculated as; 

𝑆𝑆 = 2𝜋𝜋𝑟𝑟𝜋𝜋,                                                                                                          (1) 

where γ is the surface tension and r is the radius of the circular liquid cross-section. 

When the drop weight overcomes the surface tensional force, the drop detaches 
at the weakest cross-section, represented by the smallest radius, also called the 
neck. However, in the case of a drop pending from a non-horizontal surface, or 
if the drop is moving, the contact angles at the liquid-solid interface can be 
different from one side of the drop to the other. This induces retention forces that 
act like a friction force at the liquid-solid interface [25,26].  

An additional force to consider in LDG is the recoil force caused by the 
conservation of momentum between the vapour and the liquid during 
vaporisation [27,28]. It has been proved experimentally that the recoil pressure 
can propel and even disintegrate drops that encounter a laser beam [29,30]. In a 
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related study, it has been observed that steel drops with a diameter of 2.88 mm to 
3.44 mm falling into a 2 kW laser beam were submitted to a recoil force equal to 
50% to 70% of their own weight [31]. In addition to its influence on the trajectory 
of falling drops, the recoil pressure most likely has an effect on the drop 
detachment. 

When impacting a solid substrate, a metal drop can either wet it or bounce. 
Which of these happens depends mostly on the drop-surface wetting properties 
and the surface roughness of the substrate [32]. The impingement velocity has 
been shown to have an effect on the solidification rate, substrate remelting and 
the solidified drop geometry [33,34].  

When impacting a melt pool, as in arc welding or Wire-Arc Additive 
Manufacturing (WAAM) with a pulsed arc mode, the bouncing effect has not 
been observed and the drop merges with the existing melt [35,36]. 

The physics of detachment and attachment in MDDM and LDG is different and 
other physical phenomena leading to drop detachment and attachment have to 
be identified in order for this process to be successful. In this in situ study, the 
influence of the recoil pressure on drop detachment will be investigated, as well 
as the presence of a melt pool as a favourable condition for the drops to attach to 
the substrate. The industrial aim of this research is to develop a new process, while 
the scientific aim is to understand better the physical conditions of drop 
detachment and attachment.  

2. Methods 

LDG experiments were carried out and High-Speed Imaging (HSI) was used as 
the main observation and measurement method. Statistics were derived from the 
data obtained by HSI and material analysis was performed on the material 
produced. 

2.1.   Experimental methodology 

The LDG experiments were performed with a 1.2 mm dimeter 316L wire feeding 
through a laser beam as shown in Fig. 1. The laser beam was perpendicular to the 
wire and both the laser optics and the welding torch were tilted by 7º in order to 
avoid back reflections when the laser beam irradiates the substrate. For 
investigating the attachment of the drops, a Domex 350LA substrate was placed 
6 mm below the wire. Table 1 shows the chemical composition of both the wire 
and substrate used in this study. Argon was used as a shielding gas through a 
20 mm diameter tube, with a flow rate of 20 L/min. A 5 kW Ytterbium fiber 
laser was used, with an optic fiber of 0.2 mm diameter and a collimator and a 
focusing lens with focal distances of  150 mm and 250 mm respectively. A 
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quattroXX beam splitter was mounted between the collimator and the focusing 
lens in order to split the laser beam into four beams arranged in a square 
configuration. Fig. 2 shows the laser beams’ measurement and their position on 
the wire. This beam arrangement was used to prevent high laser beam intensities 
(that can initiate a keyhole on the wire) and to achieve a more stable guidance of 
the drops during their fall.  

A HSI camera was positioned horizontally, recording the drop generation, 
trajectory and landing, from the side (Fig. 1b).  Most of the HSI results were 
recorded using this setup and a different arrangement, with the camera filming 
from the front of the wire, was used for further clarification. The process was 
illuminated with a 50 W CW laser with a wavelength of 810 nm, and a band-
pass filter for the same wavelength was used on the HSI camera in order to block 
out most of the process light. The camera recorded at a frequency of 2000 fps to 
4000 fps with an exposure time of 20 µs and an aperture of 16.  

Table 4 Wire and substrate chemical compositions (wt%) 

Element C Si Mn P S Cr Ni Mo Al Nb+Ti Fe 

Wire 
(316L) 0.02 0.8 0.7 - - 18.0 12.0 2.8 - - 65.7 

Substrate 
(Domex 
350LA) 

0.10 0.040 0.90 0.030 0.025 - - - 0.015 0.10 98.82 

Fig. 1 Experimental setup for Laser Drop Generation a) view from the side, b) view 
from the front 
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Three sets of experiments were carried out. First, continuous wire feeding 
experiments were performed where the wire was fed continuously through the 
laser beam for 4 seconds. The wire feeding speed was varied from 3 m/min to 
7 m/min in steps of 1 m/min and the laser power was varied from 1500 W to 
5000 W in steps of 500 W in order to observe differences in drop generation with 
different parameters.  

A second set of experiments was performed with incremental wire feeding where the 
wire was fed for a pre-determined length and stopped. Based on the first set of 
experiments, the parameters were narrowed to a feeding speed of 5 m/min, the 
laser power was varied from 2300 W to 2800 W in steps of 100 W and the wire 
feeding length was varied from 6 mm to 14 mm in steps of 2 mm.  

The final set of experiments involved building 30 drop linear tracks with the 
optimized drop detachment parameters found with the incremental wire feeding 
experiments (laser power of 2600 W, wire feeding speed of 5 m/min and wire 
feeding length of 8 mm). Fig. 3 shows the process parameters during a drop 
deposition cycle with incremental wire feeding. The movement from one position 
of drop deposition to the other was achieved by moving the robotic arm at a 
travel speed of 0.6 m/min (Vtravel in Fig. 1a). The laser output was continuous 
throughout the whole process and alternately irradiated the wire to generate a 
drop when the wire is feeding (phase 1), and irradiated the substrate during a short 
delay (phase 2), as well as when the robot moved to the next position of drop 

Fig. 2 Laser beam profile on the wire 
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deposition (phase 3). Three tracks were built on a cold substrate where the step 
distance between two drop depositions was 2 mm, 2.5 mm and 3 mm. Two other 
tracks where built with a step distance of 2.5 mm on a pre-heated substrate at a 
temperature of 200ºC and 400ºC.  

2.2.   Image processing procedure 

The drop detachment experiments with incremental wire feeding performed with 
different laser powers (2300 W, 2400 W, 2500 W, 2600 W, 2700 W and 2800 W) 
were repeated 20 times and recorded by HSI. For each drop detachment, the 
detachment direction was measured from the first frame after detachment to the 
last frame where the drop is entirely visible. Fig. 4 shows the method applied to 

measure the detachment direction showed as an angle α. The measurements of 

detachment directions at different laser powers were statistically analysed later.  

2.3.   Material analysis 

Longitudinal cross-sections were cut from the five tracks built with incremental 
wire feeding and were observed with an optical microscope after grinding, polishing 
and etching. The etchant used was Klorpikrin, which is a mix of 5 g of CuCl2, 

Fig. 3 Representation of a drop deposition cycle with incremental wire feeding for the 
processing a multi-drop structure with optimised parameters 
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75 ml of HCl, 100 ml of ethanol and 100 ml of water, 24 g of picric acid and 384 
ml of ethanol. Vertical line hardness measurements were performed in the 
longitudinal cross sections of the tracks with a load of 1 Kg. For each line, 13 to 
18 measurement points were taken from the upper part of the track to the 
substrate, below the heat affected zone.  

3. Results 

3.1. Continuous wire feeding 

Different drop generation modes were observed during the continuous wire feeding 
experiments, where different laser powers and wire feeding speeds were 
investigated. Fig. 5 shows which drop generation modes occur depending on the 
parameters chosen, and Fig. 6 shows a sequence of HSI for each of these modes. 
The cells marked with a cross are experiments that were not carried out. 

Below a line energy of approximately 36 J/mm, the 1.2 mm wire does not melt 
completely. In this incomplete melting mode, a drop might be generated on top 
of the wire but either does not detach, or detaches with a solid piece of wire 
(Fig. 6.a). With a higher line energy, the wire is completely melted and a drop is 
generated at the rear side of the laser beam. As the wire melts, the drop stays 
attached and grows in size until a certain point where it detaches, this mode was 
called the pulling mode (Fig. 6b). In this mode, the average distance and standard 
deviation for a drop to detach (called the generation length) were calculated 
(Fig. 5). The average generation length decreases with increased laser power and 
generally increases with increased wire feeding speed. The average generation  
 

Fig. 4 Procedure for measurement of drop detachment direction 
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Fig. 5 Drop generation modes observed depending on the laser power and wire feeding 
speed 

 

Fig. 6 Sequence of HSI frames of a typical drop generation for each drop generation 
mode 

 



118 Paper III: AM by laser drop deposition from a wire Da Silva 

lengths for different parameters ranged from 3.27 mm to 13.3 mm, resulting in 
drops of diameter 1.9 mm to 3.1 mm, while the standard deviation of the 
generation length was 21% to 42% of the average value.  

With a high laser power at low feeding speed, the drop is pushed to the front side 
of the laser beam, below the wire, and this was called the pushing mode (Fig 6c). 
In this mode drop generation and detachment are turbulent and unpredictable.  

At high laser power and high speed, a cut front is created on the wire (Fig. 6.d). 
No drop generation takes place, the melt is directly accelerated downwards, 
forming a liquid column that breaks up into small drops (≤1 mm), this process has 
similar characteristics to laser remote cutting of a plate [37]. The flow of drops is 
generally directed in a single direction with only a minor divergence. Substantial 
variations of drop diameter, drop speed and drop spacing can be noticed in the 
flow of drops detaching from the cut front.  

The pulling drop generation mode appeared to be the most stable and promising 
mode for a deposition process. Further experiments described in the following 
sections aimed at reliably generating drops within this mode.  

3.2. Incremental wire feeding 

This section looks at improving the accuracy of drop detachment in the pulling 
generation mode (in the previous experiments the standard deviation of the drop 
generation length was 21% to 42% of the average) with a different wire feeding 
technique. In order to achieve a higher detachment repeatability, the wire feeding 
was stopped at a specific time to detach one drop. In all the following 
experiments, the feeding speed was set as 5 m/min, because, at this speed, a wide 
range of laser power produces the pulling generation mode, which gives more 
flexibility in choosing other parameters. 

First, the wire feeding length was set as 8 mm (with an expected drop diameter 
of 2.6 mm) and only the laser power was varied, from 2300 W to 2800 W. Based 
on image treatment of the HSI videos (Section 2.2), a statistical analysis of the 
drop detachment direction depending on the laser power was performed, as 
shown in Fig. 7. Fig. 8 shows a sequence of HSI of a single drop generation and 
detachment at different laser powers. It can be seen in Fig 7a that the average 
detachment direction of the drops does not seem to be affected by such small 
changes of laser power and remains between 7º and 12º. However, the standard 
deviation of drop detachment direction decreases with increased laser power until 
it plateaus at about 8º at 2600 W (Fig. 7b). For a laser power lower than 2400 W, 
the drops tend to detach with a solid piece of wire (Fig. 8a), showing the limit 
with the incomplete melting mode identified in Fig. 5. With a power higher than 
2700 W, two drops can detach in one wire feeding increment (Fig. 8c). Such 
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cases of double-drop detachment occurred 5% of the time at 2700 W and 20% of 
the time at 2800 W. Double drop detachments are not wanted as they alter the 
time between two drop detachments, the drop size and the drop detachment 
direction. Only the experiments at 2500 W and 2600 W did not show incomplete 
melting or double drop detachments (Fig. 8b). Since the experiments at 2600 W 
showed a better accuracy of drop detachment direction (Fig. 7a), this was selected 
as the optimised laser power for subsequent experiments.  

Fig. 7 a) Statistical analysis of the drop detachment direction as a function of the laser 
power, b) Evolution of the standard deviation of drop detachment direction as a function of 
the laser power (feeding speed of 5 m/min and feeding length of 8 mm) 
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In the following experiments, the laser power was kept at 2600 W and the wire 
feeding length was varied from 6 mm to 14 mm (drop diameter from 2.3 mm to 
3.1 mm). Fig. 9 shows HSI frames of drop detachment and landing for different 
feeding lengths, where the laser emission started 300 ms before the wire feeding 
in order to generate a melt pool on the substrate. For the feeding lengths of 6 mm 
to 12 mm, the time between the two frames exhibited is 25 ms, and this is 
extended to 50 ms for a feeding length of 14 mm. It appears that the feeding 
length has an influence on the drop detachment direction. At 6 mm feeding 
length, the drop fell in front of the laser beam, outside of the melt pool. From 8 
mm to 12 mm feeding length, the drops fell inside the laser beam towards the 
melt pool. At 14 mm feeding length, the drop fell to the rear of the laser beam, 
outside of the melt pool. Only the drops that fell inside the melt pool (8-12 mm) 
successfully attached to the substrate. 8 mm was selected as the optimised feeding 
length for subsequent experiments, since it generates the smallest drop that falls 
inside the laser beam, lands in the melt pool and attaches to the substrate.  

Fig. 8 Sequence of HSI frames of a typical drop generation at different laser powers, 
with drop detachment direction (blue arrow) 

Fig. 9 Typical detachment and landing behaviour of drops at different generation 
lengths during one feeding increment observed by HSI 



Da Silva  Paper III: AM by laser drop deposition from a wire 121 

As a final observation of single drop detachment with incremental wire feeding, the 
detachment and attachment of a drop with optimised parameters (feeding speed 
of 5 m/min, laser power of 2600 W, and feeding length of 8 mm) was filmed 
from the front, as shown in Fig. 10. The drops do not always fall inside the 
xz-plane (Fig 4) but can land at slightly different positions in the y-axis. However, 
if the drop touches the melt pool while landing, it realigns itself with the melt 
pool, vertically below the wire.  

3.3. Multi-drop deposition 

The optimised parameters for a single drop detachment with incremental wire feeding 
found in the previous section (feeding speed of 5 m/min, laser power of 2600 W, 
and feeding length of 8 mm) were then used for multi-drop deposition. The 
robotic arm moved in a linear movement at the travel speed in steps of 2.5 mm 
between drop depositions (Fig. 3) in order to create a track of drops on the 
substrate. Fig. 11 shows a sequence of HSI frames during one drop deposition 
cycle with a focus on the evolution of the melt pool on the substrate, which 
solidifies into the track. The phases in Fig. 11 refer to the same phases described 
in Fig. 3. This phase cycle is best described by beginning with phase 2.  

In phase 2, when the wire feeding stops, a new drop detaches and lands in front 
of the track in a small residual melt pool. The drop merges with the melt pool 
that grows in size while the laser emission prevents it from solidifying.  

In phase 3, when the robot moves by a step distance (2.5 mm), the laser beam 
melts the substrate in front of the previous melt pool. New molten material from 
the substrate is fed in the melt pool from the front, while the rear end of the melt 
pool solidifies. 

In phase 1, the travel movement stops and the wire feeding starts in order to 
generate a new drop. During this phase, the laser irradiates only the wire and not 
the melt pool on the substrate. This results in a partial solidification of the melt 
pool until a new drop detaches and a new cycle begins.  

  

Fig. 10 Sequence of HSI frames of a drop detachment at optimised parameters recorded 
from the front 
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Fig. 11 Sequence of HSI frames showing a cycle of drop deposition during the 
processing of a track with representation of the melt pool (green dashes) 

 

Fig. 12 30-drop tracks produced by Laser Drop Generation with different step 
distances and substrate temperatures 
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The step distance between two drop detachments was investigated and 30-drop 
tracks were built with step distances of 2 mm, 2.5 mm and 3 mm. Fig. 12 shows 
photographs of the tracks created. With 2 mm and 2.5 mm step distance, the 
tracks were built without apparent imperfections. However, with 3 mm step 
distance, the track geometry is not uniform and some drops landed out of position, 
resulting in gaps in the track (red circles in Fig. 12).  

In order to investigate the influence of the substrate temperature on the track 
properties, two tracks with a step distance of 2.5 mm were built on substrates at 
200ºC and 400ºC. The photographs in Fig. 12 show an increased wetting and a 

Fig. 13 View of longitudinal cross-sections with associated hardness measurement of the 
tracks produced where a), b), c) where built on a cold substrate with a step distance of 
respectively 2 mm, 2.5 mm and 3 mm and where d) and e) where built with a step distance 
of 2.5 mm with a substrate temperature of respectively 200ºC and 400ºC 
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reduction of geometrical variations in the tracks with increased substrate 
temperature. The tracks produced on a cold substrate had a width of about 
3.3 mm, while the tracks produced with a substrate temperature of 200ºC and 
400ºC had widths of 4.2 mm and 5.8 mm respectively.  

Fig. 13 shows the longitudinal cross-sections of the tracks after etching. Here it is 
possible to see the different drops that form the track. With an increased step 
distance between two drop detachments, the track height decreases and its length 
increases (Fig. 12). With an increase of substrate temperature, the track geometry 
is more regular and less variations of height and penetration depth are visible. A 
heat-affected zone (HAZ) of 0.5 mm to 1 mm thick is observable below the 
tracks. The HAZ became less distinct with the increased substrate temperature, 
and it is not visible for a substrate temperature of 400ºC (Fig. 13.e). No significant 
difference of hardness profile was noticed by changing the step distance or the 
substrate temperature. The average hardness inside each of the five tracks was 
between 390 HV and 400 HV, whereas the hardness of the base wire before 
processing was 221 HV. The hardness of the HAZ was 7 HV to 16 HV higher 
than the hardness in the rest of the substrate (about 144 HV). At the interface 
between two drops, a decrease of hardness of 24 HV to 76 HV can be noticed, 
indicating a probable localised annealing of the previous drop.  

4. Discussion 

4.1 Detachment conditions 

Two drop detachment methods were investigated, with continuous wire feeding and 
with incremental wire feeding. 

With continuous wire feeding, four drop generation modes were identified 
depending on the laser power and wire feeding speed: 

i. The incomplete melting mode 
ii. The pulling generation mode 
iii. The pushing generation mode 
iv. The cut front mode 

The incomplete melting mode is due to insufficient line energy (Fig 5). In the pulling 
generation mode, the line energy is barely sufficient to melt the wire and generate 
a drop. In this mode, the melt front on the wire has a low inclination (Fig. 6b), 
the laser beam acts only on the wire and not directly on the drop. Thus, the recoil 
pressure could contribute to pushing and guiding the melt towards the drop, 
without perturbing drop generation. This might be a reason for the stability of 
this drop generation mode.  
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The pushing generation mode happens with higher line energy at low speed (Fig. 5). 
In this mode, the melt front inclination is close to vertical (Fig. 6c), and the drop 
is most likely repeatedly pushed sideways, away from the laser beam and brought 
back by the gravity, which could be a reason for the high instability of this drop 
generation mode.  

The cut front mode occurs at high line energy and high feeding speed (Fig. 5). The 
wire is completely molten in the laser beam interaction zone (Fig. 6d) and no 
solid wire is left for a melt to attach to and accumulates into a drop (Fig. 6b). It is 
most likely that the recoil pressure induced by the high laser power pushes the 
melt away from the laser beam. The difference between this mode and the pushing 
generation mode is that the feeding speed is higher, preventing the melt from 
accumulating into a drop in front of the laser beam. Instead, the melt stays inside 
the laser beam and is constantly accelerated, separating into smaller drops. 

The accuracy of detachment time, and by extension the accuracy of drop 
diameter, was considerably improved with incremental wire feeding. Optimised 
parameters were found in order for a single drop to detach exactly when the wire 
feeding stopped, thus removing any temporal uncertainty of drop detachment. 
Under these conditions, the process can be qualified as a Drop-on-Demand 
process.  

However, due to technical restrictions, there is a delay in reaching the 
programmed speed due to acceleration of the wire, both at the start of the 
movement and at the stop. This variation of wire feeding speed as a function of 
time was measured for one wire feeding increment, as shown in Fig. 14. It takes 
approximately 40 ms for the wire feeding speed to ramp from 0 m/min to 
5 m/min, then it stays at this plateau speed for about 60 ms and ramps down to 
0 m/min in 40 ms. A variation of wire feeding speed can induce a change of drop 
generation mode, which is shown in Fig. 14.  

According to the generation modes identified with continuous feeding in Fig. 5, the 
drop generation starts in the pushing mode when the wire feeding starts, then it 
changes to the pulling mode as the wire speed increases. When the nominal feeding 
speed (5 m/min) is reached, the drop generation is at the highest level in the 
pulling mode, at the border with the incomplete melting mode. Finally, when the wire 
stops, the drop generation changes to the pushing mode as the feeding speed 
decreases. The change of drop generation mode due to the increase of wire 
feeding speed at start probably has no major effect since only a very small amount 
of material is molten at this stage. However, it might have a crucial impact on the 
drop detachment when the wire stops. The drop occupies different positions on 
the wire depending on its generation mode (Fig. 6). When switching from the 
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pulling mode to the pushing mode at the end of a feeding increment, the drop moves 
from a high position behind the laser beam (Fig. 6b) to a low position in front of 
the laser beam (Fig. 6c). This change of drop generation mode is visible in Fig. 8b 
where the two first frames show the drop generating in the pushing mode (0 to 
12.5 ms) before it changes to pulling mode (25 to 75 ms) and then initiates a change 
to the pushing mode in the two last frames before detachment (87.5 to 100 ms). 
When the wire stops, the change of drop position from one side of the laser beam 
to the other causes the drop to pass through the laser beam. The recoil pressure 
induced by the laser radiation at this position most likely gives the extra impulse 
needed for drop detachment.  

 

In order to better understand drop detachment, a model of the force balance in 
the drop during generation and detachment is proposed in the inertial frame of 
reference of the wire, as shown in Fig. 15. It can be observed that, for all the 
drops studied, the detachment does not happened at the liquid-solid interface, but 
within the liquid, as a part of the melt remains attached to the wire (Fig. 6, 8, 9, 
10, 11). This implies that the retention forces at the liquid-solid interface are 
stronger than the surface tensional force at the weakest part of the liquid body 
(the neck). Thus, in Fig. 15 the melt is separated into two elements, one on each 
side of the neck: the drop that will detach, and the residual melt that will stay 
attached to the wire. The neck was defined as the smallest diameter of the melt. 
Without considering the effect of the laser beam, three forces act on the drop (left 
side of the neck): the drop weight (𝑊𝑊���⃗ ) that depends on its volume, the surface 
tensional force (𝑆𝑆) that depends on the neck diameter (Eq. 1) and the interfacial 

Fig. 14 Wire feeding speed as a function of time during incremental wire feeding (for a 
generation length of 8 mm and a nominal feeding speed of 5 m/min) with the 
corresponding drop generation modes (for a laser power of 2600 W) 
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reaction force (𝐼𝐼) from the other part of the melt (right side of the neck). The 
interfacial reaction force is a combination of a normal reaction force between the 
two elements (Newton’s third law) and the liquid shear forces between the two 
elements. In this model, only the external forces acting on the drop are 
considered. Some internal effects inside the drop such as the convective 
movement of the liquid might also have an effect on drop detachment. The 
observation technique used in the present study (high-speed imaging) does not 
allow the detection and quantification of phenomena taking place behind the 
liquid surface. Thus, the following discussion does not consider such internal 
effects.  

As a first step, the force balance on the drop will be investigated during continuous 
wire feeding in the pulling drop generation mode. In this mode, the laser acts on right 
side of the neck and not on the drop, so no recoil pressure will be considered. 
During the whole drop generation (before detachment), there is equilibrium 
between all the forces, and the drop is in a static position with reference to the 
wire, as shown in Fig. 16a. (Please note that due to the drop weight and the recoil 
force being considerably lower than the surface tensional force and the interfacial 
force, they are visually represented 4 times larger than they would normally be in 
Fig. 16 and Fig. 17.) At any time during drop generation there is equilibrium in 
the z-axis between the weight and the vertical component of the surface tension; 
and there is equilibrium in the x-axis between the interfacial force and the 
horizontal component of the surface tensional force. As the drop grows in size, 
its weight increases, which results in necking, where the neck gets smaller and its 
orientation closer to vertical. This results in a smaller surface tension force vector 
that progressively changes its orientation from almost horizontal to vertical. Even 

Fig. 15 Force balance in a generating drop 
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though the absolute value of the surface tension vector decreases, its vertical 
component increases (due its variation of orientation) so that it is always equal to 
the drop weight. As the drop gets bigger, the surface tension force vector reaches 
a vertical orientation where it is equal to the opposite of the drop weight. From 
this point, the surface tensional force continues to decrease and cannot 
compensate for the increasing drop weight, the equilibrium is broken and the 
drop detaches under its weight.  

With incremental wire feeding, the parameters chosen led to a pulling drop 
generation close to the limit of incomplete melting (Fig. 14). With these 
parameters, the drop is generated at a high position on the wire where the neck 
dimeter is approximately constant over time and is equal to the wire diameter 
(Fig. 8b). This results in a surface tension force which is roughly constant over 
time as long as the wire is feeding, as shown in Fig. 17b. By stopping the wire 
prematurely before the drop detaches under its own weight, the drop crosses the 
laser beam due to the wire deceleration and the recoil pressure (𝑅𝑅�⃗ ) adds to the 
force balance, as shown in Fig. 17. The sudden addition of the recoil pressure to 
the drop weight pushes the drop down and forces the necking to happen, and the 
drop to detach.  

To summarise, in continuous wire feeding, the drop detachment is due to a 
spontaneous necking when the drop reaches a certain weight, whereas in 
incremental wire feeding, the drop detachment is due to a forced necking initiated 
by the wire deceleration and amplified by the recoil pressure. In theory, the wire 

Fig. 16 a) Evolution of the forces acting on the drop as a function of time during continuous 
wire feeding, b) absolute values of the force vectors as a function of time 
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feed stop could be introduced at any time to detach a drop of a certain diameter 
(Fig. 9), if the sum of the weight vector and recoil force vector is larger than the 
value of the vertical component of surface tension force vector. However, if the 
wire stop comes too early, the drop weight might be too low and the neck too 
wide, inducing a surface tensional force that is too high to be overcome. Also, if 
the wire stop comes too late, the drop might detach spontaneously under its own 
weight.  

It was shown in Fig. 5 that with continuous wire feeding the standard deviation of 
drop generation length was 21% to 42% of the average. This uncertainty is 
probably due to perturbations in the drop generation mechanism. When 
approaching drop detachment, a minor change of neck diameter or orientation 
can break the force balance and provoke detachment, resulting in process 
instability. The double drop detachments observed in incremental wire feeding at 
high laser power (Fig. 6a and 8c) were most likely due to this type of detachment 
instability. Indeed, it has been shown that the drop generation length in continuous 
wire feeding decreases with increased laser power (Fig. 5). This could be due to a 
decreased surface tension caused by the increased drop temperature, resulting in 
an early detachment at a higher neck diameter. Another possible cause for the 
double drop detachment could be that, at high laser power, the melt front on the 
wire is more inclined, resulting in increased laser irradiation (and recoil pressure) 
acting on the drop, and forcing its early detachment (Fig. 8.c).  

 

Fig. 17 a) Evolution of the forces acting on the drop as a function of time during 
incremental wire feeding, b) absolute values of the force vectors as a function of time 
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4.2 Process characteristics and outlook 

It was shown earlier that the presence of a melt pool on the substrate was 
beneficial for drop attachment (Fig. 9). Numerous studies of MDDM have shown 
that it is possible to attach metal drops on a solid surface by controlling the 
temperature of the drops precisely [8,9]. By using a laser beam as a heat source, 
the creation of a melt pool on the substrate where the drops land is simpler to 
achieve than with MDDM, and this reduces the complexity and amount of 
control needed for the process. Moreover, the presence of a melt pool improves 
the accuracy of drop placement and increases the process stability. The melt pool 
has the ability to realign drops that land slightly off-track but have contact with 
the melt pool (Fig 10). This is most likely due to the surface tension that forces 
the liquid (the drop plus the original melt pool) into a geometry that limits its 
surface area. The consequence of this effect can be observed in Fig. 12 where 
several drop landing marks can be seen at the sides of the tracks. It is clear that 
drops which landed off-track were pulled back in line with the track after landing. 
Most of the original drop landing marks are present on the right side of the tracks, 
which indicates that there was a small misalignment between the wire and the 
laser beam, which induced a preferable drop detachment in one lateral direction. 

The tracks produced in this study show a very similar geometry to what can be 
achieved with LMWD and WAAM (Fig. 12) [16,38]. The drops integrate in the 
track in a similar way to arc welding with a pulsed arc, but in the present case the 
drops are larger and the melt pool smaller (Fig. 11) [35]. The average hardness in 
the tracks was found to be from 390 HV to 400 HV, whereas it has been found 
to be from 150 HV to 200 HV in stainless steel walls built with both LMWD 
[20,39] and WAAM [38,40–42]. This difference in hardness is probably due to 
the different structures built. Only single tracks were built in the present study, 
whereas the hardness is commonly measured in multi-layer walls [20,38–42], 
where a softening effect occurs due to the numerous heat cycles induced by each 
layer deposition. A similar softening effect would be expected if several layers 
were to be built with the drop deposition technique considered in the present 
study. The softening effect observed at the drop-to-drop interface in Fig. 13 is 
most likely due the addition of a hot drop in phase 2 (Fig. 11) on a previous drop 
that was solidifying (phase 1), resulting in a lower cooling rate at this interface, 
thus a lower hardness. 

The present process demonstrates that the height of the track can be controlled 
with the step distance between two drops (Fig. 13) and the width can be adjusted 
with the substrate temperature (Fig. 12). The overall size of the tracks (with the 
same height-to-width ratio) depends on the drop size, which can be adjusted, to 
a certain extent by changing the wire feeding length (e.g. 8 mm to 12 mm, Fig. 9). 
For bigger drop size changes, a different wire diameter could be utilised. The heat 
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input in the previous layer, the melt pool size and the process efficiency can be 
tailored in three different ways: by applying laser power modulation during phases 
2 and 3, by changing the duration of the delay in phase 2, or by changing the 
travel speed in phase 3 (Fig. 3, 11). Tailoring these two last parameters would also 
increase the overall processing speed.  

The process presented in the present study offers the possibility to separately 
control the heat input to the additional material (the wire) and to the structure to 
which it is added. In most of the current AM techniques, these two parameters 
are interconnected and cannot be changed individually. Having a separate control 
over these parameters could offer more flexibility, a better energy efficiency and 
other manufacturing possibilities that are not possible with the current processes. 

5. Conclusions 

In this research, where the detachment and attachment of drops by the Laser 
Droplet Generation technique was investigated for its application in Additive 
Manufacturing, the following conclusions could be drawn: 

• The laser power and wire feeding speed determine the melting conditions of 
the wire and the recoil pressure acting on the melt, which results in different 
drop generation modes depending on the parameters chosen. The most stable 
drop generation mode is the pulling mode, where the laser beam entirely melts 
the wire in front of the drop and the recoil pressure does not act on the drop, 
and thus does not disturb its generation. 
 

• The drop detachment during continuous wire feeding most likely occurs because 
of the necking of the melt when the drop weight overcomes the surface 
tension force. Due to fluctuations in drop generation, the temporal accuracy 
of detachment has a certain instability. 
 

• During incremental wire feeding, by prematurely stopping the wire, the drop 
moves through the laser beam where it is exposed to an additional recoil 
pressure that contributes to its detachment, enabling a higher control of 
timing and drop size at detachment compared to the continuous feeding mode.  
 

• An increased laser power in incremental wire feeding results in an increased 
accuracy of the drop detachment direction, but also an increased probability 
of detaching more than one drop per feeding increment. These double drop 
detachments at high laser power are most likely due to a combination of the 
decreased surface tension with increased temperature, and the recoil pressure 
on the drop. There is a narrow range of laser power that (i) generates a drop 
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without incomplete melting and (ii) avoids double drop detachments in one 
feeding increment. 
 

• The presence of a melt pool on the substrate where the drops land was shown 
to be favourable for the drops to attach at the desired position. With the 
parameters investigated, the drops attached only when landing in a melt pool. 
Moreover, the surface tension induces the drops which land to one side of 
the track to align with the substrate melt pool, which improves the process 
accuracy and stability. 
 

• The tracks produced with the optimised parameters showed no apparent 
imperfections, a relatively even morphology and a significantly increased 
hardness compared to both the base wire and the substrate, although a 
localised softening occurs at the interface between two drops. 
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